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Streszczenie

Badania przedstawione w niniejszej rozprawie doktorskiej stanowig systematyczna
analize wlasciwosci strukturalnych i elektronowych bezotowiowych, dwuwymiaro-
wych (2D) hybrydowych organicznych-nieorganicznych perowskitow (Hybrid Organic-
Inorganic Perovskites, HOIPs) w warunkach zmiennej temperatury oraz zmiennego
ci$nienia hydrostatycznego. Zastepujac dotychczas badane olowiowe perowskity, ktore
sa toksyczne, alternatywnymi materiatami zawierajacymi kationy Sn?* oraz Cu®T,
wykazano, ze wrodzona miekko$¢ sieci krystalicznej tych materialéw moze zosta¢ wy-
korzystana do uzyskania szerokiej kontroli nad ich wlasciwosciami optoelektronicznymi.
Glownym celem pracy bylo zrozumienie wzajemnych zaleznosci pomiedzy dynamika
sieci krystalicznej, szerokoscig pasma elektronowego oraz lokalizacjg ekscytonow w
warunkach ci$nienia hydrostatycznego siegajacego ~11 GPa oraz temperatur w zakresie
od 20 do 320 K.

Rozdzial pierwszy przedstawia koncepcyjne oraz teoretyczne podstawy rozprawy,
wraz z hipoteza badawcza. Omoéwiono w nim fundamentalne aspekty strukturalne HO-
IPs, ze szczeg6lnym uwzglednieniem roli elastycznosci oktaedréw oraz hybrydyzacji
orbitali w ksztaltowaniu struktury pasmowej. Szczegdlng uwage poswiecono hipote-
zie badawczej zakladajacej, ze miekkos¢ sieci krystalicznej determinuje konkurencje
pomiedzy poszerzaniem szerokosci pasma elektronowego a energia relaksacji sieci.
W rozdziale tym zidentyfikowano rowniez kluczowe nierozwigzane problemy w tym
obszarze, takie jak sprzeczne trendy zmian przerwy energetycznej pod wptywem ci-
$nienia czy stabilno$é ekscytonéw samouwiezionych (self-trapped excitons, STEs) w
warunkach silnej kompresji, co stanowi teoretyczna podstawe interpretacji wynikoéw
eksperymentalnych.

Rozdziat drugi opisuje metody eksperymentalne zastosowane w badaniach tych ma-
terialow. Przedstawiono integracje kowadla diamentowego z napedem membranowym
(diamond anvil cell, DAC) z kriostatem helowym typu closed-cycle, co umozliwia precy-
zyjna kontrole parametréw termodynamicznych. Istotna cze$¢ rozdziatu poswiecona jest
systematycznej charakterystyce medium transmitujgcego ci$nienie Daphne 7575 oraz
wyznaczeniu jego granic hydrostatycznosci do temperatury 40 K. Oméwiono réwniez
rygorystyczne procedury kalibracyjne zastosowane w pracy, obejmujace fluorescencje
rubinu skorygowang o wplyw temperatury oraz wzajemna weryfikacje wynikow uzyska-
nych metodami spektroskopii odbiciowej (R), transmisyjnej oraz fotoluminescencyjnej
(PL), co umozliwilo wyznaczenie wrodzonych parametréw badanych materialow.

Rozdziat trzeci obejmuje cztery recenzowane artykuly naukowe prezentujace gléwne
wyniki badan przeprowadzonych w ramach niniejszej pracy.

W badaniach przedstawionych w sekcji 3.1 oraz 3.2 analizowana jest mozliwo$¢
strojenia wlasciwosci elektronowych jodkowych perowskitow opartych na cynie, w
szczeg6lnosci (4FP)2Snly oraz TMA,Snly. Wykazano, ze uklady zawierajace Sn charakte-
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ryzuja si¢ rekordowo wysokimi wspotczynnikami ci$nieniowymi, osiggajacymi wartosci
do -187 meV/GPa, znacznie przewyzszajacymi analogiczne uklady oparte na otowiu.
Uzyskane wyniki wskazuja na liniowe zawezenie przerwy energetycznej do momentu
przejscia fazowego, co czyni te krysztaly obiecujacymi materiatami do zastosowan w
wysokoczutych optycznych sensorach ci$nienia.

Badania przedstawione w sekcji 3.3 dotycza ztozonej natury ekscytonéw w zwiazku
(4FPEA)2SnBry. Zaobserwowano wyrazny podzial zachowania stanéw ekscytonowych:
podczas gdy emisja w poblizu krawedzi pasma przesuwa si¢ ku nizszym energiom
pod wplywem kompresji, emisja ekscytonéw samouwiezionych wykazuje anomalne
przesuniecie ku wyzszym energiom. Wyniki te dostarczajg mikroskopowego opisu me-
chanizmu powstawania matych polaronow, wskazujac, ze sztywnos¢ sieci krystaliczne;
zalezna od rodzaju halogenku oraz ekranowanie dielektryczne determinujg stabilizacje
zlokalizowanych i zdelokalizowanych stanéw ekscytonowych.

Sekcja 3.4 poswiecona jest badaniu perowskitéw opartych na miedzi, w szczegolnosci
(PMA)2CuX4 (X= Cl, Br). Praca ta podejmuje zagadnienie stabilnosci termodynamicznej
tych materialéw oraz przedstawia porownawcza analize efektow termochromizmu i
piezochromizmu. Wykazano, ze zar6wno zmiany temperatury, jak i ciSnienia prowa-
dza do istotnych przesunie¢ widmowych ku nizszym energiom, jednak mechanizmy
odpowiedzialne za te zjawiska, rozszerzalnosc¢ cieplna w przypadku temperatury oraz
kompresja mechaniczna w przypadku ci$nienia, oddziatujg z uktadem elektron-fonon
w odmienny sposob, wplywajac na stabilnos¢ strukturalng materiatu pod wpltywem
ci$nienia dochodzacego do 11 GPa.

W koncowej czesci rozprawy przedstawiono syntetyczne podsumowanie uzyska-
nych wynikéw oraz sformutowano ogélne wnioski dotyczace perspektyw rozwoju
optoelektroniki reagujacej na bodzce zewnetrzne takie jak, temperatura i ci$nienie
hydrostatyczne.

Podsumowujac, niniejsza rozprawa dostarcza spdjnego opisu zaleznosci pomiedzy
zaburzeniami mechanicznymi, strukturg elektronowa oraz wilasciwosciami ekscyto-
nowymi w wybranych bezolowiowych dwuwymiarowych perowskitach. Uzyskane
rezultaty stanowia istotny wktad w rozwdj fizyki potprzewodnikow, wskazujac, ze miek-
kos¢ sieci krystalicznej, czesto postrzegana jako ograniczenie, moze by¢ traktowana jako
regulowany stopien swobody w inzynierii stanow kwantowych oraz projektowaniu
nowej generacji adaptacyjnych urzadzen optoelektronicznych.



Abstract

The research presented in this dissertation provides a comprehensive investigation
into the structural and electronic landscapes of Pb-free, two-dimensional (2D) hybrid
organic-inorganic perovskites (HOIPs) under various temperatures and hydrostatic
pressures. By replacing previously studied toxic Pb-based systems with Sn?* and Cu?*
alternatives, this work demonstrates how the inherent lattice softness of these materials
can be exploited to achieve unprecedented control over their optoelectronic properties.
The primary objective is to understand the interplay between lattice dynamics, electronic
bandwidth, and exciton localization when subjected to hydrostatic pressures up to ~11
GPa and temperatures ranging from 20 to 320 K.

Chapter 1 establishes the conceptual and theoretical framework of the dissertation,
including hypothesis. It introduces the structural fundamentals of HOIPs, emphasizing
the consequences of octahedral flexibility and orbital hybridization for band structure
formation. Particular attention is given to the scientific hypothesis that lattice softness
governs the competition between electronic bandwidth broadening and lattice relaxation
energy. This chapter identifies key unresolved questions in the field, such as contra-
dictory pressure-dependent band gap trends and the stability of self-trapped excitons
(STEs) under extreme compression, providing the theoretical foundation necessary to
interpret the experimental results.

Chapter 2 details the experimental methodologies developed to prove these materi-
als. It describes the integration of a membrane-driven diamond anvil cell (DAC) with
closed-cycle helium cryostat, enabling precise thermodynamic control. A significant
portion of this chapter is devoted to the systematic characterization of the Daphne 7575
pressure-transmitting medium, establishing its hydrostatic limits down to 40 K. The
chapter also outlines the rigorous calibration protocols used, including temperature-
corrected ruby fluorescence and the cross-validation of reflectance (R), transmission,
and photoluminescence (PL) spectroscopy to ensure the extraction of intrinsic material
parameters.

Chapter 3 comprises four peer-reviewed research articles that detail the primary
findings of this work.

In the studies presented in Sections 3.1 and 3.2 the electronic tunability of tin-
based iodide perovskites, specifically (4FP)2Snly and TMA,Snly, is investigated. These
works establish that Sn-based systems possess record-breaking pressure coefficients
(up to -187 meV/GPa), significantly surpassing their Pb-based counterparts. The results
demonstrate a linear band gap narrowing across structural phase transitions, positioning
these materials as ideal candidates for high-sensitivity optical pressure sensors.

The work described in Section 3.3 explores the complex excitonic energy landscape in
(4FPEA)2SnBry. This study uncovers a striking excitonic dichotomy: while the near-band-
edge emission redshifts under compression, the self-trapped exciton emission exhibits an
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anomalous blueshift. This research provides a microscopic framework for understanding
small polaron formation, demonstrating how halide-specific lattice rigidity and dielectric
screening dictate the stabilization of localized versus delocalized excitonic states.

Section 3.4 transitions the investigation to Cu-based systems, specifically (PMA)2CuXy
(X= Cl, Br). This study addresses the critical challenge of thermodynamic stability
and provides a comparative analysis of thermochromism versus piezochromism. It is
demonstrated that while both temperature and pressure induce significant redshifts, the
underlying mechanisms, thermal expansion versus mechanical compression, interact
with the electron-phonon landscape in fundamentally different ways, influencing the
structural resilience of the material up to 11 GPa.

Finally, the dissertation provides a summary of the findings and formulates overall
conclusions regarding the future of stimuli-responsive optoelectronics.

In summary, this dissertation provides a coherent description of the relationships
between mechanical perturbations, electronic structure, and excitonic behavior in se-
lected Pb-free 2D perovskites. The results constitute a significant contribution to the
development of semiconductor physics, proving that lattice softness, often viewed as a
limitation, can function as a tunable degree of freedom for quantum-state engineering
and the design of next-generation adaptive optoelectronic devices.
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Introduction

This chapter establishes the conceptual and physical framework that underpins the
investigation of Pb-free layered hybrid organic-inorganic perovskites (HOIPs) under
hydrostatic pressure.

It introduces the structural and electronic fundamentals of HOIPs, emphasizing the
consequences of lattice softness, octahedral flexibility, and orbital hybridization for band
structure formation and exciton emission. Special attention is given to dimensional
reduction and Pb substitution, as these parameters fundamentally modify spin-orbit
coupling (SOC), dielectric confinement, and electron-phonon interactions.

The chapter further formulates the central scientific hypothesis of this thesis: that
lattice softness governs the competition between electronic bandwidth broad-
ening and lattice relaxation energy, thereby controlling band gap evolution and
self-trapped exciton (STE) stability under compression.

By integrating structural physics, electronic theory, and thermodynamic control
concepts, this chapter provides the theoretical foundation necessary to interpret tem-
perature and high-pressure optical measurements presented in the following chapters.

Together, these considerations define a coherent work for understanding how me-
chanical perturbations can be harnessed to engineer electronic states in soft-lattice
semiconductors.
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1.1 Motivation and Scientific Hypothesis

The rapid development of perovskite solar cells over the past decade represents one
of the most remarkable advances in modern photovoltaic research.[1, 2] The origins of
this field can be traced in 2009, when the group of Tsutomu Miyasaka first introduced
Hybrid Organic-Inorganic Perovskites (HOIPs) as light absorbers in dye-sensitized so-
lar cells.[3] In that pioneering study, methylammonium lead halide perovskites, most
notably CH3NH3PbI3, were employed as sensitizers, enabling power conversion effi-
ciencies of approximately 3.8 %.[3] Despite this promising initial demonstration, the
early devices suffered from severe instability because the perovskite material rapidly
decomposed in contact with the liquid electrolyte used in the cell architecture.[1, 3] As
a result, these first-generation devices did not immediately attract widespread attention
within the photovoltaic community.[4]

A major turning point occurred in 2012 with the introduction of solid-state perovskite
solar cells.[5, 6] By replacing the liquid electrolyte with a solid hole-transport material,
researchers significantly improved both the operational stability and the photovoltaic
performance of the devices.[5, 6, 7, 8, 9, 10, 11, 12, 13] This architectural innovation
transformed perovskites from a niche research curiosity into a highly promising class
of photovoltaic materials.[1] In the years that followed, the field experienced explosive
growth, with rapid improvements in device efficiency and an exponential increase in
scientific publications (Figure 1.1).[1] Today, perovskite solar cells are widely recognized
as one of the most promising next-generation photovoltaic technologies.[1, 14, 15, 16,
17, 18]

Figure 1.1: Overview of potential applications of HOIPs materials.

While solar energy remains the primary driver of research, the fundamental proper-
ties of the perovskite lattice, such as high defect tolerance and tunable band gap, have
enabled a diverse range of secondary applications (see Figure 1.1):

« Light-Emitting Diodes (PeLEDs),

HOIPs offer exceptional color purity and narrow emission linewidth. Green and
red PeLEDs have already surpassed 20% external quantum efficiency, rivaling
established OLED technologies.[19, 20]
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« Radiation Detection,

HOIPs are superior candidates for low-dose X-ray and gamma-ray imaging, po-
tentially revolutionizing medical and security scanning.[21, 22]

+ Neuromorphic Computing,

Perovskites can act as memristors that mimic biological synapses. This allows for
the development of energy-efficient Al hardware and visual memory sensors.[23]

« Sustainable Catalysis,

Perovskites are being utilized for solar-to-fuel conversion, specifically for photo-
catalytic water splitting.[24]

+ Chemical Sensing.

Their high surface area allows for the detection of toxic gasses at room tempera-
ture, facilitating the creation of low-power, wearable environmental monitors.[25]

HOIPs have transformed the landscape of semiconductor physics by combining
strong light-matter interaction with an unusually soft and deformable lattice.[26, 27]
Their rapid emergence in photovoltaic and light-emitting applications is rooted in a rare
convergence of properties: direct band gaps, high absorption coefficients, long carrier
diffusion lengths, and remarkable defect tolerance.[26, 28, 29] These characteristics
enable efficient charge generation and transport, even in materials processed using
low-temperature solution-based techniques.[26]

At the same time, HOIPs differs fundamentally from conventional covalent semicon-
ductors such as Si or GaAs.[27] Their ionic bonding character results in pronounced struc-
tural flexibility, strong electron-phonon coupling, and dynamic lattice disorder.[26, 30]
These features give rise to complex physical phenomena, including ion migration, lat-
tice anharmonicity, and strong coupling between structural and electronic degrees of
freedom.[31, 30] While these properties contribute to the remarkable optoelectronic
performance of perovskite materials, they also introduce new challenges related to
long-term stability and device reliability.[1]

Understanding the interplay between structural dynamics, electronic structure, and
optoelectronic properties is therefore essential for further advancement of perovskite-
based technologies.[26, 27] In particular, the soft lattice and dynamic disorder char-
acteristic of HOIPs play a critical role in determining charge-carried behavior, defect
formation, and light-matter interactions.[26, 28] Elucidating these fundamental mecha-
nisms is crucial not only for improving photovoltaic performance but also for enabling
the broader application of perovskites in light-emitting diodes, photodetectors, and
other optoelectronic devices.[27]

1.1.1 Scientific Hypothesis

This thesis is motivated by a central scientific challenge:

The softness of the HOIPs lattice depends on the type of cation and has a significant impact
on how the band gap depends on temperature and hydrostatic pressure.
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1.2 Fundamentals of Hybrid Organic-Inorganic Perovskites

1.2.1 Crystal Structure

. A-site cations
(MHy*, MA*)

Halide anions

(Cl, Br, I

e B-site metal

cations (Pb?*, Sn?*)

Figure 1.2: ABX3 perovskite structure showing corner-sharing BXg octahedra (semi-
transparent), A-site cations (grey), B-site metal cations (green) and halide ions (red).

HOIPs adopts the ABX3 crystal structure, where A is a monovalent cation (e.g.
methylammonium, formamidinium, methylhydrazinium), B a divalent metal (e.g., Pb2T,
Sn%t, Cu2+), and X a halide anion (C1~, Br—, I7).[32, 33, 34] The structure consists of
corner-sharing BXg octahedra forming a three-dimensional network, with A-site cations
occupying the cavities. The schematic example of such a structure is presented in Figure
1.2.

Structural stability of HOIPs is commonly described by the Goldschmidt tolerance

factor:[35, 36]

__ratrx
V2(rg+rx)’

where r 4, rp, rx are the radius values of the corresponding parts in the ABX3 formula.

(1.1)

Variations in ideal geometry (t ~ 1) induce octahedral tilting and symmetry low-
ering, which in turn modulate the electronic structure and band gap.[37, 38] Unlike
classic semiconductors such as Si or GaAs, the octahedral structure in HOIPs can rotate
and distort at low energetic cost. Consequently, the lattice responds readily to temper-
ature, strain, and hydrostatic pressure.[37, 38, 39, 40] This flexibility underpins their
large pressure coefficients, structural phase transitions, and enhanced electron-phonon
coupling (EPC).[26, 41]

1.2.2 Electronic Structure and Spin-Orbit Coupling

The electronic structure of HOIPs emerges from orbital hybridization between B-site
metal and halide orbitals.[42, 43] The valence band maximum (VBM) consists of an
antibonding combination of metal s-orbitals and halide p-orbitals, while the conduction
band minimum (CBM) is primarily composed of metal p-orbitals. This configuration
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Figure 1.3: Schematic band structure of 3D ABX3 perovskites showing orbital contribu-
tions and spin-orbit splitting of the conduction band.

typically leads to a direct band gap, which enables efficient light absorption and emission,
crucial for optoelectronic applications.

Heavy metals such as Pb?*, strongly influence SOC, which in result significantly
lowers and splits the conduction band.[44, 45] Additionally SOC modifies effective
masses, and excitonic structure. Substitution of Pb2t with lighter metals such as SnZt
or Cu?" reduces SOC strength, modifies band gap and carrier localization.[33, 46] In
Cu-based perovskites, partially filled Cu 3d orbitals introduce localized states that give
rise to intra-ionic d-d transitions, leading to more localized excitations compared to
Pb-based systems.

The electronic bandwidth emerging from orbital overlap competes directly with
lattice relaxation energy. This competition governs whether carriers remain delocalized
or localized into polarons or STEs.[47]

1.2.3 Dimensional Reduction
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Figure 1.4: Dimensional reduction in HOIPs: 3D — quasi-2D (n=2) — 2D.
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Dimensional engineering introduces an additional control parameter, as HOIPs ex-
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hibits a variety of dimensionalities from 3D, two-dimensional (2D), quasi-2D Ruddlesden-
Popper phase, one-dimensional (1D), and zero-dimensional (0D).[48, 49, 50, 51, 52, 53]
Reduction of the dimensionality introduces dielectric confinement, enhancing Coulomb
interactions and resulting in increased exciton binding energies.[54] Enhanced exciton-
lattice coupling facilitates self-trapping, a phenomenon of growing interest in optoelec-
tronic applications.[26]

Layered HOIPs also presents enhanced pressure sensitivity, enabling larger band
gap shifts under pressure,[55, 56, 57] and can stabilize Pb-free compositions by ac-
commodating alternative B-site metals without compromising excitonic or optical
performance.[58, 59]

Based on the nature of the organic spacer and its interaction with the inorganic
lattice, several layered HOIPs families have been identified, including the Ruddlesden-
Popper (R-P), Dion- Jacobson (D-]), alternating cation interlayer (ACI) and the recently
proposed intralayer bidentate (B-D) phases.[60]

Ruddlesden-Popper Phase

Figure 1.5: Representation of Ruddlesden-Popper Structure.
Layered HOIPs can adopt the R-P structure, which is represented by general formula:[61]

(A")oAn_1Bp X3n41 (1.2)

In such a structure, the corner-sharing BXg octahedra form quasi-2D sheets separated
by organic bilayers [62]. The organic spacers terminate the inorganic framework and
break 3D connectivity, imposing steric constraints that reduce symmetry and enhance
lattice flexibility.[63] In result such reduction produces structural anisotropy, with strong
bonding in-plane and weak van der Waals interactions out-of-plane.[63]

Octahedral tilting and distortion are strongly enhanced relative to 3D systems.[61]
Because electronic bandwidth is governed by B-X-B bond angles, these distortions
directly modulate the band gap. The reduced structural rigidity also increases sensitivity
to external perturbations such as hydrostatic pressure.[61, 64]

This reduction further introduces dielectric confinement. The dielectric constant of
the inorganic sheets exceeds that of the organic spacer, generating electrostatic contrast
that strengthens Coulomb interactions.[65]
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Figure 1.6: Representation of Dion-Jacobson Phase.

Another important class of layered HOIPs is the D-J phase, which incorporates
divalent organic spacer cations.[60] The general formula of D-J perovskites can be
expressed as:

(A")Ap—1BnXsn11 (1.3)

where A” represents a diammonium organic spacer containing two ammonium
groups capable of interacting simultaneously with adjacent inorganic layers.

In contrast to the R-P phase, where two monovalent organic cations form a bilayer
spacer, the D-J structure contains a single divalent organic molecule that bridges two
neighboring inorganic slabs. This configuration eliminates the van der Waals gap present
in R-P perovskites and introduces stronger electrostatic interactions between the organic
and inorganic components.

The enhanced interlayer coupling generally results in improved structural rigidity
and stability compared with R-P structures. Additionally, the shorter interlayer distance
facilitates more efficient charge transport perpendicular to the inorganic layers, which is
beneficial for optoelectronic devices such as solar cells and light-emitting diodes (LEDs).

The ability to tune the molecular structure of diammonium spacers allows precise
control of the interlayer spacing and octahedral distortions, providing an additional
route for tailoring the electronic and optical properties of layered HOIPs.

Alternating Cation Interlayer Phase

A more recently identified layered configuration is the ACI phase.[60] In this ar-
chitecture, two distinct organic cations occupy the interlayer space in an alternating
arrangement rather than forming a uniform spacer layer.

A common example involves the combination of guanidinium (GA™) and methy-
lammonium (MA™) cations. These cations alternate within the interlayer region and
modify the packing of the organic components.

This structural arrangement influences the distortion of the inorganic octahedral
framework and alters the electronic structure of the material. Compared with conven-
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two distinct organic cations
occupy the interlayer space
in an alternating arrangement

Figure 1.7: Representation of Alternating Cation Interlayer Phase.

tional R-P perovskites, ACI structures can exhibit improved structural ordering and
enhanced stability due to more efficient packing of the interlayer species.

The presence of multiple cation species also modifies the dielectric environment
surrounding the inorganic layers, which can influence excitonic confinement and charge
transport properties. Consequently, ACI perovskites provide an additional strategy for
tuning the structural and optoelectronic properties of layered HOIPs through careful
selection of the interlayer cation composition.

Intralayer Bidentate Phase

ligands coordinate
within the same inorganic
layer

Figure 1.8: Representation of Intralayer Bidentate Phase.

Recently, a new structural motif termed the B-D phase has been proposed,[60]
introducing a different binding configuration between organic ligands and the inorganic
framework.

In contrast to both R-P and D-J phases, where organic cations interact with the
inorganic lattice from the interlayer region, B-D ligands coordinate directly within the
same inorganic layer. These ligands typically consist of a rigid molecular core with
two ammonium-terminated arms positioned on the same side of the molecule, allowing
simultaneous binding to adjacent A-site vacancies on the HOIPs surface.

The spacing between the ammonium groups is designed to match the separation
between neighboring binding sites on the inorganic lattice, enabling intralayer biden-
tate coordination. This multidentate binding significantly strengthens the interaction
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between the organic ligand and the inorganic framework compared with conventional
monodentate ligands used in R-P structures.

As a result, B-D phase perovskites exhibit enhanced structural stability and higher
ligand detachment energies relative to both R-P and D-J analogs. The stronger anchoring
of the ligand can suppress degradation pathways associated with ligand desorption and
lattice reconstruction, which are common limitations in perovskite-based devices.

Furthermore, the strong ligand-lattice interaction can improve defect passivation
and reduce non-radiative recombination, leading to enhanced photovoltaic performance
and long-term stability in perovskite solar cells.

1.3 The Lead-Free Imperative

The rapid development of HOIPs has been primarily associated with Pb-based
perovskites. As illustrated in Figure 1.9, the push toward Pb-free alternatives arises
from both the intrinsic limitations of Pb-containing systems and the search for more
sustainable materials platforms.

Moisture Thermal
sensitivity Degradation

Pb-Free

Toxicity

@ : Alternative
lon
ﬁ Migration
o

bt o e

Environmental
Accumulation

Figure 1.9: Schematic illustration highlighting the motivations for developing Pb-free
HOIPs. The central element represents Pb-free alternatives, while surrounding arrows
indicate key limitations of Pb-based perovskites.

The development of Pb-free HOIPs is motivated by both environmental respon-
sibility and fundamental electronic physics. This section establishes the rationale for
Pb replacement and examines the electronic consequences that define the limits and
opportunities of Pb-free systems.

1.3.1 Environmental and Regulatory Drivers

Although Pb-based HOIPs have achieved remarkable optoelectronic performance,
their long-term deployment is constrained by the toxicity and regulatory restrictions
of Pb compounds. Pb is a cumulative neurotoxin, with well-documented environmen-
tal and health risks, particularly in the context of large-area device fabrication and
end-of-life disposal.[66, 67] Regulatory frameworks, like the Restriction of Hazardous

10
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Substances directive in the European Union, impose strict limits on Pb content in elec-
tronic devices.[68] While research-scale devices may currently operate under exemp-
tions, full-scale commercialization will require compliance with increasingly stringent
environmental standards.

Beyond toxicity, Pb-based systems exhibit chemical instability, ion migration, and
degradation pathways that remain challenges for large-scale applications.[1] Lead-free
development is therefore both a regulatory necessity and a scientific opportunity to
interrogate the electronic origins of defect tolerance.

1.3.2 Electronic Consequences of Pb Replacement

The exceptional properties of Pb-based HOIPs emerges from the relativistically
stabilized 6s® Tone pair of Pb>*, which enhances covalency with halide p orbitals while
maintaining antibonding character at valence band edge.[69] Replacing Pb modifies:[70,
71] SOC strength[70, 71, 72, 73], band curvature and dispersion, defect formation
energies[74], electron-phonon coupling[75, 76, 77].

Sn2*t Substitution

Sn2* retains the ns? Ione pair, but its chemical stability differs markedly. Oxidation
of Sn?* to Sn** increases the population of Sn vacancies, leading to strong p-type self-
doping.[1] Importantly, these vacancy-related states act as shallow acceptors, rather than
deep defects. Background carrier concentrations can reach 10'7-10'® em~3, increasing
nonradiative recombination.[71] Vacancy formation energies in Sn-based HOIPs are
typically lower than those in Pb analogs, enhancing susceptibility to defect-mediated

degradation.[71, 78, 79, 80, 81]

Cu?t Substitution

Transition metals such as Cu?" introduce partially filled 3d orbitals, which hy-
bridize with halide p orbitals, increasing electronic localization and reducing bandwidth
compared to Pb?*[82]. Cu?* represents a much weaker SOC, but the configuration d°
induces pronounced Jahn-Teller distortions, which enhance electron-phonon coupling
and can promote STE.[82] The formation energies of Cu vacancies are moderate, mean-
ing that trap states are more likely than in Pb?*. While Cu?* can form stable HOIPs,
these structural distortions and trap states impact both electronic transport and defect
tolerance.[83, 84, 85]

1.4 Soft Lattice Physics and Exciton Self-Trapping

A defining characteristic of HOIPs is their mechanical softness. Bulk moduli typically
range between 10-25 GPa, far lower than conventional semiconductors such as Si, GaAs,
and wurzite GaN (98, 75, 205 GPa respectively).[86, 87, 88, 89, 90] This softness emerges
from flexible octahedral connectivity and shallow potential energy surfaces. The lattice
exhibits strong anharmonicity and dynamic disorder.[91] Large-amplitude vibrations
persist even in crystallographically symmetric phases. Such structural fluctuations
couple strongly to electronic excitations.

11
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When a carrier forms, local lattice distortion lowers total energy. If the lattice
relaxation energy exceeds carrier kinetic energy, self-trapping occurs. In 2D systems,
reduced bandwidth and enhanced confinement increase the likelihood of self-trapping.

STE manifest experimentally as:

« Large Stokes shift[92, 93]
 Broadband emission[94]

« Strong temperature intensity[95, 96]

Thus, exciton behavior in HOIPs is governed by a competition between delocaliza-
tion, (electronic bandwidth) and localization (lattice relaxation).[97]

1.5 Temperature as a Thermodynamic Control Parameter

HOIPs exhibit pronounced temperature-dependent optoelectronic behavior due to
their soft lattice, strong EPC, and structural phase transitions if any.[96, 98] Temperature-
dependent optical spectroscopy provides a direct means to disentangle structural, elec-
tronic, and excitonic contributions to the material response.

Structural Phase Transitions and Band Gap Evolution

Many HOIPs undergo temperature-driven structural phase transitions that modify
lattice symmetry and orbital overlap, directly influencing the electronic band structure.[96,
98] Temperature-dependent transmission and reflectance measurements allow precise
tracking of the absorption edge and extraction of the band gap energy.

Discontinuities or slope changes in the band gap versus temperature can indicate
structural transitions. The evolution of the band gap was analyzed using the Varshni
[99] and Bose-Einstein [100] model to separate contributions from lattice expansion
and EPC, providing a quantitative understanding of thermally induced band gap shifts.

Exciton Stability and Recombination Dynamics

HOIPs have relatively high exciton binding energies, which decrease with increas-
ing temperature.[96] As temperature rises, excitons dissociate into free carriers, non-
radiative channels become activated, and trap-assisted recombination may dominate.

Temperature-dependent PL spectroscopy enables extraction of thermal activation
energies for non-radiative processes via Arrhenius analysis, enabling quantitative deter-
mination of activation energies associated with non-radiative recombination pathways.
These results are particularly relevant for optoelectronic devices, where thermal effects
significantly impact performance.

Electron-Phonon Coupling and Lattice Dynamic Disorder

Temperature-dependent shifts in PL peak position and linewidth broadening provide
a direct measure of EPC strength.[96] Linewidth broadening and peak shifts were
analyzed using Varshni and Bose-Einstein phonon interaction models.

12
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Understanding these processes provides insights into the interplay between lattice
dynamics, carrier mobility, and exciton stability, all critical for device operation under
realistic conditions.

Relevance to Device Stability and Performance

Thermal evolution of band gaps, excitonic behavior, and non-radiative recombination
directly impacts device efficiency and operational stability in HOIPs-based optoelec-
tronic devices.[98] The systematic temperature-dependent measurements presented here
provide a quantitative framework for predicting material performance under realistic
operating conditions.

1.6 Pressure as a Thermodynamic Control Parameter

Hydrostatic pressure provides a continuous and chemically clean and reversible
method for tuning interatomic distances and bond angles. Unlike compositional sub-
stitution, pressure directly modifies distances and bond angles, enabling controlled
interrogation of structure-property relationships.[71, 101] In the soft lattice of HOIPs,
even small compression induces large changes in octahedral tilting, bond lengths, and
phase stability.[102, 103, 104, 105] As a result, pressure has emerged as a powerful tool
to tune band gap and excitons.[56]

Unfortunately, despite extensive investigations, pressure-induced phenomena in
HOIPs remain not fully understood and they were not explored in Sn-based perovskites
and in Cu-based perovskites. Reported trends in band gap tuning and emission behavior
vary widely between studies,[64, 106, 107] suggesting that some competing structural
mechanisms whose relative contributions are not yet resolved.

Under pressure, competing structural mechanisms occur:

« Bond shortening, which increases the orbital overlap between the metal and
halide states. In result, this leads to the broadening of the electronic bandwidth

[71].

+ Octahedral tilting and distortion, which reduce effective overlap along certain
directions and can narrow the bandwidth, leading to the reduction of the band
gap.[108, 109, 110]

+ Pressure-Induced Phase Transitions, at higher pressures, HOIPs frequently un-
dergo structural phase transitions.[111, 112, 113] In some systems, amorphization
occurs beyond a critical pressure, further complicating interpretation of data.

The relative dominance of these mechanisms determines whether the band gap
increases or decreases with pressure.

Reports in the literature show contradictory trends - blueshift in some systems,
redshift in others, and non-monotonic evolution in many cases.[114, 115, 116, 117] These
different various behaviors suggest that the microscopic balance between bond-length
contraction and distortion-driven bandwidth narrowing therefore remains debated.

13
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1.7 Self-Trapped Excitons Under Extreme Conditions

STEs emerge from a balance between carrier kinetic energy and lattice relaxation

energy. In this terms pressure is expected to strongly influence their stability. However,

experimental observations are inconsistent with theory:

» Some studies report suppression or quenching of broadband emission under

compression,[117] suggesting that increased electronic bandwidth destabilizes
localized excitons. In such interpretation, bond shortening increases carrier kinetic
energy and reduces STE energy.

In contrast, other reports an enhanced broadband emission or increased Stokes
shift under pressure.[118] Such behavior has been attributed to pressure-induced
distortion or increased EPC.[119]

Pressure-induced phase transitions often produce abrupt changes in emission
spectra.[63] In certain cases, STE emission emerges only after symmetry breaking
associated with a high pressure phase.[63]

The coexistence of STE quenching, and enhancement across similar material classes

indicates that the microscopic mechanisms governing exciton localization under com-

pression remain unresolved. It is therefore unclear whether pressure universally in-

creases electronic bandwidth and suppresses localization, or whether enhanced lattice

distortion strengthens self-trapping in layered HOIPs.

1.8 Research Objectives

Despite numerous publications, across HOIPs measurements under hydrostatic

pressure, several critical questions remain open to discover, especially in layered Pb-free
HOIPs:

. What is the dominant factor of band gap narrowing under pressure in layered

HOIPs: bond shortening or octahedral tilting?

. Does pressure destabilize or enhance STEs in 2D lead-free systems?

. How do pressure-induced phase transitions modify electron-phonon coupling

strength?

. Does pressure contribute to polaron formation?

. To what extent do experimental conditions (hydrostaticity, pressure medium,

sample morphology) contribute to contradictory reports?

To test hypothesis presented in this thesis, and try to answer to the questions above,

this work systematically correlates high-pressure structural and optical measurements

under controlled hydrostatic conditions.

14



Experimental Methods

The chapter outlines the experimental methodologies used to systematically investi-
gate the structural, optical, and electronic properties of HOIPs samples under various
temperature and hydrostatic pressure.

A detailed description of the sample origin, handling procedures, and environmental
stability control is provided to ensure reproducibility and to suppress degradation
pathways associated with moisture or oxygen exposure.

Optical characterization techniques, including reflectance (R), transmission, and
photoluminescence (PL) spectroscopy, are introduced together with their underlying
physical principles and corresponding instrumental configurations.

Temperature- and pressure-dependent measurements are presented in dedicated
sections, including cryogenic setups and diamond anvil cell (DAC) configurations. Cali-
bration strategies, pressure-transmitting medium selection, and accuracy are discussed
to ensure accurate determination of thermodynamic and optoelectronic parameters.

Finally, procedures for data processing, baseline correction, peak fitting, and uncer-
tainty estimation are described to ensure rigorous extraction of material parameters
and reliable interpretation of results. All details not described in the articles included in
this PhD thesis are presented herein.

Together, these methodologies provide a robust framework for understanding in-
trinsic optical phenomena in HOIPs under well-controlled experimental conditions.

15
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2.1 Samples: Origin and Handling

The HOIPs samples investigated in this study were provided by three independent
research institutions through collaborative projects resulting in joint publications. Ma-
terial synthesis, precursor purification and compositional optimization were performed
entirely by the respective collaborating laboratories and are described in detail in the
associated publications.

The presented thesis focuses exclusively on post-fabrication physical characteriza-
tion and advanced spectroscopic analysis.

Upon arrival, all samples were immediately transferred to a high-purity argon-filled
glovebox (GB) to ensure controlled storage and handling conditions and to prevent
exposure-induced degradation.

Table 2.1: Overview of the studied ApMXy-type layered halide compounds, presenting
their composition, crystallographic structure (space group), optical properties (band gap
and PL peak energies), and sample origin.

Material Organic Cation (full name) | Abbrev. | Metal | Halide | Space group Ba&&iﬁap Pl[s\j?k Source
monoclinic
(4FP)2Snly B . (4FP)/ I N 1.90 1.98 prof. Ivan Mora-Ser6
4-fluorophenethylammonium (4FPEA) Sn trIi)flliilLic Universitat Jaume
(4FPEA)2SnBry Br P1 2.70 2.64 in Spain
orthorhombic dr. Eukasz P .
TMAsSnl; | (2-thienyl)methylammonium | TMA I | Pbca—Cme21| 200 1.99 ©- Lukasz Frzypls
Saule Technology
(at 180 K)
(PMA)2CuCly Cl orth(;rbhc;mblc 2.33 2.12 dr. Muhammad Birowosuto
phenylmethylammonium PMA Cu = Lukasiewicz PORT
(PMA)2CuBry Br hexagonal 2.23 - in Wroclaw

2.1.1 Handling and Environmental Stability

All samples were stored and prepared in an argon-filled GB maintained at the
following conditions:

» Oxygen concentration: <0.5 ppm
« Moisture concentration: <0.5 ppm

« Temperature: 20-23 °C

Oxygen and moisture levels were continuously monitored using integrated elec-
trochemical sensors. No samples were exposed to ambient laboratory air at any stage.
Transfers between characterization instruments were performed using hermetically
sealed containers to preserve the inert environment.

Optical measurements were conducted immediately upon taking the samples out
of the GB to minimize environmental degradation effects, with the interval between
removal and measurement kept below 20 minutes.

These procedures ensure that all reported properties reflect intrinsic material be-
havior rather than environmental or handling-induced artifacts.

17
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2.2 Optical Spectroscopy

To comprehensively characterize the optical properties of the investigated HOIPs,
three complementary spectroscopy techniques were employed: R, transmission (absorp-
tion), and PL.[120, 121]

« R spectroscopy provides information on the material-related optical response and
electronic transitions, enabling identification of band-edge features and excitonic
resonances,

« Transmission spectroscopy probes bulk optical behavior, allowing determination
of absorption coefficient, band gap energy, and is insensitive to defects,

« PL directly measures radiative recombination processes, exciton energies, and is
sensitive to defects.

For all spectroscopic measurements, optical alignment was verified prior to each
measurement series to ensure reproducibility and minimize systematic deviations. All
detectors and monochromators were wavelength-calibrated before data acquisition.

The combined application of R, transmission, and PL enables independent access
to the complex dielectric response, absorption, and radiative recombination pathways.
Their complementary nature allows cross-validation of band-edge energies and exci-
tonic features while distinguishing intrinsic electronic transitions from defect-related
contributions.

2.2.1 Reflectance Spectroscopy
Principle:

R spectroscopy measures the fraction of incident light reflected from a sample as a
function of wavelength. Spectral features provide information about optical constants,
electronic transitions, and is also sensitive to surface quality, i.e. mirror like surface
is necessary for regular reflectance measurements. For non-mirror surface or powder
samples diffusive reflectance can be applied, but in our case we were dealing with
samples with mirror-like surface and therefore the set-up for diffusive reflectance is not
described. Sharp peaks in the spectra often indicate band-edge transitions, excitonic
resonances, or thin-film interference effects.

R spectra were measured in a near-normal "bright configuration" using a stabilized
halogen lamp, fully covering the measured spectral range. The incident beam was me-
chanically modulated at 266 Hz, enabling phase-sensitive detection via lock-in amplifica-
tion and significantly improving the signal-to-noise ratio, and directed onto the sample at
a small incidence angle (< 10°). Reflected light was collected in near-specular geometry
and analyzed using a 0.5 m focal-length single-grating monochromator equipped with a
1200 lines/mm diffraction grating, providing a spectral resolution of approximately 0.5
nm.

The dispersed signal was detected using a calibrated Si photodiode covering 350-1100
nm spectral range. Samples were mounted on the cold finger of a closed-cycle helium
cryostat. Phase-sensitive detection was performed using a lock-in amplifier synchronized
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Figure 2.1: Schematic of the experimental setup used for temperature-dependent re-
flectance measurements. The incident beam is mechanically modulated and directed onto
the sample at near-normal incidence. The reflected light is collected in near-specular
geometry, spectrally dispersed by a monochromator, and detected using phase-sensitive
lock-in amplification. Reprinted from Ref. J. Mater. Chem. C, 2025,13, 16929-16936 under
CC-BY 3.0 license. Copyright 2025 R. Bartoszewicz et al.

to the chopper frequency. Absolute reflectance was obtained by normalization to a
calibrated aluminum mirror measured under identical conditions:

Rsample ()\)
Rreference ()\) ’

The beam spot diameter at the sample surface was approximately 1 mm.

R(\) = (2.1)

2.2.2 Transmission (Absorption) Spectroscopy
Principle:

Transmission spectroscopy measures the wavelength-dependent intensity of light
transmitted through a sample. The absorption coefficient, derived from the transmitted
intensity, provides information on band gap energy and excitonic transition.

Measurements were performed in a "dark configuration", where the broadband
halogen source was first dispersed by the monochromator before passing through
the sample. The beam was incident normal to the sample surface and mechanically
modulated at 270 Hz to enable phase-sensitive detection using a lock-in amplifier.

Transmitted light was detected using photodiodes selected according to the spectral
range: Si (350-1100 nm), GaP (enhanced visible range), or PbS (near-infrared).

Sample thickness was measured prior to optical experiments using microscope with
an uncertainty of =5 pm. The absorption coefficient was calculated according to:

19



Chapter 2 Faculty of Fundamental Problems of Technology @

H Monochromator Sample/Cryostat
alogen lamp SI detector

R TR R

Filter o
Modulator Data acquisition

P S\ pectrum
/ N\

\
\\

/ A

Figure 2.2: Schematic of the temperature-dependent transmission spectroscopy setup.
The broadband halogen source is dispersed by a monochromator, mechanically mod-
ulated, and directed normally onto the sample mounted in a temperature-controlled
cryostat. The transmitted signal is detected using wavelength-appropriate photodiodes
and processed via lock-in amplification. Reprinted from Ref. J. Mater. Chem. C, 2025,13,
16929-16936 under CC-BY 3.0 license. Copyright 2025 R. Bartoszewicz et al.

1 T
o= —glnm, (2.2)
where d is the sample thickness, T the transmitted intensity through the sample, and R
is the reference signal.
This relation assumes negligible scattering losses, uniform sample thickness, and
minimal multiple internal reflections. These conditions were verified by the absence of

pronounced Fabry-Perot interference oscillations.

2.2.3 Photoluminescence Spectroscopy
Principle:

PL spectroscopy probes radiative recombination following above-band gap optical
excitation. Spectra provide direct information on excitonic emission, and defect-assisted
radiative features. Peak position, linewidth, and intensity evolution serve as sensitive
indicators of structural quality, energetic disorder, and non-radiative recombination
pathways.

PL measurements were performed in backscattering geometry using continuous-
wave laser excitation at 405 or 325 nm. The excitation beam was focused onto the sample
using a 10 cm focal-length lens, with power maintained between 20-150 4W. The emitted
PL signal was collected by the same lens and analyzed using a 0.5 m monochromator
with a 150 lines/mm diffraction grating blazed at 500 nm, achieving 1-2 nm spectral
resolution. A long-pass filters suppressed scattered excitation light.

Detection was performed using a thermoelectrically cooled Si CCD camera. Spec-
tral response was corrected using a calibrated reference lamp. The spectral axis was
calibrated prior to each measurement series using known emission lines to ensure
wavelength accuracy.

Cross-correlation of R, transmission, and PL spectra (absorption-like vs emission-
like spectra) enables independent verification of band-edge energies and excitonic reso-
nances. Agreement between techniques was used as an internal validation criterion to
distinguish intrinsic electronic transitions from defect-related or measurement-induced
artifacts like Fabry-Perot features attributed to optical transitions.
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Figure 2.3: Schematic of the temperature-dependent photoluminescence setup.
Continuous-wave laser excitation (405 or 325 nm) is focused onto the sample mounted
in a temperature-controlled cryostat in backscattering geometry. The emitted PL is
collected by the same lens, spectrally dispersed by a 0.5 m monochromator, and detected
using a thermoelectrically cooled Si CCD camera. Long-pass filters suppress scattered
excitation light.

2.3 Temperature-Dependent Measurements

In this study, temperature-dependent measurements were used to:

Identify structural phase transitions and track band gap evolution.
+ Quantify exciton stability and thermal activation of non-radiative recombination.
« Evaluate EPC and dynamic lattice disorder.

« Provide insights relevant to device performance and material optimization.

Transmission, R, and PL measurements as a function of temperature provide com-
plementary information on the optical and electronic behavior of the samples.

2.3.1 Cryostat Configuration

All temperature-dependent measurements were performed using closed-cycle he-
lium cryostats, which provide reliable temperature control over 20-320 K without liquid
cryogens.

Samples were mounted on a brass sample holder thermally anchored to the cryostat
cold finger. Brass was selected for its high thermal conductivity and mechanical stability
under repeated thermal cycling.

To ensure uniform thermal contact and minimize mechanical tilt, silver paste was
distributed along the sample edges using fine copper wire, thereby maintaining parallel
alignment of the sample surface relative to the optical axis.

Each cryostat was equipped with four fused-silica optical windows arranged in a
transmission geometry, allowing simultaneous access for excitation and detection. Prior
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to cooling, the sample chamber was evacuated using a turbomolecular pump. Maintain-
ing high vacuum suppressed convective heat transfer and prevented condensation on
the sample surface during low-temperature operation.

2.3.2 Temperature Control and Calibration

Temperature regulation was achieved using PID-controlled Lakeshore controllers.
The temperature was monitored with a calibrated resistance sensor mounted directly
on the sample holder at a distance of approximately 10 mm from the sample position.

To evaluate potential temperature gradients between the sensor and the sample,
controlled heating ramps were performed. Under quasi-static conditions (< 2 K/min),
the temperature offset between the sensor position and the sample was estimated to be
below 0.5 K. This value is included in the overall temperature uncertainty.

At each temperature setpoint, temperature stability better than £0.1K was achieved.
Stability was verified through continuous temperature logging over 6-minute intervals
prior to data acquisition.

Heating rate was typically set between 2 and 5 K/min. Higher ramp rates introduced
measurable thermal lag and were therefore excluded from quantitative analysis.

2.3.3 Measurement Protocol

A systematic temperature sweep protocol was implemented to ensure reproducibility
and reliable detection of temperature-dependent optical changes. At each temperature
setpoint, the system was allowed to stabilize for 5-10 minutes until temperature fluctua-
tions were within 0.3 K. Data acquisition was initiated only after stabilization criteria
were satisfied.

Measurements were performed in 20 K increments across the full investigated tem-
perature range. The chosen step size was sufficient to resolve gradual band gap evolution
and systematic spectral changes across the investigated temperature. In temperature
regions where enhanced spectral evolution was observed, finer temperature steps were
employed to resolve subtle changes.

The combination of controlled cryogenic conditions, systematic temperature stabi-
lization, and reproducibility checks ensures reliable and reproducible determination of
thermally induced optical changes in the investigated systems.

2.4 High Hydrostatic Pressure Measurements

High Hydrostatic Pressure (HP) experiments provide a powerful, non-invasive
method to continuously tune the structural, electronic, and vibrational properties of
HOIPs.[122] Unlike chemical substitution or compositional alloying, which may in-
troduce disorder or defects, hydrostatic compression modifies interatomic distances
and bonding interactions in a clean, reversible manner. This allows direct investigation
of intrinsic structure-property relationships and exploration of emergent electronic
phenomena.

HOIPs are characterized by soft ionic lattices, dynamic octahedral distortions, and
strong EPC. Even moderate pressures (a few GPa) can induce substantial changes in
band structure, lattice symmetry, and excitonic properties.[122, 123]
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2.4.1 Fundamental Physical Principles

The response of HOIPs to pressure is governed by several mechanisms:

1. Lattice Compression and Bonding

Hydrostatic pressure reduces unit-cell volume, affecting bond lengths, octahe-
dral tilting, and interlayer spacing. Increased orbital overlap generally broadens
electronic bands and reduces effective mass, while octahedral distortions can
counteract this, producing non-monotonic band gap evolution.[124]

Measured via: pressure-dependent PL and absorption spectroscopy, enabling track-
ing of band gap shifts and optical transitions.

2. EPC

Soft phonon modes and anharmonic lattice dynamics dominate carrier behav-
ior. Pressure typically stiffens phonons, modifies octahedral rotations, and alters
polaron formation energies. These effects influence carrier mobility and recombi-
nation pathways.[122]

Measured via: analysis of PL linewidth broadening and peak shifts under pressure,
providing a quantitative assessment of lattice-carrier interactions.
3. Excitonic and Dielectric Effects

Pressure changes dielectric screening by modifying lattice polarizability and ion
displacements. In low-dimensional HOIPs, reduced interlayer spacing lowers
exciton binding energy, while in 3D systems, compression simultaneously af-
fects effective masses and screening, altering the free-carrier versus excitonic
character.[123]

Measured via: combined temperature- and pressure-dependent PL spectroscopy,
allowing direct evaluation of exciton stability and dielectric response under com-
pression.

2.4.2 Pressure-Induced Phenomena

HP studies reveal key material behaviors:

« Non-monotonic Band Gap Evolution[125, 126, 127, 128, 129, 130, 131],
Initial narrowing due to orbital overlap may be followed by widening from octa-
hedral distortion.

« Structural Phase Transitions[132, 133, 134, 135, 136, 137],
Pressure can induce phase changes or amorphization, often accompanied by
abrupt optical or electronic changes.

« Carrier Transport Modulation[138],

Bandwidth, effective mass, and electron-phonon interactions evolve under com-
pression, affecting mobility and polaron formation.
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« Stability and Degradation[139, 140, 141, 142, 143]
Mechanically driven instability, phase segregation, or structural collapse can be

identified, informing material robustness.

Pressure therefore provides both a diagnostic tool and a predictive framework for
designing HOIPs optoelectronic materials. All pressure-induced changes were verified
to be reversible upon decompression, confirming that the observed phenomena reflect
intrinsic lattice and electronic responses rather than sample degradation.

2.4.3 Diamond Anvil Cell Configuration

(a)'

(d)

Laser Beam

Lens

Y/ Diamond
Gasket

Figure 2.4: Membrane-driven DAC used for high-pressure optical measurements. (a)
Front view of the assembled DAC, (b) rear view showing the membrane housing, (c) gas
membrane for remote pressure control, (d) cross-sectional view of the DAC assembly
illustrating the alignment of the diamond anvils, gasket, sample chamber, pressure-
transmitting medium, and ruby sphere for pressure calibration.

HP optical measurements were performed using a membrane-driven Diacell diamond
anvil cell (DAC) manufactured by Almax easyLab (Figures 2.4 a-c). The membrane-driven
DAC design, first introduced by Letoullec,[144] enables fine, remote pressure tuning via
a gas membrane, minimizing mechanical vibrations and drift during sensitive optical
measurements. This configuration also allows experiments to be performed under
temperature-controlled conditions without the iterative pressure cycling required for
screw-driven DACs, where pressure must be adjusted at room temperature, followed by
cooling, measurement, and reheating.

The DAC body is constructed from beryllium-copper alloy, providing the mechanical
strength to withstand pressures up to 100 GPa while maintaining thermal stability during
low-temperature operation. Symmetric type Ia diamond anvils with a culet diameter
of 650 um were used, allowing pressures up to 25 GPa while minimizing background
fluorescence in optical spectroscopy. This culet size balances the achievable pressure
with sample chamber dimensions, ensuring efficient optical access and compatibility
with both transmission and backscattering geometries.
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Figure 2.4 d presents a cross-sectional view of the assembled DAC, showing the align-
ment of the sample, pressure-transmitting medium, ruby sphere for pressure calibration,
and gasket. This arrangement ensures reproducibility of high-pressure measurements
and provides stable, well-defined optical paths.

2.4.4 Diamond Anvil Cell Closing and Pressure Medium

Gasket Material and Preparation

LT e

Figure 2.5: Gasket preparation procedure for HP measurements. (a) Bottom diamond
anvil of the DAC, (b) placement and alignment of the gasket blank on the diamond culet,
(c) external hydraulic press with alignment guides used for controlled pre-indentation,
(d) mechanical drilling setup, (e) gasket prior to hole drilling, (f) gasket after drilling of
the sample chamber, (g) comparison of unindented, properly prepared, and improperly
prepared gaskets.

Gasket preparation is a critical step in ensuring reproducible high-pressure optical
measurements. For this study 0.26 mm thick, 10 mm diameter Inconel sheets were used,
selected for their high hardness, mechanical durability, and thermal stability. Alternative
materials such as tantalum, tungsten, or rhenium may be employed depending on the
sample properties and choice of pressure-transmitting medium. The pre-shaped gasket
blanks were supplied by Almax easyLab.

The gasket blank is first carefully placed on the bottom diamond culet and aligned
relative to the supporting plate (Figure 2.5 (b)). The DAC is then mounted in a hydraulic
press equipped with alignment guides to prevent anvil misalignment (Figure 2.5 (c)).
Pre-indentation of the gasket is performed in two stages: initially, the load is increased
to 250 kg and then released to allow material relaxation, followed by a gradual increase
to 500 kg. The loading and unloading rate is maintained at approximately 1 kg/s to
ensure uniform compression and prevent micro-cracks. This procedure produces a final
gasket thickness of ~50 pum, providing sufficient mechanical support while minimizing
interference with pressure transmission. Thickness was measured after pre-indentation
using a micrometer, with an estimated uncertainty of +2 ym.

After pre-indentation, a central hole is drilled using either mechanical drilling or
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an electrical discharge machine (Figures 2.5 (c-f)). The hole diameter is chosen to be
approximately 1/2 to 1/3 of the diamond culet size, ensuring proper sample containment
while minimizing stress concentrations. Correct placement and quality of the hole are
essential for uniform pressure distribution and reliable measurements. Figure 2.5 (g)
illustrates unindented, properly prepared, and poorly prepared gaskets, highlighting
common issues such as off-center holes, uneven thickness, or micro-cracks.

Careful preparation of the gasket ensures quasi-hydrostatic conditions within the
sample chamber, which is essential for accurate optical measurements, including PL
and transmission spectroscopy. This rigorous procedure maximizes reproducibility and
minimizes artifacts arising from pressure gradients or mechanical instability.

Closing Diamond Anvil Cell

Figure 2.6: Procedure for loading and closing the membrane-driven DAC. (a) Placement
of the prepared gasket on the bottom diamond culet, (b) introduction of the pressure-
transmitting medium into the gasket chamber, (c) size comparison between the ruby
and the loading needle, (d) placement of the ruby sphere inside the gasket hole, (e) size
comparison between the sample and loading needle, (f) arrangement of the sample, ruby
sphere, and pressure medium within the chamber, (g) extraction tool used to align and
connect the two halves of the DAC, (h) intermediate stage during anvil approach, (i)
view through the upper diamond after proper alignment, (j) fully assembled DAC ready
for HP measurements.

Figure 2.6 (a-j) illustrates the complete procedure for closing the DAC. Prior to
assembly, all tools were inspected, and both diamond culets and the upper anvil contact
surface were cleaned with acetone to remove contaminants that could compromise
gasket sealing or sample integrity. The diamond anvils were verified for parallelism under
an optical microscope to ensure uniform stress distribution and prevent asymmetric
gasket deformation or potential diamond damage.

The pre-indented and drilled gasket was carefully positioned on the bottom culet.
Using the extraction tool, the DAC was brought into partial contact to smooth irregulari-
ties and verify alignment (Figure 2.6 (a)). The cell was then reopened for fine adjustment,
ensuring proper placement of the gasket and maintaining mechanical stability.
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The pressure-transmitting medium was introduced into the gasket hole using a
syringe or fine brush (Figure 2.6 b), avoiding overfilling to prevent leakage or sample
displacement. A ruby sphere for pressure calibration was placed adjacent to the sample
using a fine needle (Figures 2.6 (c-d)), followed by careful positioning of the sample itself
(Figures 2.6 (e-f)), maintaining adequate spatial separation to ensure accurate pressure
measurements.

Once all components were properly arranged, the upper anvil was gradually lowered
using the controlling screw and aligned with the extraction tool (Figure 2.6 (g-i)). Com-
pression was applied incrementally to avoid stress concentration, sample extrusion, or
non-hydrostatic conditions. If any displacement of the sample, ruby sphere, or medium
occurred, the procedure was repeated to guarantee correct alignment and sealing. The
fully assembled DAC is shown in Figure 2.6 (j).

Following this closure protocol ensures uniform pressure distribution, minimizes
the risk of non-hydrostatic conditions, and guarantees that all subsequent HP optical
measurements reflect intrinsic material behavior.

Pressure Medium

Daphne 7575 oil was employed as the pressure-transmitting medium for all HP opti-
cal measurements. The selection was motivated by its high optical transparency in the
visible spectral range, which minimizes background absorption in PL and transmission
experiments. No chemical interaction or degradation of the investigated HOIPs samples
was observed within the applied pressure-temperature range, confirming its suitability
for optical studies.[145, 146]

At room temperature, Daphne 7575 exhibits hydrostatic behavior up to approxi-
mately 5.3 GPa. However, the hydrostatic limit decreases significantly with decreasing
temperature. Above the hydrostatic regime, the medium provides quasi-hydrostatic con-
ditions due to its relatively low shear strength and soft solidification behavior, although
pressure gradients may develop across the sample chamber.

Although alternative pressure media such as methanol-ethanol mixtures, NaCl, or
noble gases (He, Ar) can provide higher hydrostatic limits, the use of gas-loading systems
was not available in the present experimental configuration. Noble gases, while offering
excellent hydrostatic conditions over extended pressure ranges, require dedicated load-
ing infrastructure. Therefore, Daphne 7575 represented an optimal compromise between
hydrostatic performance, optical compatibility, and experimental feasibility.[147]

Hydrostatic Limit

The content of this sub-chapter (including Figure 2.7) is repeated in Supporting
Information in article I, IT, and III.

The temperature-dependent hydrostatic behavior of Daphne 7575 was systematically
investigated in Publication I of this thesis and therefore Figure 2.7 appears two times more
in this dissertation in Publication I, II, and III. The analysis was based on monitoring the
pressure-induced splitting and linewidth broadening of the ruby R1 and R2 fluorescence
lines at 300, 200, 120, and 40 K. The solidification pressure was defined as the onset of
nonlinear broadening of the R1 line accompanied by enhanced R1-R2 peak separation.

From this, analysis, the hydrostatic limits were determined to be approximately 5.3
GPa (300K), 3.8 GPa (200 K), 1.8 GPa (120 K), and 0 GPa (40 K). To our knowledge, this
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Figure 2.7: Analysis of ruby R1 and R2 peaks split and broadening at (a) 300, (b) 200, (c)
120, and (d) 40 K. Reprinted from Ref. J. Phys. Chem. Lett. 2025, 16, 25, 6372-6377 under
CC-BY 4.0 license. Copyright 2025 R. Bartoszewicz et al.

represents the first systematic determination of the hydrostatic stability of Daphne 7575
down to 40 K. The pressure uncertainty derived from ruby fluorescence calibration was
estimated to be £0.05 GPa at room temperature, with slightly larger uncertainties under
quasi-hydrostatic conditions.[148, 149, 150]

For combined temperature-pressure measurements, pressure was re-evaluated at
each temperature step to account for drift arising from thermal contraction of both
the pressure medium and DAC components. This procedure ensures that the mea-
sured pressure corresponds accurately to the sample environment, supporting reliable
interpretation of pressure-dependent optical spectra.

Non-Hydrostatic Effects

Non-hydrostatic conditions within the DAC can significantly influence optical spec-
tra. Uneven stress distribution within the sample chamber may lead to peak broadening,
nonlinear band-gap shifts, artificial splitting of emission lines, or the appearance of
defect-related emission features. Such stress-induced artifacts may mimic signatures of
structural phase transitions if not carefully considered.[151, 152, 153, 154]

To minimize these effects, the sample dimensions were restricted to below 50 ym
to reduce pressure gradients across the chamber. Pressure was increased in small in-
crements (0.1-0.2 GPa) near critical regions, and measurements were repeated upon
decompression to verify reversibility. This approach ensured reliable interpretation of
pressure-induced spectral changes.
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2.4.5 Pressure Calibration Procedure

Pressure inside the DAC was determined using the ruby fluorescence method, which
remains the most widely adopted in situ pressure standard for static HP experiments.
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Figure 2.8: (a) Gaussian fitting of the R; and Ry ruby fluorescence lines used to determine

the peak position of the R; transition. (b) Calculation of pressure from the relative
wavelength shift of the Ry line.

Ruby Fluorescence Method

Pressure was determined from the shift of the Ry fluorescence line of Cr*>*-doped
Al503 (ruby). A single ruby sphere (5-10 pm diameter) was placed adjacent to the sample
within the gasket chamber to ensure local pressure determination. The use of a single
ruby minimizes line broadening and avoids spectral overlap effects that may arise from
multiple fluorescence sources.

Fluorescence was excited using a 532 nm solid-state laser. The emission spectrum
was collected using:

« an Avantes ULS4096CL-RS-EVO spectrometer equipped with a DCL-UV/VIS-
200 (600 lines/mm, 300 nm blaze) grating for pressure-dependent transimission
measurements, and

« an Andor monochromator (600 lines/mm, 500 nm blaze) coupled to a SI CCD
detector for pressure-dependent PL measurements.

The ruby spectrum at 300K and ambient pressure is shown in Figure 2.8 (a). The Ry
and R lines were extracted by Gaussian fitting.

Pressure was calculated from the relative wavelength shift AA = X\ — \g using the
hydrostatic calibration of Shen.[155]

The applied pressure scale is given by:

P[GPa) = 1.87(+0.01) x 10? (Ag‘) [1 + 5.63(%0.03) (ij)] . (23)
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where:
« A is the Ry wavelength at ambient conditions,
+ A - is the measured wavelength,

s AA=X—-)X.

Temperature Correction

The R; fluorescence line of ruby exhibits a small but systematic temperature depen-
dence due to lattice contraction and electron-phonon interactions. If uncorrected, this
effect produces an apparent pressure shift, particularly at cryogenic temperatures.

To account for this, a temperature-corrected reference wavelength A (T), was used
in all low-temperature measurements. Following the formulation of Datchi,[156] the
pressure is expressed as:

AXN(T) AXN(T)
P[GPa] = 1.87(40.01) x 103< ) [1 +5.63(40.03 ( )] 2.4
For temperatures between 50 K and 296 K, the temperature-induced shift was calculated
as:

AXo(50 < T < 296K ) = 0.00664(4)AT +6.76(52) x 107 °AT? —2.33(16) x 10~ 5AT3,
(2.5)
For temperatures below 50 K:

AXo(T < 50K) = —0.887(1), (2.6)

Temperature was independently measured using a calibrated sensor near the DAC,
ensuring accurate pressure determination across the entire temperature range. This cor-
rection allows reliable mapping of pressure-dependent phenomena at low temperatures,
minimizing systematic errors arising from thermal effects.

2.4.6 Pressure-Dependent Transmission Measurements at Room Tem-
perature

Pressure-dependent transmission measurements were performed at room temper-
ature using a DAC mounted on a custom XYZ micrometer stage, allowing precise
positional alignment. The DAC was positioned between a halogen lamp below, serv-
ing as the transmitted light source, and a microscopic objective above to collect light
transmitted through the sample chamber. The configuration also enabled observation
of color changes during compression.

A camera mounted above the microscope provided live imaging for DAC alignment.
For spectral measurements, the camera can be replaced with a custom fiber-optic holder
connected to a spectrometer. The microscope back was removed to allow external
illumination and facilitate 532 nm laser excitation for ruby fluorescence-based pressure
calibration.
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Figure 2.9: Pressure-dependent transmission measurement setup at room temperature.
(a) Photograph of the experimental arrangement. (b) Schematic representation of the
pressure-driven transmission measurement setup. configuration Reprinted from Ref. J.
Phys. Chem. Lett. 2025, 16, 25, 6372-6377 under CC-BY 4.0 license. Copyright 2025 R.
Bartoszewicz et al.

Transmitted light intensity depends on both sample thickness and the numerical
aperture of the objective which governs light collection efficiency. Ambient light was
minimized to reduce measurement artifacts.

Measurements were performed in two steps. First, the DAC contained only the
pressure medium and a ruby chip to acquire a reference signal. Subsequently, the
DAC was reassembled with the sample, and transmission spectra were measured. This
procedure ensures accurate normalization and reproducibility of the optical response
under compression.

2.4.7 Pressure-Dependent Photoluminescence Measurements at Room
Temperature

Figure 2.10: Pressure-dependent PL measurement setup at room temperature. (a) Photo-
graph of the experimental arrangement. (b) Photograph of the experimental side-view.

PL measurements under pressure were performed using the same DAC, mounted on
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the cold finger of a closed-cycle cryostat, which served solely as a mechanically stable
holder. PL spectra were collected in a backscattering geometry using continuous-wave
excitation with 405 or 325 nm laser line.

Pressure was monitored simultaneously via ruby fluorescence measured in trans-
mission using a 532 nm laser. The excitation beam was focused onto the sample or ruby
sphere through 10 cm focal-length lenses, and emitted light was collected by the same
objective and directed to a Si CCD detector on the monochromator. A long-pass filter
was placed to suppress scattered laser light, ensuring clean detection of PL signals.

Spectral acquisition employed a 150 lines/mm grating blazed at 500 nm for sample PL
and a 600 lines/mm grating blazed at 500 nm for ruby fluorescence. Pressure was applied
incrementally at room temperature, allowing ~4 minutes for mechanical stabilization
at each step to ensure pressure equilibration in the sample chamber.

This configuration defines the baseline high-pressure optical platform. In the subse-
quent section, active temperature control is incorporated to enable combined pressure-
and temperature-dependent measurements.

2.5 Combined Temperature- and Pressure-Dependent Mea-
surements

2.5.1 Experimental Configuration

Data acquisition

° Pressure 532nm laser

system for ruby

F= detection
& - l
- — Cryostat il
ot Laser to excite sample system i\i
£ [ Sk Gray IQ‘ID
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Figure 2.11: Scheme of the system used for combined temperature- and pressure-
dependent PL measurements. Reprinted from Ref. J. Phys. Chem. Lett. 2025, 16, 25,
6372-6377 under CC-BY 4.0 license. Copyright 2025 R. Bartoszewicz et al.

Figure 2.11 presents the integrated temperature- and pressure-dependent configura-
tion adapted for PL spectroscopy. DAC was mounted on the cold finger of a closed-cycle
cryostat and operated under high-vacuum conditions. The system enables measurements
in the 10-300 K temperature range.
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Temperature was monitored using a calibrated sensor attached directly to the DAC
body in close proximity to the anvil assembly. Since the sensor measures the DAC body
rather than the sample chamber itself, a finite thermal gradient across the gasket and
pressure medium must be considered. All measurements were performed under strictly
isothermal conditions. Prior to spectral acquisition, the system was stabilized at the
target temperature for the whole measurement process. Under these conditions, the
temperature difference between the sensor and the sample is expected to remain below
£0.5 K, which is included in the overall temperature uncertainty.

The cryostat was mounted on the same optical table as the excitation and detec-
tion components. Consequently, mechanical vibrations generated by the closed-cycle
compressor were transmitted throughout the entire setup. However, no measurable
influence on the PL spectral position or linewidth was observed within the experimental
resolution. This indicated that vibration-induced misalignment or intensity fluctuations
were negligible for the measurement conditions employed.

2.5.2 Technical Challenges and Limitations

The implementation of combined temperature- and pressure-dependent PL measure-
ments presents several technical challenges arising from both the DAC construction and
the integration of the DAC within a cryogenic optical setup. While many of these limita-
tions were successfully mitigated during this work, some represent intrinsic constraints
of the current configuration and define directions for future technical improvements:

« Solidification of Pressure Medium

The selection of an appropriate pressure-transmitting medium is critical for low-
temperature experiments. Many commonly used media solidify upon cooling,
leading to non-hydrostatic stress conditions and pressure gradients within the
sample chamber. Such non-hydrostatic conditions may induce artificial peak
broadening, spectral splitting, or apparent phase-transition-like features unrelated
to intrinsic material properties.

In the present study, Daphne 7575 oil was used as a compromise, maintaining quasi-
hydrostatic conditions at low temperatures and moderate pressures. Although
noble gases such as helium or argon provide superior hydrostatic conditions
over broad pressure and temperature ranges, their gas loading is technically
demanding.

» Temperature Gradient at Sample Position

Finite thermal conductivity of the DAC components and pressure medium may
result in small temperature gradients between the cryostat cold finger and the sam-
ple. This effect becomes particularly relevant at the lowest temperatures, where
even minor differences may influence emission linewidth and peak positions.
These gradients are included in the estimated sample temperature uncertainty

« Laser-Induced Local Heating

Laser excitation inherently introduces local heating at the sample position. In
confined DAC geometries, heat dissipation is limited, and the effective local tem-
perature may exceed the nominal cryostat temperature, particularly at higher
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excitation powers. Excitation power was carefully optimized (20-150 ©W). Never-
theless, a residual uncertainty in the effective sample temperature remains and
contributes to systematic experimental error.

Thermal Contraction of the DAC and Pressure Drift

Cooling the DAC and cryostat introduces thermal contraction, which can cause
both pressure drift inside the sample chamber and small shifts of the laser spot rel-
ative to the sample. These effects must be considered when analyzing temperature-
dependent PL spectra recorded at nominally constant pressure. Periodic optical
realignment was performed during cooling cycles to maintain reproducibility.

Limited Decompression and Safety

Mechanical access to the DAC is restricted inside the vacuum cryostat. While
membrane-type DACs allow pressure increase via gas injection, decompression
at low temperature is not possible without manual intervention. Operation of
high-pressure cryogenic systems also involves safety considerations, including
pressurized helium and vacuum hazards. Strict adherence to established proce-
dures was maintained throughout all experiments.

Future Technical Developments

Implementation of these improvements would bring the setup closer to the state-
of-the-art HP optical laboratories, enabling highly accurate, isobaric, and reproducible
measurements. Future developments include:

Implementation of a dual-membrane DAC for dynamic pressure stabilization,
Introduction of automated pressure control systems,
Installation of a dedicated helium gas-loading system,

Integration of in situ pressure monitoring during temperature sweeps.

Despite these limitations, the developed configuration enables stable and repro-
ducible combined temperature- and pressure-dependent PL measurements. Absolute

pressure accuracy, local temperature determination, and isobaric stability are affected by

the identified constraints. However, all qualitative physical conclusions reported in this

thesis remain robust. Systematic evaluation of these limitations further strengthens the

reliability of the results and provides a clear roadmap for future technical improvements.

2.6 Data Processing and Error Analysis

Accurate interpretation of optical measurements requires careful data processing,

peak extraction, and rigorous estimation of uncertainties. This section outlines the

procedures used to ensure reliable and reproducible results. All of the operations reported

here,

which are connected to the analysis of obtained experimental spectras, were

performed in the use of Origin software from OriginLab producer.
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2.6.1 Baseline Correction and Normalization

Raw optical spectra, including PL and transmission data, were first corrected for
instrumental background and detector response. A baseline was fitted using a third-order
polynomial, with fitting regions selected to exclude known sample peaks and minimize
contributions from background fluctuations. In some cases, a spline-based baseline was
applied to account for broad, slowly varying background features.

4.51GPa 0.00GPa
-

Normalized Photoluminescence (arb. un.)

N
N
N
(o))

1.8 2.0 2.2 24 2.6 2.8
Energy (eV)

Figure 2.12: Example of normalization of pressure-dependent PL spectra at 120 K for
(4FPEA)2SnBry.

All spectra were subsequently normalized to either the maximum intensity of a
reflectance peak or the integrated intensity over a defined spectral window (Figure 2.12).
This normalization facilitates comparison between measurements taken at different
pressures or temperatures and ensures that intensity variations reflect intrinsic sample
behavior rather than instrumental effects.

As a consequence of broad range of measurement spectra collection, some of the
features as emergence of additional peaks from background illumination, noise-induced
peaks, or regions without any important features were successfully removed in this
pre-analysis process.

2.6.2 Peak Fitting and Parameter Extraction

Spectral peaks were modeled using Gaussian lineshape (Figure 2.13). Initial parame-
ter estimates were obtained from peak maxima, while global fitting routines were used
for overlapping or closely spaced peaks to ensure consistent extraction across datasets.

Goodness-of-fit was evaluated using reduced chi-square (x2) and R? metrics. Only
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Figure 2.13: Example of Gaussian fit of pressure-dependent PL spectra at 120 K and 0.76
GPa for (4FPEA)2SnBry.

fits meeting established quality thresholds were used for further analysis. From these
fits, key parameters were extracted, including peak position, full width at half maximum,
and integrated intensity. These parameters directly probe physical phenomena such as:

« Peak energy evolution - tracked via the pressure- and temperature-dependent
peak position,

+ Electron-phonon interactions - inferred from linewidth broadening,

« Exciton activation energy and recombination dynamics - deduced from relative
peak intensities and their variation under combined pressure-temperature condi-

tions.

Representative fits, including raw, baseline-corrected, and modeled spectra, were
inspected visually to confirm the reliability of automated procedures.

In the case of transmission measurements, experimental spectra were redone with
the procedures mentioned earlier in this section. To determine the absorption edge
position of the investigated sample, a linear fit was used, as shown in Figure 2.14:

2.6.3 Uncertainty Estimation

Uncertainty in extracted parameters was assessed by combining contributions from
multiple sources:
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Figure 2.14: Example of linear fit of pressure-dependent transmission spectra at 300 K
and 0.66 GPa for (4FPEA)sSnly.

« Instrumental uncertainty - including spectral resolution of the monochromator,
detector noise, and wavelength calibration accuracy,

« Fitting uncertainty - obtained from the covariance matrix of the least-squares
fitting procedure,

« Systematic errors - arising from baseline subtraction, normalization, and pressure
calibration.

The combined uncertainty was propagated for derived quantities, such as band
gap energy, exciton activation energy, and linewidth, using standard error propagation
formulas. Pressure-dependent uncertainties were further updated at each temperature
step to account for thermal contraction effects in the DAC and pressure medium.

Where relevant, all pressure- and temperature-dependent measurements were re-
peated upon decompression or reheating to verify reversibility. This ensures that the
reported trends reflect intrinsic sample behavior rather than artifacts from experimental
drift or irreversible sample changes.

This workflow, establishes a robust, reproducible framework for analyzing tempera-
ture and HP optical data, providing confidence in the quantitative trends and qualitative
conclusions presented in this thesis.
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Publications

This chapter presents a collection of four peer-reviewed research articles (article 3.2 is
published in arXiv) that constitute the primary scientific contribution of this dissertation.
The research explores the frontiers of Pb-free,2D HOIPs, specifically focusing on how
their "structural softness" can be exploited to tune optoelectronic properties under
extreme conditions. By subjecting these materials to hydrostatic pressures reaching
11 GPa and temperatures ranging from 20 to 320 K, we uncover the fundamental
mechanisms governing band-edge tuning, phase stability, and excitonic localization.

The sequence of publications is organized as a progressive investigation into the
interplay between lattice dynamics and electronic structure:

Publication 3.1 and Publication 3.2 investigate the record-breaking electronic
tunability of Sn-based iodide HOIPs. Using (4FP)2Snl, and TMA3Snly as model sys-
tems, these works establish that Sn-based HOIPs possess some of the highest pressure
coefficients reported to date (up to -187 meV/GPa). These studies demonstrate that
the band gap can be narrowed linearly over several GPa, even across temperature-
driven structural phase transitions, positioning these materials as prime candidates for
high-sensitivity pressure sensors.

Publication 3.3 explores the complex energy landscape of excitons in (4FPEA)2SnBry.
This study uncovers a striking dichotomy in the pressure response: while near-band-edge
(NBE) emission redshifts under compression, the STE emission exhibits an anomalous
blueshift. This research provides a microscopic framework for understanding small
polaron formation and demonstrates how halide-specific lattice rigidity and dielectric
screening (comparing Br to I analogues) dictate the stabilization of localized versus
delocalized excitonic states.

Publication 3.4 transitions the investigation to Cu-based systems, addressing the
critical challenge of thermodynamic and structural stability. By utilizing hydrophobic
phenylmethylammonium (PMA) cations, we demonstrate that (PMA)2CuXy (X = Br, Cl)
maintains structural integrity up to ~11 GPa. This work provides a comparative analysis
of thermochromism versus piezochromism, revealing that while both temperature and
pressure induce significant color changes (redshifts), the underlying lattice mechanisms,
thermal expansion versus mechanical compression, interact with the electron-phonon
landscape in fundamentally different ways.

Together, these works provide a comprehensive framework for the rational de-
sign of stimuli-responsive, Pb-free optoelectronic. For each publication, the specific
contributions of the author are detailed in the following sections.
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3.1 Giant Band Gap Narrowing under Hydrostatic Pressure
in (4FP),Snl; Halide Perovskite

Rafal Bartoszewicz', Jakub Ziembicki, Ewelina Zdanowicz, Artur P. Herman, Jarostaw
Serafinczuk, Jesus Sanchez-Diaz, Samrat Das Adhikari, IvAn Mora-Serd, Robert
Kudrawiec’

The Journal of Physical Chemistry Letters, vol. 16, no. 25, pp. 6372-6377 (2025).
DOI: 10.1021/acs.jpclett.5c00903

Author’s Contribution:

Rafat Bartoszewicz with supervisor formulated the physical problem of pressure-induced
band gap tuning in layered Sn-based HOIPs and defined the research hypothesis con-
cerning the linear pressure dependence of the fundamental band gap.

The author designed and executed the experimental plan for combined pressure-
and temperature-dependent optical spectroscopy, optimizing measurement conditions
and data acquisition using the existing HP setup. All high-pressure PL and transmission
measurements were performed by the author. Particular attention was devoted to
establishing and validating hydrostatic conditions to ensure reliable determination of
intrinsic pressure coefficients.

The author contributed to HP X-ray diffraction (XRD) measurements. Data pro-
cessing and analysis were performed independently, including extraction of pressure
coefficients at different temperatures, evaluation of their temperature dependence, un-
certainty analysis, and fitting using the third-order Birch-Murnaghan equation of state.

The author established systematic comparisons with Pb-based HOIPs and conven-
tional semiconductors and positioned the results within the broader framework of
pressure-dependent electronic structure evolution in structurally soft semiconductors.

The theoretical results were integrated with the experimental findings to provide
a microscopic explanation of the observed band gap narrowing, demonstrating that
the large and linear pressure coefficient originates primarily from pressure-induced
shortening of Sn-I bonds and the resulting modification of orbital overlap within the
inorganic layers.

The combined experimental-theoretical analysis allowed for a consistent physical
interpretation of the temperature-dependent pressure coefficients and the absence of
structural phase transitions in the investigated pressure range.

All figures were prepared by Rafal Bartoszewicz, who also wrote the manuscript,
and answered reviewers questions.

T corresponding author
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perovskites is their structural softness. The interplay between organic and £ 150 GaSb :
inorganic sublattices leads to a multitude of physical phenomena that are € 1o G%E’As -V
not observed in conventional semiconductors such as III-V materials. One x 4| SEMICONDUCTORS
among these is the exceptional band gap tunability under hydrostatic & o GaN
pressure. In this context, tin-based perovskites exhibit a more pronounced 8 CsPbBr; MHyPbl,
effect than their lead-based counterparts. Here, we report on one of the .§ S0 ‘;m MAPDbBr; 1
largest band gap tunabilities in this material family. The studied material, % -100 'MAPbCL. MHV.PbB 3 .
; : a . 8 3 Y2 Iy

layered tin-based (4FP),Snl, perovskite, exhibits an exceptionally strong O -150 sz s ns snms s a
pressure sensitivity, with a band gap shift of up to —160 meV/GPa at room 3 00 TIN PEROVSKITE (4FP),Snl, this work-
temperature. Combined experimental and computational studies reveal that & 04 06 08 10 12 14 1.6

o Lattice constant a (nm)

its band gap dependence on pressure remains linear in the 0—5 GPa range,
making (4FP),Snl, highly attractive for pressure-sensor applications.

L ayered or so-called “two-dimensional” (2D) lead halide such as the band gap and the intensity of photoluminescence

perovskites have received considerable attention in recent (PL).>”*® So far, PL and absorption measurements under
years due to their high exciton binding energy, high hydrostatic pressure have been reported for numerous 2D
photoluminescence quantum vyield, and versatile exciton perovskites.””"*® However, such studies are rare for tin-based
radiative recombination processes, which are desirable for perovskites, and no reports exist for (4FP),Snl,, particularly
micro/nanolasers and high-efficiency light-emitting diodes regarding temperature-dependent experiments.
(LED).'™"* Nevertheless, the utilization of Pb-based perov- In this Letter, we report on the PL of near-band gap
skites is constrained by the toxicity of the heavy metal emission (NBE) and absorption edge studies for (4FP),Snl,
component, which restricts their commercial use in optoelec- perovskite under hydrostatic pressure to determine the
tronic devices. In order to optimize the utility of perovskites, narrowing of the band gap and compare it with other
researchers have attempted to substitute Pb with less toxic semiconductor compounds, particularly Pb-based halide per-
elements, such as Sn."'® Sn-based perovskites demonstrate ovskites. We have observed a giant pressure coefficient of —160
similar or superior electronic and optical properties compared meV/GPa for (4EP),Snl,, which leads to one of the highest
to Pb-based perovskites, such as higher charge carrier band gap tunability potential above halide perovkites and
mobilities, long-lived hot carriers, low-cost synthesis, and conventional semiconductors (see graphic in the Ab-
environmental inertness for use in commercial applica- stract).>**”~** Moreover, unlike in conventional semiconduc-

tions.'”>* Despite these facts, the main factor that limits the
use of Sn-based perovskites for mass-produced devices is their
poor structural stability due to the rapid oxidation of the Sn**
state to the Sn*" state under ambient conditions, as well as the
abundance of Sn vacancy defects.”> One of the representatives
of Sn-based halide perovskites is 4-fluorophenethylammonium
tin iodide ((4FP),Snl,), which is a perovskite suitable for
applications such as micro/nanolasers, LEDs, or another
applications.'”*® To enhance the application prospects of
(4FP),Snl,, it is necessary to explore its optical properties,
especially its response to hydrostatic pressure. Due to the high
flexibility of the crystal structure of perovskites, this approach
seems to be an appropriate way to modulate the lattice in a
controllable manner to tailor their optoelectronic properties,

tors, the band gap pressure coeflicient significantly changes
with temperature.

The synthesis of (4FP),Snl, was carried out using the
developed methodology, as detailed in the Supporting
Information (SI). Specifically, the microcrystals were synthe-
sized by carefully controlling the amount of hydroiodic acid to
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Figure 1. (a) Powder XRD pattern of (4FP),Snl, in three selected pressures, together with interpretation of visible reflections. (b) Crystal structure
of (4FP),Snl, used in spectral interpretation and DFT simulations. (c) Lattice parameters and unit cell volume as a function of applied pressure,

derived from XRD measurements and DFT calculations.
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Figure 2. Photoluminescence spectra of (4FP),Snl, as a function of applied pressure at four different temperatures: 40, 120, 200, and 300 K

(panels a—d respectively).

prevent an excess of iodide and water, which could otherwise
compromise the stability of the material. Acetic acid was
employed as the solvent, playing a crucial role in stabilizing the
perovskite. It was observed that acetic acid helped maintain
structural stability by coordinating with surface iodide and tin
atoms,'”* thereby reducing the moisture exposure to the
material. By following this modified approach, the stability of
(4FP),Snl, was significantly enhanced and has been studied in
a previous report.'” After successful synthesis and fundamental
optical characterization at room temperature, we measured
XRD patterns as a function of the pressure. Figure la displays
the XRD patterns of (4FP),Snl, under pressure up to 5.19

6373

GPa at 300 K. All visible diffraction peaks are well indexed
assuming a monoclinic phase structure with a f# angle in the
unit cell of 98.65 + 0.01°, which gradually shifts to higher
angle values with increasing pressure. No new peak arises,
indicating the structural stability of (4FP),Snl, within the
investigated pressure range. Figure 1b presents the monoclinic
crystal structure of (4FP),Snl,, which was used for the
interpretation of the XRD patterns and for DFT simulations
presented in this work. Space group of (4FP),Snl, was
determined as P21/c while a = 16.654 + 0.008 A, b = 8.6049 +
0.0015 A, c = 8.756 + 0.004 A, & = 90.00°, y = 90.00°, and V =
1240.3625 A® Molecular structure of 4FP is presented in
43
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Figure S1 in Supporting Information. Figure lc shows the
refined lattice constants g, b, ¢, and unit cell volume. The lattice
parameters of the unit cell were calculated based on the
position of reflections (020), (011), (210), (022), and (122)
and determined for each pressure, which made it possible to
plot the change in lattice parameters and unit cell volume as a
function of pressure. The derived trends indicate that no phase
transition for (4FP),Snl, occurs. Calculated lattice parameters,
angles, volume with uncertainties, and R-factor are presented
in Table 1 in the Supporting Information. For comparison,
theoretical results are also presented in Figure 1lc, which are
derived from DFT calculations and compare quite well with
the experimental trend. Slightly lower values of the lattice
parameters from the theory can be explained on the basis of
thermal lattice expansion (DFT calculations correspond to 0 K,
while the experimental data are obtained at room temper-
ature). Based on the third-order Birch—Murnaghan equation
of state, we derived a bulk modulus of 20.09 + 1.41 GPa,
which is comparable to other perovskite structures.”’~>* Third-
order Birch—Murnaghan fitting is presented in Figure S2 in
Supporting Information.

Figure 2a—d shows normalized PL spectra of (4FP),Snl, as
a function of hydrostatic pressure, ie. isothermal PL
measurements at 40, 120, 200, and 300 K, respectively. A
discussion about the hydrostaticity of the used pressure
medium is presented in Figure S3 in Supporting Information.
The temperature dependence of the PL spectrum is shown in
Figure S4, where the redshift of the NBE composed of E1 and
E2 peaks is observed as the temperature decreases, but its
magnitude is negligible compared to the pressure effect studied
in this work. In the spectra presented in panels a—d and in
Figure S4, E1 and E2 features are marked. This dual peak
structure has also been observed in (4FP),Snl,'” other 2D
perovskite microcrystals.” Although the specific origins of the
El and E2 peaks have not been fully clarified, they have been
attributed to optical transitions related to isolated Sn—I layers
and the edge of the microcrystal, respectively.'”>* Depending
on the temperature, either E1 or E2 is more intensive and
remains visible throughout the studied pressure range.
Regardless of this, a huge redshift of the NBE position can
be observed as the pressure increases. The pressure-
independent peak observed at 1.5 eV is associated with the
second order of diffraction of the 405 nm laser used in this

44

6374

measurement. Figure 3a shows the energy position of NBE
extracted from the spectra presented in Figure 2a—d. The
differences in the spectrum intensities at individual temper-
atures make it difficult to accurately read the energy position at
higher pressures for the 120 K case in Figure 2b. In this case,
the NBE signal is overlapped by emission from the ruby sphere
(used to measure the pressure) at 1.78 eV. Despite this
difficulty, robust red-shift of NBE is evident with increasing
hydrostatic pressure. The pressure coeflicients for NBE were
calculated from the linear fitting of the energy of the NBE
versus applied pressure. Obtained values are negative, and they
decrease with increasing temperature. At the same time, the
intensity of the PL drops, whereas peak width increases with
applied pressure.

Figure 3b presents the temperature dependence of the
intensity of the NBE at varying hydrostatic pressure. As can be
seen, the NBE intensity drops rapidly with increasing pressure,
and at values around 3 GPa, it becomes difficult to estimate
with good accuracy. For each temperature, this trend is
maintained. In contrast to many other halide perovskites, no
pressure-induced PL enhancement phenomenon or a drastic
increase in the band gap value is observed,”*° at least up to
around § GPa of applied pressure.

The very strong red-shift of NBE is attributed to the band
gap narrowing in (4FP),Snl, under hydrostatic pressure. In
order to further study the pressure-induced changes in the
band gap, transmission spectra under hydrostatic pressure were
measured. Figure 3¢ shows normalized transmission spectra for
(4FP),Snl, as a function of hydrostatic pressure taken at 300
K. It can be observed that as the pressure increases, the band
gap of (4FP),Snl, red-shifts, similar to the behavior of NBE in
PL measurements. The pressure coeflicient extracted from
transmission measurements is equal to —184 + 16 meV/GPa,
which is a value similar to that extracted from room-
temperature PL spectra (—160 + 4 meV/GPa). This indicates
a strong correlation of the NBE and the absorption edge. The
method by which absorption edge was determined is shown in
Figure SS. In Figure S6 optical micrographs of the (4FP),Snl,
sample are presented. The change in the crystal color from red
at 0 GPa to black at 1.43 GPa is in line with the band gap
narrowing observed in transmission and PL.

To obtain further validation of our experimental results, we
performed DFT modeling of the band structure evolution

https://doi.org/10.1021/acs.jpclett.5c00903
J. Phys. Chem. Lett. 2025, 16, 6372—6377
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Figure 4. Band structure of (4FP),Snl, for (a) 0 and (b) 4.8 GPa applied pressure. The band gap remains direct for whole range of studied

pressures and exhibit significant redshift.

under pressure. Figures 4a,b show representative band
structures for 0 and 4.8 GPa of applied pressure, respectively.
For the studied pressure range of 0—5.2 GPa, the fundamental
band gap is direct and decreases with applied pressure, which is
presented in Figure 3a. Derived from calculations, the pressure
coefficient is in excellent agreement with low-temperature
experimental results, despite the simple level of DFT theory
used in this work (see SI for details).

It is worth empathizing that the pressure coefficient derived
from measurements and theoretical modeling not only has
great absolute value but also stays constant for a wide range of
pressures, which gives an opportunity for large band gap tuning
by pressure in a linear fashion. Considering the properties of
(4FP),Snl, compared to other halide perovskites, it is clear
that the value of the pressure coefficient and band gap
tunability are among the highest reported to date, making this
material a promising candidate for pressure-sensitive applica-
tions. The constant pressure coefficient in such a wide range of
pressures is also unique among this material group. As
mentioned in the Abstract, we attribute this, on the one
hand, to its 2D structure and, on the other hand, to the tin
occupying metal sites.

It is well-known that the band edges near the fundamental
gap in 2D halide perovskites are made from orbitals of atoms
from inorganic layers. In the case of (4FP),Snl,, the valence
band maximum is a combination of s orbitals of tin and p
orbitals of iodine, while the conductive band minimum is
mainly from p orbitals of tin. Therefore, in order to understand
the evolution of the band gap under pressure, it is crucial to
examine the changes in the bonds between iodine and tin. Our
DFT calculations show that the lengths of these bonds change
by almost 0.2 A, while the changes in the Sn—I bond angles are
smaller than 2° in the pressure range studied. Another
observation is that the Sn—I bonds directed to the organic
spacer exhibit approximately two times smaller changes in
lengths (~0.1 A), which can be explained by noting that in the
direction perpendicular to the inorganic layer, most of the
pressure is used to squeeze the organic spacer. This picture is
in agreement with the mechanism proposed in previous work™”
in which authors show that the initial band gap dependence of
perovkites is a steady redshift, accompanied by metal-halide
bond shortening (at least if the material does not undergo
phase transition in this initial pressure range). According to
previous studies™ at some pressure another regime occurs,
after which the band gap increases with pressure due to the
change in angles between Sn—I bonds. In our study,
(4FP),Snl, remains in the first region up to S GPa, which
stems from the large width of the organic spacer relative to the

width of the inorganic part and the presence of tin instead of
lead, as smaller atoms give more space for organic cations to fit
in. Such conditions provide material with a linear pressure
coefficient and great band gap tunability in a wide pressure
range, in agreement with chemical trends derived in previous
studies.”

In conclusion, a comprehensive study of (4FP),Snl, optical
properties under hydrostatic pressure has been carried out. PL
spectra show that the NBE position redshifts dramatically
under the influence of pressure. The obtained pressure
coefficient is negative and increases with increasing temper-
ature. Transmission measurement shows that the near band
emission is related to the band gap, and for relatively small
value of increased pressure we observe strong redshift resulting
in color change. Finally, we validated our observation by DFT
simulations and explained a possible reason for such behavior
based on geometrical arguments. The pressure at which
irreversible amorphization of the crystal occurs has not been
determined, and no phase transitions have been observed up to
S GPa. Compared to other halide perovskites, (4FP),Snl,
possesses one of the highest band gap tunabilities reported to
date, which marks it as a promising candidate for pressure-
sensor applications.
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NH,

Figure S1. 4FP molecular structure

Table 1. Calculated lattice parameters, angles, volume and R-factor of (4FP)>Snl4 as a function
of applied pressure

Pressure alAl | nafA] | bIAl | AbfAl | cAl | aciAl | Br1 | 2811 | ca alb chb v (A% AV (A3 | Refactor
[GPa] [%]
0.19 16.654 | 0.008 | 85774 | 0.0015 | 8.756 | 0004 | 98.65 | 001 | 0.5257 | 1.9415 | 1.0207 | 1236.41 0.85 0.9
1.04 16388 | 0.008 | 8.4298 | 0.0015 | 8.685 | 0004 | 98.72 | 001 | 0.5299 | 1.9440 | 1.0302 | 1185.85 0.82 0.68
1.46 16255 | 0.008 | 83722 | 0.0014 | 8.663 | 0004 | 98.80 | 001 | 0.5320 | 1.9415 | 1.0346 | 1164.96 0.81 0.64
1.95 16151 | 0.008 | 83204 | 0.0014 | 8614 | 0004 | 98.84 | 001 | 0.5333 | 1.9300 | 1.0341 | 1144.96 0.79 0.62
2.61 16.087 | 0.008 | 8.2585 | 0.0014 | 8569 | 0.004 | 98.91 | 001 | 0.5326 | 1.9479 | 1.0375 | 1124.60 0.78 0.6
3.05 15939 | 0.008 | 81977 | 0.0014 | 8524 | 0004 | 98.95 | 001 | 0.5347 | 1.9443 | 1.0397 | 1100.11 0.76 0.59
3.60 15909 | 0.008 | 8.1868 | 0.0014 | 8509 | 0.004 | 98.98 | 001 | 0.5348 | 1.9432 | 1.0392 | 1094.57 0.76 0.58
4.08 15.856 | 0.008 | 8.1397 | 0.0014 | 8479 | 0004 | 99.00 | 001 | 0.5347 | 1.9480 | 1.0416 | 1080.76 0.75 0.57
450 15777 | 0008 | 8.0991 | 0.0014 | 8432 | 0004 | 99.03 | 001 | 0.5344 | 1.9480 | 1.0410 |  1063.99 0.74 0.56
5.19 15827 | 0008 | 81517 | 0.0014 | 8.454 | 0004 | 98.99 | 001 | 0.5341 | 1.9415 | 1.0370 | 1088.21 0.75 0.56

Calculations were performed considering 5 lattice planes: (011), (210), (022), (020) and (12-2),
which allowed us to accurately determine both the lattice parameters and the beta angle. In
addition, measurement uncertainties were calculated for the measurement step used of 0.0167
degrees.

The R-factor is defined as:

R = Zldobserved - dcalculatedl

-100%
Zdobserved

Where dobserved 1s derived from the measured 20 angles using Bragg’s law, and dcalculated 1S computed
from the refined lattice parameters.
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Figure S2. Third-order Birch-Murnaghan fitting of XRD data.

To determine bulk modulus value of (4FP),Snl4 we used third-order Birch-Murnaghan EoS :

N P N TN [

The approximation was calculated using Origin and also python software. After refitting the third-
order Birch-Murnaghan function with a fixed value of Vo = 1240.3625 A we received :

Bo=20.09 + 1.41 GPa
Bo =5.14+1.12

The measurement at 5.19 GPa was excluded after calculations due to a likely error in determining
the pressure within the DAC.
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Figure S3. Analysis of ruby R1 and R2 peaks split and broadening at (a) 300, (b) 200, (c) 120,
and (d) 40 K.

Figure S3 presents the analysis of the applied pressure using ruby fluorescence. Daphne 7575 is
not strictly hydrostatic at low temperatures, and its ability to maintain hydrostatic conditions
decreases significantly with both temperature reduction and pressure increase [1,2]. However,
while Daphne 7575 does not remain fully hydrostatic at high pressures and low temperature, it
maintains quasi-hydrostatic conditions, owing to its relatively low shear strength and soft
solidification behavior [2,3]. From R1 and R2 peaks split and broadening we determined
solidification points of Daphne 7575 at (a) ~5.3, (b) ~3.8, (¢) ~1.8 and (d) 0 GPa for 300, 200, 120
and 40 K respectively. The pressure coefficients we investigated are not highly sensitive to
moderate non-hydrostatic stress. As far as we know, such conditions should lead to nonlinear band
gap shifts, splitting of emission lines, amorphization, or appearing defect emission due to uneven
stress, which could be reported as the presence of phase transition in this material [4-7]. Such
effects were not observed in our measurements. Our results remain consistent with theoretical
expectations, which support their validity even in the presence of quasi-hydrostatic conditions.
Moreover, for perovskite materials such medium is still second best choice (first choice is helium)

as it not influence the condition of measured sample, as it is in the case of 4:1 methanol-ethanol
mixture [8].
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Figure S4. Normalized photoluminescence spectra of (4FP)> Snl4. The inset shows energies of
E1 and E» at investigated temperatures.

Figure S4 compares the PL spectra recorded at 20 and 300 K, revealing two distinct peaks, E; and
E», at both temperatures. The inset illustrates the temperature dependence of the extracted energies
for E| and E». Notably, E| exhibits a blueshift with increasing temperature, while E; remains nearly
constant. The PL spectra in Figure S1 indicate that (4FP),Snls maintains strong emission properties
across a wide temperature range.

Figure S5 illustrates the method used to determine the energy shift of the absorption edge. Using
a linear regression fit, we estimated the energy value from the square of the absorption coefficient
(a?), where o is defined according to the formula:

_1 T
= TAdM AR

where d is the sample thickness (here 50um), T means— transmission and, R — reflectance signal.
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MATERIALS AND METHODS
Experimental details:

Materials: Acetic acid (AcOH, 99-100 %, sigma aldrich), hydroiodic acid (HI; 57 wt. % in H2O,
distilled, stabilized, 99.95 %), hypophosphorus acid (H3PO2; 50wt. % in H20O), Tin (II) oxide (SnO;
99%, Alfa Aesar), 4-fluorophenethylamine (4FPEA; TCI) was purchased from. All materials were
use as received with no further purifications.

Synthesis of (4FP),Snls microcrystals powder:

Synthesis of (4FP).Snl4 was carried out following the literature report [8, 9]. A mixture consisting
of 3 mL of acetic acid, 0.2 mL of hydroiodic acid (HI), and 0.05 mL of hypophosphorous acid
(H3PO2) was combined in a three-necked flask under an inert nitrogen (N2) atmosphere. The
mixture was stirred at room temperature for 30 minutes, during which a transition from a faint red
to a colorless appearance indicated the stabilization of HI in the presence of H3PO.. Next, 134 mg
of tin(Il) oxide (SnO) was introduced into the flask, and the temperature was gradually increased
to 100 °C. The solution was stirred for an additional 30 minutes until it developed an orange color.
Subsequently, 0.26 mL of 4-fluorophenylethylamine (4FPEA) was added, and the reaction
temperature was further raised to 135 °C. The mixture was maintained under these conditions for
15 minutes. Upon completion of the reaction, the solution was rapidly cooled using an ice bath for
approximately 2 minutes. The resulting product was collected via vacuum suction filtration. To
eleiminate any excess iodine, the collected powder was washed three times with hexane, followed
by additional vacuum suction filtration. Finally, the purified product was dried.

Temperature and pressure dependent PL
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Figure S7. (a) The scheme of the experimental setup for hydrostatic pressure-dependent
photoluminescence (b) Cross-section of a diamond anvil cell.
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Figure S7 (a) presents schematically the experimental setup of temperature- and pressure-
dependent PL carried out in this work. Figure S7 (b) shows a cross-section of a diamond anvil cell
(DAC). PL measurements were performed in Diacell design DAC by ‘Almax easyLab’. DAC used
in this work is made of beryllium copper (BeCu) alloy, which allows to perform measurements at
cryogenic temperature (here 40 K). Diamond with 650 um culet size was used. The pressurizing
mechanism in the DAC was driven using a gas membrane. The pressure in DAC was controlled
by the amount of helium injected into the gas membrane. On top of the bottom diamond culet, a
gasket was placed. It is a thin sheet (circa 50 um thickness) of inconel material with a central hole
of about 1/3 culet size, where sample, ruby sphere, and silicon oil were placed. Gaskets were
prepared by pressing diamonds into a thin sheet, followed by creating a central hole using
mechanical drilling. Daphne 7575 was used as the pressure-transmitting medium, which solidifies
at about 5.3GPa at room temperature. Whole setup was cooled down in a cryostat with a closed-
loop liquid helium system. For PL experiments, the 405 nm CW (with power of 100 uW) laser
was used to excite the studied material. Emitted light was dispersed through a 0.5 m Andor
monochromator with a 150 I/mm diffraction grating blazed at 500 nm. The signal was recorded by
a Si CCD camera cooled to -70 °C by Peltier module. The luminescence of the ruby R1 line at
~1.78 eV (at room temperature) was excited by the 532 nm CW laser, dispersed on the 600 I/'mm
diffraction grating blazed at 500 nm and detected by CCD camera. To determine pressure value
inside DAC we detect pressure-induced redshift of ruby sphere R1 line with calibration taken from
Shen [10]. The temperature shift correction of the R1 ruby line was taken from Datchi [11].

Pressure dependent transmission

V

Camera

Data acquisition
Spectrometery | O D

|

Pressure system

Light source

Figure S8. Scheme of the system used for transmission measurements under hydrostatic
pressure.
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Figure S8 presents a scheme of the experimental setup for hydrostatic pressure-dependent
transmission at room temperature. The optical microscope NADE NMM-800TRF and Mitutoyo
M PLAN APO NIR 50x/0.42 =200 lens was used to properly focus on sample placed inside the
DAC chamber. Transmission measurements were carried out using the previously mentioned DAC
which was also used for the PL measurements, with Daphne 7575 serving as the pressure-
transmitting medium. For transmission measurements, the halogen lamp (with voltage of 24 V and
power 100 W) was used as a light source. Transmitted light was recorded by a StellarNet Blue-
Wave UVIS 200 spectrometer with a 600 I/mm grating and 200 nm slit with resolution of 1.0.
Delta Optical DLT-CAM PRO 3 MP USB 3.0 camera allowed us to investigate the color change
of the perovskite. To excite the R1 luminescence of the ruby, a 532 nm CW laser was used
(emission power 1 mW). In this case, AVANTES ULS4096CL-RS-EVO with a DCL-UV/VIS-
200 600 I/mm diffraction grating blazed at 300 nm was used as a detector. The investigated spectral
range is determined by the upper optical limit of the Mitutoyo NIR lens used and the cutoff energy
of the optical microscope (approximately 1.6 eV).

Theoretical calculations

DFT calculations have been done in VASP code, using PAW method [12-15]. For geometrical
optimization we used PBE with D3 van der Waals correction [16-17], with 600 eV cutoff energy,
3x3x6 kpoint grid, 107 eV energy tolerance for SCF and 102 eV/A force tolerance for geometry
optimization. Then band structures have been calculated with PBE functional, using the same
numerical parameters. To correct the band gap, we used scissor shift to set the band gap to the
value derived on the PBEO level [18] on the same geometry. The spin-orbit coupling (SOC) is
included in band structure calculations, as it is well known that SOC greatly affect the band
structure in tin and lead based perovskites.

Pressure dependent X-ray diffraction

Structural studies with X-ray diffraction, were carried out using an Malvern-Panalytical Empyrean
diffractometer. A molybdenum x-ray tube with Mokq = 0.7093197 A was used in the study.
Pressure was generated by an ‘Almax easyLab’ Bragg-Mini DAC with diamond culet size of 600
um allowing pressures up to 20 GPa. Daphne 7575 was used as the pressure-transmitting medium,
which solidifies at about 5.3 GPa at room temperature. An x-ray tube was set to point focus and a
135 mm long mono-capillary collimator with an exit beam diameter of 0.3 mm were used to form
the incident beam. The diffraction curves were recorded by a multi-strip detector 1Der.
Measurements were carried out at range from 3 to 19 degrees which allowed all the strongest
reflections for the investigated material to be observed. Counting time was 3400 s/point.
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a reversible phase transition near 180 K and highlight strong electron—phonon coupling and excitonic behavior. At cryogenic
temperatures, the pressure induces additional emissive states, likely associated with polaronic excitonic complexes. These results
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in-based halide perovskites have garnered attention as
lead-free alternatives, offering reduced toxicity and
improved environmental sustainability.'~* They exhibit high
charge carrier mobility, long hot carrier lifetimes, and strong
light—matter interactions, making them suitable candidates for
optoelectronic applications, includ_ing photovoltaics, photo-
sensors, and light-emitting diodes.””~ Among them, layered
(“two-dimensional”, 2D) Sn-based halide perovskites are
particularly attractive due to pronounced quantum confine-
ment and excitonic effects, which enhance photoluminescence
quantum yields and enable tunable recombination dynamics."
Their facile solution-based synthesis supports cost-effective,
scalable device fabrication.'”"” Sn-based halide perovskites
demonstrate resilience to external stimuli such as hydrostatic
pressure and temperature,'>'* which can modulate crystallo-
graphic and electronic structures, particularly the band gap,
due to the intrinsic softness and flexibility of the perovskite
lattice.””~"” High-pressure studies have demonstrated large
pressure-induced band gap modulation in 2D Sn-based
systems.'”'* However, the evolution of pressure coefficients
across temperature-driven phase transitions and the emergence
of pressure-activated states are characterized here. In particular,
TMA,Snl, provides a platform to probe combined structural
and excitonic dynamics in a soft, low-dimensional lattice,
critical for designing stimuli-responsive materials, temperature
sensors, and flexible electronics.'®™2°
(2-Thienyl)methylammonium tin iodide (TMA,Snl,) is a
2D Sn-based halide perovskite,”' exhibiting red photo-
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luminescence, an optical (excitonic) band gap of ~2.00 eV,
and a 47 ns carrier lifetime under ambient conditions.”"*
Despite these promising properties, its response to combined
hydrostatic pressure and temperature perturbations, partic-
ularly near structural phase boundaries, has not been
investigated.

Here, we present a comprehensive investigation of near-
band-edge photoluminescence (PL) of TMA,Snl, under a
hydrostatic pressure. We report a large pressure-induced band
gap narrowing, with a coefficient of =187 + 3 meV/GPa at
room temperature, among the highest known for halide
perovskites and traditional semiconductors.> This coefficient
exhibits a strong cryogenic temperature dependence, persisting
through temperature-induced phase transitions, highlighting
the significant electronic sensitivity of this material. At
cryogenic temperatures, pressure induces additional emissive
states, tentatively attributed to pressure- and temperature-
stabilized localized states, potentially involving polaronic
excitonic complexes.
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Figure 1. (a) Powder XRD patterns of TMA,Snl, up to 3.08 GPa, together with the interpretation of visible reflections. (b) Crystal structure of
TMA,Snl, used in spectra interpretation and DFT calculations. (c) Lattice parameters and unit cell volume as a function of applied pressure,

derived from XRD measurements and DFT calculations.

We demonstrate a large negative pressure coefficient (—187
+ 3 meV/GPa), which remains robust across a temperature-
induced structural phase transition, exceeding the previously
reported values for (4FP),Snl,."* Combined temperature- and
pressure-dependent PL, reflectance, and DFT calculations
reveal that the band gap evolution arises from Sn—I bond
compression while preserving the octahedral connectivity.
These results contribute to understanding pressure-controlled
excitonic and electronic phenomena in soft Sn-based halide
perovskites and provide a framework for designing tunable,
stimuli-responsive optoelectronic materials. While complemen-
tary cryogenic high-pressure XRD would further clarify
structural origins of low-temperature emissive states, this
study establishes clear trends and mechanistic understanding of
pressure-dependent optical behavior.

High-quality bulk crystals of TMA,Snl, were synthesized
using an optimized method, detailed in the Supporting
Information (SI). The stoichiometric combination of freshly
prepared tin(II) iodide and commercially available 2-
thiophenemethylammonium iodide, followed by solvent
evaporation, yielded burgundy-colored, millimeter-sized flakes
(see SI, Figure S1).

To investigate the structural resilience, pressure-dependent
XRD measurements were performed under hydrostatic
conditions of up to 3.08 GPa at room temperature. Diffraction
patterns in Figure 1(a) revealed no additional peaks or
splitting, indicating the absence of pressure-induced phase
transitions up to ~1.6 GPa. All reflections were indexed to an
orthorhombic lattice, confirming the structural stability. At
ambient pressure, TMA,Snl, adopts a centrosymmetric
orthorhombic phase (space group Pbca), featuring corner-
sharing [SnI4]*" octahedra, arranged in layered sheets,
separated by bilayers of 2-thiophenemethylammonium
(TMA) cations.”’ This Ruddlesden—Popper-type struc-

ture”””>* has refined unit cell parameters: a = 8.797 A, b =
8.688 A, c=29.170 A, = f =y =90° and V = 2229 A3. The
molecular structure of TMA and the crystal structure are
shown in SI, Figure S1 and Figure 1(b), respectively. Above
~1.6 GPa, a phase transition appears, though its detailed
analysis is beyond this study. Figure 1(c) presents the
evolution of lattice parameters and unit cell volume with
pressure, obtained by fitting key diffraction peaks (002), (123)
and (220). Lattice parameters compress smoothly, supporting
the absence of structural phase transition up to ~1.6 GPa. Full
refinement parameters with uncertainties are summarized in
Table 1 of the Supporting Information. For comparison,
theoretical results are also presented in Figure 1(c), which are
derived from density functional theory (DFT) calculations.
The slightly smaller theoretical values reflect thermal expansion
in the room-temperature experiments. Pressure—volume data
were fitted using the third-order Birch—Murnaghan equation
of state” over 0—1.6 GPa. The resulting bulk modulus is 9.42
+ 1.50 GPa, consistent with other hybrid perovskites.'****’
The fit is shown in Figure S2 in the Supporting Information.

To gain a deeper insight into the material’s optoelectronic
properties, we conducted temperature-dependent optical
measurements, including photoluminescence (PL) and re-
flectance (R) spectroscopy, over a temperature range of 20—
300 K in 20 K intervals. Measurements were repeated on
multiple samples to ensure reproducibility. Figure 2(a)
presents the normalized PL spectra for cooling (solid blue
and green lines) and heating (dotted red lines) cycles to track
thermal hysteresis. At low temperatures, PL exhibits a sharp
high-energy peak at 1.99 eV with a full width at a half-
maximum of 23 meV, attributed to free exciton (FX) emission.
Below 100 K, this FX peak is accompanied by a broader low-
energy (LE) emission.”' The FX peak blueshifts gradually (0.2
meV/K) up to 170 K. Between 170 and 200 K, a sharp redshift
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Figure 2. Normalized temperature dependent (a) photoluminescence (PL) and (b) reflectance (R) spectra of TMA,Snl,. Solid blue and green
lines correspond to the cooling cycle, while dotted red lines represent the heating cycle. Blue curves are attributed to the orthorhombic Cmc2,
phase (OR2), and green curves are attributed to the orthorhombic Pbca phase (OR1). Temperature dependence of FX (solid black and red
diamonds) and LE (open diamonds) energies extracted from (c) PL and (d) R measurements. (e) Comparison of PL and R spectra measured at
300 and 20 K. (F) Schematic diagrams illustrating the operating principles of the PL and R techniques.

indicates a structural phase transition from the orthorhombic
Cmc2; (OR2) phase (the crystal structure is presented in
Figure S3 in the Supporting Information) to the orthorhombic
Pbca (OR1) phase, consistent with prior studies.”’ Temper-
ature-dependent R spectra collected during heating, as shown
in Figure 2(b), corroborate the PL trends. The FX transition
shifts to higher energies with increasing temperature, attributed

. . 28,29
to enhanced electron—phonon interactions,

and the phase
transition is evident in the 180—200 K range. Figure 2(c)
summarizes the FX and LE peak positions were extracted by
fitting Gaussian functions to the PL spectra with +2 meV
uncertainty. Black and red diamonds indicate FX peak energies
during cooling and heating cycles, respectively, while open
diamonds represent LE features. From 20 to 120 K, both
emissions remained spectrally stable. A phase transition is
observed between 160 and 200 K: during cooling, the FX peak
shifts by 39 meV between 160 and 180 K, whereas, during
heating, the transition occurs between 180 and 200 K with a
larger shift of 50 meV. Beyond 200 K, both transitions change
gradually, with a total shift of ~5 meV. Figure 2(d) shows FX
transition energies extracted from R spectra fitted with>
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where R, is the amplitude, E, is the transition energy, I is the
line width, R, is the background, and ©® is the phase angle.
Fitting parameters (E,, I', and ®) were allowed to vary freely,
and the uncertainty in E, is estimated to be +3 meV from
repeated fits. As shown in Figure 2(e) FX features observed in
PL and R overlap spectrally, but the PL peak maximum is
observed at lower energy, further confirming the phase
transition near 180—200 K. A systematic offset is observed
between the absolute energy positions of the FX feature in PL
and R measurements. This divergence likely stems from the
intrinsic differences between the two techniques: PL is an
emission-based process sensitive to exciton recombination and
reabsorption effects, whereas R probes absorption-like
processes that are unsensitive to these phenomena, as
schematically shown in Figure 2(f). Overall, the temperature-
dependent evolution of FX and LE emissions and the
consistent yet technique-dependent discrepancies between
PL and R underscore the complex optical response of
TMA,Snl,. These results emphasize the critical role of
structural phase transitions and strong electron—phonon
coupling in governing the temperature-dependent optical
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properties of 2D hybrid perovskites, distinguishing them from
conventional semiconductors.’”*> While PL and R probe
excitonic transitions, DFT computes single-particle band-to-
band gaps. Comparison focuses on trends and coeflicients,
assuming smoothly varying exciton binding energy, with
residual differences attributed to its pressure sensitivity in 2D
systems.

Figure 3(ab) presents normalized PL spectra of TMA,Snl,
under hydrostatic pressure at 300 and 200 K, corresponding to
the OR1 phase. A detailed analysis of the pressure-transmitting
medium’s hydrostaticity is provided in Figure S4 of the
Supporting Information, and optical micrographs of the sample
are shown in Figure S5 of the Supporting Information. At both
temperatures, TMA,Snl, remains in the ORI phase with PL
dominated by FX emission. LE contributions are negligible,
consistent with ambient pressure. Upon increasing the
pressure, the FX emission redshifts while maintaining line
width and intensity at low pressures. At 300 K, the FX

emission partially overlaps a 1.78 eV secondary peak
originating from ruby fluorescence used for pressure
calibration,” but the redshift remains clearly observable. The
pressure coeflicients of the FX optical transition energy were
extracted from linear fits of the FX energy versus applied
pressure over the pressure range 0—1.6 GPa and compared
with DFT calculations of the electronic band gap, as shown in
Figure 3(c). Uncertainties reflect the standard error of the
slope, and fits were limited to pressure ranges with monotonic
peak evolution to ensure reliability. The negative pressure
coefficients exhibit a decreasing trend with temperature, e.g.,
—187 + 3 and —141 + 3 meV/GPa at 300 and 200 K
respectively, with uncertainties explicitly stated for all reported
values. Unlike many other halide perovskites, TMA,Snl, shows
no pressure-induced enhancement of PL intensity, band gap
widening, additional emission features or amorphiza-
tion,'**7% at least up to ~1.6 GPa within the OR1 phase.
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In contrast, markedly different PL behavior emerges following
the thermal phase transition to the OR2 phase structure.

At 140 and 40 K (i.e, OR2 phase), the PL spectra of the
material under hydrostatic pressure exhibit distinct behavior, as
shown in Figure 4(ab). At 140 K and low pressure, FX
emission dominates, accompanied by weaker LE emission,
whereas, at 40 K, LE emission becomes predominant. Upon
increasing hydrostatic pressure, both FX and LE emissions
redshift. All high-pressure XRD measurements in this study
were performed at room temperature; consequently, direct
structural information under combined low-temperature and
high-pressure conditions is unavailable. Future low-temper-
ature, high-pressure diffraction studies will be required to
determine whether a pressure-induced structural phase
transition occurs in the OR2 phase. With pressure, the FX
peak rapidly diminishes, while the LE response intensifies. At
higher pressures, the LE peak splits into two distinct
components (labeled I and II). This splitting may arise from
pressure-induced reduction in the formation energy of large
polarons, consistent with similar hybrid perovskite sys-
where emergent LE features reflect excitonic
complexes coupled to lattice distortions. The energy separation
between LE-I and LE-II (~15—20 meV) is comparable to
optical phonon binding energies reported in related 2D Sn-
perovskites. Alternative mechanisms, including pressure-
induced phase coexistence at cryogenic temperatures, defect-
assisted radiative recombination, or stabilization of localized
excitons in a structurally distorted lattice, cannot be excluded.
Direct structural verification at low temperatures, such as
cryogenic high-pressure XRD, would be required to definitively
confirm these assignments. Pressure may also facilitate
emergent emissive states, possibly associated with polaronic
excitons,39_41 or arise from subtle lattice reorganization as seen
in hybrid perovskites like MAPbI;.** Overall, the spectral
evolution is primarily attributed to pressure-enhanced
exciton—phonon coupling with structural effects remaining
plausible but unverified.
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Figure 4(c) summarizes the pressure-dependent energy
position of the FX, LE, and emergent peaks, additionally with
DFT calculations. Linear fits yield pressure coeflicients for
both FX and LE emissions. Fits were restricted to pressure
ranges where the peak evolution remains monotonic, and the
uncertainties shown correspond to one standard deviation of
the fitted slope. The pressure coefficients for FX and LE are
comparable at 140 and 40 K and exhibit a consistent trend of
decreasing magnitude with increasing temperature (at 140 K:
—137 £ 9, —139 + 4, and —85 + 2 meV/GPa for FX, LE-],
and LE-II, respectively; at 40 K: —83, —100 + 2, and —82 + 5
meV/GPa for FX, LE-I, and LE-I], respectively.). The similar
pressure response of these features suggests close energetic
coupling between the NBE and localized states. In 2D
perovskites, strong dielectric confinement and reduced
dimensionality produce large exciton binding energies that
are moderately sensitive to pressure. Pressure-induced changes
in lattice parameters, dielectric screening, and electron—
phonon coupling can modify the exciton binding energy,
thereby influencing the optical transition energies observed in
PL. The approximately linear pressure dependence observed
experimentally indicates that these effects vary smoothly over
the measured range, yet small variations in exciton binding
energy may still contribute to residual differences between
experimental and DFT-derived pressure coeflicients. The
observed pressure-dependent evolution of FX and LE
emissions is illustrated by the configuration coordinate
model in Figure 5(a).*™*

Under ambient conditions, PL is dominated by the FX
emission, intrinsic to the OR1 phase. Upon increasing pressure
and decreasing temperature, the FX emission is reduced,
coinciding with the emergence of LE emission. This LE
emission is tentatively attributed to pressure- and temperature-
stabilized localized states, which could involve large polarons
or self-trapped excitons stabilized by enhanced electron
coupling and lattice deformation under the combined effects
of lattice compression and reduced thermal energy. The
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pronounced LE splitting under pressure likely reflects the
lattice’s ability to accommodate localized distortions, facilitat-
ing polaronic stabilization without definitive assignment.

At cryogenic temperatures and elevated pressures, the LE
emission further evolves into distinct subfeatures, notably LE-
II, suggesting the additional stabilized channels, which may
correspond to localized excitonic configurations, defect-
assisted recombination pathways, or pressure-induced struc-
tural heterogeneity. All photoexcited states, including FX, LE-I
and LE-II, relax radiatively, producing the observed PL
features. The configuration-coordinate model in Figure S(a)
provides a qualitative framework for interpreting the evolution
of LE subfeatures, but it does not uniquely determine their
microscopic origin. Deviations between DFT calculated band
structures and experimental PL energies likely reflect exciton
binding energies that vary under hydrostatic pressure and
lattice distortions. This model captures the complex temper-
ature- and pressure-dependent evolution of the emission
landscape, highlighting the role of structural dynamics and
polaron formation in 2D Sn-based perovskites.

The obtained pressure coeflicient for the FX transition is
further supported by DFT calculations incorporating the
influence of hydrostatic pressure on the electronic band
structure. Figure S(b) presents representative electronic band
structures of the OR1 phase under applied pressures of 0 and
1.2 GPa. Across this range, the fundamental band gap remains
direct and decreases monotically with increasing pressure,
consistent with the trend observed in Figure 3(c). The
pressure coefficient extracted from DFT calculations shows
good agreement with the experimental observations. The slight
underestimation of theoretical values is attributed to the
absence of thermal effects in DFT (0 K), whereas the
experimental data were collected at elevated temperatures
(200-300 K).

Figure 5(c) shows the corresponding band structures for the
OR2 phase at 0 and 2.8 GPa. Similar to ORI, the band gap
remains direct and decreases approximately linearly with
increasing pressure, consistent with the behavior shown in
Figure 4(c). The pressure coefficient predicted by DFT closely
matches the experimental values for FX, with only minor
deviations. These discrepancies likely arise not only from
thermal effects but also from the excitonic nature of the
experimentally observed optical transitions, in contrast to the
single particle band-to-band gaps obtained from DFT. In
particular, pressure-dependent changes in the exciton binding
energy, expected in strongly confined 2D perovskites, may
contribute to the observed differences between experiment and
theory. It is possible that exciton binding energy is varied with
the hydrostatic pressure. Notably, both experimental and
theoretical pressure coefficients show high linearity across the
analyzed pressure ranges, underscoring the robustness of the
band gap tuning mechanism in both the OR1 and OR2 phases.
Any deviations from linearity are within the experimental
uncertainties, justifying the use of linear fits in the reported
intervals.

This pressure-induced modulation of the band gap can be
directly attributed to the structural characteristics of 2D tin-
based perovskites, particularly the role of Sn atoms occupying
the metal sites within the inorganic layers. In such systems, the
band edges near the fundamental gap are primarily formed by
tin and halide orbitals, the valence band maximum typically
arises from the hybridization of tin and halide orbitals, and the
conduction band minimum is predominantly composed of tin

orbitals. Upon compression, significant shortening of the Sn-
halide bond lengths occurs, while bond angles remain relatively
more stable in comparison. This bond compression induces a
systematic redshift in the band gap, particularly evident in the
low-pressure regime. The effect is especially pronounced in
systems with large organic spacers, which absorb a portion of
the applied stress and modulate the extent of distortion within
the inorganic lattice. Furthermore, the substitution of lead with
tin enhances structural flexibility due to tin’s smaller atomic
radius, allowing greater accommodation of the organic
components and improved pressure resilience.'”'*

In conclusion, we have shown that TMA,Snl, exhibits
pronounced band gap tunability of the optical (excitonic)
transiton energies under hydrostatic pressure, with a large
negative pressure coefficient (—187 + 3 meV/GPa) and no
phase transition up to ~1.6 GPa at room temperature.
Temperature-dependent studies reveal a reversible phase
transition near 180 K and strong excitonic behavior with
additional emissive states emerging at low temperatures under
pressure, consistent with strong exciton—phonon coupling and
polaron formation. While we cannot rule out pressure-induced
structural modifications in the OR2 phase, confirmation would
require low-temperature, high-pressure structural probes such
as XRD. These results highlight the material’s structural
stability and optoelectronic sensitivity, positioning TMA,Snl,
as a candidate for pressure-responsive and thermally adaptive
optoelectronic devices.
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TMA,Snl,

Figure S1. TMA,Snl; employed fabrication methods, and molecular structure with inorganic
layer (corner sharing Snls octahedra) enveloped within organic layers (2-
thienylmethylammonium cations).

Table 1. Calculated lattice parameters, angles, volume of TMA,Snly as a function of applied

pressure
Pr[%ssglre alAl pa[A] b [A] Ab [A] c Al Ac [A] V (A3) AV (A3)
0.16 8.682 0.006 8.644 0.005 28.681 0.11 2152.221 8.10
051 8.581 0.006 8.589 0.005 28.308 0.09 2086.274 6.69
0.92 8.515 0.006 8.501 0.005 28.019 0.09 2027.825 6.23
0.99 8.499 0.006 8.498 0.005 28.003 0.08 2022.145 5.63
142 8.438 0.006 8.429 0.005 27.781 0.08 1975.878 4.63
1.57 8.447 0.006 8.399 0.005 27.708 0.08 1965.559 493
2.00 8.711 0.006 8.402 0.005 28.044 0.08 2052.269 5.33
2.49 8.512 0.006 8.522 0.005 27.901 0.08 2024.249 5.21
3.08 8.487 0.006 9.428 0.005 27.554 0.08 1970.816 5.43

Calculations were performed considering 3 lattice planes: (002), (123), and (220), which allowed
us to accurately determine both the lattice parameters and the beta angle. In addition, measurement
uncertainties were calculated for the measurement step used of 0.0167 degrees.
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Figure S2. Third-order Birch-Murnaghan fitting of XRD data.

To determine bulk modulus value of TMA,Snl4 we used third-order Birch-Murnaghan EoS :

7/3

=3

_ <%)5/3l x {1 + 2(36 —4) [(92/3 - 1]}

The approximation was calculated using Origin and also EoSFit7 software. After refitting the
third-order Birch-Murnaghan function with a fixed value of V= 2229.42 A® we received:

Bo=9.42 £ 1.50 GPa
By =7.68

Pressure was calibrated using the standard ruby fluorescence method [1] with temperature-
dependent corrections [2]. The R1 line was fitted using a Gaussian profile, yielding a pressure
uncertainty of + 0.05 GPa. We allowed sufficient time for mechanical relaxation after each
pressure change to minimize drift. Pressure stability during long XRD acquisitions was further
confirmed by equation-of-state fitting, where no systematic deviations were observed.
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Figure S3. Low temperature crystal structure (orthorhombic Cmc2) of TMA,Snl; used in DFT
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Figure S4. Analysis of ruby R1 and R2 peaks split and broadening at (a) 300, (b) 200, (c) 120,
and (d) 40 K. Reprinted from Ref. J. Phys. Chem. Lett. 2025, 16, 25, 6372—6377 under CC-BY
4.0 license. Copyright 2025 R. Bartoszewicz et al.

Figure S4 presents the analysis of the applied pressure using ruby fluorescence. Daphne 7575 is
not strictly hydrostatic at low temperatures, and its ability to maintain hydrostatic conditions
decreases significantly with both temperature reduction and pressure increase [3,4]. However,
while Daphne 7575 does not remain fully hydrostatic at high pressures and low temperature, it
maintains quasi-hydrostatic conditions, owing to its relatively low shear strength and soft
solidification behavior [4,5]. From R1 and R2 peaks split and broadening we determined
solidification points of Daphne 7575 at (a) ~5.3, (b) ~3.8, (¢) ~1.8 and (d) 0 GPa for 300, 200, 120
and 40 K respectively. Our results remain consistent with theoretical expectations, which support
their validity even in the presence of quasi-hydrostatic conditions. Moreover, for perovskite
materials such medium is still second best choice (first choice is helium) as it not influence the
condition of measured sample, as it is in the case of 4:1 methanol-ethanol mixture [4].

0.07 GPa 0.25 GPa

0.54 GPa 1.43 GPa

Figure S5. View on the sample for different values of pressure at 300 K.

MATERIALS AND METHODS
Synthesis of TMA>Snl, single crystals:
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The synthesis of high-quality TMA,Snl4 bulk crystals was accomplished by combining solutions
of freshly synthesized tin(Il) iodide and commercially available 2-thiophenemethylammonium
iodide in stoichiometric amounts, utilizing the solvent evaporation method.

Thin film preparation:

Glass substrates were cleaned by ultrasonication in 2% Hellmanex deionized water solution,
deionized water, acetone and isopropanol for 5 minutes in each solvent and dried by nitrogen flow.
Before deposition substrates were treated with UV light for 10 minutes in N, filled glovebox.
Filtered perovskite solution was spin-coated at 6000 rpm for 30 s with a ramping rate of 2000
rpm-s -1 with toluene as an antisolvent. The resulting film was annealed at 100 °C for 10 min.

Temperature and pressure dependent PL
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Figure S5. (a) The scheme of the experimental setup for hydrostatic pressure-dependent
photoluminescence (b) Cross-section of a diamond anvil cell.

Figure S5 (a) presents schematically the experimental setup of temperature- and pressure-
dependent PL carried out in this work. Figure S5 (b) shows a cross-section of a diamond anvil cell
(DAC). PL measurements were performed in Diacell design DAC by ‘Almax easyLab’. DAC used
in this work is made of beryllium copper (BeCu) alloy, which allows to perform measurements at
cryogenic temperature (here 40 K). Diamond with 650 um culet size was used. The pressurizing
mechanism in the DAC was driven using a gas membrane. The pressure in DAC was controlled
by the amount of helium injected into the gas membrane. On top of the bottom diamond culet, a
gasket was placed. It is a thin sheet (circa 50 pm thickness) of inconel material with a central hole
of about 1/3 culet size, where sample, ruby sphere, and silicon oil were placed. Gaskets were
prepared by pressing diamonds into a thin sheet, followed by creating a central hole using
mechanical drilling. Daphne 7575 was used as the pressure-transmitting medium, which solidifies
at about 5.3GPa at room temperature. Whole setup was cooled down in a cryostat with a closed-
loop liquid helium system. For PL experiments, the 405 nm CW (with power of 100 W) laser
was used to excite the studied material. Emitted light was dispersed through a 0.5 m Andor
monochromator witha 150 I/mm diffraction grating blazed at 500 nm. The signal was recorded by
a Si CCD camera cooled to -70 °C by Peltier module. The luminescence of the ruby R1 line at
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~1.78 eV (at room temperature) was excited by the 532 nm CW laser, dispersed on the 600 1/mm
diffraction grating blazed at 500 nm and detected by CCD camera. To determine pressure value
inside DAC we detect pressure-induced redshift of ruby sphere R1 line with calibration taken from
Shen [1]. The temperature shift correction of the R1 ruby line was taken from Datchi [ 2]

Temperature Dependent reflectance

SI detector

Sample/Cryostat

Mirror

ST | .

L

Monochromator

Spectrum Data acquisition

<l Modulator

Ij Halogen lamp

Figure S6. Measurement system for determining the temperature dependent reflectance
spectrum.

Figure S6 shows measurement system to collect reflectance spectra in so-called ‘bright
configuration’. In this setup, the light emitted from a OSRAM HLX 64655 250 W 24 V halogen
lamp was modulated by STANFORD RESEARCH SYSTEMS SR540 CHOPPER at a frequency
of 266 Hz and directed to a measured sample. Reflected light from the surface was then directed
to a single grating OMNI-A 500 ZOLIX monochromator. In the monochromator, the probe beam
(white light) was dispersed, and finally detected by a ST diode HAMAMATSU S2386. The sample
was placed in a closed-cycle helium-cooled SUMITOM DE-202FF cryostat, which allows
measurements in the temperature range from 30 to 320 K. The temperature was monitored and
stabilized using a LAKESHORE 331 controller. Resultant signal was measured in the lock-in
technique with a STANFORD SR830 DSP phase-sensitive nanovoltmeter, which consists in
measuring the spectra point by point and the reference signal.

Theoretical calculations

The DFT calculations were performed within the plane-wave representation using the PAW
method as implemented in the VASP code [6,7,8,9]. We employed the r’SCAN+rVV10 functional
due to its general accuracy in predicting geometries and energies of systems with van der Waals
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interactions [10]. Geometry optimizations under different hydrostatic pressures were first carried
out, starting from experimentally determined structures [11]. The resulting structures were then
used for band-gap calculations, where spin-orbit interactions were also included, as they are known
to strongly affect the band structures of perovskites. Although, as expected, the employed meta-
GGA functional underestimates the absolute band-gap values, the pressure coefficients and the
relative differences between the band gaps of the low- and high-temperature phases are in good
agreement with experimental results. The convergence criterion for forces was set to 5 meV/A, the
plane-wave energy cutoff was set to 500 eV, and a regular I'-centered Brillouin zone sampling
with a 1 x 4 x 4 k-point mesh was used.

Pressure dependent X-ray diffraction

Structural studies with X-ray diffraction, were carried out using an Malvern-Panalytical Empyrean
diffractometer. A molybdenum x-ray tube with Mok = 0.7093197 A was used in the study.
Pressure was generated by an ‘Almax easyLab’ Bragg-Mini DAC with diamond culet size of 600
um allowing pressures up to 20 GPa. Daphne 7575 was used as the pressure-transmitting medium,
which solidifies at about 5.3 GPa at room temperature. An x-ray tube was set to point focus and a
135 mm long mono-capillary collimator with an exit beam diameter of 0.3 mm were used to form
the incident beam. The diffraction curves were recorded by a multi-strip detector 1Der.
Measurements were carried out at range from 3 to 19 degrees which allowed all the strongest
reflections for the investigated material to be observed. Counting time was 3400 s/point.

References:

[1] Shen, G.; Wang, Y.; Dewaele, A.; Wu, C.; Dayne, E.; Eggert, J.; Klotz, S.; Dziubek, K. F.;
Loubeyre, P.; Fat, V.; Asimow, P. D.; Mashimo, T.; Wentzcovitch, R. M. M.; Toward an
International Practical Pressure Scale: A Proporsal for an IPPS Ruby Gauge (IPPS-Ruby2020).
High Press. Res. 2020, 40, 299-314 10.1080/08957959.2020.1791107

[2] Datchi, F.; Dewaele, A.; Loubeyre, P.; Letoullec, R.; Godec, Y. Le.; Canny, B.; Optical
Pressure Sensors for High-Pressure-High-Temperature Studies in a Diamond Anvil Cell. High
Press. Res. 2007, 27, 447-463.c https://doi.org/10.1080/08957950701659593

[3] Stasko, D., Prchal, J., Klicpera, M., Aoki, S., & Murata, K. (2020). Pressure media for high
pressure experiments, Daphne Oil 7000 series. High Pressure Research, 40(4), 525-536.
https://doi.org/10.1080/08957959.2020.1825706

[4] Naoyuki Tateiwa and Yoshinori Haga 2010 J. Phys.: Conf. Ser. 215 012178
[5] Y Nakamura et al 2010 J. Phys.: Conf. Ser. 215 012176

[6] Kresse, G.; Hafner, J.; Ab initio molecular dynamics for liquid metals. Phys. Rev. B 1993, 47,
558(R)

[7] Kresse, G.; Furthmiiller, J.; Efficient iterative schemes for ab initio total-energy calculations
using a plane-wave basis set. Phys. Rev. B 1996, 54, 11169

75



[8] Kresse, G.; Furthmiiller, J.; Efficiency of ab-initio total energy calculations for metals and
semiconductors using a plane-wave basis set. Computational Materials Science, 1996, Vol 6, Issue
1, 15-50

[9] Kresse, G.; Joubert, D.; From ultrasoft pseudopotentials to the projector augmented-wave
method. Phys. Rev. B 1999, 59, 1758

[10] Ning, J.; Kothahonda, M.; Furness, J. W.; Kaplan, A. D.; Ehlert, S.; Brandenburg, J. G.;
Perdew, J. P.; Sun, J.; Workhorse minimally empirical dispersion-corrected density functional with
tests for weakly bound systems: r?’SCAN+rVV10. Phys. Rev. B 2022, 106, 075422

[11]Jung, M.; The red light emission in 2D (C4SH3CH2NH3)2Snl4 and (C4OH7CH2NH3)2Snl4
perovskites. Dalton Trans. 2021, Vol 50, Issue 29, 10261-10274

76



Wroclaw University of Science and Technology Chapter 3

3.3 Hydrostatic Pressure Driven Band Gap Tuning and Self-
Trapped Exciton Formation in (4FPEA),SnBr, Halide Per-
ovskite

Rafal Bartoszewicz' , Jakub Ziembicki, Ewelina Zdanowicz, Artur P. Herman, Jesus
Sanchez-Diaz, Samrat Das Adhikari, IvAn Mora-Serd, Robert Kudrawiec

arXiv preprint, arXiv:2603.03931 (2026). DOI: 10.48550/arXiv.2603.03931

Author’s Contribution:

Rafatl Bartoszewicz with supervisor conceived and formulated the research problem,
defining the scientific objective of elucidating the interplay between hydrostatic pressure,
lattice rigidity, and exciton self-trapping in layered Sn HOIPs.

The author designed and independently conducted all temperature- and pressure-
dependent PL experiments, strategically employing halide substitution (Br vs I) to isolate
the role of lattice stiffness and dielectric screening.

Comprehensive data analysis, including Gaussian peak deconvolution, extraction of
pressure coefficients, quantification of Stokes shifts, and uncertainty assessment was
performed solely by the author.

The author identified and demonstrated the contrasting pressure coefficients of
NBE and STE emissions, establishing hydrostatic pressure as a direct probe of exciton
localization energetics.

Experimental results were interpreted within the framework of exciton-phonon
coupling, small polaron formation, and configurational coordinate modeling. The author
critically integrated experimental findings with DFT calculations to distinguish band-
edge tuning from lattice-relaxation-driven effects.

All figures and schematics were prepared by the author, and the manuscript was
written and structured to provide a unified physical interpretation of pressure-tunable
exciton localization in 2D lead-free HOIPs.

T corresponding author

77


https://doi.org/10.48550/arXiv.2603.03931

arXiv:2603.03931v1 [cond-mat.mtrl-sci] 4 Mar 2026

Hydrostatic Pressure Driven Band Gap Tuning

and Self-Trapped Exciton Formation in

(4FPEA);SnBr, Halide Perovskite

Rafat Bartoszewicz,*! Jakub Ziembicki,! Ewelina Zdanowicz,’ Artur P.

Herman,’ Jests Sanchez-Diaz,* Samrat Das Adhikari, > lvdn Mora-Seré,* and

Robert Kudrawiec!

T Department of Semiconductor Materials Engineering, Wroctaw University of Science and

Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland

IInstitute of Advanced Materials (INAM), Universitat Jaume 1. Av. de Vicent Sos Baynat,

Castellon de la Plana, 12006 Spain
§ Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw 01-224, Poland

E-mail: rafal.bartoszewicz@pwr.edu.pl

Abstract

Two-dimensional tin halide perovskites provide
a highly tunable platform for exciton phonon
coupling and local lattice distortions, enabled
by their intrinsically soft lattice. We report a
combined temperature and pressure dependent
photoluminescence study of the layered per-
ovskite (4FPEA),SnBry. At room temperature,
its optical response is dominated by near band
edge (NBE) excitons, which redshift linearly
under hydrostatic pressure up to ~3 GPa, indi-
cating a rigid band edge behavior without phase
transitions. Cooling reveals a broad, strongly
Stokes shifted self-trapped exciton (STE) emis-
sion, evidencing a crossover from delocalized to
self localized excitonic states. Strikingly, while
NBE emission redshifts under pressure, STE
emission exhibits an anomalous blueshift, re-
flecting pressure induced modification of the ex-
citon phonon energy landscape. In contrast, the
iodide analogue (4FPEA),;Snl; shows no STE
emission under identical conditions, highlight-
ing the critical role of lattice rigidity and di-
electric screening in stabilizing self-trapped ex-
citons.
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Tin-based halide perovskites have emerged
as promising lead-free optoelectronic mate-
rials, offering reduced toxicity with strong
light-matter interactions and long carrier life-
times.' ® Among them, two-dimensional (2D)
Sn-based halide perovskites exhibit pronounced
quantum confinement and enhanced excitonic
localization,”? making them attractive plat-
forms for studying exciton-phonon coupling
phenomena. '3 In these materials, the inter-
play between electronic structure and lattice
dynamics governs key processes such as exci-
ton self-trapping, radiative recombination, and
carrier-phonon interactions. 1416

In particular, the coexistence and compe-
tition between free excitons and self-trapped
excitons (STE) has attracted growing atten-
tion, ™8 as STE formation is often associated
with large Stokes shifts (200-500 meV), broad-
band emission (100-300 meV), and enhanced
exciton-phonon coupling,'®?° properties that
are both technologically appealing and scien-
tifically challenging to control. Here, STEs
are interpreted as small polarons, excitons that
become tightly localized through strong short-
range electron-phonon coupling and consequent
local lattice distortion, in contrast to more de-
localized large polarons associated with free ex-
citonic state.?%2! In principle, STEs can be fur-
ther categorized into those that arise intrinsi-
cally from the host lattice and those that are
bound to defects or lattice imperfections. In
high-quality samples where defect densities are
minimal, defect-bound STE signatures are of-
ten not resolvable, leaving primarily intrinsic
small polaron STE behavior in the optical re-
sponse.

Exciton self-trapping in halide perovskites is
generally attributed to strong coupling between
electronic excitations and local lattice distor-
tions.'® While STE emission has been widely
reported in low dimensional and all inorganic
halide perovskites, its emergence is highly sen-
sitive to lattice rigidity, dielectric screening,
chemical composition, and temperature.?’ De-
spite extensive experimental and theoretical ef-
forts, an unified understanding of how exter-
nal perturbations modulate the balance be-
tween delocalized and localized excitonic state

remains incomplete.?>?3 Hydrostatic pressure
provides a powerful, continuous, and reversible
means of tuning interatomic distances, or-
bital overlap, and phonon spectra without in-
troducing chemical disorder.?* Yet, pressure-
dependent behavior of excitons in layered tin-
based halide perovskites remain comparatively
unexplored.

Notably, Sn-based halide perovskites demon-
strate remarkable resilience to external stim-
uli such as hydrostatic pressure and tempera-
ture.?>2?% These stimuli can significantly modu-
late crystallographic and electronic structures,
leading to band gap renormalization, photolu-
minescence (PL) enhancement, defect-assisted
recombination, or even amorphization.?* In
many cases, compression activates new emissive
channels or enhances STE formation,?327 29
often accompanied by structural instabilities.
However, such responses are highly material
specific and dependent sensitively on halide
chemistry, lattice stiffness and intrinsic struc-
tural softness.  Understanding, the behav-
ior of these materials under extreme pertur-
bations is therefore important for the devel-
opment of next generation perovskite-based
devices,?%3! including stimuli-responsive op-
toelectronic, temperature sensing, mechanical
stress detection and flexible electronics.3? 34

4-fluorophenethylammonium tin  bromide
((4FPEA)5SnBry) is a recently developed 2D
Sn-based halide perovskite.?> While its struc-
ture allows for straightforward optoelectronic
characterization, its fundamental optical prop-
erties have not yet been reported. In compari-
son, the closely related (PEA);SnBry exhibits a
direct band gap of ~ 2.7 ¢V and photolumines-
cence around ~2.64 eV,3% suggesting that sim-
ilar optical behavior may be anticipated in the
4F-substituted derivative. Studies on layered
Sn halide perovskites further indicate that both
the halide composition and the organic spacer
modulate the band gap and emission character-
istics.3” Despite this, the excitonic response of
(4FPEA)2SnBr, under external perturbations
remains largely unexplored.

In this Letter, we present a comprehen-
sive investigation of the excitonic response
of (4FPEA),SnBr, under combined control of
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Figure 1: Normalized photoluminescence spectra of (4FPEA);SnBry under varying hydrostatic
pressure at (a) 300 and (b) 200 K. Free exciton is indicated as NBE and position changes are
marked by black dashed line. (¢) Pressure-induced band gap shift, extracted from the PL spectra
at 300 (blue circles) and 200 K (green circles), along with corresponding linear fits (solid lines). A
clear temperature dependence of the pressure coefficient is observed.

temperature and hydrostatic pressure. By
tracking its PL spectra from room temperature
down to cryogenic temperatures and pressures
up to ~ 3 GPa, we uncover a strikingly rigid
high temperature excitonic response, character-
ized by a single near-band-edge (NBE) emis-
sion. Here, the high-energy emission close to
the optical band edge is referred to as NBE
excitonic emission and is commonly attributed
to free exciton recombination. This emission
redshifts linearly with pressure without any
anomalous spectral broadening, intensity en-
hancement, or evidence of phase transitions
what is in line with behavior reported for other
perovskites. In contrast, at low temperatures
a broad STE emission emerges exclusively in
the bromide compound, exhibiting an anoma-
lous blueshift under compression. Direct com-
parison with iodide analogues shows that STE
emission is entirely suppressed in softer, more
strongly screened lattices.

The synthesis of (4FPEA)sSnBr, micro-
crystals was performed using the developed
methodology elsewhere,? as detailed in the
Supporting Information (SI). To prove the for-
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mation and explore the crystallographic fea-
tures of the resulting microcrystals, we per-
formed X-ray diffraction (XRD) to identify the
crystal phases obtained. Figure S1 in the SI
shows the XRD pattern of the (4FPEA);SnBr,
microcrystals, exhibiting high crystalinity and
uniformity, showing repetitive XRD peaks with
intervals of ~ 5.4°  which corresponds to the
interlayer distance of the inorganic layers.
Figure 1 (a-b) presents the evolution of the
normalized PL spectra of (4FPEA);SnBry un-
der hydrostatic pressure, measured isother-
mally at 300 and 200 K, respectively. Hydro-
static conditions were maintained up to approx-
imately 3 GPa for all measurements. An as-
sessment of the pressure-transmitting medium
is provided in Figure S3 in the SI. At both tem-
peratures, the material retains its initial struc-
tural phase throughout the investigated pres-
sure range. The PL response is dominated
by NBE emission, with no emergence of addi-
tional emissive features, consistent with ambi-
ent pressure behavior.?> Upon increasing pres-
sure, the NBE peak exhibits a pronounced red-
shift, while its linewidth and relative inten-
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Figure 2: Pressure dependent normalized PL spectra of (4FPEA);SnBry at (a) 120 and (b) 40 K.
Self-Trapped Exciton is indicated as component STE. Positions changes are marked by black dashed

lines. (c) Pressure-induced band gap shift AE = E(P) — E(P =
Solid circles and lines correspond to the NBE feature; open circles and

and 40 K (grey circles).

0), extracted at 120 (red circles)

solid lines represent STE feature. Black line shows DFT calculations (crystal strucutre is presented
in Figure S2 in the SI). (d) Pressure dependence of the Stokes shift from the same data.

sity remain nearly unchanged compared to low
pressures. For clarity in tracking the pressure-
induced energy shifts, all spectra are normal-
ized to their maximum intensity. A weak
peaks near ~2.3 and 2.0 eV arises from inad-
vertent illumination by a green and red light
source in the experimental environment. How-
ever, this artifacts does not affect the deter-
mination of the NBE peak position. Pres-
sure coefficients were extracted from linear fits
of the NBE peak energy as a function of
pressure, with peak positions obtained using
Gaussian fitting (Figure 1 (c)). The result-
ing coefficients are negative and slightly de-
crease in magnitude with increasing temper-
ature (-138 and -128 meV/GPa at 300 and
200 K, respectively), consistent with pressure-
induced band gap narrowing. This behavior re-
flects enhanced orbital overlap within the Sn-
Br framework under compression, which lowers
the band edges while preserving the excitonic
character of the emission.?>3® Notably, unlike
many halide perovskites, (4FPEA)2SnBr, does
not exhibit pressure-induced PL enhancement,

band gap widening, additional emission chan-
nels, or amorphization up to ~ 3 GPa.?394
These observations indicate a comparatively
rigid pressure response in which compression
primarily modifies band dispersion rather than
activating defect- or polaron assisted recombi-
nation pathways.2%4%43 In contrast, markedly
different PL behavior is observed at lower tem-
peratures.

Figure 2 (a-b) present the pressure-dependent
PL spectra measured at 120 and 40 K. At both
temperatures and low pressure, the spectra are
dominated by NBE emission, together with a
weaker and broader STE band which is sepa-
rated from NBE emission by a large Stokes shift
typical of STE containing small polarons. 4445
With increasing pressure, the NBE emission
undergoes a pronounced redshift, whereas the
STE emission exhibits a clear blueshift accom-
panied by a significant increase in intensity.
The opposite pressure response of NBE, which
can be attributed to free exciton (FX), and STE
emissions highlights their distinct physical ori-
gins: while NBE emission follows the band-edge
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Figure 3: Pressure dependent photoluminescence spectra of two layered halide perovskites measured
at variable temperature. (a-d) PL spectra of (4FPEA),Snl, collected at 300, 200, 120, and 40 K
under hydrostatic pressure. (e-h) Corresponding PL spectra of (4FPEA)2SnBr, acquired under
indentical temperature but different pressure conditions. Bright yellow traces denote the evolution
of NBE emission, whereas the violet trace indicates the spectral position of STE emission.

electronic structure, STE emission reflects the
depth of the local lattice relaxation potential as-
sociated with exciton self-trapping.4® At 40 K,
the STE emission partially overlaps with a sec-
ondary peak at 1.78 eV arising from ruby fluo-
rescence used for pressure calibration.*” Despite
this overlap, the pressure-induced blueshift of
the STE emission remains unambiguous. Pres-
sure coefficients for both NBE and STE emis-
sions were extracted from linear fits of peak en-
ergy versus pressure, with peak positions deter-
mined by Gaussian fitting, as shown in Figure
2 (c). Representative Gaussian fit is provided
in the Figure S4 in SI. Density functional the-
ory (DFT) results are also included for compar-
ison. At 120 K, the NBE emission exhibits a
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negative pressure coefficient (-114 meV/GPa),
consistent with the trend observed at higher
temperatures, while the STE emission shows a
positive coefficient (18 meV/GPa). At 40 K,
this trend is partially disrupted by the freezing
of the pressure-transmitting medium, resulting
in quasi-hydrostatic conditions. In addition,
the strong pressure-induced enhancement of the
STE emission hampers reliable detection of the
ruby R1/R2 lines, preventing precise determi-
nation of the pressure inside the diamond anvil
cell. As a consequence, the NBE pressure co-
efficient at 40 K is reduced (-138 meV/GPa)
and exhibits larger uncertainty. Neverthe-
less, it agrees well with the DFT predicted
value (-121 meV/GPa), supporting the consis-



tency between experiment and theory (see be-
low Figure 5). The STE emission at 40 K dis-
plays a what is positive pressure coefficient (65
meV/GPa), consistent with pressure-induced
STE behavior reported for many halide per-
ovskites. 234850 Up to approximately 2 GPa, no
pressure-induced PL enhancement, band gap
widening, or amorphization is observed. Impor-
tantly, in (4FPEA),SnBry, STE emission be-
comes pronounced only at low temperatures,
confirming its self-trapped nature.** Figure 2
(d) presents the pressure dependence of the
Stokes shift between NBE and STE emissions.
At both temperatures, the Stokes shift de-
creases monotonically with increasing pressure,
reflecting a progressive reduction of the lattice
relaxation energy associated with exciton self-
trapping. A strong temperature dependence
of this effect is observed at 120 K, the Stokes
shift is highly pressure sensitive, exhibiting a
slope of -124 meV/GPa, whereas at 40 K the
pressure induced reduction is much weaker (-20
meV/GPa). This pronounced difference indi-
cates that thermally activated lattice degrees
of freedom substantially enhance the pressure
response of the NBE-STE energy separation.
Upon cooling, lattice stiffening and reduced
phonon activity suppress pressure driven modi-
fications of the self-trapping potential, resulting
in a markedly smaller Stokes shift variation.
Temperature and pressure-dependent PL
spectra of the layered perovskites (4FPEA),Snl,
and (4FPEA);SnBry shown in Figure 3 (a-
d) and (e-h), respectively, as well as it has
been reported for their analogues MAPbI3 and
MAPDBr3, 255152 reveal a pronounced halide-
dependent exciton localization behavior. At
300 and 200 K, all compounds exhibit a sin-
gle, relatively narrow emission band attributed
to FX recombination, indicating that excitonic
states remain predominantly delocalized at el-
evated temperatures.®® Upon cooling to 120
K and further to 40 K, an additional low-
energy emission band emerges exclusively in
the bromide-containing compounds, which we
assigned in this paper to STE emission. This
emission is absent in the iodide analogues
over the entire investigated temperature range.
The STE emission is broad (~ 350 meV) and

Under
Pressut:e

Initial State
(at low temperature)
P

Energy (eV)

Qes (PO) Qos (PO,P1) Qste (PO,P1)
Configuration Coordinate

Figure 4: Schematic configuration diagram il-
lustrating the pressure-induced redshift of the
NBE emission and blueshift of STE emission
in (4FPEA)sSnBry. Py denotes ambient pres-
sure, while Py larger than P represents elevated
pressure. GS indicates the ground state of the
system.

strongly redshifted with respect to the NBE
peak, displaying a large Stokes shift that points
to a distinct recombination pathway.*® In addi-
tion, STE emission in the bromide perovskites
shows a strong sensitivity to hydrostatic pres-
sure. With increasing pressure, its relative
intensity increases at the expense of the NBE
emission, indicating efficient conversion of pho-
toexcited carriers into localized states.?* Si-
multaneously, the NBE emission undergoes a
gradual redshift with pressure, whereas the
low-energy STE band exhibits an opposite pres-
sure dependence and blueshifts upon compres-
sion. The contrasting pressure coefficients of
these two emissions unambiguously demon-
strate their different physical origins. The
emergence of STE emission at low temperatures
indicates that thermal fluctuations suppress
stable exciton self-trapping at higher tempera-
tures.** The pressure-induced enhancement of
STE intensity suggests stabilization of exciton
localization driven by strengthened exciton-
phonon coupling under lattice compression.*®
At the same time, the blueshift of the STE
emission under pressure can be rationalized by
a reduction of the lattice relaxation energy due
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to pressure-induced lattice stiffening.?? The
absence of STE emission in the iodide-based
compounds, even at low temperatures and ele-
vated pressures (see Figure S5 in the SI), can be
rationalized by their softer lattice and stronger
dielectric screening, which disfavor the forma-
tion of a stable self-trapped exciton state. %%
While a definitive identification would require
further experiments, the observed temperature
and pressure-dependent PL behavior provides
strong evidence consistent with STE emission
in bromide perovskites, highlighting the criti-
cal role of lattice rigidity in governing exciton
localization in metal-haldie perovskites.®”
Next, we explain the evolution of NBE and
STE emissions with temperature and pres-
sure using a configurational coordinate dia-
gram, 22444558760 chown in Figure 4. In this
model, NBE (red) and STE (blue) correspond
to distinct energy minima along a lattice dis-
tortion coordinate, capturing the dominant
exciton-phonon interactions. Optical excita-
tion produces a delocalized NBE state, closely
resembling the ground-state lattice. In bro-
mide perovskites, strong exciton-phonon cou-
pling drives relaxation into a shifted STE mini-
mum, producing broad, strongly Stokes-shifted
emission. Thermal activation over the barrier
separating NBE and STE states governs their
relative populations, explaining why STE emis-
sion dominates at low temperatures. Hydro-
static pressure reshapes the energy landscape,
promoting exciton self-trapping and stiffening
the lattice, which enhances the STE popula-
tion. Notably, we observe that the Stokes shift
decreases with increasing pressure. This behav-
ior can be attributed to a reduction in the lat-
tice relaxation energy, reflecting a pressure in-
duced change in the energy formation of small
polarons. Consequently, STE emission exhibits
a pressure induced blueshift, in contrast to the
gradual redshift of NBE emission. In iodide
analogues, STE emission is absent (see Figure
S5 in SI showing PL spectrum of (4FPEA),Snl,
at 40 K and ambient pressure (0 GPa) plot-
ted on a logarithmic scale), as the softer lat-
tice and stronger dielectric screening suppress
exciton self-trapping. Displacement along the
configurational coordinate reflects lattice relax-
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ation energy, which can be quantitatively in-
ferred from the Stokes shift. These observa-
tions underscore the critical role of lattice rigid-
ity and exciton-phonon coupling in controlling
exciton self-trapping, while also revealing how
external pressure can be used to tune polaron
formation and the associated emission proper-
ties in layered halide perovskites.

dcgMm = 19meV/GPa

aypm =(141meV/GPa

Figure 5: Pressure-dependent band structures
of (4FPEA)2SnBr, at 0 GPa and 3 GPa, reveal-
ing a persistent direct band gap and a signifi-
cant pressure induced redshift. Values of pres-
sure coefficients for VBM and CBM are also
given.

To contextualize the experimental pres-
sure response within an electronic structure
framework, we performed DFT calculations
of the pressure-dependent band structure of
(4FPEA)2SnBry.  As shown in Figure 5, the
material retains a direct band gap up to 3 GPa,
demonstrating the robustness of the band edge
under moderate hydrostatic compression. In-
creasing pressure induces a pronounced band
gap reduction, consistent with enhanced or-
bital overlap and lattice compression within
the inorganic Sn-Br framework. The calculated
band gap pressure coefficient (-121 meV/GPa)
closely matches the experimentally extracted
NBE pressure coefficient, providing strong ev-
idence that the pressure evolution of the NBE
emission is governed predominantly by band
edge renormalization. By contrast, the exciton
binding energy exhibits only a weak pressure
dependence, indicating that changes in exci-
tonic Coulomb interactions play a secondary



role. This clear separation of energy scales
demonstrates that the anomalous pressure re-
sponse of the STE emission cannot originate
from band edge effects, but instead arises from
pressure-induced modifications of lattice re-
laxation and exciton self-trapping energetics,
as captured by the configurational-coordinate
model.

In conclusion, we have demonstrated
(4FPEA);SnBry as a model system for elu-
cidating the interplay between lattice dynamics
and exciton localization in 2D tin halide per-
ovskites. The contrasting pressure responses of
NBE and STE reveal that exciton phonon cou-
pling and lattice rigidity can be systematically
tuned to control polaron formation and energy
relaxation pathways. The absence of STE in
iodide analogue (4FPEA),Snl, underscores the
delicate balance between lattice stiffness and
dielectric screening in stabilizing self-trapped
states. More broadly, our findings demonstrate
that external perturbations such as hydrostatic
pressure can serve as a precise probe of pola-
ronic phenomena, advancing fundamental un-
derstanding and guiding the rational design of
next generation lead free perovskite materials.
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Figure S1. XRD pattern of the (4FPEA),Snls microcrystals.

Figure S2. Crystal structure (Triclinic P1) of (4FPEA,SnBr4) used in DFT simulations.
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Figure S3. Analysis of ruby R1 and R2 peaks split and broadening at (a) 300, (b) 200, (c) 120,
and (d) 40 K.

Figure S3 presents the analysis of the applied pressure using ruby fluorescence. Daphne 7575 is
not strictly hydrostatic at low temperatures, and its ability to maintain hydrostatic conditions
decreases significantly with both temperature reduction and pressure increase [1,2]. However,
while Daphne 7575 does not remain fully hydrostatic at high pressures and low temperature, it
maintains quasi-hydrostatic conditions, owing to its relatively low shear strength and soft
solidification behavior [2,3]. From Rl and R2 peaks split and broadening we determined
solidification points of Daphne 7575 at (a) ~5.3, (b) ~3.8, (¢) ~1.8 and (d) 0 GPa for 300, 200, 120
and 40 K respectively. The pressure coefficients we investigated are not highly sensitive to
moderate non-hydrostatic stress. As far as we know, such conditions should lead to nonlinear band
gap shifts, splitting of emission lines, amorphization, or appearing defect emission due to uneven
stress, which could be reported as the presence of phase transition in this material [4-7]. Such
effects were not observed in our measurements. Our results remain consistent with theoretical
expectations, which support their validity even in the presence of quasi-hydrostatic conditions.
Moreover, for perovskite materials such medium is still second-best choice (first choice is helium)

as it not influence the condition of measured sample, as it is in the case of 4:1 methanol-ethanol
mixture [7].
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MATERIALS AND METHODS

Experimental details:

Materials: Acetic acid (AcOH, 99-100 %), hydrobromic acid (HBr; 48 wt. % in H,0O), hydroiodic
acid (HIL; 57 wt. % in H20, distilled, stabilized, 99.95 %), and hypophosphorus acid (H3PO,; 50wt.
% in H,O) were purchased from sigma aldrich. Tin (II) oxide (SnO; 99%) was purchased from
Alfa Aesar. 4-fluorophenethylamine (4FPEA; 98%) was purchased from TCI. All materials were
use as received with no further purifications.

Synthesis of (4FPEA) :SnBr4 microcrystals powder:

Synthesis of (4FP),SnBr4 was carried out following the literature report [8]. A mixture consisting
of 3 mL of acetic acid, and 0.3 mL of hydrobromic acid (HBr) was combined in a three-necked
flask under an inert nitrogen (N2) atmosphere. The mixture was stirred at room temperature for 30
minutes. Next, 134 mg of tin(Il) oxide (SnO) was introduced into the flask, and the temperature
was gradually increased to 100 °C. The solution was stirred for an additional 30 minutes until it
developed a white color. Subsequently, 0.26 mL of 4-fluorophenylethylamine (4FPEA) was added,
and the reaction temperature was further raised to 135 °C. The mixture was maintained under these
conditions for 15 minutes. Upon completion of the reaction, the solution was rapidly cooled using
an ice bath for approximately 2 minutes, in this step, the microcrystalline products were formed
having a green-yellow appearance. The resulting product was collected via vacuum suction
filtration. To eliminate any excess Bromide, the collected powder was washed three times with
hexane, followed by additional vacuum suction filtration. Finally, the purified product was dried.

Synthesis of (4FPEA)Snl; microcrystals powder:

Synthesis of (4FPEA),Snl; was carried out following the same procedure as (4FPEA),Snly. A
mixture consisting of 3 mL of acetic acid, 0.2 mL of hydroiodic acid (HI), and 0.05 mL of H3PO»
was combined in a three-necked flask under an inert N, atmosphere. The mixture was stirred at
room temperature for 30 minutes, during which a transition from a faint red to a colorless
appearance indicated the stabilization of HI in the presence of H3;PO». Next, 134 mg of SnO was
introduced into the flask, and the temperature was gradually increased to 100 °C. The solution was
stirred for an additional 30 minutes until it developed an orange color. Subsequently, 0.26 mL of
4FPEA was added, and the reaction temperature was further raised to 135 °C. The mixture was
maintained under these conditions for 15 minutes. Upon completion of the reaction, the solution
was rapidly cooled using an ice bath for approximately 2 minutes. The resulting product was
collected via vacuum suction filtration. To eliminate any excess iodine, the collected powder was
washed three times with hexane, followed by additional vacuum suction filtration. Finally, the
purified product was dried.

XRD measurement

XRD pattern of the microcrystals were measured using X-ray diffractometer (D8 Advance,
Bruker-AXS) (Cu Ko, wavelength A=1.5406 A) with a Bragg angle range of 4-70° and step size
of 0.05°.
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Figure S6. (a) The scheme of the experimental setup for hydrostatic pressure-dependent
photoluminescence (b) Cross-section of a diamond anvil cell.

Figure S6 (a) presents schematically the experimental setup of temperature- and pressure-
dependent PL carried out in this work. Figure S6 (b) shows a cross-section of a diamond anvil cell
(DAC). PL measurements were performed in Diacell design DAC by ‘Almax easyLab’. DAC used
in this work is made of beryllium copper (BeCu) alloy, which allows to perform measurements at
cryogenic temperature (here 40 K). Diamond with 650 um culet size was used. The pressurizing
mechanism in the DAC was driven using a gas membrane. The pressure in DAC was controlled
by the amount of helium injected into the gas membrane. On top of the bottom diamond culet, a
gasket was placed. It is a thin sheet (circa 50 pm thickness) of inconel material with a central hole
of about 1/3 culet size, where sample, ruby sphere, and silicon oil were placed. Gaskets were
prepared by pressing diamonds into a thin sheet, followed by creating a central hole using
mechanical drilling. Daphne 7575 was used as the pressure-transmitting medium, which solidifies
at about 5.3 GPa at room temperature. Whole setup was cooled down in a cryostat with a closed-
loop liquid helium system. For PL experiments, the 405 nm CW (with power of 100 pW) laser
was used to excite the studied material. Emitted light was dispersed through a 0.5 m Andor
monochromator witha 150 I/mm diffraction grating blazed at 500 nm. The signal was recorded by
a Si CCD camera cooled to -70 °C by Peltier module. The luminescence of the ruby R1 line at
~1.78 eV (at room temperature) was excited by the 532 nm CW laser, dispersed on the 600 1/mm
diffraction grating blazed at 500 nm and detected by CCD camera. To determine pressure value
inside DAC we detect pressure-induced redshift of ruby sphere R1 line with calibration taken from
Shen [9]. The temperature shift correction of the R1 ruby line was taken from Datchi [10].

Theoretical calculations

Density functional theory (DFT) calculations were performed using the VASP package with
standard PBE PAW datasets [11-14]. Geometry optimizations were first carried out over a pressure
range of 0—3 GPa using the ’'SCAN+rVV10 functional [15]. The optimized geometries were then
used for band gap and band structure calculations. In this second step, the same functional was
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employed with two additional modifications. First, a uniform scissor shift of 1.1 eV was applied
to the band gaps at all pressures to match the values obtained from the PBEO functional, thereby
correcting the band gap underestimation inherent to meta-GGA functionals. Second, spin—orbit
coupling was included, as it is known to have a significant impact on the band structure of this
class of materials. All calculations used identical computational parameters: an energy cutoff of
500 eV, aI'-centered 3x6x6 k-point mesh, an SCF energy convergence criterionof 10° eV, and a
force convergence criterion of 1072 eV/A for geometry optimization. For the PBEO calculations,
k-point mesh down-sampling was applied using the VASP flag NKRED = 3. To derive the
absolute deformation potentials of the valence band maximum (VBM) and conduction band
minimum (CBM), a slab supercell approach including an explicit vacuum region was employed.
The slab contained a bulk-like region corresponding to three primitive unit cells and was separated
by approximately 15 A of vacuum to avoid spurious interactions between periodic images. The
slab was symmetrically terminated at the center of the organic spacer layer to eliminate artificial
surface dipoles.
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Rafal Bartoszewicz with supervisor conceived and formulated the research problem
addressing temperature- and pressure-induced band gap tuning in layered copper HOIPs.
The author proposed the working hypothesis that thermochromism and piezochromism
originate from fundamentally distinct lattice-electronic coupling mechanisms, rather
than representing inverse manifestations of the same structural response.

The author independently designed and executed a comprehensive experimental
program combining low-temperature absorption and R spectroscopy with HP transmis-
sion measurements. Significant technical improvements to the DAC methodology were
introduced, including optimized gasket preparation.

All optical measurements were performed independently. The author developed
analysis routines for: extraction of direct and indirect band gaps, discrimination be-
tween fundamental transitions and d-d absorption bands, determination of pressure
coefficients across structural regimes, quantitative uncertainty analysis. The study led
to the correction of previously reported band gap assignments in the literature.

Through systematic comparison of thermo- and piezo-induced band gap evolution,
the author demonstrated that lattice expansion (temperature) and lattice compression
(pressure) produce qualitatively different modifications of electronic structure, reveal-
ing non-equivalent renormalization pathways. This finding challenges the common
assumption that pressure effects are simply the inverse of thermal expansion.

All figures were generated by the author, who wrote the manuscript in its entirety.
Author also answered for all questions from the reviewers during review process.
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This study addresses the challenges of poor thermodynamic and
structural stability in copper-based perovskites under extreme
conditions. By replacing hygroscopic cations with hydrophobic
ones like phenylmethylammonium (PMA), the stability of these
materials is significantly enhanced. Two-dimensional copper-
based perovskites, (PMA),CuCl, and (PMA),CuBr,, are examined
for their large band gap tunability, focusing on thermo- and
piezo-chromism. Temperature-dependent transmission and reflec-
tance measurements show that the band gaps narrow by ~70 nm
(from 466 to 536 nm) for (PMA),CuCl, and by ~87 nm (from 472 to
559 nm) for (PMA),CuBr,; across the temperature range of 20—
320 K. Pressure-dependent transmission reveals that a redshift in
the band gap occurs, shifting from 476 to 546 nm (~70 nm) up to
10.94 GPa for (PMA),CuCl, and from 482 to 572 nm (~ 90 nm) up to
10.86 GPa for (PMA),CuBr, under ambient conditions. These
changes are reversible, confirming the stability under extreme
conditions. The observed significant thermo- and piezo-chromic
effects make the materials very functional for use in color tuning
and temperature and pressure sensor applications. Additionally, the
comparison of thermo- and piezo-chromism shows that even
if electron—phonon interactions play an important role in both
phenomena, the changes in lattice parameters induced by tem-
perature (expansion) and pressure (compression) are fundamentally
different, leading to distinct mechanisms of energy gap narrowing.

1 Introduction

Two-dimensional (2D) lead halide organic-inorganic perovs-
kites have received considerable attention in recent years due to
their large exciton binding energy, high photoluminescence
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quantum yield, and versatile exciton radiative recombination
processes, which are desirable for micro/nano-lasers and high-
efficiency light-emitting diodes (LEDs).""> However, the wide-
spread use of lead-based perovskites is hindered by the toxicity
of the lead component, limiting their commercial applications
in optoelectronic devices. In order to optimize the utility of
perovskites, researchers have explored alternatives by replacing
the toxic Pb with environment-friendly elements, including
Sn(u), Ge(u), Bi(u), Sb(u), and the transition metal Cu(u).”>™®
Among these, Cu, a low-cost, earth-abundant, and non-toxic
element, has emerged as a promising substitute for Pb in 2D
perovskite materials. Cu-based perovskites have demonstrated
similar or superior electronic and optical properties compared
to Pb-based perovskites, including efficient charge transporta-
tion in metal-halide octahedral layers, high thermodynamic
stability, low-cost synthesis, and environmental inertness,
making them suitable for commercial applications.'®***° Despite
these facts, key challenges remain for Cu-based perovskites, such
as limited absorption coefficient and insufficient long-term
stability.'® One promising strategy to overcome these limitations
involves replacing hygroscopic cations with more hydrophobic
cations, like phenylmethylammonium (PMA), which enhances
material stability under extreme conditions, including exposure
to heat, pressure, UV light, and humidity,21’22 but further studies
of these compounds are still needed.

Piezochromism involves color or luminescence changes
under pressure and has gained interest in crystalline systems
such as halide perovskites and metal-organic frameworks.
So far, only a limited number of studies have explored crystals
of perovskites under high pressure.”>>* In addition, thermo-
chromism refers to the reversible color change of materials in
response to temperature variations. This property has attracted
increasing interest for applications in smart coatings,*® energy-
saving systems,?” and temperature sensors.>® Thermochromic
materials are also useful in environments where conventional
temperature monitoring is difficult.>® In hybrid perovskites,
thermochromism is often linked to structural changes, including
lattice distortion. For example, copper-based layered perovskites

J. Mater. Chem. C, 2025, 13,16929-16936 | 16929



Open Access Article. Published on 07 August 2025. Downloaded on 2/10/2026 4:29:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Communication

show reversible transitions from orange to red, while inorganic
compounds like Cs;Sb,I and Cs,AgBiBr; shift from red to brown
with temperature.>®~?

Copper-based halide perovskites, such as (PMA),CuCl, and
(PMA),CuBr,, are promising materials for applications in solar
cell absorbers, scintillators, and LEDs.**** To recognize their
utilities in mentioned applications as well as other applica-
tions, it is essential to examine their behavior under varying
temperature and hydrostatic pressure conditions. The flexible
crystal structures of perovskites, combined with significant lattice
expansion induced by temperature, provide a viable approach to
modulate the material properties in a controlled manner, such as
tuning the band gap.***” Understanding the effects of tempera-
ture and hydrostatic pressure on these materials is crucial, as both
factors can induce significant changes in the crystal structure.
This opens new possibilities for copper-based hybrid perovskites
to be used as thermometers or impact/stress indicators, thanks to
their color and electronic conductivity changes upon temperature
and pressure variations.*>*

While absorption () and reflectance (R) have been exten-
sively studied under varying temperature or hydrostatic pres-
sure conditions for various 2D perovskites,'*>°*# such studies
are rare for copper-based hybrid perovskites. Moreover, there
are no reports on temperature-dependent experiments for
(PMA),CuCl, and (PMA),CuBr, specifically and no studies on
the effect of pressure on (PMA),CuCl,.

In this article, we investigate the thermo- and piezo-chromic
properties of (PMA),CuCl, and (PMA),CuBr, perovskites.
Absorption and reflectance spectra show a temperature-
induced redshift of the absorption edge, consistent with band
gap narrowing in both investigated perovskites. Similarly,
pressure-driven transmission measurements reveal a redshift
of the absorption edge under increasing hydrostatic pressure,
leading to a visible color change. Moreover, the fundamental
energy gap for both was found to be indirect.

2 Results and discussion

Prior to discussing the thermo- and piezo-chromic properties of
the (PMA),CuCl, and (PMA),CuBr, perovskites, we first character-
ized the crystallinity order, vibrational properties, and chemical
states of the compounds using X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy and
X-ray photoemission spectroscopy (XPS). The structural charac-
terization of the studied perovskites confirmed their high quality.
In particular, the structural order of the 2D Ruddlesden-Popper
(RP) phase according to its XRD analysis and inorganic network
connectivity and optimized geometric calculations. A detailed
description of the experimental results, analysis and methods is
provided in Fig. S1-S14 in the SL

2.1. Thermochromism in (PMA),CuBr, and (PMA),CuCl,
halide perovskites

After successful synthesis and fundamental structural charac-
terization under ambient conditions, absorption () and

16930 | J Mater. Chem. C, 2025, 13,16929-16936

View Article Online

Journal of Materials Chemistry C

reflectance (R) spectra were measured for both perovskites as
a function of temperature to investigate their thermochro-
mism. Fig. 1(a) shows the absorption spectra of (PMA),CuBr,
as a function of temperature, measured between 20 and 320 K,
to analyze the temperature dependence of the fundamental
energy gap, while Fig. 1(b) presents the R spectra measured in
the range of 30 to 320 K.

From the o measurements, it was observed that the energy
gap narrows linearly with increasing temperature for both the
direct and indirect band gaps, as shown in Fig. 1(c).
Specifically, the energy gap decreases by 342 meV (~63 nm
from 450 to 513 nm) for the direct gap and 426 meV (~87 nm
from 472 to 559 nm) for the indirect gap, respectively, between
20 and 320 K. This exceeds the narrowing typically observed for
group III-V semiconductors (70-90 meV)** and other perovs-
kites measured in the same temperature range.’””' Such a
significant temperature-dependent narrowing of the energy gap
also leads to visible thermochromism, where the material
undergoes a noticeable color change with increasing tempera-
ture. As the energy gap decreases, the material absorbs light at
different wavelengths, resulting in a visible change in color,
from green at 20 K to yellow at 320 K. The reduction in the
energy gap and the change in the color of the studied samples
are also confirmed by R measurements. However, due to the
presence of a transparency region near the indirect transition,
accurately determining the transition energy at each tempera-
ture was challenging.

As in other semiconductors, the narrowing of the energy gap
with increasing temperature is related to lattice expansion and
enhanced electron-phonon interactions.”> The temperature
dependence of the band gap can be typically described using
the Varshni relation®:

(27?)

Eo(T) = E(0) BT (1)
where E,(0) is the energy of the optical transition at T= 0 K, and
o and f§ are the material constants. This relation is non-linear at
low temperatures but becomes nearly linear when T > f,
allowing for a linear approximation as the first-order approach.

To determine the nature of the absorption edge (whether
related to a direct or an indirect band gap), the ¢* and \/a
spectra were compared with the R spectra. From this compar-
ison, it was concluded that the fundamental energy gap in
(PMA),CuBr, is indirect with a value of 2.23 eV under ambient
conditions.

1'%33 jdentified a funda-

Previous studies on this materia
mental band gap, with a value of approximately 1.80 eV under
ambient conditions. According to our studies, this value actu-
ally corresponds to the d-d band in the perovskite.”* The d-d
band in perovskites refers to an electronic transition involving
the d orbitals of transition metal ions in the structure. This
transition can influence the optical absorption and emission
properties of perovskites. However, in this case the d—d absorp-
tion occurs in the infrared range, making it invisible to the
naked eye. Therefore, it is not discussed in detail in the context
of thermo- and piezo-chromism of the studied materials.
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Fig. 1(d) shows the o spectra of (PMA),CuCl, measured from
20 to 320 K, and Fig. 1(e) illustrates the R spectra collected from
30 to 320 K. The o measurements reveal a linear narrowing of
both the direct and indirect energy gaps with temperature, with
a reduction of 303 meV (~51 nm from 444 to 495 nm) and
366 meV (~70 nm from 466 to 536 nm), respectively, from 20 to
320 K. This narrowing causes visible thermochromism, shifting
from green at 20 K to yellow at 320 K. Similar to the previous
considerations for (PMA),CuBr,, the reduction in the energy
gap and the color change are confirmed through R measure-
ments. However, the presence of a transparency region near the
indirect transition complicates the precise determination of the
transition position at each temperature for the (PMA),CuCl,
perovskite. Comparing the «* and 1/« spectra with the R spectra
suggests that the fundamental energy gap in (PMA),CuCl, is
indirect with a value of 2.33 eV under ambient conditions.

According to the previous studies,® an exciton emission for
(PMA),CuCl, is observed at 2.12 eV under ambient conditions.
This emission is consistent with the fundamental band gap of
2.33 eV determined in this work as there can be a few mechan-
isms, which can be responsible for the Stokes shift between
emission and absorption, see ref. 56-60.

2.2. Piezochromism in (PMA),CuBr, and (PMA),CuCl, halide
perovskites

To investigate piezochromism, transmission spectra under hydro-
static pressure were measured. Fig. 2(a) shows the normalized
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transmission spectra for (PMA),CuBr, as a function of hydrostatic
pressure at room temperature. It can be observed that, as the
pressure in the diamond anvil cell (DAC) increases, the band gap
of (PMA),CuBr, shifts to lower energies (redshifts), similar to
other perovskite materials.®’"*® However, this shift is significantly
larger compared to other semiconductors.***> The observed red-
shift is attributed to band gap narrowing in (PMA),CuBr, under
hydrostatic pressure, resulting in a ~400 meV shift (~90 nm
from 482 to 572 nm) up to 10.94 GPa. The decompression process
is shown in Fig. S7 in the SI, from which it can be concluded that,
during pressure release in the DAC, the band gap of (PMA),CuBr,
remains consistent with the data obtained during compression.

This pressure-induced shift in the band gap is accompanied
by a visible piezochromic effect. As pressure increases, the color
of the material changes, reflecting corresponding shifts in its
optical properties. Specifically, the crystal color of (PMA),CuBr,
transitions from yellow at 0.00 GPa to red/black at 10.94 GPa,
consistent with the observed band gap narrowing. This visible
piezochromism results directly from the pressure-induced
modification of the material’s electronic structure above the
band gap, which alters the absorption spectrum, consequently
changing the material’s perceived color.

The change in the band gap, obtained from pressure-
induced transmission spectra, is shown in Fig. 2(b). As seen,
the pressure coefficients for (PMA),CuBr, were found to be
oy = —47 + 7 and oy = —30 £ 2 meV/GPa. The linear fitting used
to extract the pressure coefficients from the data was performed
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Fig. 2

(@) Transmission spectra showing the near absorption edge of (PMA),CuBr, under ambient conditions. (b) Band gap change as a function of

pressure derived from the transmission spectra. (c) Optical micrographs of (PMA),CuBr, in DAC. (d) Pressure-dependent chromaticity coordinates shown

in the CIE 1931 format.

in the range of 0.00 to 5.56 GPa for the first phase (P1), and in
the range of 6.00 to 10.94 GPa for the second phase (P2). This
transition change is attributed to a reduction in structural
symmetry and a layer slip in the 2D structure caused by a
tilting rotation of the octahedral perovskites.®® According to
previous studies for this material, (PMA),CuBr, exhibits no
significant structural phase transitions up to 40 GPa which is
associated with the protection of the organic cations by the
amino group."’

Fig. 2(c) presents optical micrographs of the (PMA),CuBr,
sample mounted in the DAC. The crystals’ color change from
yellow at 0.00 GPa to red/black at 10.94 GPa directly correlates
with the band gap narrowing observed in the absorption edge.
To further visualize the piezochromic effect, Fig. 2(d) illustrates
the CIE 1931 chromaticity diagram.

Fig. 3(a) presents the normalized transmission spectra
of (PMA),CuCl, under hydrostatic pressure at 300 K. Similar
to the behavior observed for (PMA),CuBr,, the band gap of
(PMA),CuCl, redshifts with increasing pressure, decreasing by
~330 meV (~70 nm from 476 to 546 nm) up to 10.86 GPa. This
indicates that the presence of PMA significantly enhances the
structural stability of the material, as is the case of
(PMA),CuBr,, allowing higher pressures to be applied until
irreversible amorphization occurs. During decompression, the
band gap of (PMA),CuCl, remains consistent with the data
obtained during compression. The pressure coefficients for
(PMA),CuCl, were determined to be «; = —53 + 3 and oy =
—23 £ 2 meV/GPa for P1 and P2, respectively. The pressure
coefficient for P1 is slightly larger than that for (PMA),CuBr,,
whereas for P2 it is smaller. A linear fit was applied to extract
these coefficients, with the fitting range set to 0.00-4.43 GPa for
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P1 and 5.46-10.86 GPa for P2, respectively. As in (PMA),CuBr,,
the change in the pressure coefficient can be attributed to a
phase transition, but a detailed analysis of this phase transition
is beyond the scope of this article. Fig. 3(c) displays optical
micrographs of (PMA),CuCl,. The observed transition of the
crystal color from yellow at 0.00 GPa to red/orange at 10.86 GPa
is consistent with the band gap narrowing determined from
the absorption edge region. Furthermore, to emphasize the
thermo- and piezo-chromic effects, the CIE 1931 chart is shown
in Fig. 3(d).

2.3. Discussion

In (PMA),CuCl, and (PMA),CuBr, perovskite materials, chlor-
ine (Cl) and bromine (Br) have distinct effects on the materials’
optical, electronic, and structural properties. Br has a larger
ionic radius (1.96 A) compared to Cl (1.81 A), which leads to
larger lattice parameters in bromine-based perovskites. This is
a well-known chemical trend, which is observed for many
crystals including 3D and 2D perovskites.®” In terms of the
optical and electronic properties, Cl-based perovskites typically
exhibit a wider band gap absorbing light at shorter wave-
lengths, while Br-based perovskites have a narrower band
gap,®® this is also true for (PMA),CuX, (X = Br and CI), although
the gap narrowing upon replacement of Cl by Br is only
110 meV, while for other perovskites it is much larger.®*”*

In these studies, it is worth emphasizing that the band gap
tuning induced by the change of composition (i.e., chemical
tuning by substituting Cl with Br) is much smaller than the
band gap tuning induced by physical factors (i.e., temperature —
thermochromism and pressure - piezochromism). The great
advantage of the observed phenomenon of thermochromism
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Fig. 3

(@) Transmission spectra showing the near absorption edge of (PMA),CuCl, under ambient conditions. (b) Band gap change as a function of

pressure derived from transmission spectra. (c) Optical micrographs of (PMA),CuCl, in DAC. (d) Pressure-dependent chromaticity coordinates shown in

the CIE 1931 format.

and piezochromism in these materials is the linear dependence
of the absorption edge on external stimuli, which is not typical
for many other perovskites. A continuous change in the energy
gap with temperature does not indicate the presence of a phase
transition. In general, phase transitions in perovskites often
lead to a non-monotonic change in the energy gap.”>”* Linear
temperature dependence is crucial in thermo-devices, as it
simplifies calibration and operation, ensuring predictable,
consistent performance. Such sensors maintain stability in
controlled environments and provide accurate data across a
wide temperature range. Additionally, they are easy to integrate
into systems that do not require high sensitivity to small
temperature changes, making them a cost-effective solution
for many applications.

Thermochromism and piezochromism both involve color
changes in (PMA),CuCl, and (PMA),CuBr, materials, but they
are driven by different stimuli — temperature and mechanical
stress, respectively. These phenomena are closely related to
interactions between electrons and phonons, as well as changes
in the crystal lattice parameters. In thermochromism, the
increase in lattice parameters caused by the increase in tem-
perature leads to a narrowing of the energy gap, and addition-
ally, the increase in the phonon population affects the
narrowing of the energy gap through electron-phonon interac-
tions. In piezochromism, we also deal with a narrowing of the
energy gap, but the hydrostatic pressure leads to a decrease in
the crystal volume (i.e. a decrease in lattice parameters, which
is opposite to the thermal expansion of the lattice parameters
with increasing temperature). The thermal energy of the crystal
does not change during measurements under hydrostatic pres-
sure because the measurements are performed at the same
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temperature, but the phonon dispersion changes under hydro-
static pressure and therefore the electron-phonon interac-
tion may also change, which may also affect the energy gap
narrowing.

The simple comparison of thermo- and piezo-chromism in
(PMA),CuCl, and (PMA),CuBr, crystals indicates that the
changes in lattice parameters induced by temperature and
pressure are not equivalent, even if electron-phonon interactions
play an important role in both thermo- and piezo-chromism.
This means that the narrowing of the energy gap in the studied
perovskites is a complex issue, and the electron-phonon inter-
action can certainly play a significant role in it and requires
deeper research, including theoretical studies.

3 Conclusion

In conclusion, a comprehensive study of the thermo- and piezo-
chromism of (PMA),CuCl, and (PMA),CuBr, has been carried
out. We observed significant reductions in the energy gap:
366 meV (~70 nm from 466 to 536 nm) for (PMA),CuCl, and
426 meV (~87 nm from 472 to 559 nm) for (PMA),CuBr, across
the 20-320 K temperature range. Additionally, pressure-
dependent energy gap reductions were observed: 330 meV
(~70 nm from 476 to 546 nm) up to 10.94 GPa for (PMA),CuCl,
and by 400 meV (~90 nm from 482 to 572 nm) up to 10.86 GPa
for (PMA),CuBr,) which manifests as a visible color change.
The observed changes in the band gap are continuous without
any sudden jumps, which is a great advantage in terms of using
these materials in thermochromic and piezochromic sensors.
The fundamental energy gap for both was found to be indirect,
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with values of 2.33 eV for (PMA),CuCl, and 2.23 eV for
(PMA),CuBr, under ambient conditions. Compared to other halide
perovskites, both materials possess one of the highest band gap
tunabilities reported to date. The hydrophobic PMA cation stabi-
lizes the material by preventing moisture absorption and structural
degradation due to environmental factors and ensuring that the
lattice remains stable under stress. This structural stability allows
for controlled band gap tunability with temperature or pressure
variations, making these perovskites promising candidates for color
or pressure sensing applications.
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Figure S1 presents the X-ray diffraction (XRD) pattern of (a) (PMA)>CuCls and (b) (PMA)>CuBr4
in ambient conditions. Previous studies have reported that (PMA),CuCls crystallizes in an
orthorhombic structure (Pbca) with lattice parameters a=7.59 A, b=7.38 A, ¢ =31.30 A [l while
(PMA),CuBry4 is reported to possess a hexagonal structure with lattice parameters a = 10.558 A, b
=10.486 A and ¢ = 63.473 A2l The XRD results from our study confirm the presence of the
expected orthorhombic and hexagonal lattices for the respective crystals. CCDC 2477244 contains
the supplementary crystallographic data for this paper. This data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif.

(@) 100 (PMA),cucl,| (Y100 - (PMA),CuBr,
5 80 5, 80-
2 601 @ 60 -
e o
c 404 E 40 -
N TN
0 T T T T 0 T T T |
10 20 30 40 50 60 10 20 30 40 50 60
26 (°) 20 (°)

Figure S1. XRD pattern of (a) (PMA),CuCls and (b) (PMA),CuBr4 in ambient conditions.

Based on the previous works4 we confirm (PMA).CuCls crystals can be categorized as 2D
Ruddlesden-Popper (RP) perovskites according to its structural X-ray analysis and optimized
geometric calculation. In a conventional 2D RP HOIPs, a distinct layered structure composed of
inorganic sheets of corner-sharing BXs octahedra (commonly lead, tin, or copper halide units),
separated by organic cation layers. The prototypical formula for RP perovskites is
(RNH3)2A,-1MyXs,+1 for halide-based systems, where in our case the general stoichiometry related
to n=1, as previously reported by Dupas et. al, Kim et.al.®], and Septiany et.al.*®! At glance, we
noticed that the X-ray diffraction pattern of (PMA).CuCls is qualitatively different compared to
conventional 3D perovskite. In particular, the prominent feature of 2D perovskites display
additional peaks that are located at the low-260 angle (<14°) for n<co."® Second consideration is
related to the inorganic plane connectivity, corner-sharing between the inorganic networks is the
most dominant feature arise within this family, as outlined in Ref*°! ,

The optimized calculated of geometric [CuCls]> layers is presented in Figure S3 (a). Third
contribution is related to the structural studies show that (PMA).CuCls consists of layers of
[CuCl4]* anions separated by alternating bilayers of PMA* cations. We can relate this aspect by
taking into account the observation of prominent periodicity of hkl (0 0 1) reflections. The observed
reflections correspond to the interlayer distance separating the inorganic sheets. strong and sharp
XRD peaks are assigned: (004), (006), (008), (0010), (0012) and (0014) planes at 20 11.25°, 16.9°,
22.57°, 28.35°, 34.2°, and 40.1°, respectively (see Figure S2). The pattern show periodical main
peaks with relative equal 20 separation on each peak.l*”! These periodical pattern also found in
other studies of 2D RP perovskite such as (CeHsC2HaNH3)2Snls, 1101 (CeHs(CH2)2NH3)2SnBra, [t
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(PMA)2SnBrsl,[13141 (BZA)PbBrs and  (OA)2PbBr,,1*! (BA)2Pb(Bryl;—x)s,1]
(CeHsC2HsNH2CH3)2CuBra, 1171 (CH3NH3)2CuClxBra—, and
(CH3(CH2)3sNH3)2(CH3NH3)n-1Pbnlzn+1.[81 To provide clarity, representative optimized geometric
structure (Fig. S3 (b)) composed the typical periodic layers of corner-sharing octahedra networks
separated by the bilayer of organic ligand cations is outlined.

Table 1. Structural parameters of (PMA),CuCls deduced from the CIF calculation results.

Crystal system Orthorhombic
Space group P-1
a/A 7.80653
b/A 7.41954
c/A 33.8336
a/° 90.1824
p/e 90.0165
v/° 89.9704
20 range 6° — 60°
PMA,CuCl,
Ell! ,
S
2
= -
§
=1 -
10 20 30 40 50 60
20 (deq)

Fig. S2 XRD pattern of (PMA ),CuCly crystals based on previous study.
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(@ Organic bilayer Inorganic layer
(PMA*) [CuCla]*
1

Corner sharing
halide

Fig. S3 The optimized geometric structure of PMA;CuCly built based on CIF. (a) a-c plane and (b) a-b plane.

Fourier transform infrared (FTIR) spectrum analysis in Figure S4 (a), reveals that both samples
exhibit similar characteristic peaks within the 3250-2800 cm™' absorption range. These vibration
peaks are associated with C-H stretching, with sp> C-H stretching observed between 3100-3000
cm™! and sp® C-H stretching around 2900 cm™'. The functional group related to C-N is detected in
the 1180-1360 cm™ range, while a secondary amine (5 NH bending) is observed at approximately
1570 cm™'. Both materials also show an aromatic C=C ring stretching between 1615-1495 cm’'.
Additionally, a peak near 750 cm™!, corresponding to C-H rocking, is observed in the fingerprint
region, and the 780-800 cm™' range is associated with the C-Cl stretch of aliphatic chloro-

compounds in (PMA),CuCls. A C-Br stretch for (PMA)>CuBr4 is observed between 500-600 cm”
1 [19]

The Raman spectrum displayed in Figure S4 (b) revealed several distinct peaks for (PMA),CuCly,
associated with Cu-Cl bond vibrations, specifically at 177.14, 243.28 and 281.43 cm™!. These peaks
are attributed to the equatorial planar vibration, out-of-phase coupling of terminal Cu-Cl
vibrations, and axial plane vibration, respectively. In contrast, four Raman-active modes are
observed for (PMA)>CuBr; at 113.0, 176.8, 265.4 and 333.4 cm’!, corresponding to the Br-Cu-Br
tilt rotation deformation vibration, Cu-Br axial stretching asymmetric vibration, Cu-Br equatorial
plane stretching symmetric vibration, and Cu-Br equatorial plane stretching asymmetric vibration.
The obtained results are in agreement with previously reported data.!')
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(a) @ (PMA)ZCUC|4 (b)/\ E - (PMA)QCUC|4
> S| Eg®  (PMA)CuBr,
- s M
(8] o PaY
C ©
-sg S
£ |(PMA),CuBr, 2 oo
e ‘® o=
o £ g3
F —

4000 3000 2000 1000 0 200 400 600 800
Wavenumber (cm™) Raman Shift (cm™)

Figure S4. (a) FTIR and (b) Raman spectra collected at ambient conditions. Black line corresponds to (PMA),CuCls
while blue line reveals (PMA),CuBr4 spectrum.

Figure S5 shows the chemical states of (PMA)>CuCls and (PMA),CuBr4 are successfully resolved
using X-ray photoelectron spectroscopy (XPS) at room temperature. The main component of C 1s
peak in Figure S3 (a) is attributed to the C-N bond at 286.6 eV. The XPS spectrum of Cu 2p in
Figure S5 (b) shows two prominent peaks corresponding to Cu 2pi12 and Cu 2p3»2 within the 948-
957 and 928-937 eV ranges, respectively. These peaks can be further deconvoluted into three
components: Cu® (931.9 and 951.2 V), Cu” (932.1 and 951.7 eV), and Cu** (933.2 and 952.9 eV).
In addition, a satellite peak related to the Cu 2p32 of Cu** can be obtained between 939 to 948 eV.
In the N 1s spectrum (Figure S5 (c)), a single peak located at 402.6 eV is obtained, which is
assigned to the protonated nitrogen (C-NH3"). The Br 3d spectrum (Figure S5 (d)) was
deconvoluted into two peaks corresponding to Br 3ds, (68.3 eV) and Br 3d32 (69.4 eV). Finally,
Figure S5 (e) presents the CI 2p core level spectrum, which reveals two components: Cl 2p3/, at
198.5 eV and Cl 2py,2 at 199 eV.[2%

(@) [(PmAY,CuCl, ®) _[(PMALCLC, _  CuZp ©_ (PMA),CUCI,
5 | (PMA),CuB ' '
; (PMA),CuBr, C1s : ;CUZP” neak CU 2D ; N 1s
3 k) 8
= = J\/\ 2
£ B RN £
= [(PMA),CuBr, S~ \_ /\ (PMA),CuBr, "~

292 290 288 286 284 282 960 950 940 930

406 404 402 400
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
@ ~ Brad| () Cl2p
> S5
g o
& 8
2 el
= =
o o
o o
£ £

76 74 72 70 68 66 04 202 200 198 196
Binding Energy (eV) Binding Energy (eV)

n

Figure S5. Analysis (a) C 1s core level display a prominent peak centered at 286.6 eV, correspond to the C-N
bonding. (b) Cu 2p core level, each of the contributing signals are labeled as Cu 2p1/2, Cu 2p3,» and their satellite
peaks, respectively. (Black, (PMA),CuCls and Blue, (PMA),CuBry). (¢) N 1s core level with the maximum intensity
is concentrated at 402.6 eV. (d) Br 3d core level containing two deconvoluted peaks of Br 3ds» and 3ds.. (e) Cl 2p
core level has two components, which outlines the presence of Cl 2p3» and C1 2p1».
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Figure S6 presents the example analysis for determining the absorption edge related to the indirect
and direct band gap from temperature dependent transmission measurements. To determine the
indirect gap, va spectrum was drawn at 20 and 320 K. The linear dependence was extrapolated to
zero and thus the indirect energy gap was determined. Additionally, the a® was plotted, and by
linear extrapolation of this spectrum to zero the direct band gap was estimated.

(a) Wavelenght (nm) (b) Wavelenght (nm)
590 564 5390 517 496 477 459 443 428 590 564 539 517 496 477 459 443 428
1.6x10" 3x10"0
1.2x10" |
_2x10™° —_
= ] S
£ sox10® E g
~ o™ -
3 F 1x107 -
4.0x10°
0.0 o
21 22 23 24 25 26 27 28 29 21 22 23 24 25 28 27 2B 239
Energy (V) Energy (eV)

Figure S6. Analysis of a? andva from absorption spectra at 20 and 320 K for (a) (PMA),CuCly and (b)
(PMA)>CuBry4.

Figure S7 illustrates method by which character of fundamental energy gap in (PMA)>CuCls (black
solid line) and (PMA),CuBr;4 (red solid line) was determined. By using the direct comparison
between reflectance spectra with (a) o and (b) va we determine this gap to be indirect for both
materials, due to achieving similar position of visible resonance in reflectance spectrum with va
in each case.

As shown in Figure S7 (b), two regions are observed: from 2.5 to 3.2 eV (from 496 to 388 nm)
and from 1.4 to 2.0 eV (886 to 620 nm), which correspond to the opacity region of the material.
The opacity region refers to the wavelength range in which the material becomes non-transparent,
and a lot of the light is reflected rather than transmitted. In this region, the reflectance is high, as
the material absorbs or reflects the majority of incident light, limiting its ability to transmit light.
This region is significant for optical studies as it provides insight into how optical properties of
material change with structural variations. In contrast, the range from 2.0 to 2.5 eV (from 620 to
496 nm) corresponds to the transparency region, where the material allows light to pass through
with low reflection. Here, the reflectance is low, as the material is transparent to these wavelengths,
with most light transmitting through rather than being reflected. However a part of transmitted
light reflects from the back of the sample, resulting in an increase in the measured signal intensity,
thus complicating the accurate determination of energy gap from reflectance spectra, as changes
in reflectance are less pronounced. Therefore, optical transmission measurements were also
performed to more precisely characterize the electronic transitions.
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Wavelength (nm) b Wavelength (nm)
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Figure S7. Direct comparison of reflectance spectra with (a) a2 and (b) v at 30 K. Black solid line corresponds to
(PMA),CuCly and (PMA),CuBry4 is described by red solid line.

Figure S8 displays absorption spectra measured in the range from 1.35 to 2.9 eV (from 886 to 413
nm). As can be seen, both perovskites show the presence of d-d band, which starts to be visible at
~2 eV (620 nm).

(a) Wavelength (nm) (b) Wavelegth (nm)
886 775 689 620 564 517 477 443 413 886 775 689 620 564 517 477 443 413
1200 T T T T
. 1000 | (PMA),CuCl, e 2000 (PMA),CuBr,
D — DK e 20K
§ a0 f —— 320k § 320K
= band ga et
S s00 energy gap 5 energy band gap
§ § 1000
§ - ﬁ d-d band
- an
< 200 <C 500 |-
0 A L 0 L L
1.4 1.6 18 20 22 2.4 28 28 3.0 1.4 1.6 18 20 22 24 26 28 3.0

Energy (eV) Energy (eV)

Figure S8. Position of d-d band and band gap for (a) (PMA),CuCls and (b) (PMA),CuBrs4. Blue/red solid line
presents absorption spectra measured at 20 and 320 K respectively.

Figure S9 shows the pressure-dependent absorption edge extracted from transmission
measurements during decompression. For each obtained pressure value, optical micrographs are
presented under respected graphs. It can be observed that as the pressure in the DAC decreases,
the band gap of (PMA),CuBrs and (PMA)>CuCly retains its previous position in comparison to
data obtained during compression. The small number of measurement points is due to the design
of the DAC used, which does not allow for non-invasive reduction of pressure to a value close to
zero. The change in the crystal color from red/orange at 8.72 and 9.02 GPa to yellow at 3.72 and
3.97 GPa (for (PMA)2CuBr4 and (PMA)2CuCly respectively) is also in line with data obtained
during the compression process.
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Figure S9. Spectral position of band gap/Optical micrographs as a function of pressure during decompression for
(PMA),CuBr;4 and (PMA),CuCls perovskites.

Figure S10 illustrates the method used to determine the energy shift of the absorption edge. Using
a linear regression fit, we estimated the energy value from the square of the absorption coefficient
(a?), where o is defined according to the formula:

_1, T
= Td™M A =Ry

where d is the sample thickness (here 50 pm), T mean— transmission and, R — reflectance signal.

It is worth noting, that 50 um thickness is too large for an accurate determination of direct band
gap, and therefore the value of direct gap can be underestimated by several lens of meV. Preparing
a few micrometer thick sample for absorption measurements is very challenging in this case.
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Figure S10. Determination of the absorption edge at 0.75 GPa for (PMA),CuBry.
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MATERIALS AND METHODS

Sample synthesis

The process for growing (PMA)CuXs (X= Br, Cl) perovskite single crystals was adapted from
established protocols in the literature. Initially, 1.79 g of copper(II) bromide or chloride dihydrate
(CuX2-2H20) was dissolved in 10 mL of distilled water to form a solution. Next, 2.86 g of
phenylmethylamine hydrochloride (PMA, C7TH10NCI) and 3-4 mL of 32% hydrohalic acid (HX)
were added to the solution. The mixture was continuously stirred and heated to a temperature of
70 °C to achieve thorough mixing and create a uniform solution. After maintaining the mixture at
70 °C for one hour, the solution was left to cool slowly to room temperature, allowing single
crystals to form. This procedure was repeated several times to ensure the production of high-
quality crystals.[?!2?]

Sample preparation for thermochromic measurements

Macroscopic samples of (PMA),CuBrs and (PMA)>CuCls were used to study thermochromic
effect by transmission and reflectance spectroscopy. Samples used for transmission measurements
were sizes of ~3x3 mm with thickness varying from 30 and 40 pm for (PMA)>CuBr4 and
(PMA),CuCly respectively. This was achieved by using the exfoliation method which provide
mirror-like surface for both sides of the sample. For reflectance measurements, samples were made
in the form of a wedge (~3x5 mm with thickness up to 1 mm). To achieve this, polishing/lapping
Kemet 300L machine was used (Fig. S11 (a)). With the Si Waterproof Abrasive Disc (Grit P4000)
wedge form was achieved. For reflectance measurements, the reflective side should be mirrored.
This was done as previously by using the exfoliation method. The other sides have been dulled by
using the Si Waterproof Abrasive Disc (Grit P1200). Figure S11 (b) shows that each sample was
attached to a brass holder by a silver paste, distributed on the sides of the sample by 100 um copper
wire to eliminate the possibility of non-parallel attachment.

(a) (b) Silver paste Sample holder
A\

Sample holder ‘ ‘
Sample ‘

Abrasive Disc O (@] Reference

]l I Sample— o o—10o N
. o o O

Cast Iron Plate

Figure S11. (a) The process of lapping/polishing (PMA),CuBr4 and (PMA),CuCly crystals with Si abrasive disc. (b)
Preparation of perovskite crystals for transmission and reflectance measurements: samples attached to a brass
sample holder using silver paste.
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Temperature dependent transmission

Figure S12 shows measurement system to collect transmission (absorption) spectra in so-called
‘dark configuration’. In this setup, the light emitted from a OSRAM HLX 64642 150 W 24 V
halogen lamp was modulated by STANFORD RESEARCH SYSTEMS SR540 CHOPPER at a
frequency of 266 Hz and directed to a single grating OMNI-A 300 ZOLIX monochromator. In the
monochromator, the probe beam (white light) was dispersed, and then passed through the sample.
The sample was placed in a closed-cycle helium-cooled CTI-CRYOGENICS 22 JANIS cryostat,
which allows measurements in the temperature range from 20 to 325 K. The temperature was
monitored and stabilized using a LAKESHORE 325 controller. Transmission through the sample
was detected by a SI diode HAMAMATSU S2386. Resultant signal was measured in the lock-in
technique with a STANFORD SR810 DSP phase-sensitive nanovoltmeter, which consists in
measuring the spectra point by point and the reference signal.

Halogen lamp Monochromator Sample/Cryostat

e = | — = E _____ P — - > Jerecter

Filter o
Modulator Data acquisition

AN

Figure S12. Scheme of the system used for determining the temperature dependent transmission measurements.

Temperature dependent reflectance

Figure S13 shows measurement system to collect reflectance spectra in so-called ‘bright
configuration’. In this setup, the light emitted from a OSRAM HLX 64655 250 W 24 V halogen
lamp was modulated by STANFORD RESEARCH SYSTEMS SR540 CHOPPER at a frequency
of 266 Hz and directed to a measured sample. Reflected light from the surface was then directed
to a single grating OMNI-A 500 ZOLIX monochromator. In the monochromator, the probe beam
(white light) was dispersed, and finally detected by a SI diode HAMAMATSU S2386. The sample
was placed in a closed-cycle helium-cooled SUMITOM DE-202FF cryostat, which allows
measurements in the temperature range from 30 to 320 K. The temperature was monitored and
stabilized using a LAKESHORE 331 controller. Resultant signal was measured in the lock-in
technique with a STANFORD SR830 DSP phase-sensitive nanovoltmeter, which consists in
measuring the spectra point by point and the reference signal.
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Figure S13. Measurement system for determining the temperature dependent reflectance spectrum.

Pressure dependent transmission

Figure S14 (a) presents schematically the experimental setup of pressure-dependent transmission
carried out in this work. Figure S14 (b) shows a cross-section of a diamond anvil cell (DAC).
Transmission measurements were performed in Diacell design DAC by ‘Almax easyLab’.
Diamond with 650 um culet size was used. The pressurizing mechanism in the DAC was driven
using a gas membrane. The pressure in DAC was controlled by the amount of helium injected into
the gas membrane. On top of the bottom diamond culet, a gasket was placed. It is a thin sheet
(circa 50 pm thickness) of inconel material with a central hole of about 1/3 culet size, where
sample, ruby sphere, and silicon oil were placed. Gaskets were prepared by pressing diamonds into
a thin sheet, followed by creating a central hole using mechanical drilling. Daphne 7575 was used
as the pressure-transmitting medium, which solidifies at about 4GPa at room temperature.[>>) The
optical microscope NADE NMM-800TRF and Mitutoyo M PLAN APO NIR 50x/0.42 f = 200
lens was used to properly focus on sample placed inside the DAC chamber. For transmission
measurements, the halogen lamp (with voltage of 24 V and power 100 W) was used as a light
source. Transmitted light was recorded by a StellarNet Blue-Wave UVIS 200 spectrometer with a
600 1/mm grating and 200 nm slit with resolution of 1.0. Delta Optical DLT-CAM PRO 3 MP USB
3.0 camera allowed us to investigate the color change of the perovskite. To excite the RI
luminescence of the ruby, a 532 nm CW laser was used (emission power 100 mW). In this case,
AVANTES ULS4096CL-RS-EVO with a DCL-UV/VIS-200 600 1/mm diffraction grating blazed
at 300 nm was used as a detector. To determine pressure value inside DAC we detect pressure-
induced redshift of ruby sphere R1 line with calibration taken from Shen.**!
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Figure S14. (a) Scheme of the system used for transmission measurements under hydrostatic pressure. (b) Cross-
section of a diamond anvil cell.

light source

X-ray diffractometer

To collect the diffraction patterns, we used a high-resolution X-ray diffractometer (Empyrean,
PANalytical) equipped with a hybrid monochromator on the incident beam path and a Pixcel3D
detector on the diffracted beam path. The measurements were performed using Cu Kal (1.540591
A) emissions. The angular resolution of 20 was 0.0002°. The diffraction patterns were collected
after crystals alignment in the range from 6° to 65° 26.

Fourier transform infrared spectroscopy measurements

Fourier transform infrared (FTIR) spectra were obtained at room temperature using ATR-FTIR
Thermo Scientific Nicolet iS10 spectrometer (ThermoFisher Scientific, USA), covering a spectral
range of 4000-400 cm™ with the spectrum resolution is 0.4 cm’!

Raman spectroscopy measurements

Raman spectra of perovskites samples were collected using a DXR3xi Raman imaging microscope
(Thermo Fisher Scientific Raman, USA) with a 532 nm excitation laser source at room temperature
with a typical laser power of 1 mW, exposure time 280 Hz and 500 scans.
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X-ray photoelectron spectroscopy measurements

XPS were performed using a magnesium Ko X-ray source (excitation energy output 1253.6 e¢V)
with an impingement area of approximately Imm in diameter. The experiments were performed
at room temperature with a typical VG-ESCA vacuum chamber with a base pressure close to 10
19 mbar. XPS spectra were calibrated with reference to the Ag 3ds» peak position (centered at
368.10 eV) obtained from silver polycrystalline foil cleaned via a standard argon ion sputtering
treatment. The authors also acknowledged Prof. Andrew T. S. Wee (National University of
Singapore) to use the room-temperature XPS setup in the Surface Science Laboratory.
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Summary

The research presented in this dissertation provides a comprehensive map of the
structural and electronic landscapes of lead-free 2D HOIPs under various temperature
and hydrostatic pressure. By moving away from toxic Pb-based systems and toward Sn
and Cu alternatives, we have demonstrated that "low-toxicity" does not come without
compromising functional properties. On the contrary, these systems exhibit unique
physics, specifically extreme electronic tunability, that surpasses their Pb-based coun-
terparts.

Table 4.1: Comparison of pressure coeflicients at 300 K (a300x (P)) and temperature
coeflicients («(T)) of the band gap energy for selected HOIPs.

. Q300K P aT
Materials [mev, G(P;] [me(V /)K] Ref.
(4FP),Snly -160 - Publication 1
(4FPEA)2SnBry -138 - Publication 3
TMA,Snly -187 - Publication 2
PMA)>CuCly -53 1.42 .
EPMA;QCuBu 47 122 | Publication 4
MHyPbl, -63 - [157]
MAPbI; -60 0.34 [143, 158]
MHy2PbBry -47 - [103]
MAPDbBr3 54 0.30 [159, 160]
CsPbl; -17 0.23 (161, 162]
CsPbBr; 11 0.25 [163, 164]
MAPbCl; 77 0.22 (165, 166]
MAg oFA( gPblg -54 0.35
MA 4FA( ¢Pbls -55 0.25
MAg 6FAg 4Pbl; -58 0.20
MA( gFA( oPbl3 -46 0.27 [166]
MAO.QCSOJPbIg -65 0.11
MAg.95Csg.o5Pbl3 -65 0.13
MAy.13EAq.87PbBr3 -61 2.81
(PEA)QPbBI‘4 50 0.80
(PEA)2PbIy 63 0.09 [167, 168, 169]
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4.1 Summary of Key Findings

« Record-Breaking Sensitivity

We established that the "structural softness" of the Sn-I framework in TMAsSnly
and (4FP),Snly allows for the highest reported pressure-induced band gap tuning
in the HOIPs family (-187 meV/GPa). This linear response across phase boundaries
marks these materials as ideal candidates for the next generation of high-precision
optical pressure sensors.

Tunable Emission States in Low Temperature Regime

Hydrostatic pressure and low temperature reveal emergence of additional emissive
states in TMAoSnly likely due to polaronic excitons. A close energetic coupling
between free excitons and localized excitons enables precise control over opti-
cal emission, suggesting avenues for white-light emission and excitonic devices.
Pressure-induced LE splitting at cryogenic temperatures indicates the emergence
of multiple excitonic channels, reflecting the interplay between lattice compres-
sion, exciton-phonon coupling, and polaron formation.

Influence of Temperature versus Pressure in Lattice Mechanisms

Thermal expansion of the material lattice versus mechanical compression, interact
with the electron-phonon landscape in fundamentally different way.
Exciton-Phonon Control

We uncovered the delicate balance between delocalized free excitons and localized
STEs. The discovery that pressure can simultaneously close the band gap (redshift)
while stiffening the self-trapping potential (blueshift) provides a new way for
controlling white-light emission and polaronic transport in 2D systems.

4.2 Concluding Perspective

The findings in this thesis open multiple avenues for both fundamental research

and applied technologies:

« Direct Integration into Flexible Electronics:

The extreme pressure- and strain-sensitivity of these 2D HOIPs suggests that me-
chanical, thermal, and optical stimuli could be combined to create multifunctional
devices. Such platforms could enable advanced strain sensors, adaptive optics,
photodetectors, and optoelectronic that operate under diverse conditions.

Ultrafast Exciton and Polaron Dynamics

While this work focuses on steady-state spectroscopy, the femtosecond scale dy-
namics of free and STE under external stimuli remain unexplored. Time-resolved
studies could reveal mechanisms for exciton control and polaron transport, guid-
ing the design of high-efficiency LEDs, scintillators.
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+ Beyond Hydrostatic Pressure

Uniform hydrostatic compression provides a clean model system, but practical
devices often experience uniaxial or anisotropic strain during thin-film growth,
bending, or mechanical deformation. Investigating these conditions is crucial for
enhancing device reliability, and optimizing performance under realistic operating
conditions.

+ Computational Discovery

The high degree of agreement between our DFT models and experimental results
suggests that machine learning and high-throughput DFT could be used to predict
new organic-inorganic combinations with even higher stability or specific "target"
pressure coefficients.

« Advanced Multi Experimental Techniques

Future studies could expand the experimental toolkit by combining hydrostatic
pressure with complementary techniques such as time-resolved photolumines-
cence, Raman spectroscopy, infrared and R measurements, and electrical transport
characterization. Extending these experiments to low- and high-temperature
regimes would allow detailed exploration of temperature-dependent exciton-
phonon interactions, phase transitions, and polaron dynamics. Coupling pressure
with additional external stimuli, such as electric fields, could further enable pre-
cise control over electronic and optical properties, advancing the development of
multifunctional devices.

« Stability, Scalability, and Device Integration

Future work should address the chemical and environmental stability of these
materials under moisture, temperature cycling, and prolonged optical or mechan-
ical stress. Ensuring scalable synthesis and integration into device architectures
will be critical to translating these findings from laboratory demonstrations to
commercial applications.

In conclusion, the transition to Pb-free 2D HOIPs is not merely a move toward
environmental sustainability. It is entry into a playground of complex, tunable physics.
By combining tunable structural softness with precise excitonic control and a roadmap
for advanced experimental probing, this work provides a foundation for designing
stimuli-responsive materials and devices. The insights gained here will guide both
fundamental understanding and practical engineering of high-performance, flexible,
and adaptive optoelectronics.
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