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Abstract

This doctoral thesis investigates the optoelectronic properties of metal halide
perovskite (MHP) nanowires, with emphasis on heterostructured CsPb(Br;_,Cl,)s
systems. The nanowires were synthesized using a template-assisted epitaxial growth
process followed by controlled gas-phase anion exchange in an Ar/Cly atmosphere,
enabling the formation of axially stepped heterojunctions with tunable halide com-
position. Atomic force microscopy (AFM) revealed high morphological uniformity,
with average lengths of 3-5 pum and diameters of ~250 nm. Photoluminescence
(PL) mapping demonstrated clear spectral gradients across the heterojunction, with
emission peaks shifting from 523 nm in the Br-rich region to 507 nm in the Cl-rich
region.

Temperature-dependent PL and time-correlated single-photon counting (TCSPC)
measurements revealed a remarkable enhancement of exciton lifetimes near crystal-
lographic phase transitions, particularly around 305 K in the Cl-rich domains and
361 K in Br-rich nanowires. Bi-exponential decay analysis showed that while the
radiative recombination channel remained nearly stable, the non-radiative channel
exhibited a pronounced slowdown at the transition, leading to lifetimes up to three
times longer than the baseline values. This behavior was reproducible across mul-
tiple thermal cycles and was accompanied by hysteresis in the PL peak position,

indicating structural reordering.

To interpret these results, the nanowires are modeled as disordered strain super-
lattices, where ferroelastic domains and flexoelectric polarization gradients modu-
late the electronic band structure and exciton dynamics. This framework highlights
the interplay between strain, phase transitions, and carrier recombination in low-

dimensional perovskite systems.

Overall, this work provides fundamental insights into how structural phase tran-
sitions extend exciton lifetimes and tune the optical response of CsPb(Br;_,Cl,)s3
nanowires. These findings establish design principles for exploiting ferroelasticity
and flexoelectricity in perovskite nanostructures, with direct implications for high-

efficiency optoelectronic devices such as solar cells, light-emitting diodes, and pho-



todetectors operating under elevated temperatures and concentrated illumination.

Keywords: Metal halide perovskites; CsPb(Br;_,Cl,)s; nanowires; photolumines-
cence; time-resolved spectroscopy; exciton dynamics; ferroelasticity; flexoelectricity;

phase transitions; photon recycling; optoelectronics.



Resumo

Esta tese de doutorado investiga as propriedades optoeletronicas de nanofios de
perovskitas inorganicas de haletos de chumbo, com énfase em sistemas heteroes-
truturados de CsPb(Br;_,Cl,)s. Os nanofios foram sintetizados por crescimento
epitaxial assistido por template de 6xido de aluminio anddico (AAO), seguido de
processo controlado de troca anidnica em fase gasosa em atmosfera de Ar/Cly, per-
mitindo a formacao de heterojuncgoes axiais com composicao anionica ajustavel. As
medidas de microscopia de for¢a atomica (AFM) revelaram elevada uniformidade
morfoldgica, com comprimentos médios de 3-5 pum e diametros em torno de 250 nm.
Os mapeamentos de fotoluminescéncia (PL) evidenciaram gradientes espectrais ao
longo da heterojuncao, com picos de emissao variando de 523 nm na regiao rica em

Br até 507 nm na regiao rica em CI.

As medidas de PL e de correlagao temporal de f6tons unicos (TCSPC) em fungao
da temperatura revelaram aumento notavel no tempo de vida excitonico proximo
as transicoes de fase cristalograficas, particularmente em torno de 305 K nas regioes
ricas em Cl e de 361 K nos nanofios ricos em Br. A andlise biexponencial mostrou
que, enquanto o canal radiativo de recombinacao manteve-se praticamente estavel,
o canal nao radiativo apresentou forte desaceleracao préximo as transicoes, levando
a tempos de vida até trés vezes superiores aos valores de base. Esse comportamento
foi reproduzido em multiplos ciclos térmicos e acompanhado por histerese na posigao

dos picos de PL, indicando reordenacao estrutural.

Para interpretar esses resultados, os nanofios foram modelados como super-redes
desordenadas de deformacoes, em que dominios ferroelasticos e gradientes de pola-
rizacao flexoelétrica modulam a estrutura eletronica e a dinamica excitonica. Esse
quadro destaca a interagao entre deformacoes, transicoes de fase e recombinacao de

portadores em sistemas perovskiticos unidimensionais.

No conjunto, este trabalho fornece uma compreensao fundamental de como tran-
sicoes de fase cristalograficas prolongam o tempo de vida excitonico e ajustam a
resposta Optica de nanofios de CsPb(Br;_,Cl,)s. Os resultados estabelecem princi-

pios de projeto para explorar ferroelasticidade e flexoeletricidade em nanoestruturas



de perovskita, com implicacoes diretas para o desenvolvimento de dispositivos opto-
eletronicos de alta eficiéncia, como células solares, diodos emissores de luz e fotode-
tectores, especialmente em condicoes de operacao acima da temperatura ambiente e

sob iluminacao concentrada.

Palavras-chave: Perovskitas de haletos metélicos; nanofios de CsPb(Br;_,Cl,)s; fo-
toluminesceéncia; espectroscopia resolvida no tempo; dinamica excitonica; ferroelas-

ticidade; flexoeletricidade; transigoes de fase; reciclagem de fétons; optoeletronica.
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Chapter 1
Introduction

The exploration of novel materials with remarkable optoelectronic properties
has become a central theme in modern materials science and condensed matter
physics. Among the wide range of candidates, metal halide perovskites (MHPs) have
attracted tremendous interest due to their versatile applications in photovoltaics,
nanophotonics, and optoelectronics. Their outstanding combination of strong light
absorption, tunable bandgaps, long carrier diffusion lengths, and defect tolerance
make them highly suitable for next-generation devices such as solar cells, light-
emitting diodes (LEDs), and photodetectors [1}-4].

In particular, perovskite nanowires (NWs) offer unique opportunities for explo-
ring fundamental optoelectronic processes at the nanoscale. Their geometry provi-
des efficient charge transport pathways, enhanced light guiding, and strong coupling
between structural and electronic degrees of freedom, enabling integration into na-
noscale optoelectronic architectures. Beyond their technological potential, perovs-
kite NWs also represent an excellent platform for investigating the interplay between
structural dynamics and excitonic behavior, especially near crystallographic phase
transitions.

This thesis focuses on the synthesis, optical characterization, and strain-driven
effects in CsPb(Br;_,Cl,)3; nanowires. These NWs were fabricated using an epita-
xial deposition method in anodized aluminum oxide (AAQO) templates, followed by
a controlled gas-phase anion exchange process to generate heterojunction structures
with tunable halide composition. This approach enables the engineering of axial he-
terostructures where Br-rich and Cl-rich domains coexist within the same nanowire,
thus allowing systematic investigation of bandgap gradients and interface effects.

A central theme of this work is the role of strain and ferroelasticity in modu-
lating the optoelectronic response of perovskite nanowires. It is well established

that MHPs undergo structural phase transitions (e.g., orthorhombic-to-tetragonal
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and tetragonal-to-cubic), which can strongly influence their optical properties and
carrier dynamics. However, the microscopic mechanisms connecting ferroelastic do-
main formation, flexoelectric polarization, and exciton recombination in confined
nanostructures remain insufficiently understood [2,)5]. Addressing this knowledge
gap is critical not only for advancing fundamental science but also for guiding the
design of stable and efficient perovskite-based devices.

The experimental approach presented in this thesis combines atomic force mi-
croscopy (AFM), steady-state photoluminescence (PL), temperature-dependent PL,
and time-resolved PL (TRPL) to provide a comprehensive view of exciton dyna-
mics in CsPb(Br;_,Cl, )3 nanowires. Special emphasis is placed on identifying how
ferroelastic reordering and flexoelectric polarization gradients influence photolumi-
nescence peak shifts, exciton lifetimes, and hysteresis effects across thermal cycles.
The analysis is framed within the concept of disordered strain superlattices, in which
local strain gradients reorganize during phase transitions and thereby modulate the
mean free path and recombination probability of excitons.

By integrating synthesis, advanced spectroscopy, and theoretical interpretation,
this thesis aims to contribute new insights into the fundamental mechanisms linking
strain, ferroelasticity, and exciton dynamics in metal halide perovskite nanowires.
These findings not only shed light on the physics of perovskite nanostructures but
also establish guiding principles for exploiting strain engineering, photon recycling,
and ferroelastic effects in the development of high-performance optoelectronic devi-

ces.
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Chapter 2
Literature Review

This chapter provides a comprehensive review of the fundamental physical phe-
nomena and material systems relevant to the research presented in this thesis. The
focus is on the development of metal halide perovskites (MHPs), with particular
attention to their optoelectronic properties, the role of strain effects such as ferroe-

lasticity and flexoelectricity, and their synthesis in the form of nanowires.

The review begins with a discussion of the unique electronic and optical cha-
racteristics of MHPs, including their defect tolerance, strong light absorption, and
bandgap tunability. Emphasis is placed on how crystallographic phase transitions
and strain-driven effects influence exciton dynamics and charge transport. Particular
consideration is given to ferroelastic domain reordering and flexoelectric polariza-
tion, which have recently been recognized as important mechanisms for modulating

recombination pathways and extending carrier lifetimes [1}26)7].

In addition, the synthesis of perovskite nanowires is reviewed, with a focus on
template-assisted growth and subsequent halide exchange processes that enable the
formation of heterostructured CsPb(Bry_,Cl,); nanowires. Previous studies have
demonstrated that these heterostructures allow spatial control of bandgap com-
position, enabling gradual shifts in emission profiles and providing a platform for

investigating excitonic behavior in confined geometries.

By analyzing the current state of research in this field, this chapter establishes
the necessary background for understanding the synthesis strategies, experimental
techniques, and theoretical framework used in this thesis. The literature review high-
lights the relevance of heterostructured perovskite nanowires to the broader context
of nanotechnology and optoelectronics, emphasizing their potential for integration

into advanced light-emitting devices, photodetectors, and photovoltaics.
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2.1 Perovskites

Perovskites are an important class of crystalline materials that play a significant
role in various fields of physics and materials science. The goal of this doctoral thesis
project is to investigate the optoelectronic properties of a type of perovskite known
as metal halide perovskites (MHPs), exploring their structures, compositions, and
applications in optoelectronic devices [1].

The term perovskite is derived from the natural mineral of the same name, which
was named after Russian mineralogist Lev Perovski in the 19th century. The pe-
rovskite mineral, with the chemical formula CaTi0O3, was first discovered in Russia.
Its distinctive crystal structure (see Figure has inspired the creation of a wide

family of synthetic materials with diverse properties [6].

o 0O%(Xsite)
() Ti%(Bsite)

o Ca?*(A site)

Figura 2.1: Crystal structure of the mineral perovskite C'aT7Os3, highlighting the
positions of the calcium cation (Ca?') at the A site, the titanium cation (7%47F)
at the B site, and oxygen anions (O?7) at the X site. This structure serves as
the prototype for the broader family of perovskite materials, including metal halide
perovskites used in modern optoelectronic devices.

Perovskites are found in many areas of physics and materials science, including:

e Photovoltaics: Metal halide perovskites have demonstrated high efficiency in
solar cells, becoming a leading material in the development of next-generation
photovoltaic technologies [7,§].

e Light Emitting Diodes (LEDs): The tunable bandgap and high photolumi-
nescence quantum yield of perovskites make them excellent candidates for
light-emitting devices [11/2].
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e Ferroelectric and Ferroelastic Materials: Some perovskites exhibit ferroelec-
tric or ferroelastic properties, which are essential for memory storage, actua-

tors, and other electronic applications [2].

e Superconductivity: Certain perovskite oxides have been found to exhibit high-

temperature superconductivity, an area of ongoing research [9].

e Thermoelectric Materials: Perovskite materials are being explored for their
ability to convert heat into electricity, making them promising for energy har-

vesting [7].

In the last decade, halide perovskites, particularly those incorporating lead and
tin, have revolutionized the field of photovoltaics. Their high efficiency in converting
solar energy into electricity has led to rapid advancements in solar cell technology,

with potential applications in tandem solar cells and flexible electronics [1,2].

2.2 Crystalline Structure and Bravais Lattices

Before we dive into the specifics of Bravais lattices, it is essential to understand
the general concept of a crystalline structure. A crystalline structure refers to the
organized, repeating arrangement of atoms, ions, or molecules in a solid. Unlike
amorphous materials, where the atomic arrangement is random, crystals possess a
high degree of symmetry due to the periodicity in their atomic structure [10,11]. This
periodicity can be described mathematically using translational symmetry, where the
entire structure can be generated by repeating a specific arrangement of atoms (cal-
led a unit cell) in three-dimensional space. The unit cell is the smallest repeating
unit that fully defines the crystal structure, and its geometry and atomic arran-
gement determine the material’s macroscopic properties, such as optical behavior,
conductivity, and mechanical strength [10,/12].

Mathematically, a crystal structure can be described by a set of lattice vectors,
denoted as aj, as, and a3, which define the position of atoms within the unit cell

relative to an origin. Any point in the crystal lattice can be expressed as:
R = nia; + Ngdo + Nzas

where n1, no, and ng are integers, and represents the position vector of the point
in the lattice. Crystals can be further classified into primitive and non-primitive

lattices. In a primitive lattice, the unit cell contains only one lattice point, while



19

=

Simple cubic Face-centered Body-centered

cubic cubic
Simple Body-centered Hexagonal
tetragonal tetragonal
@ @
Simple Body-centered Base-centered Face-cénteied
orthorhombic orthorhombic orthorhombic orthorhombic

oy

Triclinic

QB

' 7
Rhombohedral Simple
monoclinic

"Base-centered
monoclinic

Figura 2.2: The 14 Bravais lattices in three dimensions, categorized into seven crystal
systems. Each lattice represents a geometric arrangement of unit cells, defining
how atoms are periodically arranged in space. Understanding these basic lattices is
essential for comparing simpler crystal structures with more complex systems like

perovskites [13].

non-primitive lattices contain additional lattice points, often at the center or face of
the unit cell [10,[11].

Another critical aspect of crystalline structures is their symmetry. In addition to
translational symmetry, crystals may have rotational, mirror, and inversion symme-
tries, classified through point groups and space groups, which describe all possible
symmetry operations for a given structure . These symmetries greatly influence
the material’s electronic properties, particularly its electron band structure, which
determines whether a material behaves as a conductor, semiconductor, or insula-
tor [11}[12].

Crystals are often categorized using Bravais lattices, which define all possible
periodic arrangements of points in three-dimensional space. There are 14 distinct
Bravais lattices (see Figure , categorized into seven crystal systems: cubic, te-
tragonal, orthorhombic, hexagonal, rhombohedral, monoclinic, and triclinic [13}[14].
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Figura 2.3: Schematic representation of the most common crystallographic phases in
halide perovskites. (A) Cubic phase, characterized by a symmetric arrangement of
corner-sharing octahedra with minimal distortion. (B) Tetragonal phase, in which
the octahedra exhibit a slight tilt that reduces the in-plane bond angle 6, (C)
Orthorhombic phase, showing stronger octahedral tilting and distortion, typically
stabilized at lower temperatures. The progressive decrease in symmetry from cubic
to orthorhombic directly influences the electronic band structure and optical pro-
perties of the material.

Each crystal system describes the shape of the unit cell and its angles. For
example:

e Cubic System: The most symmetric, with all sides equal and all angles at
90° [10].

e Tetragonal and Orthorhombic Systems: Less symmetric, with sides of diffe-

rent lengths but still maintaining orthogonal angles [11].

e Hexagonal System: Defined by two equal-length sides and one distinct side,

with angles of 120° between the equal sides [14].

The crystal structure of perovskites follows the general chemical formula ABX3,

where:

e A is alarge cation, often an alkali metal or organic molecule, positioned at the

center of a cubic unit cell.

e B is a smaller metal cation, typically a transition metal like lead or tin, located

at the corners of the unit cell.

e X represents halide anions, positioned at the face centers, forming an octahe-

dral coordination with the B-site cation.

The perovskite structure belongs to the cubic crystal system, forming a three-
dimensional network of corner-sharing octahedra. However, this ideal cubic confi-

guration can distort depending on external factors such as temperature or pressure,
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leading to changes in bond angles and lattice parameters that directly influence its
physical properties [11}[13]. Figure[2.3|illustrates the most common crystallographic
configurations observed in halide perovskites: (A) cubic, (B) tetragonal, and (C)
orthorhombic phases, which typically appear as a function of temperature.

The ability of perovskites to deform and tilt their octahedral network is key to
their unique ferroelastic and ferroelectric properties, which are essential for applica-
tions in optoelectronic devices [10,[13].

2.3 Metal Halide Perovskites (MHPs)

Metal halide perovskites (MHPs) are a groundbreaking class of materials that
have garnered significant attention in recent years, especially in the fields of photo-
voltaics and optoelectronics. These materials belong to the perovskite family but
stand out due to their unique combination of elements, which grants them exceptio-
nal optoelectronic properties. The basic structure of an MHP follows the perovskite
formula ABXj3 (see Figure , where the cation A is typically a monovalent species
like cesium (Cs™) or organic cations like methylammonium (MA™) and formamidi-
nium (FAT). The B cation is often a divalent metal such as lead (Pb®") or tin

(Sn?*), and the X site is occupied by halide anions such as iodine (I7), bromine

(Br™), or chlorine (C17) [15].

Figura 2.4: Schematic representation of an ideal unit cell for the perovskite structure
ABX3, showing the octahedral coordination and the central A-site cation [13].

This particular arrangement of cations and anions results in a crystal structure

that is highly efficient for light absorption and charge carrier generation, making
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MHPs ideal candidates for various optoelectronic applications. MHPs exhibit a
direct bandgap, which can be precisely tuned by adjusting the halide composition at
the X-site. For example, increasing iodine content narrows the bandgap, enhancing
the material’s ability to absorb a broader range of the solar spectrum. On the other
hand, bromine-rich perovskites are particularly useful in light-emitting devices due
to their superior photoluminescence quantum yields. The tunable bandgap and high
absorption coefficients of MHPs make them extremely promising materials for solar
energy conversion, having already achieved power conversion efficiencies exceeding
25%, rivaling traditional silicon-based solar cells [16].

Structurally, MHPs consist of:

¢ A monovalent cation (such as cesium (Cs™) for inorganic perovskites, or orga-
nic cations like methylammonium (MA™) or formamidinium (FA™) for hybrid

perovskites).
e A divalent transition metal cation (commonly lead (Pb*") or tin (Sn?*)).
e Halide anions (like iodine (I7), bromine (Br™), or chlorine (C17)).

The versatility of this structure is key to the performance of perovskite-based
devices. Their efficiency in capturing light and converting it into electrical energy
stems from the crystal structure’s ability to allow easy movement of charge car-
riers—electrons and holes—across the material. This is particularly important in
solar cells, where the effectiveness of energy conversion hinges on minimizing recom-
bination losses and enhancing charge mobility.

One of the advantages of MHPs is their ease of fabrication. Unlike conventional
semiconductors such as silicon, which require high-temperature processing, MHPs
can be fabricated using solution-based methods at relatively low temperatures. Te-
chniques such as spin-coating, vapor deposition, and printing have been employed
to produce high-quality perovskite films for use in devices like solar cells, LEDs, and
photodetectors. Notably, in this thesis, the growth of MHP nanowires was achieved
using anodic aluminum oxide (AAQO) templates, which provides an efficient method
for producing well-defined nanostructures. This method, alongside other fabrication
techniques, enables the integration of MHPs into flexible electronic devices, paving
the way for next-generation technologies such as wearable solar cells and foldable
displays [17].

The potential of MHPs in optoelectronic applications extends beyond just solar
cells. Their tunable optical properties make them suitable for light-emitting diodes

(LEDs), lasers, and photodetectors. The ability to control their bandgap, depending
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on the halide used, allows the emission of light across the visible spectrum, from red
to green to blue. This makes MHPs attractive candidates for high-efficiency, color-
tunable LEDs, with applications in displays and lighting.

Despite their remarkable properties, one of the key challenges for MHPs produc-
tion is their stability. These materials are known to degrade under environmental
stresses such as moisture, oxygen, and elevated temperatures. Degradation often
leads to a loss of optoelectronic performance over time, which poses a significant
challenge for their widespread commercialization. However, recent developments in
material engineering and encapsulation technologies have improved their stability,
with some devices now demonstrating operational lifetimes approaching those of es-
tablished technologies. Strategies such as substituting lead with tin or germanium,
improving surface passivation, and developing multi-layer encapsulation techniques

are actively being explored to enhance the long-term stability of MHP devices [18§].

In summary, metal halide perovskites hold immense promise for a variety of
optoelectronic applications, including solar cells, LEDs, and flexible electronics. The
combination of their unique crystal structure, tunable optical properties, and ease
of fabrication gives them an edge over traditional semiconductor materials. While
challenges remain, particularly concerning their stability, ongoing research into new
material compositions and device architectures continues to push the boundaries of

what MHPs can achieve.

2.4 Ferroelasticity

Ferroelasticity is a property of certain crystalline materials where a spontaneous
and reversible shape change occurs in response to mechanical stress. This deforma-
tion is driven by a structural phase transition between two or more stable crystal
configurations, referred to as ferroelastic domains. The domains reorient under

stress, allowing the material to deform without permanent structural changes [3,/19].

Ferroelastic materials possess two or more stable phases, and they switch between
these phases under the influence of stress, similar to how ferroelectric and ferro-
magnetic materials exhibit spontaneous electric or magnetic polarization, respecti-
vely [10,[11]. In these materials, mechanical stress induces a reorientation of the
crystal lattice, leading to a phase transition between different variants of the crys-
tal structure. The strain associated with this transition is reversible upon stress

removal.

Mathematically, ferroelasticity can be described by the relationship between
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strain (e) and stress (0):
c=C-e+D-S

where o is the applied stress, € is the strain, C is the elastic compliance tensor,
and S is the spontaneous strain due to domain reorientation [19]. The spontaneous
strain term describes internal deformation during a phase transition.

The concept of ferroelastic domain switching involves the movement of domain
walls, which separate regions of different ferroelastic variants. Domain switching
allows large, reversible deformations under stress, and the coercive stress is the
threshold beyond which permanent domain switching occurs [20]. Below this th-
reshold, the material behaves elastically, while above it, a phase transition between
ferroelastic domains occurs.

Ferroelasticity is valuable for applications such as:

e Actuators: These materials convert stress into controlled deformation, useful

in precision systems such as MEMS [19].

e Shape Memory Alloys: Materials like NiTi undergo reversible shape changes

with heating, widely used in medical and aerospace fields [3].

e Sensors: Ferroelastic materials can detect strain, making them ideal for struc-

tural health monitoring [20].

e Memory Devices: Ferroelasticity enables non-volatile memory applications

based on domain switching [19].

e Energy Harvesting: The large deformations can be used to generate electricity

in piezoelectric devices [21].

2.4.1 Ferroelasticity in Metal Halide Perovskites

Ferroelasticity has been observed in metal halide perovskites (MHPs), particu-
larly in hybrid perovskites like methylammonium lead iodide (C'H3 N H3 Pbl3). These
materials undergo phase transitions between cubic and tetragonal phases, forming
ferroelastic domains that affect their optoelectronic properties [3,/19]. The interac-
tion of ferroelastic domain walls with charge carriers can influence the efficiency of
perovskite solar cells [21].

In the context of this thesis, ferroelastic behavior in perovskite nanowires is
critical for enhancing mechanical and optoelectronic properties. Domain wall motion
and spontaneous strain could improve charge carrier mobility, contributing to higher

efficiency in flexible devices [3}20].
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Ferroelasticity has broad applications, especially in flexible electronics and na-
notechnology. Understanding this phenomenon at the nanoscale may lead to bre-

akthroughs in quantum computing, energy harvesting, and optoelectronics [21].

2.5 Strain

Strain is a measure of deformation that quantifies how much a material stretches
or compresses when subjected to an external force or stress. This concept is funda-
mental in solid mechanics and is critical for understanding how materials respond
to mechanical forces [10,/11]. The strain is dimensionless and can be expressed as

the ratio of the change in length to the original length:

AL
Ly
where AL is the change in length, and Lg is the original length. Strain can be

€ =

extended to three dimensions using the strain tensor ¢;;, defined by:
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where u; and u; are the displacements in the ¢ and j directions, respectively [19].

Strain can be classified into two main types: normal strain, which occurs along the
axis of applied force, and shear strain, where deformation is parallel to a plane. Both
types can be elastic (recoverable) or plastic (permanent) [21].

At the nanoscale, strain has a pronounced effect on the mechanical and electro-
nic properties of materials. For example, thin films deposited on substrates often
experience strain due to lattice mismatch, which can drastically alter their physi-
cal properties, such as band structure, phase transitions, or magnetic behavior [19].
Strain engineering enables the precise control of these properties, offering a pathway
to design materials with tailored functionalities [22].

In perovskite nanowires, strain is a crucial factor that influences optoelectronic
properties. The flexible crystal structure of perovskites allows for the accommoda-
tion of strain, which can modify the material’s electronic band structure, enhancing
performance in devices such as solar cells and LEDs [23]. Strain can also induce
ferroelastic domains, affecting the dynamics of charge carriers in perovskite-based
devices [19].

The ability to control strain has led to its widespread application in various fields:

e Semiconductor Devices: Strain is used to enhance carrier mobility in transis-

tors, improving the performance of microelectronics [23].
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e Piezoelectric Sensors and Actuators: Strain in piezoelectric materials genera-

tes electric fields, used in precision sensors and energy harvesting devices [23].

e Optoelectronics: Strain can tune the bandgap of semiconductors, enhancing

the efficiency of optoelectronic devices such as lasers and detectors [24].

e Straintronics: This emerging field uses strain to control electronic and mag-
netic properties, providing energy-efficient alternatives to traditional electro-
nics [23].

2.5.1 Strain and Ferroelasticity in Perovskites

Strain and ferroelasticity are closely linked in metal halide perovskites. In mate-
rials like CsPb(Br;_,Cl,)s, strain can induce ferroelastic domain switching, which
significantly impacts the material’s electronic and optical behavior. For example,
strain gradients in nanowires can result in flexoelectric polarization, which influen-
ces exciton behavior and recombination dynamics [23]. Strain mapping, as shown
in Figure [2.5] reveals how localized strain influences ferroelastic domains and their

effect on optoelectronic performance.

Figura 2.5: Strain mapping of a perovskite nanowire, highlighting compressive and
tensile strain distribution, which can affect ferroelastic domain behavior and optoe-
lectronic properties [25].

Understanding how strain interacts with ferroelasticity in perovskites is critical
for optimizing their performance in applications ranging from solar cells to flexible

electronics [24].
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2.6 Phase Transitions

Phase transitions are fundamental processes in material science where a subs-
tance changes its phase or state in response to external parameters, such as tempera-
ture, pressure, or electromagnetic fields. These transitions involve abrupt changes in
the physical properties of the material, such as its structure, electrical conductivity,
optical properties, and mechanical behavior [26,27].

At the microscopic level, phase transitions are driven by changes in the arran-
gement of atoms or molecules within a material, often resulting from competition
between thermal energy and cohesive forces between particles. When a material
crosses a critical threshold, such as the melting point or Curie temperature, it un-
dergoes a structural reconfiguration [26,128].

Phase transitions are commonly classified as:

e First-Order Phase Transitions: These are characterized by discontinuities in
the first derivative of the free energy (e.g., volume, entropy), where the material

absorbs or releases latent heat. Examples include melting and freezing [28},29].

e Second-Order Phase Transitions: These transitions show continuous first de-
rivatives of free energy but discontinuities in second-order derivatives. They
involve critical phenomena like divergence of correlation lengths, seen in fer-

romagnetic transitions at the Curie point [26},30].

In crystalline solids, phase transitions typically involve changes in the lattice
structure, known as crystallographic phase transitions. For instance, metal halide
perovskites exhibit transitions between cubic and tetragonal phases, impacting their
optoelectronic properties such as band structure and charge mobility [26]31].

In perovskite nanowires, such as C'sPb(Br,_,Cl,)s, phase transitions significan-
tly influence optical behavior, with the orthorhombic to tetragonal transition affec-
ting photoluminescence and exciton dynamics [28]. These transitions are essential
for applications in solar cells and LEDs, where performance can be optimized by
tuning phase behavior [6,31].

The ability to control phase transitions is essential for improving optoelectro-
nic performance. In devices like solar cells, optimizing phase behavior can lead to
enhanced charge mobility and greater device stability under varying environmental
conditions, such as high temperatures [26],31].

Applications of phase transitions in various fields include:

e Electronic Devices: Phase transitions can modulate electrical and optical pro-

perties in semiconductors, improving transistors and memory devices [26,28|.
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e Energy Storage: Phase-change materials store and release heat efficiently,

useful in thermal management and memory technologies [2§].

e Optoelectronics: Controlling phase transitions in perovskites enhances their
efficiency in solar cells and LEDs [26],31].

2.7 Flexoelectricity

Flexoelectricity refers to the phenomenon where electric polarization is induced
in a dielectric material due to a non-uniform mechanical strain, i.e., a strain gradient.
Unlike piezoelectricity, which is restricted to non-centrosymmetric materials, flexo-
electricity is present in all dielectric materials and becomes particularly significant
at the nanoscale, where strain gradients can be substantial [32}33].

The flexoelectric effect can be described by the following constitutive relation:

b= Mz‘jkzg;]j

where P; is the induced polarization in the ¢-direction, fi;j1; is the flexoelectric
coefficient (a fourth-rank tensor), and %6—;]? represents the gradient of the strain tensor
[34]. Flexoelectricity is particularly relevant in nanoscale materials due to the large
strain gradients often observed in these systems [33].

To distinguish flexoelectricity from piezoelectricity, it is useful to compare their
constitutive relations. While piezoelectricity is a first-order effect, producing pola-
rization in response to uniform stress, flexoelectricity is a second-order effect, de-
pending on strain gradients. Flexoelectric effects thus become dominant in nanos-
tructures such as thin films and nanowires, where strain gradients are naturally
large [32].

In perovskite nanowires, such as C'sPb(Br;_,Cl,)s, the presence of strain gra-
dients due to mechanical deformations can induce flexoelectric polarization, which
in turn influences charge carrier dynamics, exciton recombination rates, and overall
optoelectronic performance [35]. The ability to control these effects is essential for

optimizing devices like solar cells and LEDs [36].

2.7.1 Applications of Flexoelectricity

Flexoelectricity has numerous potential applications, particularly in nanotech-

nology and electromechanical systems:
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e Nanoscale Sensors: Flexoelectric materials can be used to design highly sen-
sitive strain and force sensors at the nanoscale, critical for applications in
biomedical engineering and MEMS [32,|34].

e Energy Harvesting: Flexoelectric materials convert mechanical energy from
strain gradients into electrical energy, making them suitable for energy har-

vesting in wearable devices and flexible electronics [3537].

e Tunable Dielectric Devices: Flexoelectricity allows the design of tunable ca-
pacitors and dielectric devices where mechanical strain modulates dielectric

properties [32].

e Electromechanical Coupling in Nanostructures: The strong electromechani-
cal coupling in nanostructures like nanowires and thin films due to flexoelec-

tricity opens up new possibilities for advanced optoelectronic applications [33].

In summary, flexoelectricity is a versatile phenomenon with significant implica-
tions for nanotechnology, enabling new functionalities in nanoscale sensors, energy
harvesting devices, and electromechanical systems. In the context of metal halide
perovskite nanowires, flexoelectricity plays a crucial role in modulating optoelectro-
nic properties, contributing to the development of more efficient photovoltaic and

optoelectronic devices [36].
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Chapter 3
Experimental Techniques

In this chapter, the principles and techniques employed for the synthesis and cha-
racterization of CsPb(Br;_,Cl,)s perovskite nanowires are presented. The methods
discussed include template-assisted growth, halide anion exchange, and a range of
optical and microscopy techniques used to investigate their structural, morpholo-
gical, and optoelectronic properties. Special emphasis is placed on atomic force
microscopy (AFM), photoluminescence (PL) spectroscopy, temperature-dependent
measurements, and time-correlated single photon counting (TCSPC), which together
provide a comprehensive framework for understanding the excitonic behavior and

strain effects in these nanostructures.

3.1 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a high-resolution imaging technique that
allows for the topographical mapping of surfaces at the nanometer scale. Unlike
optical microscopes that are limited by the diffraction of light, AFM can achieve
atomic-level resolution by scanning a sharp tip across the surface of a sample [3§].
AFM is widely used in materials science, nanotechnology, and biology to study
surface properties, morphology, and mechanical characteristics of a wide range of
materials.

At the core of AFM is a cantilever with a sharp tip, typically made of silicon or
silicon nitride, that interacts with the sample surface. As the tip approaches and
interacts with the surface, forces between the tip and the sample cause the cantilever
to deflect. These forces include van der Waals forces, electrostatic forces, chemical
bonding, magnetic interactions, and mechanical forces depending on the sample’s
composition and the mode of operation [39).

The deflection of the cantilever is monitored by a laser beam reflected off the
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back of the cantilever into a position-sensitive photodetector. The force F' acting on

the tip can be described by Hooke’s law:

F=—-k-z,

where k is the stiffness (spring constant) of the cantilever and z is the deflection
of the cantilever. The high sensitivity of the cantilever allows AFM to measure
minute forces on the order of piconewtons (pN) [40].

AFM operates in several modes depending on the interaction between the tip

and the sample. The three most commonly used modes are:

e Contact Mode: The tip makes physical contact with the surface. The deflec-
tion of the cantilever is kept constant, and vertical movement is translated into
a topographical image. This mode is useful for hard surfaces but may damage

soft materials [3§].

e Non-Contact Mode: The tip oscillates slightly above the surface. The attrac-
tive van der Waals forces shift the cantilever’s resonance frequency, allowing
surface mapping without direct contact. This mode is ideal for fragile sam-
ples [40].

e Tapping Mode: The cantilever oscillates near its resonance frequency, inter-
mittently tapping the surface to reduce lateral forces. This mode balances
high-resolution imaging with minimal sample damage, making it ideal for soft

or sticky materials [39].

In addition to imaging, AFM can be used for quantitative measurements of

various material properties (see Figure [3.1)):

e Force-Distance Curves: These provide insights into mechanical properties like
stiffness, adhesion, and elasticity, valuable for biological materials and poly-

mers [38].

e Surface Roughness: AFM measures surface roughness, critical in fields like

semiconductor manufacturing and materials science [40].

e Phase Imaging: In tapping mode, phase shifts provide information about

material properties such as viscoelasticity and stiffness [39].

e Electrostatic and Magnetic Force Microscopy (EFM/MFM): Although both
techniques are derived from atomic force microscopy (AFM), they require spe-
cific cantilevers and operational modes. In EFM, a conductive tip and an ap-

plied bias are used to detect variations in surface potential through long-range
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electrostatic forces. In MFM, a magnetically coated cantilever is employed to
sense magnetic field gradients arising from surface magnetic domains. These
extensions of AFM enable the mapping of local electrical or magnetic proper-

ties, complementing topographical information [40].

e Kelvin Probe Force Microscopy (KPFM): A derivative mode of AFM that
employs a conductive cantilever and an applied bias to measure local surface
potential and work function with nanometric resolution. By detecting elec-
trostatic forces between the tip and the sample, KPFM provides quantitative
information essential for studying charge distribution and electronic properties
in semiconductor materials .

Detector

\.as’e‘

Cantilever

Va:

Figura 3.1: Schematic representation of the Atomic Force Microscopy (AFM) setup.
A laser is focused on the back of the cantilever, and the reflected beam is detected by
a position-sensitive detector. As the cantilever interacts with the sample surface, its
deflection provides information about the surface topography and mechanical pro-
perties of the sample. The applied voltage (V,.) enables additional measurements
such as electrostatic or magnetic force microscopy depending on the mode of opera-
tion.

AFM plays a crucial role in this thesis. For C'sPb(Bry_,Cl,); nanowires, AFM
is used to measure dimensions and surface morphology, verifying the uniformity of
nanowire growth.

AFM has broad applications in nanotechnology, biology, and materials science:

e Nanotechnology: AFM is essential for nanofabrication and inspection of na-
noscale features [39].

e Biology and Medicine: AFM is used to study the mechanical properties of
cells, proteins, and biomolecules [40].
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e Materials Science: AFM helps characterize surface roughness, hardness, and

friction, important for evaluating material performance [38].

AFM remains one of the most versatile tools for surface analysis at the nanos-
cale, providing essential insights into the structural and mechanical properties of

nanostructures [38,40].

3.2 Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) is a widely used optical technique that enables the study
of the electronic structure of materials through the detection of light emitted from a
material after photon absorption. When a material absorbs photons with sufficient
energy, electrons are excited from the valence band to the conduction band, creating
electron-hole pairs (excitons). These excitons eventually recombine, emitting light
at characteristic wavelengths, providing insights into the material’s electronic band
structure, defect states, and other important properties [41}/42].

The energy of the emitted photons, Epr, can be described as:

EpL:hV:EC—Ev—AE,

where h is Planck’s constant, v is the emission frequency, FE. is the conduc-
tion band minimum, and F, is the valence band maximum. The correction term
AFE accounts for factors that shift the emission below the free band-to-band tran-
sition. These include primarily the exciton binding energy (E,), which lowers the
emission energy relative to the electronic bandgap, as well as possible contributi-
ons from defect-related states and other non-radiative interactions such as phonon
coupling [431|44].

Therefore, photoluminescence does not measure the bare bandgap directly, but
rather the effective optical transition energy, which reflects the interplay between
the band structure, excitonic effects, and defect states.

PL is a non-destructive and versatile tool used in many material systems inclu-
ding semiconductors, organic materials, and nanostructures. It provides several key

advantages:

e Defect Sensitivity: PL is highly sensitive to defects and impurities, crucial for

studying nanowires and thin films [41,45].

e Bandgap Determination: By analyzing the emission spectrum, PL directly
measures the bandgap energy of semiconductors, which is essential for appli-

cations such as solar cells and LEDs [42].
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Figura 3.2: Schematic diagram of the Photoluminescence (PL) measurement setup.
A laser excites the sample, causing it to emit light, which is collected by a series
of lenses and directed into a monochromator. The monochromator separates the
light into its constituent wavelengths, which are then detected and analyzed. The
signal is sent to a computer for processing, allowing for detailed characterization
of the material’s optical properties. Although not shown in the diagram, the laser
beam is focused onto the sample using a lens system to ensure efficient excitation.
The converter represents the detection module responsible for converting the optical
signal into an electrical one, allowing the emission spectrum to be displayed and
analyzed on the computer.

e Environmental Flexibility: PL can be performed at various temperatures and

in controlled atmospheres, making it ideal for studying temperature-dependent
optical properties [46].

The typical PL setup consists of the following components (see also Figure :

e Excitation Source: A laser provides photons of energy greater than the mate-
rial’s bandgap .

e Sample Stage: The sample is often placed in a controlled environment to allow

for variable temperature studies [48].

e Detection System: The emitted light is captured and analyzed by a spectro-
meter [49].

For time-resolved PL (TRPL) measurements, pulsed lasers are used to probe
exciton recombination dynamics, providing the characteristic lifetimes associated
with radiative and non-radiative decay channels . In this thesis, both steady-state
PL and TRPL are essential for investigating the optical behavior of CsPb(Br;_,Cl, )3
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nanowires. The bandgap tunability, achieved through anion exchange, shifts the
PL emission peak, confirming the successful bandgap engineering of the perovskite
nanowires [45].

Overall, PL is indispensable in the development of optoelectronic devices, pro-
viding critical insights for the design of solar cells, LEDs, and nanophotonic sys-
tems [41,/42].

e Solar Cells: PL helps optimize the absorber layers in solar cells by providing

detailed information on defect states and bandgaps [50].

e LEDs: PL is used to study emission efficiency and wavelength tuning, parti-

cularly in perovskite-based LEDs [51].

e Nanophotonics: PL assists in studying phonon-polariton interactions, which

is essential for advanced nanophotonic applications [41,46].

3.3 Time-Correlated Single Photon Counting (TCSPC)

Time-Correlated Single Photon Counting (TCSPC) is a sensitive and widely-used
technique for measuring the temporal dynamics of photon-emitting processes, such
as photoluminescence and fluorescence. TCSPC provides critical insights into exci-
ton dynamics, carrier lifetimes, and recombination processes in materials, making it
invaluable for optoelectronic applications [52,53].

The principle behind TCSPC involves detecting single photons and accurately
measuring the time delay between the excitation pulse and the subsequent photon
emission. In this technique, a pulsed laser excites the sample, and the emitted pho-
tons are captured by a highly sensitive single-photon detector, such as a photomul-
tiplier tube or avalanche photodiode. The time of arrival of each photon is recorded
relative to the excitation pulse, creating a histogram that represents the photolumi-
nescence decay, providing a direct measurement of the excited state’s lifetime [52].
A schematic illustration of a typical TCSPC setup is shown in Figure [3.3] which
highlights the main components of the technique and how the detection process is
performed in practice.

The key components in a TCSPC setup include:

e Pulsed Laser Source: Provides excitation pulses at regular intervals, typically

on the order of picoseconds or nanoseconds.

e Single Photon Detector: Detects the emitted photons with high time resolu-

tion.
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Figura 3.3: Schematic diagram of a typical TCSPC setup. A pulsed laser excites the
sample, and the emitted photons are collected and directed through a monochro-
mator before being detected by a photomultiplier tube or equivalent single-photon
detector. Timing electronics register the delay between excitation and detection
events, producing a histogram of photon arrival times that can be analyzed to ex-
tract photoluminescence lifetimes.

e Timing Electronics: Records the time interval between the excitation pulse

and photon detection.

The recorded data are processed to create a histogram of photon arrival times,
which reveals the sample’s decay characteristics. By fitting the decay curve to
an exponential model, the photoluminescence lifetime can be extracted, providing
valuable insights into the material’s recombination dynamics .

A typical TCSPC setup includes the following components:
e A pulsed laser to excite the sample.

e A monochromator and a photomultiplier tube (PMA) or another time-resolved

photon detector to measure the emitted light.

e Additional optics to focus and manipulate both the excitation and emission

beams.
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e A spectrometer for spectral analysis of the emitted light.

In this setup, the laser beam is directed at the sample, and the emitted photons
are collected and directed through a monochromator before being detected by a
photomultiplier tube. The time-correlated photon counting system records the ar-
rival times of the photons, allowing for a detailed analysis of the photoluminescence
decay [52].

Time-Resolved Photoluminescence (TRPL) is one of the main applications of
the Time-Correlated Single Photon Counting (TCSPC) technique. In this method,
the temporal evolution of the photoluminescence emission is measured after pulsed
excitation. While TRPL refers to the optical measurement that tracks how the lu-
minescence intensity decays over time, TCSPC denotes the instrumental technique
used to achieve the required temporal resolution by recording the arrival time of
individual photons relative to the excitation pulse. This combination enables the re-
construction of PL decay curves with sub-nanosecond precision. In our experimental
setup, the overall temporal resolution of the TCSPC system is approximately 100 ps.

TRPL measurements provide insights into:

e Exciton Dynamics: The lifetime of excitons before recombination.
e Carrier Lifetimes: The recombination lifetimes of charge carriers in a material.

¢ Non-Radiative and Radiative Recombination: TRPL helps distinguish between
radiative recombination (where photons are emitted) and non-radiative recom-

bination (where energy is dissipated as heat).

TCSPC and TRPL are complementary, with TCSPC used for time-resolved me-
asurements beyond photoluminescence, such as fluorescence lifetimes and quantum
optical experiments [54].

In this thesis, TCSPC is used to analyze the PL decay in CsPb(Br;_,Cl,)s
nanowires. By measuring the decay dynamics, the technique helps to determine
carrier lifetimes and recombination processes, providing key insights into the mate-
rial’s optoelectronic properties for use in applications such as solar cells and LEDs.
Furthermore, TCSPC is instrumental in studying heterojunction effects within the
nanowires, where the substitution of bromine with chlorine alters the electronic

structure and exciton behavior [55].

3.4 Synthesis

The synthesis of nanostructures and hybrid systems is a crucial aspect of ma-

terial science and nanotechnology, particularly when investigating advanced optoe-
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lectronic properties. In this thesis, two distinct synthesis processes are explored to
create systems with unique photonic and phononic characteristics. First, we pre-
sent the synthesis of CsPb(Br;_,Cl,)s nanowires (NWs), which are fabricated using
a template-assisted growth method and further modified via an anion exchange
process to fine-tune their optical properties. These NWs exhibit highly tunable
photoluminescence, making them ideal candidates for applications in solar cells and
light-emitting devices [56,57].

3.4.1 Synthesis of CsPb(Br;_,Cl,); Nanowires (NWs)

The synthesis of perovskite nanowires (NWs) is a critical step in ensuring high-
quality nanostructures with well-defined optoelectronic properties. In this study,
CsPb(Bry_,Cl,); NWs were grown using a method based on epitaxial deposition in
porous anodic alumina templates [58]. The growth process involved careful control
over temperature, pressure, and precursor concentrations to ensure uniformity and

minimize defect formation in the NWs [56].

Synthesis of CsPbBr; Nanowires

The first stage of the process involved the synthesis of pure CsPbBr; nanowires
using anodic alumina (AAQO) templates. These templates provide the necessary
confinement for the NW growth, ensuring that the structures form with high aspect

ratios and uniform diameters. The key steps in this synthesis are outlined as follows:

e Preparation of the AAO Template: The template was prepared by anodizing
aluminum foils in an acidic electrolyte, creating a porous structure with cy-
lindrical pores. These pores act as molds for the nanowire growth, controlling
their diameter and length [5§].

e Infiltration of Precursors: After the template preparation, a solution contai-
ning the perovskite precursors (CsBr and PbBry) was infiltrated into the AAO
template using a capillary effect or an external pressure gradient to ensure the

complete filling of the pores [59,60].

e Thermal Treatment: The template containing the precursors was subjected
to a thermal annealing process at temperatures around 70°C. This thermal
treatment promotes the crystallization of the perovskite phase while avoiding

degradation or excessive growth beyond the pore walls [56].

e Nanowire Liberation and Transfer: After the crystallization process, the

CsPbBr3 nanowires were carefully transferred from the alumina template onto
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silicon nitride (Si3/N4) substrates using a mechanical probe. This method
allows for precise handling and avoids the need for dissolving the template,
preserving the integrity of the nanowires and ensuring a clean transfer for

further characterization [60].

e Structural Characterization: To confirm the successful synthesis, techniques
such as scanning electron microscopy (SEM) and atomic force microscopy
(AFM) were used to examine the morphology and dimensions of the NWs.
Additionally, X-ray diffraction (XRD) was employed to verify the crystallinity
and phase purity of the CsPbBr; [56].

Figure [3.4] shows a schematic representation of the NW growth process within

the AAO template, as well as the final liberated nanowires on a substrate.

Figura 3.4: Schematic illustration of the synthesis process for CsPbBrs nanowires.
(A) Represents the porous anodic alumina (AAO) template used to confine the
growth of the nanowires. (B) Shows the epitaxial growth of the nanowires extending
from the template, with the wires protruding outward. (C) Illustrates the transfer
process where a probe is used to carefully extract the nanowires and deposit them
onto a substrate for further characterization. (D) Scanning electron microscopy
(SEM) image showing CsPbBr3 nanowires emerging from the AAO template pores
after the growth process, confirming the successful formation and alignment of the
nanowires within the template structure.

Anion Exchange: Incorporation of Chlorine

The second stage of the process involves the controlled exchange of bromine (Br)
with chlorine (Cl) in the CsPbBr; nanowires to form heterostructured CsPb(Bry_,Cl,)3
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nanowires. This anion exchange is performed in a gaseous atmosphere and requires
careful control to avoid degradation of the perovskite structure [57]. The substi-
tution of Br with Cl is crucial for tuning the optical properties of the nanowires,

particularly for adjusting the bandgap and emission wavelength [56,61].

e Partial Anion Exchange: The anion exchange process was performed to cre-
ate CsPb(Br;_,Cl,)3 nanowires with a well-defined heterojunction. Initially,
CsPbBrs NWs were transferred to a sapphire carrier wafer using a mechanical
probe. These wafers were then loaded into a Plasma-Therm Apex RIE tool,

where the gas-phase anion exchange took place.

The NWs were exposed to an Ar/Cly atmosphere held at a total pressure of
1.33 x 10~* bar, with a Cl, partial pressure of 3.33 x 10~ bar. The exchange
occurred via a diffusion mechanism, where Cl atoms progressively replaced Br

atoms in the perovskite lattice while maintaining the crystal structure intact.

CsPb(Br;_,Cl,); heterojunction NWs were fabricated using an electron beam
lithography process. A polymethyl methacrylate (PMMA) layer was applied
to partially cover selected NWs. This process exposed only half of each NW to
the Cly atmosphere, preventing the other half from undergoing the exchange
reaction. The result was the formation of axially stepped heterostructures with
a sharp compositional gradient, as shown in Figure The portion of the
NW exposed to Cly experienced a gradual replacement of Br with Cl, forming
a Cl-rich region, while the PMMA-covered half remained Br-rich [61].

e Control of Exchange Degree: The degree of substitution (i.e., the value of x
in CsPb(Br;_,Cl,)3) is controlled by adjusting the temperature, pressure, and
exposure time during the chlorine gas treatment. Higher Cl concentrations
(x) shift the photoluminescence (PL) emission from green to blue, offering

tunability for optoelectronic applications [57].

e Characterization: After the anion exchange, the nanowires were characterized
to confirm the successful incorporation of Cl. Photoluminescence (PL) mea-
surements were performed to observe shifts in the emission peak, and X-ray
diffraction (XRD) was used to detect any structural changes. Time-correlated
single-photon counting (TCSPC) was employed to examine the effect of the

anion exchange on exciton dynamics [57,62].

Figure [3.5] shows a schematic of the anion exchange process and the resulting
heterostructured nanowires, highlighting the gradual transition from bromine-rich

to chlorine-rich regions.
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Figura 3.5: Illustration of the partial anion exchange process from CsPbBrs to
CsPb(Br;_,Cl,)s nanowires. (A) Shows the CsPbBrs NW transferred to a subs-
trate. (B) Depicts the NW exposed to an Ar-Cly atmosphere, with half of the NW
coated with PMMA to prevent exchange in that region. The exposed half under-
goes anion exchange where Br atoms are gradually replaced by Cl atoms. (C) The
final heterostructured nanowire is shown, where the Cl-rich region is represented in
blue and the Br-rich region in green, demonstrating the successful formation of the
heterojunction.

To further verify the successful anion exchange and its effects on the optical pro-
perties, photoluminescence (PL) measurements were carried out along the length
of the nanowires. As shown in Figure , the photoluminescence (PL) spectra
of CsPbBrs, CsPbCl; nanowires, and their heterojunctions reveal distinct emission
peaks corresponding to the Br-rich and Cl-rich regions. The CsPbBrs nanowires
exhibit a green emission, while the CsPbCl3 nanowires display a blue-shifted emis-
sion, with the heterojunction nanowires showing intermediate properties due to the
anion exchange process [58,62]. In addition, a noticeable broadening of the emission
peak is observed for the heterojunction nanowires, which can be attributed to the
spatial overlap of emissions from Br- and Cl-rich regions and to photon recycling
effects that enhance reabsorption and re-emission processes within the structure.

The PL measurements clearly demonstrate the compositional heterogeneity of
the nanowires, with different PL peaks corresponding to different degrees of anion
substitution. This tunability in emission properties is critical for optoelectronic
applications such as multi-color LEDs and wavelength-tunable lasers.

The incorporation of chlorine into CsPbBr; nanowires significantly alters their
optoelectronic properties. Specifically, the bandgap of the material widens as Br
is replaced by Cl, leading to a blue shift in the photoluminescence emission. This
tunability is crucial for applications in light-emitting diodes (LEDs) and other opto-

electronic devices, where precise control over the emission wavelength is necessary.
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Figura 3.6: Photoluminescence (PL) spectra of CsPbBrs and CsPbCly nanowires
and heterojunctions. The green and blue curves represent PL emissions from pure
CsPbBr3 and CsPbCls nanowires, respectively, while the purple and pink curves
show the emissions from CsPbBr3/CsPbCl; heterojunction nanowires. The shifts in
emission peaks between the nanowires and heterojunctions demonstrate the effect of
the anion exchange process on optical properties. The measurements were performed
using a focused 357 nm excitation laser with a power of 0.1 mW:; for heterojunction
nanowires, the laser was focused separately on each extremity to probe the Br-rich
and Cl-rich regions.
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Chapter 4

Results and Discussion

This chapter presents and discusses the key results obtained from the investi-
gation of CsPb(Br;_,Cl,)s metal halide perovskite nanowires (NWs). The study
focused on how controlled anion exchange, from bromine to chlorine within the pe-
rovskite lattice, influences the morphological, optical, and excitonic properties of the
nanowires. By fabricating heterostructured NWs with Br-rich and Cl-rich segments,
it was possible to explore bandgap tunability, spatially resolved photoluminescence,

and the emergence of interfacial phenomena.

Special attention is given to the role of strain, ferroelasticity, and flexoelectri-
city in modulating the optoelectronic response of the nanowires. These structural
effects are shown to influence exciton recombination dynamics, photoluminescence
peak shifts, and lifetime enhancements near crystallographic phase transitions. The
results not only provide fundamental insight into the excitonic behavior of halide
perovskite nanostructures, but also establish design principles for exploiting strain

engineering in next-generation optoelectronic devices.

In the following sections, the synthesis process, experimental techniques, and
detailed analysis of the morphological and optical properties of the nanowires are
presented. FEach subsection emphasizes the correlation between structural dyna-
mics and optoelectronic response, building a comprehensive picture of how halide
composition and ferroelastic effects govern exciton dynamics in CsPb(Br;_,Cl,);

nanowires.
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4.1 Detailed Results and Analysis of CsPb(Br;_,Cl,);3

Nanowires

This section presents a comprehensive analysis of the experimental work con-
ducted on CsPb(Br;_,Cl,)s; nanowires (NWs), focusing on their synthesis, optical
properties, and the results obtained through photoluminescence (PL) and time-
resolved photoluminescence (TCSPC) measurements. Furthermore, we delve into
the implications of the observed flexoelectric effect in these nanostructures, evalua-
ting its potential role in the modulation of their optical behavior and its importance

in advancing perovskite-based devices.

4.1.1 Morphological Characterization

Atomic force microscopy (AFM) was employed to investigate the morphology of
the CsPbBr3 and CsPb(Br;_,Cl, )3 nanowires, confirming a high degree of uniformity
in both pristine and exchanged compositions. Representative AFM images are shown
in Figures and [3] (see Appendix [p]). The nanowires exhibit average lengths of
3-5 pm and diameters of approximately 250 nm, consistent with the pore size of the

anodized aluminum oxide (AAO) template used for synthesis.

The AFM height profiles confirm that the diameter remains constant along the
nanowire axis, reflecting the success of the template-assisted growth method. In the
case of CsPbCl3 nanowires obtained through complete anion exchange (Figure |2 see
Appendix [f]), the morphology remains smooth and uniform, demonstrating that the

substitution of Br by Cl does not degrade the structural integrity of the nanowires.

In addition, AFM images of heterojunction nanowires (Figure , Appendix re-
veal no visible topographic discontinuity between the Br-rich and Cl-rich segments.
This indicates that the compositional gradient established during anion exchange
does not introduce morphological defects at the interface. Occasionally, individual
nanowires exhibited mechanical fragility, with breakage observed during AFM scan-
ning. This effect is attributed to local strain heterogeneities, consistent with the

ferroelastic reorganization processes discussed in Section 4.1.4.

Altogether, the AFM analysis confirms that the nanowires are structurally uni-
form, morphologically stable after halide substitution, and suitable for systematic

optical characterization.
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Figura 4.1: (A) Profile of the NW obtained using Gwyddion software from AFM
measurements. (B) AFM topographic image of a C'sPb(Br;_,Cl,)s heterojunction
NW. (C) Optical microscopy image of the heterojunction NW alongside its photolu-
minescence (PL) response when excited at Aexe = 457 nm. (D) and (E) PL emission
maps centered at 507 nm and 523 nm, respectively, obtained by integrating the
emission intensity over a 10 nm spectral range around each PL peak center.

4.1.2 Photoluminescence (PL) Characterization

Steady-state photoluminescence (PL) measurements were conducted to inves-
tigate the optical properties of the CsPb(Br;_,Cl,); NWs. The emission spectra
clearly demonstrate the gradual shift in emission peak position from green (Br-rich)
to blue (Cl-rich), confirming the successful creation of a heterojunction within the
NW. Figure shows the PL curves for the fully exchanged NW (Cl-rich) and the
pristine CsPbBr3 NW, alongside the heterostructured NW. The spatially resolved
PL map (Figures[4.1(D) and [1.1[E)) shows a gradual transition in the emission peak
along the NW, further confirming the Br-to-Cl compositional gradient.

The p-PL measurements were performed using a WITec alpha300 RA spectro-
meter equipped with a 50x objective lens. Excitation was provided by a 457 nm
continuous-wave laser, delivering 0.5 mW of power and focused to a ~0.3 pm spot
size. The nanowire was scanned along its axis with 0.15 pum step resolution, ena-
bling high-resolution luminescence mapping. This spatial resolution was crucial for

resolving the compositional gradient along the heterostructure.

Spatially resolved PL maps were also acquired at fixed detection wavelengths.
Figures [4.1(D) and [1.1(E) illustrate the emission distribution centered at 507 nm
(Cl-rich) and 523 nm (Br-rich), each with a 2 nm bandwidth. These maps clearly
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Figura 4.2: Photoluminescence spectra measured at three distinct positions along the
length of a CsPb(Br;_,Cl,)3 heterojunction NW. The black line corresponds to the
Br-rich end of the NW (523 nm emission), the red line represents the central region
(514 nm), and the blue line corresponds to the Cl-rich end (507 nm). Inset: Optical
microscope images of the NW at each position where the micro-PL measurements
were performed.

highlight the contrast between the two ends of the heterojunction and confirm that
the emission gradient is not abrupt but continuous, consistent with partial halide
substitution. The presence of the intermediate 514 nm peak at the junction further
demonstrates the gradual modulation of the bandgap along the nanowire axis.

Additionally, spatially resolved micro-PL. measurements were performed along
the length of the NW, exciting with a A\eye = 457 nm laser. Figure illustrates the
emission spectra obtained at three distinct positions: (i) at the Br-rich end, (ii) in the
middle of the NW, and (iii) at the Cl-rich end. The emission peak corresponding to
CsPbBrj is around 523 nm (black line), and as we move towards the Cl-rich region,
a blue shift is observed, with the emission peak transitioning to 507 nm (blue line)
at the Cl-rich end. This blue shift indicates the successful incorporation of chlorine
along the NW and the formation of a heterojunction. The inset images in Figure 4.2
show the optical microscope images of the NW at each position where the micro-PL
spectra were acquired.

The 523 nm peak measured at the Br-rich end corresponds to the emission of
pure CsPbBr3, whereas the 507 nm peak at the opposite end is characteristic of fully
substituted CsPbCl; domains. The intermediate 514 nm emission from the center
region demonstrates that the anion exchange did not occur as a sharp interface,

but rather as a gradual compositional gradient along the nanowire. This observa-
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tion is in agreement with reports on halide exchange in perovskite nanostructures,
where incomplete substitution at the interface often results in intermediate bandgap
regions.

The blue shift observed is a clear indication of the successful gradient formation
along the NW, transitioning from a Br-rich to a Cl-rich composition. The CsPbBrj
peak initially at 523 nm progressively shifts towards 507 nm at the Cl-rich end,
illustrating the optical bandgap change due to the compositional variation.

It is also worth noting that the spectral evolution observed across the hete-
rostructure indicates not only a compositional gradient but also potential carrier
migration and photon recycling effects. Even when excitation occurs in the Cl-rich
region, part of the emission can be detected with characteristics of the Br-rich side,
suggesting that reabsorption and re-emission processes may couple the two halves
of the nanowire. Such behavior highlights the extended mean free path of charge
carriers in these single-crystal perovskite NWs, which could be advantageous for
light-harvesting or light-guiding applications. Furthermore, the ability to engineer
bandgap gradients within a single NW paves the way for designing nanoscale hete-
rostructures with tailored optoelectronic functionalities, such as directional emission

and enhanced exciton separation.

4.1.3 Exciton Dynamics and Lifetime Measurements

Time-resolved photoluminescence (TRPL) was measured via time-correlated sin-
gle photon counting (TCSPC) to analyze the exciton lifetimes within the NW hetero-
junction. Figure[d.3|presents the time decay curves for different temperatures during
the heating process, showing a notable increase in exciton lifetime near the phase
transition temperature of 305 K. This behavior is consistent with the orthorhom-
bic to tetragonal phase transition of the CsPbCl3 region. The exciton dynamics
are influenced by changes in the crystalline structure, with longer lifetimes obser-
ved during the phase transition, as the recombination process is slowed down by
modifications of the electronic band structure.

The bi-exponential decay model applied to the time-resolved data (Figure
reveals two distinct exciton recombination processes, labeled as P1 and P2. The
slower recombination process (P1), attributed to radiative excitonic recombination,
remained relatively stable across the studied temperature range, with an average
lifetime of approximately 2.6 ns. In contrast, the faster component (P2), associated
with non-radiative channels, exhibited significant variation with temperature. Away
from the phase transition, P2 showed average lifetimes of ~0.7 ns, but at ~305 K a

remarkable increase was detected, reaching 2.3 ns in the Cl-rich region and 1.4 ns in
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Figura 4.3: Time-resolved photoluminescence (TRPL) decay curves of

CsPbBr3/CsPbCls heterojunction nanowires measured at different temperatures
ranging from 295 K to 332 K. A gradual increase in exciton lifetime is observed
near the phase transition temperature of 305 K, indicating the influence of the
orthorhombic to tetragonal phase transition in the CsPbCl;3 region. The decay tra-
ces were collected via time-correlated single photon counting (TCSPC), with each
curve representing a distinct temperature during the heating process.

the Br-rich region. This corresponds to nearly a threefold enhancement compared
to the baseline values, demonstrating that the suppression of non-radiative recom-
bination channels is the primary driver of the increased exciton lifetime during the
structural phase transition.

The complete set of parameters extracted from the bi-exponential fits is summa-
rized in Table [£.5] These values provide a quantitative confirmation of the trends
shown in Figures and 4.4} while the slower decay component (P1), associated
with the dominant radiative recombination process, remains nearly constant across
the studied temperature range, the faster component (P2) exhibits a pronounced
increase in lifetime at the transition temperature. Although both components are
radiative in origin, the temperature dependence of P2 suggests a modulation of
non-radiative pathways that transiently suppress non-radiative losses during the
structural phase transition. The amplitude ratios (A;/Ay) indicate that radiative
recombination dominates under most conditions, but the balance shifts during the
phase transition, when structural rearrangements of ferroelastic domains significan-
tly alter the recombination dynamics.

The simultaneous observation of lifetime changes in both halves of the hetero-
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Figura 4.4: Lifetime of the two luminescent processes (P1 and P2) present in the
CsPb(Bry_,Cl,)s heterojunction NW for different temperatures during heating.
Measurements in (A) were performed in the Br-rich half, while (B) shows the Cl-rich
half.

junction reinforces the idea that charge carriers and reabsorbed photons can diffuse
across the interface [63], effectively coupling the Br-rich and Cl-rich regions. This
is consistent with the photon recycling mechanism already reported in perovskite
nanostructures, whereby emitted photons are reabsorbed and re-emitted in adjacent
regions, extending the effective exciton diffusion length.

In addition, the hysteresis observed in the temperature-dependent PL peak posi-
tions is also reflected in the TRPL measurements. The enhancement of P2 lifetimes
at the transition temperature does not immediately revert upon cooling, revealing
a memory effect associated with ferroelastic domain reorganization. This finding
suggests that strain heterogeneities play an active role in the modulation of recom-
bination dynamics during thermal cycling.

Finally, multiple heating and cooling cycles performed on different heterostructu-
red NWs confirmed the reproducibility of this behavior. The consistent enhancement
of the faster decay component (P2) near the Cl-rich transition temperature, together
with the stability of the slower component (P1), demonstrates that this phenomenon

is intrinsic to the system rather than sample-specific. Although both components
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Figura 4.5: Bi-exponential decay fitting parameters extracted from TRPL measure-
ments of CsPb(Br;_,Cl,)s heterojunction nanowires.

P1 corresponds to the radiative excitonic recombination channel and P2 to the
non-radiative channel. The values of 7 and 7, represent the characteristic lifetimes
of each channel, while the ratio A; /A, indicates the relative contribution of
radiative to non-radiative processes.

are radiative, the transient increase of P2 reflects a temporary suppression of non-
radiative losses during the structural phase transition. Furthermore, during thermal
cycling, the PL peak positions exhibit hysteresis — they do not fully return to their
initial values upon cooling — yet subsequent measurements performed after the
system has stabilized show that the emission peaks recover their original positions.
These results highlight the robustness of the lifetime modulation induced by crystal-
lographic phase transitions and underscore the role of ferroelastic and flexoelectric

effects in governing exciton recombination in low-dimensional perovskites.

4.1.4 Ferroelasticity and Flexoelectricity

The observation of ferroelastic domains in the CsPb(Br;_,Cl,); NWs provides
key insights into the structural changes induced by the phase transition [25], rather
than by the incorporation of chlorine alone. These domains appear as the material
undergoes a crystallographic phase transition at approximately 305 K, and the NWs
slowly accommodate the strain induced by this transition. As the Cl-rich region of
the NW transforms from the orthorhombic to the tetragonal phase, strain accumu-
lates along the nanowire, which in turn influences the electronic band structure and
modulates the optoelectronic response. Such ferroelastic domain formation has been
directly imaged in CsPbBrs nanowires using nanofocused X-ray diffraction and in
situ heating experiments, confirming that strain-induced twinning and reordering
are intrinsic to these systems.

Figure [4.6] illustrates how strain gradients along the NW, generated by phase



ol

LowT

, Strain field

AmAAm

Relaxed CB -
Local CB
Relaxed VB Local VB
- Z

Highly localized charge carriers — high recombination rate

Tphase transition

{— Local CB

U LocalvB
Y4

Delocalized charge carriers — slow recombination rate

Highly localized charge carriers — high recombination rate

Figura 4.6: Schematic evolution of the electronic band structure as a function of the
position along the NW growth direction. The temperature increases from the top
to the bottom panel. Precisely at the phase transition, the charge carriers have the
largest mean free path along the growth axis. The boxes show the electronic band
structure for (A) low temperature, (B) at the temperature in which the probable
phase transition occurs and (C) a higher temperature.

transitions, can modulate the electronic band structure and affect charge carrier dy-



52

namics. The presence of ferroelastic domains introduces local strain gradients, which
in turn induce flexoelectric polarization within the NWs. This flexoelectric effect is
particularly enhanced at the domain walls, where strain gradients are highest, ef-
fectively forming a periodic or aperiodic array of polarization regions. In this sense,
the NWs can be modeled as disordered strain superlattices, in which alternating
strain states generate local variations in band edges. Such disordered superlattices
are known to promote Anderson localization of carriers, but in the case of perovs-
kite NWs, they instead lead to a transient increase in the mean free path of charge

carriers when the strain pattern is reorganized at the phase transition.
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Figura 4.7: Curves of the PL peak center of the luminescence as a function of
temperature. In (A) we show measurements for the CsPbBrs NW, while results for
the heterojunction NW are shown in (B) for the Cl-rich half, and in (C) for the
Br-rich half. Peak center error bars are smaller than point sized for all graphs.

Additionally, the hysteresis observed in the PL peak shift during thermal cycling
(Figure suggests that the reordering of ferroelastic domains occurs close to
the phase transition temperature. This reorganization not only modifies the strain
distribution but also reduces the overall flexoelectric polarization between adjacent
domains, since the strain gradient is partially smeared out. As a consequence, the
polarization dynamics are altered in such a way that the charge carrier mean free

path is increased, effectively reducing the recombination probability. This microsco-
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pic mechanism provides a consistent explanation for the enhanced exciton lifetimes
observed near the phase transition, as reported in Section 4.1.3. The combination of
ferroelastic domain dynamics and flexoelectric modulation thus emerges as a central
factor controlling the optical response of CsPb(Br;_,Cl,); nanowires.

Finally, it is important to emphasize that these effects are not artifacts of the he-
terojunction configuration but intrinsic to the perovskite lattice itself. Similar ferro-
elastic domain switching and flexoelectric responses have been reported in CsPbBr;
and other halide perovskite nanostructures, indicating that strain-driven polariza-
tion fields are a general phenomenon in this material family [35,36]. Understan-
ding the interplay between ferroelasticity, flexoelectricity, and phase transitions is
therefore crucial for exploiting perovskite nanowires in optoelectronic applications,
particularly in environments where devices are expected to operate slightly above

room temperature.

4.1.5 Photoluminescence Peak Shifts and Strain Effects

The strain-induced modulation of the electronic band structure also plays a de-
cisive role in the observed shifts of the PL peak position. As the nanowires undergo
structural phase transitions, the ferroelastic domains reorganize, leading to local
strain gradients that alter the band edges. This effect is manifested as a shift of the
PL peak towards shorter wavelengths (blue shift) near the onset of the orthorhombic-
to-tetragonal transition in the Cl-rich regions at ~305 K, followed by a red shift as
the temperature increases further. A similar but higher-temperature shift is obser-
ved in the Br-rich domains, with the critical point occurring near ~361 K, consistent
with the known transition temperature of CsPbBrjs.

Figure clearly shows this behavior: the Cl-rich half exhibits a distinct dis-
continuity in peak position at 305 K, while the Br-rich half follows the Cl-induced
transition despite being below its own critical temperature. This cross-response
is explained by the coupling between regions through carrier diffusion and photon
recycling. The strain fields generated during the transition extend beyond the local
domain boundaries, effectively influencing the optoelectronic response of the entire
heterojunction.

Another important feature is the hysteresis observed during thermal cycling:
upon cooling, the PL peak does not return precisely to its initial position, but
instead remains slightly shifted. This indicates that the ferroelastic domains do
not immediately recover their original configuration, leaving residual strain in the
lattice. Such hysteresis is a fingerprint of ferroelastic reordering and is consistent

with the memory effects described in Section 4.1.4. The persistence of strain after
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thermal cycling highlights the metastable character of domain configurations in these
perovskite nanowires.

Overall, the PL peak shifts observed in CsPb(Br;_,Cl, )3 nanowires arise from the
interplay between ferroelastic strain and structural phase transitions. These effects
not only explain the blue- and red-shift cycles in Figure [£.7 but also emphasize the
central role of strain in modulating the optoelectronic properties of halide perovskite
nanostructures. Strain engineering thus emerges as a powerful approach for tailoring
the optical response of perovskite nanowires and for enabling temperature-tunable

optoelectronic devices.
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Chapter 5
Conclusion

This thesis investigated the excitonic and optoelectronic properties of CsPb(Br;_,Cl,)3
nanowires with particular emphasis on heterostructured systems obtained through
controlled anion exchange. The combined use of AFM, steady-state PL. mapping,
temperature-dependent spectroscopy, and time-resolved PL provided a comprehen-
sive picture of how structural phase transitions and strain gradients influence exciton
dynamics in one-dimensional metal halide perovskites.

The nanowires exhibited excellent morphological uniformity, with lengths of 3—
5 pm and diameters of ~250 nm, while retaining their structural integrity even after
full or partial anion exchange. Spatially resolved PL confirmed the successful forma-
tion of heterojunctions, with emission peaks shifting gradually from 523 nm (Br-rich)
to 507 nm (Cl-rich) along the nanowire axis. This bandgap gradient demonstrates
the effectiveness of gas-phase halide substitution in engineering compositional and

optical heterostructures.

Temperature-dependent measurements revealed critical behaviors associated with
phase transitions. In CsPbCl; segments, a discontinuity at ~305 K was observed,
while CsPbBrs nanowires showed a transition near ~361 K. Remarkably, both re-
gions of heterojunction nanowires responded to the Cl-rich transition, evidencing
strong coupling through carrier diffusion and photon recycling. Hysteresis between
heating and cooling cycles further indicated the reorganization of ferroelastic do-
mains and the persistence of residual strain.

Time-resolved PL measurements identified two recombination channels: a stable
radiative channel (P1, ~2.6 ns) and a non-radiative channel (P2, ~0.7 ns away
from transitions). At ~305 K, P2 lifetimes increased up to 2.3 ns in Cl-rich regions
and 1.4 ns in Br-rich regions, representing nearly a threefold enhancement. This
lifetime extension indicates a transient reduction in non-radiative losses during the

structural transition, consistent with the reorganization of ferroelastic domains that
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modifies the local recombination dynamics. The reproducibility of these effects
across multiple cycles and samples confirms their intrinsic nature.

The interplay between ferroelasticity and flexoelectricity was shown to be a cen-
tral mechanism underlying these observations. Strain gradients at ferroelastic do-
main walls generate local polarization fields that modulate the band structure and
charge transport. The nanowires can thus be described as disordered strain super-
lattices, where dynamic reordering of strain patterns at phase transitions enhances
the mean free path of carriers and prolongs exciton lifetimes. Photoluminescence
peak shifts and hysteresis were directly linked to this strain-polarization coupling,
underscoring the importance of structural instabilities in dictating optical response.

In summary, this work demonstrates that crystallographic phase transitions and
strain-driven ferroelastic and flexoelectric effects are powerful levers for controlling
exciton dynamics in halide perovskite nanowires. The findings provide fundamental
insights into how exciton lifetimes can be extended and optical responses tuned in
low-dimensional perovskites. These results establish guiding principles for exploiting
strain engineering, photon recycling, and ferroelastic reordering in the design of next-
generation optoelectronic devices.

Beyond their fundamental implications, these results also provide valuable gui-
dance for real-world applications, particularly in the field of photovoltaics. The
ability to tune the bandgap and exciton dynamics via controlled anion exchange
improves light absorption across the solar spectrum and contributes to the stability
of devices exposed to fluctuating illumination and temperature. Furthermore, the
investigation of the flexoelectric effect in CsPb(Br;_,Cl, )3 nanowires highlights how
mechanical stresses — such as those induced by thermal expansion or bending in
solar panels — may influence device performance. By addressing these nanoscale
interactions, this thesis paves the way for the development of more robust and ef-
ficient perovskite-based solar cells and optoelectronic devices, capable of sustaining

high performance under realistic operational conditions.
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Appendix A - Additional Data

Atomic Force Microscopy (AFM)

Figura 1: Topographic AFM images of CsPbBrs NWs deposited on a SizN, subs-
trate. (a) Image of a single CsPbBr3 NW showing its smooth and uniform surface.
(b) Another CsPbBrs NW displaying similar morphology, confirming the consistency
in synthesis. (c) AFM image of a CsPbBrs NW that broke during measurement.
The insets in each panel present the corresponding horizontal (1) and vertical (2)
profiles, displaying the NWs’ thicknesses and lengths, extracted using Gwyddion
software.

Atomic Force Microscopy (AFM) measurements were carried out to complement
the morphological analysis of CsPb(Br;_,Cl,); nanowires. These results, presented
in Figures [IH3], provide detailed evidence of the structural quality of the nanowires

and the effects of the anion exchange process on their morphology.
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Figure [1] shows representative AFM images of as-synthesized CsPbBr3 nanowi-
res grown inside anodized aluminum oxide (AAO) templates. The nanowires exhibit
lengths in the range of 3-5 um and diameters of approximately 250 nm, consistent
with the template pore sizes. The height profiles extracted from these images confirm
that the NW diameter is uniform along their axis, demonstrating the effectiveness
of the template-assisted growth technique. This uniformity ensures that optical cha-
racterization, such as PL. mapping, can be interpreted without major morphological

fluctuations influencing the emission.

Figura 2: Topographic AFM image of a CsPbCl3 NW obtained through complete
anion exchange, where Br ions in the original CsPbBrs NWs are replaced by Cl
ions. The NW is deposited on a SizN, substrate, maintaining a smooth and uniform
surface, indicative of the successful exchange process without compromising the
structural integrity. The inset displays the horizontal (1) and vertical (2) profiles,
showing the NW’s thickness and length, extracted using Gwyddion software.

After gas-phase anion exchange, CsPbCl; nanowires were obtained. Figure
displays AFM images of these fully substituted NWs. The morphology is preser-
ved during the exchange process, with the nanowires maintaining their characteristic
diameter and smooth surface topography. This demonstrates that the chemical subs-
titution from Br to Cl does not cause surface roughening or structural degradation,

confirming the robustness of the exchange method. The preservation of morphology
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is critical for ensuring that any modifications in the optical response are attributed
to compositional and structural changes, rather than to degradation artifacts.

Finally, Figure [3] highlights an important observation of mechanical fragility in
certain nanowires. During AFM scanning, one nanowire was found to break along its
length, as shown in the topography. This effect is attributed to strain heterogeneities
generated by ferroelastic domain formation and reordering within the perovskite
lattice. While such events were rare, they provide direct evidence of internal strain
accumulation that can influence both the mechanical stability and the optoelectronic
behavior of the nanostructures. This result is consistent with the discussion in
Section 4.1.4, where ferroelastic reorganization was shown to strongly impact exciton
recombination dynamics.

In summary, the AFM data confirm the morphological uniformity of CsPbBrj
nanowires, the preservation of structural integrity after anion exchange to CsPbCls,
and the occasional occurrence of mechanical fragility due to strain heterogeneity.
These observations strengthen the conclusion that the optoelectronic effects reported
in this thesis arise from intrinsic structural dynamics rather than from extrinsic

degradation of the nanowires.

Temperature-Dependent Photoluminescence and Repro-
ducibility

To explore the temperature dependence of the photoluminescence (PL) response
in CsPb(Br;_,Cl,)3; nanowires, a series of additional measurements were performed
under carefully controlled heating and cooling cycles. These experiments were desig-
ned to consolidate the observations presented in the main body of the thesis, namely
the abrupt PL shifts near phase transition temperatures, the associated hysteresis
effects, and the enhancement of exciton lifetimes. By extending the measurements to
several nanowires and repeating thermal cycling procedures, a more comprehensive
picture of the optical behavior was obtained.

Figure {4] shows representative PL spectra collected from the Cl-rich half of a
heterojunction nanowire over a range of temperatures. As the sample is heated, a
distinct discontinuity in the emission peak is observed near 305 K. This discontinuity
corresponds directly to the orthorhombic-to-tetragonal phase transition of CsPbCls,
a crystallographic rearrangement that strongly influences the band structure and,
consequently, the optical emission. The spectral change is abrupt rather than gra-
dual, reflecting the sudden nature of the structural transformation. This observation

is consistent with the behavior reported in Section 4.1.3, where the non-radiative
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Figura 3: Topographic AFM images of two different heterojunction nanowires (NWs)
composed of CsPb(Br,Cl,)s. (a) and (b) display NWs where one half consists of
CsPbBrs and the other of CsPbCl;. The AFM measurements reveal no visible
topographic transitions along the interface. The insets in both panels show the
horizontal (1) and vertical (2) profiles, highlighting the thickness and length of the
NWs, obtained using Gwyddion software.

recombination channel (P2) also exhibited a marked increase in lifetime at the same

transition temperature.

To investigate whether the Br-rich half of the heterojunction is also influenced
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Figura 4: (Left) PL spectra of a CsPbCl3 nanowire (NW) measured using the second
setup, with varying temperature. (Right) Variation of the PL peak center as a
function of temperature, showing a significant shift at the known phase transition
temperature of CsPbCl3 reported in the literature.

by the Cl-rich phase transition, PL. measurements were performed under identical
conditions in the opposite segment of the nanowire. The results, presented in Fi-
gure [5] reveal that even in the Br-rich half, which undergoes its intrinsic transition
only at ~361 K, a correlated feature appears at ~305 K. This indicates that the
Br-rich domain is affected by the Cl-rich transition through long-range coupling
mechanisms. Two effects contribute to this behavior: (i) charge carrier diffusion
along the nanowire axis, allowing carriers generated in one half to recombine in the
other, and (i) photon recycling, whereby emitted photons are reabsorbed and re-
emitted in adjacent regions. Both mechanisms extend the influence of the Cl-rich
transition beyond its local domain, effectively coupling the optical responses of the
two segments of the nanowire. This finding reinforces the idea that heterojunction

nanowires act as integrated systems rather than as isolated regions.

Another important feature revealed by these measurements is the presence of
hysteresis. Figure [0 presents the evolution of the PL peak position in a Cl-rich
nanowire during both heating and subsequent cooling. The trajectories are clearly
not coincident: the peak position during cooling does not retrace the path followed
during heating but remains shifted. This hysteresis is interpreted as a manifestation
of ferroelastic domain reordering, as discussed in Section 4.1.4. When the phase

transition occurs, domains reorganize to minimize internal strain, but upon cooling
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Figura 5: PL spectra of the Cl-rich region of a heterojunction NW. (a) Evolution of
the spectra during the heating process. (b) PL spectra collected during the cooling
process, completing a full heating-cooling cycle.

they do not immediately return to their original configuration. The residual strain
introduces a memory effect in the lattice, which is reflected in the PL peak trajectory.
This behavior is in line with the exciton lifetime changes summarized in Table [4.5]

where the non-radiative channel P2 exhibited delayed recovery during cooling cycles.

To assess the generality of this behavior, similar measurements were carried out
on additional nanowires. Figure [7]shows the temperature-dependent PL response of
another heterojunction nanowire, where the emission again exhibits a discontinuity
near 305 K. The recurrence of this feature in different samples under comparable
conditions suggests that the optical signatures associated with the CsPbCl; transi-
tion are characteristic of the system. This strengthens the interpretation that the

observed optical modulations are inherent to the material.

Finally, Figure [§| compiles PL peak positions obtained from several nanowires
subjected to thermal cycling. The consistent appearance of the transition signature
at 305 K across different datasets, along with the systematic hysteresis observed
between heating and cooling, highlights the recurrent character of these pheno-
mena. It is important to note that, although the laser excitation spectrum shown

in Figure [§ presents a linewidth comparable to the PL emission width, no decon-
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Figura 6: PL spectra of the Br-rich region of a heterojunction NW. (a) Evolution of
the spectra during the heating process. (b) PL spectra collected during the cooling
process, completing a full heating-cooling cycle.

volution was required. The excitation laser was used solely as the optical pump,
and its spectral contribution was completely suppressed by an optical filter placed
before the detector. As a result, the measured PL profiles are unaffected by the
excitation source and are limited only by the monochromator resolution, thus reflec-
ting the intrinsic emission characteristics of the nanowires. Taken together with the
lifetime data summarized in Table [4.5] these results emphasize the strong connec-
tion between ferroelastic reordering, strain-induced band modulation, and excitonic

dynamics in CsPb(Br;_,Cl,); nanowires.

In addition to steady-state PL, further insights were obtained from time-resolved
PL (TRPL) measurements performed on different nanowires. These complementary
experiments, shown in Figure[9] reveal that the enhancement of exciton lifetime near
305 K is not limited to a single measurement but is observed consistently across
independent nanowires and thermal cycles. The decay traces reproduce the same
qualitative trend described in Section 4.1.3: outside the transition region, the non-
radiative recombination pathway dominates and results in fast decay components,
while near 305 K the suppression of non-radiative channels leads to longer decay

times. The agreement between steady-state and time-resolved observations further
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Figura 7: Evolution of the PL peak center for the Cl-rich region of the heterojunction
NW during a different thermal cycle, showing both the heating (blue) and cooling
(pink) processes. The consistent behavior across cycles demonstrates the reprodu-
cibility and coherence of the PL response with temperature changes.

consolidates the interpretation that structural reordering of ferroelastic domains
plays a decisive role in modulating recombination dynamics.

In summary, the extended PL measurements presented in Figures together
with the quantitative analysis in Table [4.5] provide a broader perspective on the
optical behavior of CsPb(Br;_,Cl, )3 nanowires. The results confirm that the phase
transition near 305 K consistently impacts both the PL peak position and the exciton
lifetime, and that ferroelastic domain reordering gives rise to hysteresis effects that
appear repeatedly across different measurement cycles. These findings reinforce the
interpretation that the optical response of these nanostructures is intrinsically linked

to their structural dynamics.
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a significant change around 361 K, corresponding to the crystallographic phase tran-
sition of CsPbBrs.
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Appendix C - Published Article:
CsPb(Br;_,Cl;)s Nanowires

This appendix presents the full version of the published article related to this
work.

The full article is reproduced below in its original published format.
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ABSTRACT

The long-standing debate in the scientific community about whether ferroelectricity or ferroelasticity is the key property influencing the optoelectronic behavior of
metal halide perovskites continues. In this study, we experimentally investigate the temperature dependence of photoluminescence from CsPb(Br;_xClx)3 nanowires
and their heterojunctions. Our findings show an enhancement of the exciton lifetime in the CsPb(Br; _xCly)3 nanowires, which we attribute to crystallographic phase
transitions, independent of halide composition explored in this study and its effect on transition temperatures. Understanding the phenomenon could help to improve
perovskite-based photovoltaic devices, especially when these devices operate at temperatures slightly above room temperature. We propose a mechanism that models
the nanowires as disordered strain superlattices, suggesting that flexoelectric spatial modulation plays a significant role in defining their light emission properties.
These insights could, in principle, be extended to explain similar phenomena in the systems of many other metal halide perovskites. Our research provides valuable
understanding into how phase transitions can be leveraged to extend exciton lifetimes and optimize charge carrier dynamics, potentially leading to advancements in

the efficiency of solar cells and light-emitting devices.

1. Introduction

The long-standing debate about the influence of ferroelectricity and
ferroelasticity in metal halide perovskites (MHPs) has attracted great
interest of the materials science community [1-3]. Indeed, ferroelec-
tricity has been measured in metal halide perovskites directly [3,4].
However, the mere presence of ferroelectricity could play a minor role in
the optoelectronic properties of metal halide perovskites, as alleged by
some.l If ferroelasticity has a leading role in that, there is a lack of
clarification on how it exerts influence on charge carriers.

Flexoelectricity is the effect of electrical polarization of dielectrics
face to a strain gradient. It is present in many materials systems [5]. It
was recently demonstrated that lead halide perovskites can exhibit
flexoelectricity response [6]. It is also known from previous works that
ferroelastic domains can appear in CsPbBrsz nanostructures under
different conditions, induced by crystal phase transitions [7,8], external
stress [9] or geometrical constraints [10].

Recent studies have indicated that phase transitions within perov-
skite materials can significantly extend the exciton lifetime, enhancing
the device’s overall efficiency. Specifically, during these transitions, the
exciton lifetime can increase to more than 1ns, thereby facilitating better
charge carrier separation and reducing recombination losses [11,12].
Such enhancement in exciton lifetime is advantageous, particularly in

* Corresponding author.
E-mail address: safar@fisica.ufmg.br (G.A.M. Séfar).

https://doi.org/10.1016/j.solidstatesciences.2025.108043

solar cells and light-emitting devices where sustained carrier dynamics
are critical for performance [13].

In this work, CsPbBr3 nanowires (NWs) were epitaxially grown and
transferred to a fresh substrate. Anion exchange was carried out in order
to partially or totally substitute Br by Cl in some of the structures.
Steady-state as well as time-decay photoluminescence were measured.
Time correlation photon counting spectroscopy measurements were
taken from main features of the PL spectra. A remarkable improvement
of carrier lifetime at the expected phase transition of each nominal
composition was retrieved when compared to any other value in the
studied temperature range. We model the NWs as disordered strain
superlattices, where flexoelectric modulation defines the light emission
properties. These findings could help to improve the performance of
perovskite-based photovoltaic devices, especially for operating in light
concentration conditions where temperatures above room temperature
are attained.

Similar advancements in nanoparticle-based technologies have also
demonstrated potential for enhancing the performance and stability of
optoelectronic devices, offering relevant insights for perovskite systems
[14].
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2. Experimental

Free-standing CsPbBrs NWs were grown using anodized aluminium
oxide (AAO) templates as previously described [15]. High temperature
(343 K) was held for 30 min during growth to make sure part of the NWs
could grow above the template and stick out from the pores. After
growth, the non-buried parts of the CsPbBrs NWs were cut out of
cleanroom tissue which was carefully moved over the AAO surface,
breaking off the free-standing objects. By scraping the same tip across
the SigN4 substrate, some of these NWs were deposited onto it. CsPbCl3
NWs samples were obtained by fixing CsPbBrs NWs to a sapphire carrier
wafer subsequently loaded into a Plasma-Therm Apex RIE tool, where
gas-phase anion exchange was performed. An Ar/Cly atmosphere was
held at 1.33-10™* bar total pressure with a 3.33-10~° bar Cl, partial
pressure for the duration of the exchange process. CsPb(Brj_xCly)s
heterojunction NWs were created using electron beam lithography
process based on non-polar solvents [16]. Selected NWs covered by
polymethyl methacrylate (PMMA) polymer were processed to reveal
half of the NWs. Anion exchange was then carried out at the partially
covered NWs, while the other half was uncovered resulting in axially
stepped heterostructures, as depicted in Fig. 1.

Steady-state photoluminescence (PL) measurements were conducted
on epitaxially grown CsPbBrs, CsPbCls, and CsPb(Br;_xCly)s hetero-
junction NWs using two different experimental setups. The first setup
utilized a micro-Raman Witec alpha300 RA Spectrometer, equipped
with a 50x objective lens, a 457 nm excitation laser, delivering 0.5 mW
of power and focused to a 0.3 pm laser spot. This setup allowed for high
spatial resolution, enabling luminescence mapping with steps of 0.15
pm.

The second setup was a homemade configuration, shown schemati-
cally in Fig. S5, designed to perform both steady-state and time-resolved
PL measurements. This setup employed a 371 nm steady-state laser
(Power = 0.1 mW, Laser-Spot = 0.5 pm) for PL measurements, with the
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removable mirror taken out to direct the emission beam into an ANDOR
Shamrock 303i spectrometer for data collection.

For time-correlated single photon counting (TCSPC) measurements,
a pulsed 371 nm laser (80 MHz repetition rate, 0.5 pm laser spot) was
used. The emission beam was directed through the removable mirror
into an Oriel-MS125TM spectrograph, connected to a PMA-M photo-
multiplier detector assembly (instrument response function of 120 ps)
from PicoQuant.

Atomic force microscopy (AFM) topographic images of the NWs were
measured for all samples using a Nanosurf C3000 AFM operating in
tapping mode using cantilevers with 3 N/m spring constant and mini-
mum values of tip approach setpoint to avoid sample damage.

3. Results

AFM data analysis was carried out using Gwyddion and ImageJ
software. The images show an average length of 3-5 pm and average
height of 250 nm (see Fig. 2(A)-S1, S2 and S3), reflecting the diameter
of the AAO template pores and the consistency with nominal growth
parameters. For a detailed representation of the sample morphology,
Fig. 2(B) (and Figs. S1, S2 and S3 in the Supplementary Materials)
presents an AFM image of the CsPb(Br; _xCly)s NWs, which underscores
the uniformity and pristine quality of the NW arrays. Fig. 2(C) shows an
optical microscope image of a single NW, providing a different
perspective. Additionally, Fig. 2(D) and (E) illustrate the photo-
luminescence map of the NWs, revealing a compositional gradient along
its length.

Time-resolved PL was measured on the heterojunction NW. Fig. 3(A)
shows the time decay curves for its respective spectra, evidencing a
difference in the average decay time of the system at 305 K. This is near
the expected phase transition temperature (orthorhombic to tetragonal)
for pure CsPbCls.

It is important to notice, however, that the heterojunction NW may

Fig. 1. Schematic illustration of the synthesis of CsPb(Br; _xCl,)3 NWs. (A) Depicts the Anodized Aluminum Oxide (AAO) template. (B) Shows the growth of CsPbBr3
using the AAO template at high temperatures for 30 min. Subsequently, in (C), it is cut by a tip and transferred to the desired substrate, forming a CsPbBrz NW as
shown in (D). (E) Illustrates the process after an electron beam lithography, based on non-polar solvents and a PMMA coating that reveals only half of the NW. It is
then subjected to an anion exchange loaded into a Plasma-Therm Apex RIE tool in an Ar/Cl, atmosphere, resulting in (F) a CsPb(Br;_«Cly)3 heterojunction with one
half being Br-rich (colored green, upper part of the NW) and the other half being Cl-rich (colored blue, lower part of the NW). (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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and Cl-free (pristine) NWs, in blue and in green, respectively. Curves for both sides of CsPb(Br;_4Cly)3 heterojunction NW are represented in purple for the Br-rich
half, and pink for the Cl-rich half. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

not be completely Br-free at any point of its crystalline structure. In
order to confirm it, PL spectra of the heterostructure has been acquired
and compared it with pure CsPbBr3 and CsPbClg NWs. Fig. 3(B) shows
the PL curve of the respective CsPb(Brj_xClx)s NWs, both as grown (Cl-
free, pristine), fully exchanged and the heterostructure. The CsPbBrs NW
has a characteristic peak centered in the green region of the spectra,
while the pure CsPbCl3 peak is shifted towards blue. The heterojunction
was measured with the excitation laser placed at the Br-rich end and a
collection of spectra was made along the larger dimension to the other
end of the Cl-rich NW. It is notable that the peaks at both ends are
located within the spectral range of the two non-mixed perovskites but
are asymmetrically shifted toward the green peak. It is also remarkable
that a slight shift appears in the Cl-rich region when compared to its Br-
rich counterpart which is increasingly evident when moving the laser to
the opposite end (see Fig. S4).

The lifetime spectrum of the heterojunction as a function of tem-

perature, illustrated in Fig. 4, was analyzed using a bi-exponential decay
model. A least squares method was used to fit the biexponential model
using the function f(t) = yo + Aje” 1t 4+ Aye~C. The range used was
from the beginning of the intensity decay to the very end of the
measured time interval. The fitting iteration was stopped when y? res-
idue less than 10~° has been reached. This analysis revealed the pres-
ence of two distinct excitonic recombination channels, labeled as P1 and
P2. Many studies employ multiexponential fitting procedures due to the
passivated nature of their samples [17-21]; however, our samples were
unpassivated. The P1 channel, representing the slower recombination
process, exhibited a stable lifetime across the examined temperature
range. In contrast, the P2 channel, corresponding to the faster process,
demonstrated a significant increase in lifetime at the phase transition
temperature of approximately 305 K (see values in Table S1 in the
Supplementary Materials).

This enhancement was nearly threefold compared to the average
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exciton lifetime at other temperatures studied, emphasizing the impact
of crystallographic phase transitions on exciton dynamics (see Fig. S11).
In addition to the lifetime changes, the relative contribution of each
recombination channel—evaluated through the integrated area under
the fitted decay components—also revealed a temperature-dependent
behavior.

The non-radiative channel (P2) dominates across most of the tem-
perature range, but near the presumed phase transition temperature, a
notable modulation in the radiative channel (P1) occurs. This suggests
that structural reorganization during the probably phase transition
temporarily alters the balance between radiative and non-radiative
pathways, possibly due to changes in exciton confinement or the
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formation of ferroelastic domains. To confirm the reproducibility of
these findings, multiple heating cycles were performed on the same NW
as well as on additional heterostructured NWs, consistently replicating
the observed effects. The data from one typical cycle are presented in the
main text, and the results from one additional cycle are detailed in
Fig. S9 in the Supplementary Material, illustrating the stability and
repeatability of the exciton lifetime enhancement at the phase
transition.

The behavior of the central position of the green luminescence peak
can be seen in Fig. 5 for pure CsPbBrs and for the heterostructure CsPb
(Br;_xCly)3 NW during heating and cooling processes (both can be seen
in more detail in the Supplementary Material in Figs. S6, S7, S8 and S9).
The PL values remain nearly constant for CsPbBr3 for temperature up to
around 350 K, when a blue shift takes place. This temperature matches
with the orthorhombic to tetragonal phase transition seen for pure
CsPbBrs NWs in different works [7]. Subsequently with the blue shift,
the peak center is red shifted back towards green at around 360 K. It was
shown before that CsPbBrs NWs can present stepped transition tem-
peratures for different domains, which may be induced by strain in-
homogeneity along the crystal [8]. This phenomenon, by itself, may
induce extra strain along the NW, once the new lattice is forced to
accommodate orthorhombic and tetragonal domains together. As the
temperature keeps increasing, new domains suffer phase transitions, and
the lattice is relaxed. Oscillations in the PL peak center near the nominal
transition temperature may be explained by the partial transitions along
this NW. In contrast with the pristine nanostructure, the CsPb(Br; _xCly)3
heterojunction NW shows a red shift at around 305 K, and then a plateau
during heating up to 335 K. A smooth blue shift can be seen along the
whole cooling curve, indicating hysteresis in the process. Cycles were
also repeated both for the pristine and for the heterostructured NWs.

4. Discussion

Before we start our analysis, we must point out that our samples have
a volume of roughly a half cubic micron. Such characteristic is distinct
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Fig. 5. Curves of the PL peak center of the luminescence as a function of temperature. In (A) we show measurements for the CsPbBrs NW, while results for the
heterojunction NW are shown in (B) for the Cl-rich half, and in (C) for the Br-rich half. Peak center error bars are smaller than point sized for all graphs.
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from usual perovskite nanocrystals (either purely inorganic or hybrid)
obtained through wet chemistry, which are nanometer-sized and have
less than a millionth of a cubic micron [22]. In that sense, surface effects,
such as those associated with surface defects, have a minor role on the
overall optoelectronic properties [22,23]. Moreover, although
metal-halide perovskites generally have many structural defects, it can
be lowered by the epitaxial growth used in our case [24,25]. Finally, we
focus our attention on the crystallographic phase transitions, rather than
the crystallographic phase itself. For the pure CsPbBrs NW, the inves-
tigated phase transition studied in this work, from orthorhombic to
tetragonal, is expected to occur at T = 361 K [26]. For the pure CsPbCls
NW, the corresponding phase transition takes place at T = 305 K [27].
The CsPb(Br;_4Cly)3 heterostructure is expected to show phase transi-
tions around these values. It is important to notice that actual transition
temperature can be shifted in nanostructures due to, among other rea-
sons, residual strain inhomogeneities along the structure [7,8]. We have
chosen these phase transitions because several works had unambigu-
ously shown these as well determined phase transition processes
through different experimental techniques [28,29].

Phase transitions of CsPbBr3 and CsPbCls are well described in the
literature and were explored in detail along the past decades [30,31].
Critical temperatures referenced in past works are valid for bulk crystals
but can be shifted in nanostructures, where surface conditions represent
a relatively larger fraction of the studied perovskite materials [8,32].
Micro-PL cannot unambiguously determine the local crystal phase, but it
is often used to infer changes in the crystalline structure [33]. We hy-
pothesize that, in the studied nanowires, small surface lattice changes
induce a relevant modification of the observed PL signal, requiring
further structural investigation of nanometric surface-sensitive probes to
ensure a robust phase description.

First, PL signals retrieved from the studied samples show that both
sides of the CsPb(Br;_4Cly)s heterojunction NW show emission peaks
towards the green region even when excited at Aexe = 371 nm (Fig. 3(A)).
This indicates that charge carriers have a large mean free path, with
electrons and holes involved in the heterojunction diffusing from the
larger bandgap region (Cl-rich half) to the narrower bandgap of the NW
portion (Br-rich half), most likely with the energy diffusion being
enhanced by photon recycling [34,35]. Therefore, changes in charge
transport of any of the halves of the CsPb(Br; _xCly)3 heterojunction NW
are perceived in the PL signal of the other half.

Recent findings demonstrate that the introduction of HCI vapor leads
to notable changes in the lattice parameters and induces ferroelastic
domains within CsPb(Br; _xCly)3 heterostructured NWs. These structural
transformations are closely linked to variations

in local anion composition, which significantly influence the pho-
toluminescent properties of the NWs. This aligns with our observations
of enhanced exciton lifetimes and altered photoluminescence peak po-
sitions, suggesting that the ferroelastic and possibly flexoelectric prop-
erties induced by anion exchange play a critical role in the
optoelectronic behavior of these materials [36]. Additionally, recent
studies have shown that exposing CsPb(Br; _xCly)3 NWs to Cl; gas via an
Ar—Cl, atmosphere results in similar structural and photoluminescent
modifications [37]. These findings highlight that, regardless of the Cl
source, whether HCI vapor or Cl; gas, the induced ferroelastic domains
and altered electronic properties are significant for understanding and
enhancing the performance of perovskite-based optoelectronic devices.

Recent studies have demonstrated the flexoelectric effect in metal
halide perovskites (MHPs), describing how strain gradients can induce
polarization in these materials. For instance, research on all-inorganic
CsPbBr3 nanocrystals has shown that strain gradients generated during
epitaxial growth can lead to polarization effects, highlighting the
flexoelectric response intrinsic to these systems [6]. These findings are
particularly relevant for CsPb(Brj_xCly)s heterostructures, as similar
strain-induced polarization phenomena may play a crucial role in their
optoelectronic properties, potentially influencing charge transport and
exciton dynamics under varying thermal conditions.
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Furthermore, theoretical approaches have been developed to isolate
flexoelectric contributions from piezoelectric effects in perovskite ox-
ides, highlighting the intrinsic flexoelectric response independent of
other electromechanical interactions [38,39]. This distinction is crucial
for accurately understanding the underlying mechanisms in CsPbX3
perovskites where complex interactions between lattice strain and
electronic properties occur.

Additionally, molecular dynamics simulations have provided in-
sights into how bending and strain gradients can influence the polari-
zation within perovskite structures, indicating a proportional
relationship between curvature and polarization [40]. These findings
are particularly relevant for explaining the observed changes in lumi-
nescence and carrier dynamics in CsPb(Brj_xCly)s NWs, as the flexo-
electric effects could enhance -carrier separation and reduce
recombination at the interfaces or within strain-graded regions of the
NW.

Given the dimensions of the grown NW used in this study (see Sup-
plementary Material), one could not simply argue that quantum
confinement effects on the charge carriers, either for electrons or holes,
is of utmost importance for the observed bandgap increase compared to
bulk CsPbX3 [41]. It was recently demonstrated, however, the formation
of ferroelastic domains in similar MHPs nanostructures and its dynamics
over temperature variation and crystal phase transitions [7-10].

Previous studies have demonstrated the emergence of ferroelastic
domains in CsPbXj3 nanostructures as a function of temperature and
pressure changes [7,8,36,37]. These domains typically appear in an
ordered and reversible manner, propagating strain throughout the
nanowire due to lattice parameter mismatches at the domain wall
interfaces.

This effect is intrinsically linked to the orthorhombic crystal struc-
ture, which facilitates ferroelasticity [7,8]. However, the precise
mechanisms governing domain pinning remain unclear. It is not yet
determined whether structural defects act as pinning sites, whether
domain periodicity arises purely from strain propagation, or if both ef-
fects contribute simultaneously. In mixed-halide nanowires, where a
chemical gradient is already present, similar domain formations have
been observed even at room temperature, suggesting that additional
factors may influence their stability [36]. These observations further
highlight the need for a more detailed model to explain how ferroelastic
domains influence charge carrier dynamics in MHPs, particularly across
phase transition temperatures. The effect of ferroelastic domains on the
basic physical properties, and a model explaining how they can affect
charge carries in MHPs over the phase transitions temperature range, is
up to be discussed.

About a decade ago, strain-induced low dimensional confined
structures based on a single material were proposed (not based on either
piled heterojunctions or on chemically distinct layer-by-layer growth).
Those confined structures, similar to heterostructures and superlattices,
could be obtained by applying strain spatially to a single material in a
periodic or aperiodic way [42]. Based on this previous work, we can
propose a mechanism by means of a model that is discussed below.

Recent works predict that the bandgap of bulk CsPbX3 perovskites
depend on the strain [43-45]. Thus, alternated-strain layer configura-
tion in CsPbX3 could form a superlattice-like potential for electrons in
local conduction band (CB) and holes in local

valence band (VB), which is imposed by the local electrochemical
potential. This potential distorts the electronic structure producing an
effective bandgap, the magnitude of which depends on the amount of
strain present in that specific region on NW (Fig. 6). Additionally, given
that the spatial periodicity of ferroelastic domains, this existence of
different domains with varying degrees of strain results in a physical
behavior that resembles a disordered superlattice. Disordered super-
lattices have the interesting characteristic of increasing Anderson
localization of charge carriers which, in turn, enhances the exciton
recombination rate, which can be observed in luminescence, and may
shift emission spectra depending on the amount of localization caused
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Fig. 6. Schematic evolution of the electronic band structure as a function of the position along the NW growth direction. The temperature increases from the top to
the bottom panel. Precisely at the phase transition, the charge carriers have the largest mean free path along the growth axis. The boxes show the electronic band
structure for (A) low temperature, (B) at the temperature in which the probable phase transition occurs and (C) a higher temperature.

[46,47].

This phenomenon has been originally studied on III-V semiconductor
systems, and here we exploit the model for perovskites.

Based on the observed hysteresis phenomenon during thermal
cycling, as evidenced by the shift of the PL peak center at the hetero-
junction of a NW, it seems that, for the CsPb(Br; _xCly)3 NWs, after the
reordering of the ferroelastic domains, the spatial periodicity of the
disordered strain superlattice is altered to what seems a different crys-
tallographic phase, which may take place due to a stoichiometric change
where Cl is lost to the environment due to the heating process. It is
important to emphasize that this model assumes a crystal phase transi-
tion expected near 305 K for CsPbCl3 [48], as well as the formation of
ferroelastic domains at the critical temperature, which cannot be
directly inferred by our measurements but has been observed before for

similar systems [7,8]. This process changes the exciton recombination
energy (Fig. 3(A) and (B)). This is in agreement with a previous study
which showed that CsPbCls exhibits a hysteretic behavior related to
charge transport when heated and cooled between 305 and 325 K [27].

At the same time, the flexoelectric effect is reduced at the phase
transition temperature due to the smearing of the strain gradient caused
by the reordering, as illustrated in Fig. 6. In turn, this smearing out of
polarization dynamics at the precise juncture of the phase transition
causes an increase of mean free path of charge carriers and consequently
an increase of exciton lifetime, also observed in the heterojunction NW.
In fact, a work by Lee et al. showed the feasibility of fabricating a device
using flexoelectric rectification of charge transport in strain-graded di-
electrics [49].

Concerning the CsPb(Br; _xCly)s heterojunction NW, if a composition
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gradient takes place along the NW axis, it can be expected that the Cl
anion inward migration induces some degree of disorder in the NW
lattice. This possibility is supported by the mechanical fragility observed
by AFM in the resulting CsPbCl; (homogeneous) NW (see Supplemen-
tary Materials, Fig. S2, which shows the NW crumbling). Such effects
influence the phase exhibited by that sample and its respective transition
temperature.

However, according to theoretical works, for any value of x between
0 and 1, a lattice of CsPb(Br;_Cly)3 is a stable solid solution with
negligible chance of segregation [50].

5. Conclusion

In summary, we probed the PL and PL lifetime for CsPb(Br;_xCly)3
NWs over temperature variation across expected crystal phase transition
temperatures. NWs with

x = 0, x = 1 and a heterostructure were studied. Our results indicate
increased PL lifetime near an expected phase transition for pure CsPbCls.
A theoretical model used to explain the phenomenon indicates that the
mean free path of charge carriers may be enlarged at the crystalline
phase transitions of CsPb(Br;_4Cly)s perovskites at modest temperatures
above room temperature. Besides the influence on charge carrier tem-
poral evolution, a shift in the PL peak is also observed during phase
transitions.

This happens regardless of the chemical composition (x between
0 and 1) of the MHP. Flexoelectricity may be generated by electronic
band edge spatial modulation (adiabatic approximation of the electro-
chemical potential) caused by strain gradient of the ferroelastic domain
walls. Understanding the phenomenon could help to improve
perovskite-based photovoltaic devices, especially for operating in light
concentration setups above room temperature.
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AFM measurements

Atomic force microscopy (AFM) measurements were performed using a
NanoSurfC3000 AFM system operating in tapping mode within a nitrogen-filled chamber,
providing an inert atmosphere to control contamination and humidity during the
measurements. The AFM data provided detailed insights into the morphology of the
nanowires (NWs). The NWs exhibit an average length between 3 and 5 microns, with
consistent surface features across the samples, reflecting the high quality of the synthesis
process.

Figure S1 presents topographic AFM images of CsPbBr; NWs, demonstrating their
uniform morphology, although one of the NWs (Figure S1 (c)) was found to be broken during
the measurement process. This breakage may result from mechanical fragility induced by
local structural strain, as discussed in the main text. Specifically, the presence of strain
heterogeneities, commonly observed in perovskite structures, can generate internal stress
that contributes to the mechanical degradation of these nanostructures under mechanical
environmental influences.
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Figure S1.Topographic AFM images of CsPbBr; NWs deposited on a SizN, substrate. (a) Image of a
single CsPbBr; NW showing its smooth and uniform surface. (b) Another CsPbBr; NW displaying
similar morphology, confirming the consistency in synthesis. (c) AFM image of a CsPbBr; NW that
broke during measurement. The insets in each panel present the corresponding horizontal (1) and
vertical (2) profiles, displaying the NWs’ thicknesses and lengths, extracted using Gwyddion software.

Figure S2 shows the topography of a CsPbCl; NW, which is obtained through a complete
anion exchange process. In this process, the bromine (Br) ions in the original CsPbBr; NWs
are entirely replaced by chlorine (Cl) ions, resulting in the transformation of the nanowire into



CsPbCl;. The AFM images demonstrate the structural integrity of the exchanged NWs, with
minimal surface defects, indicating successful exchange without compromising the
morphology.

Figure S2.Topographic AFM image of a CsPbCl; NW obtained through complete anion exchange,
where Br ions in the original CsPbBr; NWs are replaced by Cl ions. The NW is deposited on a Si;N,
substrate, maintaining a smooth and uniform surface, indicative of the successful exchange process
without compromising the structural integrity. The inset displays the horizontal (1) and vertical (2)
profiles, showing the NW's thickness and length, extracted using Gwyddion software.

Figure S3 presents AFM measurements of a partially modified NW, with one half
composed of CsPbBr; and the other half of CsPbCl;, forming a heterojunction. However, the
topographic measurements do not reveal any visible changes or transitions along the
interface between the two regions. The nanowire maintains a uniform structure and
appearance throughout its length, further indicating that the anion exchange process does
not compromise the surface morphology or structural integrity of the NW.

The insets of the AFM images display the vertical and horizontal profiles, illustrating
the length and thickness of the nanowires. These profiles were extracted and analyzed using
the data processing software Gwyddion, providing precise measurements of the NWs'
dimensions and confirming the consistency of their morphology across the different samples.



Figure S3.Topographic AFM images of two different heterojunction nanowires (NWs) composed of
CsPb(Br;-xClx)s. (a) and (b) display NWs where one half consists of CsPbBr; and the other of CsPbCls.
The AFM measurements reveal no visible topographic transitions along the interface. The insets in
both panels show the horizontal (1) and vertical (2) profiles, highlighting the thickness and length of
the NWs, obtained using Gwyddion software.



PL and TCSPC measurements

Different setups were employed for the photoluminescence (PL) measurements to explore
the optoelectronic properties of the NWs. The first setup utilized a micro-Raman Witec
alpha300 RA Spectrometer, equipped with a confocal microscope and a 50x objective lens
for precise optical analysis. For the measurements, a 457 nm excitation laser was used with
a power of 0.5 mW, focused to a laser spot size of 0.3 um. The motorized stage of the system
enables precise spatial control, allowing high-resolution luminescence mapping. The
combination of the small laser spot and confocal capabilities ensures localized excitation,
which is essential for investigating the PL response in detail across different regions of the
NWs, as described in the manuscript.

Figure S4(a) shows an optical microscope image of a heterojunction NW acquired using the
Witec system. The luminescence mapping was performed with 0.15 ym step increments
along the length of the NW, providing high spatial resolution to capture the variations in
emission properties. Figures S4(b) and S4(c) present the resulting PL maps centered at 507
nm and 523 nm, respectively, each with a 2 nm bandwidth. These maps highlight the spatial
variation in emission along the heterojunction NW, with the region corresponding to 507 nm
emission being Cl-rich (Figure S4b), while the 523 nm emission region is Br-rich (Figure S4c).
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Figure S4. (A) Optical microscope image of a heterojunction NW obtained using the Witec system.
The inset shows a zoomed-in view of the same NW. (B) and (C) Luminescence maps of the
heterojunction NW, centered at 507 nm and 523 nm, respectively, with a bandwidth of 2 nm. (D) Micro-
PL spectra collected at different locations along the NW: the Cl-rich region (blue, 507 nm), the center
of the NW (red, 514 nm), and the Br-rich region (black, 523 nm). These measurements highlight the
compositional gradient along the NW, resulting in a gradual redshift in the emission peaks.

Figure S4(d) displays micro-PL spectra collected at different locations along the NW. The
blue spectrum, taken from the Cl-rich region, shows a PL peak centered at 507 nm. The red
spectrum, obtained from the center of the NW, exhibits a peak at 514 nm, while the black
spectrum, from the Br-rich end, presents a peak centered at 523 nm. This progressive redshift
along the NW reflects the compositional gradient resulting from the anion exchange process.



As explained in the manuscript, this shift occurs due to the modulation of the electronic
bandgap along the heterojunction. The narrower bandgap in the Br-rich region leads to longer
wavelength emission, whereas the wider bandgap in the Cl-rich region produces shorter
wavelength emission. These results confirm that the band structure of the NW is effectively
tuned by the anion composition, influencing excitonic recombination dynamics and resulting
in distinct PL emissions along the heterojunction.

The second setup, shown schematically in Figure S5, was employed for both steady-state
PL and time-correlated single photon counting (TCSPC) measurements. For steady-state PL
measurements, a continuous-wave 371 nm laser is used, while for TCSPC measurements,
a pulsed 371 nm laser with a repetition rate of 80 MHz and a laser spot size of 0.5 um is
employed. The sample is mounted on a controllable heating stage, allowing precise
temperature variation during the experiments, enabling the investigation of the temperature
dependence of the photophysical properties of the NWs.
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Figure S5. Schematic representation of the optical setup used for steady-state PL and TCSPC
measurements. The system utilizes either a continuous-wave 371 nm laser for PL measurements or
a pulsed 371 nm laser (80 MHz repetition rate) for TCSPC. The laser beam is directed through several
optical components, including lenses (focal lengths of 10 cm, 15 cm, and 20 cm) and a semi-reflective
mirror, before focusing on the sample via a 50x objective lens. For PL measurements, the emission
signal by passes the removable mirror and is sent directly to the ANDOR-Shamrock-303i
spectrometer. In TCSPC mode, the removable mirror redirects the signal through an Oriel-MS125TM
spectrograph to a PMA-M photomultiplier detector assembly, with an instrument response function of
approximately 120 ps.

The emission beam passes through several optical components, including lenses with focal
lengths of 10 cm, 15 cm, and 20 cm, a semi-reflective mirror, and a removable mirror.
Depending on the measurement, the removable mirror directs the emission either to the
ANDOR-Shamrock-303i spectrometer for steady-state PL measurements or to an Oriel-



MS125TM spectrograph connected to a PMA-M photomultiplier detector assembly from
PicoQuant for TCSPC measurements. The photomultiplier setup, with an instrument
response function of approximately 120 ps, ensures precise time resolution for the TCSPC
experiments. Before reaching the photomultiplier, the emission and any remaining laser light
pass through a neutral filter to extinguish the excitation signal, ensuring that only the PL
emission from the focal region of the 50x objective lens is detected. TCSPC data is collected
using PicoHarp software and analyzed by fitting a bi-exponential decay model, following the
equationi(t) = A;e~t/™ + A,e~t/T2 where A, and A,are the exponential factors, and 7; and ,
are the fast and slow decay times, respectively.

To explore the temperature dependence of the PL response, CsPbCl; NWs were analyzed
under varying temperatures using this setup. The PL spectra recorded across the
temperature range, as shown in Figure S6 (left), reveal a progressive shift in the emission
peak. A notable and abrupt change in the peak position occurs at the known phase transition
temperature of CsPbCls;, consistent with reports in the literature. The right panel of Figure S6
further quantifies this shift by plotting the PL peak center as a function of temperature,
highlighting the significant influence of the phase transition on the optical properties of the
material.
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Figure S6. (Left) PL spectra of a CsPbCl; nanowire (NW) measured using the second setup, with
varying temperature. (Right) Variation of the PL peak center as a function of temperature, showing a
significant shift at the known phase transition temperature of CsPbCl; reported in the literature.

The heterojunction NWs were also studied to assess the thermal response of both the Cl-rich
and Br-rich regions. For the Cl-rich region, Figure S7(a) shows the spectral evolution during
heating, while Figure S7(b) presents the spectra obtained during cooling. A noticeable
hysteresis effect is observed: the PL peak does not immediately return to its original position
upon cooling, indicating that the optical response exhibits a memory effect. This suggests
that structural or compositional rearrangements occur during the heating-cooling cycle,
affecting the emission characteristics and resulting in a delayed return to the initial emission
state.
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Figure S7. PL spectra of the Cl-rich region of a heterojunction NW. (a) Evolution of the spectra during
the heating process. (b) PL spectra collected during the cooling process, completing a full heating-
cooling cycle.

In the Br-rich region of the heterojunction NW, as shown in Figures S8(a) and S8(b), the PL
spectra display a redshift during the heating process, similar to the behavior observed in the
Cl-rich region. However, an intriguing feature is that despite the measurements being
performed on the Br-rich part of the NW, a shift is still detected at the phase transition
temperature associated with CsPbCls, mirroring the behavior seen in the Cl-rich region. This
suggests that the optical response of the heterojunction is influenced by interactions between
the two regions. One possible explanation for this behavior is photorecycling, where photon
reabsorption and re-emission processes between the Br-rich and Cl-rich regions modulate
the observed emission characteristics.

Temperature-dependent measurements were conducted across multiple thermal cycles and
on different NWs to ensure the reproducibility and consistency of the observed behavior.
Figure S9 presents the evolution of the PL peak center for the Cl-rich region of the
heterojunction NW during a different thermal cycle, demonstrating the reliability of the results.
The consistent shift observed in the peak position across multiple cycles further confirms the
stability of the material's optical response and the robustness of the phase transition effect in
CsPbCl;. These repeatable trends highlight the coherence of the measurements, reinforcing
the conclusion that the structural and optical changes induced by thermal cycling are intrinsic
properties of the heterojunction nanowires.
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Figure S8. PL spectra of the Br-rich region of a heterojunction NW. (a) Evolution of the spectra during
the heating process. (b) PL spectra collected during the cooling process, completing a full heating-
cooling cycle.
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Figure S9. Evolution of the PL peak center for the Cl-rich region of the heterojunction NW during a
different thermal cycle, showing both the heating (blue) and cooling (pink) processes. The consistent
behavior across cycles demonstrates the reproducibility and coherence of the PL response with
temperature changes.

To further investigate the temperature dependence of excitonic recombination dynamics,
time-resolved PL measurements were performed on a CsPbBr; NW. Figure S10(a) presents
the PL decay spectra collected over a range of temperatures, highlighting the changes in
decay dynamics with increasing temperature. Figure S10(b) shows how the decay time



evolves across the measured temperatures. A pronounced change is observed near 361 K,
corresponding to the known crystallographic phase transition temperature for CsPbBr;
reported in the literature. This phase transition influences the excitonic behavior, reflected in
the changes in decay dynamics as the temperature increases.
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Figure S10. (a) Time-resolved PL decay spectra of a CsPbBr; NW measured across different
temperatures. (b) Decay time variation as a function of temperature, showing a significant change
around 361 K, corresponding to the crystallographic phase transition of CsPbBrs.

Quantitative analysis of the decay processes for the heterojunction NW is summarized in
Table S1. The left side of the table corresponds to the Br-rich region of the heterojunction,
while the right side corresponds to the Cl-rich region. The two decay components, P1 and
P2, represent distinct excitonic processes. According to the manuscript, P1 is associated with
radiative excitonic recombination, while P2 corresponds to non-radiative recombination
pathways. The average decay times for both P1 and P2 are provided, excluding the data
point at 305 K (highlighted in gray) to eliminate the influence of the phase transition. At 305
K, corresponding to the phase transition temperature for the Cl-rich region, the decay time
for P1 is 2.61 ns (very close to the average value of 2.67 ns), showing minimal alteration
during the transition. However, a more pronounced change is observed for P2, which
increases to 2.28 ns in the Cl-rich region, significantly deviating from the average of 0.68 ns.
A similar, though smaller, effect is also observed in the Br-rich region, where P2 at 305 K is
1.42 ns, compared to the average value of 0.79 ns. These results highlight that while the
radiative recombination (P1) remains relatively stable across the phase transition, the non-
radiative recombination (P2) is strongly affected, particularly in the Cl-rich region, reflecting
the structural rearrangements and affecting carrier recombination dynamics during the phase
transition.



The trends in these decay processes are further illustrated in Figure S11, which is analogous
to Figure 4 in the manuscript but includes black dotted lines representing the average decay
time (excluding the 305 K point) to emphasize the differences in lifetime across temperatures.
In Figure S11(a), the lifetime trends for the Br-rich region are shown, demonstrating a
noticeable difference in lifetime compared to other temperatures, particularly near the
transition temperature. Similarly, Figure S11(b) presents the lifetime trends for the Cl-rich
region, providing a comparative perspective on the decay dynamics between the two regions
of the heterojunction NW. These results underline the influence of temperature and phase
transitions on excitonic recombination in both regions, offering insights into how composition
and thermal effects modulate the optical properties of the heterojunction NWs.

Heterojunction-CsPbBrs Heterojunction-CsPhCls

Temperature ()] Pins) | A1t [ Pans) [ A2 Avaz [Temperature()]  Pimns) [ At [ pens) [ A2 AvA2
295 273 0.15 0.97 0.54 0.28 295 276 0.03 058 0.64 0.04
298 2.77 0.04 0.72 1.05 0.04 298 278 0.07 0.72 0.55 0.13
301 2.68 0.0 0.79 0.95 0.0 301 262 0.09 0.68 0.38 0.24
305 2.69 011 142 0.59 0.18 305 261 0.00 228 135 0.00
308 2.70 0.03 0.80 1.10 0.02 308 2.69 0.05 0.73 0.73 0.07
313 2.74 0.01 1.07 1.03 0.01 313 267 0.05 0.3 0.99 0.05
318 2.69 0.05 068 131 0.04 318 271 0.0 0.50 0.95 0.0
323 2.60 0.07 0.55 0.77 0.09 323 2.60 0.08 057 0.63 0.13
332 261 0.14 097 0.55 0.25 332 273 0.03 071 112 0.02
318 2.68 0.07 0.84 0.63 0.10 318 269 0.05 063 0.54 0.09
311 2.70 0.04 095 0.75 0.05 311 263 0.04 0.55 111 0.03
307 262 0.05 062 0.83 0.0 307 264 0.0 0.68 0.96 0.07
303 262 0.03 0.70 0.64 0.05 303 2.60 0.03 056 0.55 0.0
298 2.59 0.03 0.60 121 0.02 298 2.60 0.04 0.66 0.54 0.07
Average | 2.67 0.06 0.83 0.85 0.09 Average | 2.87 0.05 0.79 0.79 0.08

Table S1. Bi-exponential decay fitting parameters for the Br-rich (left) and Cl-rich (right) regions of the
heterojunction CsPb(Br;_xClx); nanowires. P corresponds to the radiative excitonic recombination
channel, while P, represents non-radiative processes. A1 and A, denote the integrated areas under
each decay component, reflecting the total contribution of the radiative and non-radiative channels,
respectively. The A+/A; ratio indicates the relative strength of radiative emission compared to non-
radiative losses. The data point at 305 K (highlighted in gray) corresponds to the temperature near the
presumed phase transition and was excluded from the average calculation.
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Figure S11. Comparison of decay times (P1 and P2) for the heterojunctionNWs as a function of
temperature. (a) Lifetime trends for the Br-rich region, and (b) Lifetime trends for the Cl-rich region.
The black dotted lines represent the average decay times, excluding the 305 K point, highlighting the
deviation in lifetime behavior near the phase transition. These results emphasize the differences in
excitonic recombination dynamics between the two regions and across different temperatures.
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