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Abstract

Quasi-two-dimensional (quasi-2D) metal halide perovskites (MHPs) are important low-
dimensional semiconductor systems because of their strong excitonic response, tunable
emission properties, and improved structural stability compared with conventional three-
dimensional (3D) perovskites. In these materials, the inorganic layer thickness and
the molecular structure of the organic spacer can modulate quantum confinement, ex-
citon localization, and excited-state relaxation pathways. Understanding these structure-
dependent photophysical processes is therefore important for the rational design of perovskite-

based optoelectronic materials.

This thesis investigates the emissive-state dynamics of quasi-2D lead halide perovskite sin-
gle crystals, various quantum well thickness n-pentylammonium lead bromide (n-PAPB) (n =
1), n-PAPB (n = 2), as well as the organic spacer n-PAPB (n = 2), n-butylammonium
methylammonium lead bromide (n-BAPB) (n = 2), and iso-butylammonium methylam-
monium lead bromide (iso-BAPB) (n = 2)). Steady-state absorption spectroscopy, photo-
luminescence (PL) spectroscopy, temperature-dependent PL spectroscopy, time-resolved
photoluminescence (TRPL), and transient absorption (TA) spectroscopy were used to

examine their optical properties and excited-state dynamics.

The absorption and PL spectra suggest the coexistence of multiple quasi-2D domains,
likely dominated by n = 1 — 3 phases. Excitation intensity-dependent PL. measurements
show nearly linear intensity scaling with excitation power, which can be attributed to
the dominated excitonic radiative recombination under the investigated excitation con-
ditions. Temperature-dependent PL measurements reveal pronounced electron-phonon
interactions that influence the charge carrier recombination at the emissive states. The
extracted exciton binding energies are approximately 84-110 meV, indicating strongly
localized excitonic states in these quasi-2D structures. Linewidth broadening analysis
further suggests coupling between excitons and longitudinal optical phonons. TA spec-
troscopy indicates ultrafast charge carrier relaxation followed by the formation of long-

lived localized excited states.

Overall, this work shows that both inorganic layer thickness and spacer molecular struc-

ture are closely correlated with the excited-state dynamics of quasi-2D perovskites. The



results provide insight into structure-dependent exciton localization, carrier-phonon in-

teractions, and emissive-state relaxation processes in layered perovskite systems.

Keywords: quasi-2D perovskites; lead halide perovskites; photoluminescence; transient

absorption; electron-phonon coupling.
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Popular Science Summary

Efficient light-emitting and light-absorbing materials are essential for modern optoelec-
tronic technologies, including solar cells, LEDs, lasers, and photodetectors. Metal halide
perovskites have attracted broad interest because their optical properties can be tuned

by changing their chemical composition and crystal structure.

This thesis focuses on quasi-two-dimensional (quasi-2D) perovskites. In these materials,
thin inorganic layers are separated by organic molecules, forming structures that resemble
natural quantum wells. This layered arrangement confines electrons and holes within the

inorganic regions and gives rise to strong light-emission properties.

The aim of this work was to understand how the thickness of the inorganic layers and
the structure of the organic molecules affect light emission in quasi-2D perovskite single
crystals. Several crystals were studied using optical spectroscopy methods, including
steady-state and time-resolved measurements. These techniques make it possible to follow

how excited carriers and excitons relax after light absorption.

The results show that the investigated crystals exhibit strong excitonic emission and
clear interactions between excited carriers and lattice vibrations. The emission behavior
depends on both the inorganic layer thickness and the organic spacer structure. In par-
ticular, the branched organic spacer leads to broader and red-shifted emission, suggesting

stronger lattice distortion and enhanced exciton localization.

Ultrafast transient absorption measurements further show that photoexcited carriers relax
rapidly after excitation and can form long-lived localized excited states. These processes
are closely related to carrier-phonon interactions and local structural distortion in the

quasi-2D lattice.

Overall, this thesis improves the understanding of how structural factors control light-
emission processes in quasi-2D perovskites. Such knowledge may help guide the design of

perovskite materials with improved emission properties and stability:.
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Chapter 1

Introduction

This chapter introduces the structural and basic photophysical properties of perovskite
materials, with emphasis on quasi-2D MHPs. The roles of inorganic layer thickness and
organic spacer cations are discussed in relation to quantum confinement, exciton localiza-
tion, and excited-state dynamics. Representative optoelectronic applications, particularly
solar cells and light-emitting diodes (LEDs), are then briefly reviewed. Finally, the moti-

vation and objectives of this thesis are presented.

1.1 Perovskite Materials

Perovskite materials were first discovered in 1839 by Gustav Rose in calcium titanate
(CaTiO3) minerals found in the Ural Mountains of Russia and were later named after
the Russian mineralogist Lev Perovski |1]. Since then, perovskites have evolved into a
versatile class of functional materials with versatile crystal structures and diverse physical
properties. The perovskite structure is commonly described by the general chemical
formula AB X3, where A and B represent cations of different ionic sizes and X denotes an
anion, typically oxygen or a halide |2|. Early studies mainly focused on oxide perovskites
such as BaTi0s3, which exhibited outstanding ferroelectric and piezoelectric properties

and enabled applications in electronic and memory devices [3].

In recent decades, MHPs are now among the most widely studied solution-processable
semiconductors. Inorganic perovskites such as CsPbX3 (X = Cl, Br,and I) were initially
synthesized in the late nineteenth century [4], while hybrid organic—inorganic perovskites
including M APbX3 and FFAPbX3 were later developed and extensively investigated for
their exceptional optoelectronic properties [5,6]. Owing to their strong optical absorp-
tion [79], tunable bandgaps [10,/11], and excellent emission characteristics [12,/13], MHPs
have attracted significant attention for applications in solar cells, LEDs, lasers, and pho-

todetectors.



The optical and electronic properties of MHPs can be tuned through compositional en-
gineering [14}|15]|, dimensional control [16}(17], and halide substitution [18|19]. Their
solution-processable nature also enables low-temperature fabrication and integration into
different device architectures |20]. Beyond these practical advantages, quasi-2D MHPs
exhibit rich photophysical behavior, including pronounced excitonic effects [21]. This is
particularly relevant for low-dimensional perovskites, where structural confinement can

substantially modify exciton formation, carrier relaxation, and light-emission processes.

1.2 Quasi-2D Perovskites

MHPs have attracted extensive interest for optoelectronic applications because of their ex-
cellent optical and electronic properties. However, despite the high performance achieved
in conventional three-dimensional (3D) perovskites, insufficient environmental stability re-
mains a major challenge for practical device applications [22,23|. Exposure to moisture,
oxygen, heat, and continuous illumination can induce structural degradation and deteri-
orate device performance. To improve material stability, quasi-2D perovskites have been
developed by incorporating bulky organic spacer cations into the perovskite framework.
Because these organic spacer molecules are generally hydrophobic, they can effectively
suppress moisture penetration and enhance the environmental stability of the materials
compared with conventional 3D perovskites [24]. As a result, quasi-2D perovskites have

become important low-dimensional systems for stable optoelectronic applications.

3D MHPs possess a continuous network of corner-sharing BXy octahedra, forming the
typical ABXj3 crystal structure (Fig. a). By incorporating bulky organic ammonium
spacer cations into the 3D framework, the continuous inorganic network can be period-
ically separated into layered structures |25]. This structural modification leads to the
formation of low-dimensional perovskites. Depending on the arrangement and connec-
tivity of the organic spacer layers, several types of layered perovskite structures can be
obtained, including the Ruddlesden—Popper (RP), Dion—Jacobson (DJ), and alternating

cation (AC) phases (Fig. [1.1]b).
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Figure 1.1: Schematic diagram of halide perovskite materials: (a) 3D halide perovskite
materials. (b) 2D and quasi-2D halide perovskite materials. Figures were taken from
Reference with permission.

Compared with conventional 3D perovskites, these layered structures exhibit stronger
confinement effects and greater structural flexibility. These characteristics strongly in-
fluence their optical and photophysical properties. Among them, RP-phase perovskites
have received particular attention because of their pronounced excitonic characteristics
and highly tunable photophysical behavior [26].

The general chemical formula of RP perovskites can be expressed as

(RNH3)2A,-1B, X504 (1.1)

where RN H; represents a bulky organic ammonium spacer cation, A denotes a small
monovalent cation such as methylammonium (MA), formamidinium (FA), or cesium (Cs),
B is typically Pb?*, and X corresponds to a halide anion. In RP structures, inorganic
metal-halide octahedral layers are periodically separated by organic spacer layers, forming
natural quantum-well structures [27]. The dielectric constant of the organic spacer layer
is significantly lower than that of the inorganic framework. This dielectric mismatch en-
hances the Coulomb interaction between electrons and holes and consequently strengthens

excitonic effects in quasi-2D perovskites.

Another important parameter in RP perovskites is the inorganic layer thickness, which

is commonly represented by the n value. The n value corresponds to the number of



connected inorganic octahedral layers confined between adjacent organic spacer layers.
When n = 1, the structure contains only a single inorganic octahedral layer and exhibits
the strongest two-dimensional characteristics. As the n value increases, the thickness of
the inorganic slab gradually increases and the material properties progressively approach
those of bulk 3D perovskites.

Reduced dimensionality in quasi-2D perovskites gives rise to pronounced quantum and
dielectric confinement effects. Charge carriers are spatially confined within the inorganic
layers, resulting in quantized electronic states and enhanced excitonic behavior. As a
result, quasi-2D perovskites usually exhibit larger exciton binding energies than conven-
tional 3D perovskites. These materials typically exhibit intense excitonic emission and

high photoluminescence quantum yields.

Besides inorganic layer thickness, the molecular structure of the organic spacer cation
also plays a critical role in determining the structural and optical properties of quasi-2D
perovskites. Variations in spacer length, molecular arrangement, and steric effects may
influence octahedral distortion, interlayer coupling, and quantum confinement |28, 29].
These structural variations may further influence exciton localization, emission character-
istics, and excited-state dynamics. Therefore, organic spacer engineering has become an

effective strategy for tuning the photophysical properties of quasi-2D perovskites.

1.3 Inorganic Layer Thickness and Organic Spacer Ef-

fects

The optical and photophysical properties of quasi-2D perovskites are closely linked to the

inorganic layer thickness and the organic spacer cations.

The inorganic layer thickness determines the degree of quantum and dielectric confine-
ment. In general, smaller n values lead to stronger confinement and larger exciton binding
energies, whereas increasing n gradually shifts the material properties toward those of bulk
3D perovskites [30]. As a result, variations in n can modify the emission energy, charge

carrier recombination dynamics, and carrier transport behavior.

The organic spacer cation provides an additional structural degree of freedom. Different
spacer molecules can change the interlayer distance, octahedral distortion, molecular pack-
ing, and local dielectric environment [31},32]. These structural changes can affect exciton
localization, electron-phonon interactions, and emission linewidth. In particular, linear
and branched spacer cations may lead to different lattice distortions and local structural

disorder.

Therefore, comparing quasi-2D perovskites with different n values and spacer cations



provides a useful route to understand how structural factors control excited-state dynam-
ics. In this work, single crystals were selected because their reduced defect densities and
absence of grain boundaries enable more reliable investigation of intrinsic optical and
excited-state properties compared with polycrystalline thin films [33]. The investigated
systems included n-PAPB (n = 1), n-PAPB (n = 2), iso-BAPB (n = 2), and n-BAPB
(n = 2), which were selected as representative quasi-2D perovskite systems with different

inorganic layer thicknesses and spacer molecular structures.

1.4 Optoelectronic Applications

MHPs have been widely investigated for optoelectronic applications because of their strong
optical absorption, tunable bandgaps, and efficient radiative recombination properties.
Their favorable photophysical characteristics make them promising materials for photo-

voltaic devices, LEDs, lasers, and photodetectors.

1.4.1 Solar Cells

Photovoltaic devices convert sunlight into electricity and are a major platform for renew-
able energy technologies. In this context, MHPs have been widely investigated as light
absorbers because of their strong optical absorption, tunable bandgaps, and long carrier
diffusion lengths [34].

MHPs have emerged as promising photovoltaic materials because of their excellent optical
and electronic properties [35]. These materials exhibit high absorption coefficients over a
broad spectral range, long carrier diffusion lengths, and tunable bandgaps, making them
promising candidates for high-performance solar cells. Since the first report of perovskite-
based solar cells in 2009, the certified power conversion efficiencies of perovskite-based
photovoltaic devices have increased rapidly from below 4 % to values exceeding 30 %
[36-38], highlighting the remarkable potential of perovskite photovoltaic technologies.

Several representative architectures of perovskite solar cells are illustrated in Fig.
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Figure 1.2: Typical structures for perovskite solar cells. TCO: transparent conducting
oxide, HTL: hole transport layer, ETL: electron transport layer. Figures were taken from
Reference with permission.

Compared with conventional silicon solar cells, perovskite solar cells can be fabricated
through low-temperature solution-processing methods, thereby significantly reducing fab-
rication cost and processing complexity . In addition, the bandgap of perovskite mate-
rials can be readily tuned through compositional engineering and dimensional modulation,

enabling flexible optimization of light absorption and carrier transport properties.

Although conventional 3D perovskites exhibit excellent photovoltaic performance, their
practical applications are still limited by insufficient environmental stability. Quasi-2D
perovskites have attracted increasing attention because the introduction of bulky organic
spacer cations can improve moisture resistance and structural stability. In particular,
layered perovskites exhibit enhanced resistance against heat and humidity compared with
their 3D counterparts . However, reduced dimensionality and strong quantum con-
finement may also influence charge transport behavior . Clarifying the relationship
between crystal structure and excited-state dynamics is necessary for further improving

the photovoltaic performance of quasi-2D perovskites.

1.4.2 Light-emitting Diodes

LEDs are widely used in display technologies, solid-state lighting, and optical commu-

nication systems. High-performance light-emitting materials are generally required to



possess high emission efficiency, narrow emission linewidths, and tunable emission wave-
lengths . MHPs have attracted considerable attention for LED applications because
of their excellent luminescence properties and facile spectral tunability .

Perovskite LEDs have developed rapidly in recent years. Owing to their high photolu-
minescence quantum yields, narrow emission bandwidths, and solution-processable fab-
rication methods, perovskite materials have emerged as promising materials for next-
generation light-emitting devices. Since the first demonstration of perovskite LEDs in
2014, the device performance has improved substantially . The performance of LEDs
is commonly evaluated using the external quantum efficiency (EQE), which describes the
ratio between the number of emitted photons and injected charge carriers. In recent
years, the EQEs of state-of-the-art perovskite LEDs have exceeded 30%, demonstrating
their strong potential for high-performance light-emission applications . The emis-
sion wavelength of perovskites can be effectively tuned across the visible spectral range
through halide composition engineering and dimensional modulation . Fig. [1.3| shows

the emission wavelengths of different perovskite LEDs.

®
1 o g

105 = ¢ o
= 1 *® * o
< 1 o o
> ;
o 10° ' '
5 REB
5 10 “ % 7 ©
5 103 c 10 ©
— ] w O
£ ] 1072
g ] ' s °
W 1073 , ! .

1075 400 425 450 475 500

] o EL emission peak (nm)
] - ®NIR A Red Orange
10°8 Yelow © Green < Blue + Violet
I ! T i T T T T T T I !
400 600 800 1,000 1,200 1,400 1,600

Electroluminescence emission peak (nm)

Figure 1.3: Electroluminescence of different perovskite LEDs. This figure was taken from

Reference with permission.

Quasi-2D perovskites are particularly attractive for LED applications because strong
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quantum confinement can enhance radiative recombination efficiency. Compared with
conventional 3D perovskites, layered structures usually exhibit larger exciton binding en-
ergies and reduced nonradiative recombination. These characteristics are favorable for
efficient light emission. For example, quasi-2D perovskites have demonstrated highly

efficient electroluminescence in perovskite LED devices [48].

The emission properties of quasi-2D perovskites are closely related to their crystal struc-
tures and excited-state dynamics. Variations in inorganic layer thickness and organic
spacer cations may influence exciton localization, electron-phonon interactions, and car-
rier relaxation processes. In addition, strong electron-phonon coupling and flexible lattice
structures in low-dimensional perovskites can promote the formation of self-trapped exci-
tons (STEs), which may lead to broadband white-light emission [49]. Therefore, investi-
gating the photophysical behavior of quasi-2D perovskites is important for understanding

their emission mechanisms and optimizing the performance of perovskite-based LEDs.

1.5 Motivation and Objectives

The optical and photophysical properties of quasi-2D perovskites are governed by a combi-
nation of inorganic layer thickness, organic spacer structure, and local lattice distortion.
Although these materials often show strong excitonic emission and improved stability
compared with conventional 3D perovskites, the relationship between structural variation
and excited-state relaxation remains incompletely understood. In particular, the effects
of spacer geometry and dimensionality on carrier relaxation, exciton localization, and

emissive-state formation require further investigation.

In this thesis, quasi-2D perovskite single crystals with different inorganic layer thicknesses
and organic spacer cations were studied, including n-PAPB (n = 1), n-PAPB (n = 2),
iso-BAPB (n = 2), and n-BAPB (n = 2). Their optical responses and excited-state
dynamics were investigated using absorption spectroscopy, PL spectroscopy, temperature-
dependent PL, TRPL, and TA spectroscopy. By comparing these systems, this work aims
to clarify how dimensionality and spacer molecular structure affect excitonic emission,

carrier-phonon coupling, and excited-state relaxation in quasi-2D perovskites.



Chapter 2

Theoretical Background

This chapter introduces the theoretical background relevant to the optical and photo-
physical properties of quasi-2D perovskites investigated in this thesis. The fundamental
concepts related to excitonic behavior, carrier recombination, and electron-phonon in-
teractions are briefly discussed. Meanwhile, the principles of PL, TRPL, and TA spec-
troscopy are introduced to provide the theoretical basis for the experimental investigations

presented in the following chapters.

2.1 Excitons and Quantum Confinement in Quasi-2D

Perovskites

In semiconductors, optical excitation with photon energies larger than the bandgap en-
ergy (E,) can generate electron-hole pairs. Because of the Coulomb attraction between
electrons and holes, bound quasiparticles known as excitons may be formed [50]. Exci-
tons are generally classified into Frenkel excitons and Wannier-Mott excitons according
to the spatial distribution of the electron-hole pair. Frenkel excitons are strongly local-
ized within a single unit cell, whereas Wannier-Mott excitons possess much larger radii
and are weakly bound in the crystal lattice. Excitons in MHPs generally belong to the
Wannier-Mott type [51].

The excitonic energy levels can be approximated using a hydrogen-like model [51]:

Ey
where E, is the bandgap energy, E, is the exciton binding energy, and n is the principal
quantum number. The exciton binding energy corresponds to the energy required for

dissociating excitons into free charge carriers. Reduced dimensionality and dielectric



confinement in quasi-2D perovskites generally result in larger Fj values than those in

conventional 3D perovskites [52].

Experimentally, the exciton binding energy can be estimated through several spectroscopic
approaches, including absorption spectroscopy, temperature-dependent PL, and ultrafast
spectroscopic techniques [53,54]. Temperature-dependent PL measurements were used to
estimate the exciton binding energy associated with thermal activation processes. In the
ideal case where trap states are neglected, the integrated PL intensity as a function of

temperature can be fitted using the Arrhenius equation [28}55]56|:

14 AeEv/ksT

I(T) (2.2)
where [y is the PL intensity at low temperature, A is a fitting constant and kg is the
Boltzmann constant (kg = 8.617 x 107° eV K™!). Since quasi-2D perovskites generally
exhibit strong excitonic emission, the excited-state dynamics in these materials are mainly

dominated by excitonic recombination processes.

Variations in inorganic layer thickness and spacer molecular structure can lead to differ-
ent degrees of quantum confinement in quasi-2D perovskites, which further influence the
exciton binding energy (FEj). Smaller n values generally result in stronger confinement ef-
fects and larger F), values, while increasing the inorganic layer thickness gradually leads to
weaker confinement and more bulk-like behavior. Notably, different organic spacer cations
may influence lattice distortion and dielectric environments, which can further affect ex-
citon localization and excitonic recombination processes. Therefore, the photophysical
properties of n-PAPB (n = 1), n-PAPB (n = 2), iso-BAPB (n = 2), and n-BAPB (n = 2)

are expected to exhibit different excitonic characteristics and excited-state dynamics.

Fig. illustrates the crystal structures and corresponding confinement potentials of
bulk and quasi-2D perovskites with different inorganic layer thicknesses and organic spacer
cations. As the dimensionality decreases from bulk 3D perovskites to quasi-2D structures,
stronger quantum confinement can enhance the Coulomb interaction between electrons
and holes, resulting in larger exciton binding energies [41,52]. Moreover, variations in
spacer molecular structure may further modify the dielectric environment and confinement
potential, leading to different excitonic properties among n-PAPB (n = 1), n-PAPB
(n = 2), iso-BAPB (n = 2), and n-BAPB (n = 2).
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Figure 2.1: Crystal structures and confinement potentials of quasi-2D perovskites.

2.2 Excited-state Dynamics

After optical excitation with photon energies exceeding the bandgap, electrons in the
valence band can be excited to the conduction band, leaving holes in the valence band.
In quasi-2D perovskites, the Coulomb interaction between electrons and holes can lead to
the formation of excitons because of the strong quantum confinement and relatively large

exciton binding energies [41].

After photoexcitation, the excited carriers may undergo several relaxation pathways back
to the ground states, including radiative and nonradiative recombination. In radiative
recombination processes, electrons recombine radiatively with holes, producing photolu-
minescence emission. In contrast, nonradiative recombination processes dissipate excita-
tion energy to the lattice through phonon emission via defect- or trap-mediated relaxation
pathways rather than photon emission . Defect states and lattice imperfections can
act as carrier trapping centers, thereby modifying the carrier relaxation pathways and
excited-state lifetimes. The corresponding radiative recombination pathways, including
band-to-band luminescence, excitonic luminescence, and STE luminescence, are schemat-
ically illustrated in Fig.
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Figure 2.2: (a) Schematic illustration of intrinsic photoluminescence processes in per-
ovskite materials, including band-to-band luminescence, excitonic luminescence, and STE
luminescence. (b) Schematic illustration of the energy level structure associated with STE
formation and relaxation processes (GS, ground state; FE, free exciton state; FC, free car-
rier state; Ej, exciton binding energy; Ey, self-trapping energy). This figure was taken
from Reference with permission.

In addition to free excitonic recombination, STEs may also form in low-dimensional per-
ovskite materials because of strong electron-phonon coupling and flexible lattice struc-
tures ,. Under strong lattice interactions, the excited carriers can induce local
lattice distortion and become localized in a lower-energy self-trapped state. Compared
with free-exciton emission, STE emission usually exhibits broader and more red-shifted
luminescence bands. In quasi-2D perovskites, reduced dimensionality and lattice softness

can favor STE formation and influence the excited-state relaxation dynamics.

In quasi-2D perovskites, the reduced dimensionality and strong confinement effects can
enhance excitonic recombination processes. Moreover, variations in inorganic layer thick-
ness and spacer molecular structure may influence carrier localization and recombination
dynamics. Octahedral distortion and local dielectric screening can additionally modify

carrier relaxation pathways and emission behavior.

Excited-state recombination behavior can be evaluated using excitation power-dependent
PL measurements. The relationship between PL intensity and excitation power is com-

monly described by

]pL XX Pk (23)

where Ipy, is the integrated PL intensity, P is the excitation power, and k is the power-law

coefficient. A k value close to 1 generally indicates monomolecular recombination behavior
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and a nearly linear relationship between PL intensity and excitation power. In quasi-2D
perovskites, this behavior is commonly attributed to excitonic radiative recombination
[56,61]. A k value approaching 2 is typically associated with bimolecular free-carrier
recombination, whereas values smaller than 1 may indicate trap-assisted nonradiative
recombination or saturation effects. Intermediate k values may suggest the coexistence
of multiple recombination pathways. Therefore, the power-law coefficient can provide
useful insight into the dominant excited-state relaxation and recombination mechanisms

in quasi-2D perovskites.

Because of the different confinement strengths and dielectric environments in n-PAPB
(n = 1), n-PAPB (n = 2), iso-BAPB (n = 2), and n-BAPB (n = 2), distinct excited-
state relaxation and recombination dynamics are anticipated in these quasi-2D perovskite

systems.

2.3 Electron-phonon Coupling

Electron-phonon interactions are critical for understanding excited-state dynamics in per-
ovskite materials. Interactions between charge carriers and lattice vibrations (phonons)
can significantly affect relaxation dynamics, carrier mobility, and radiative recombination
behavior [62,63]. In low-dimensional perovskites, the soft lattice structure and reduced
dimensionality can further enhance electron-phonon interactions. Strong electron—phonon
coupling means that excited carriers interact strongly with lattice vibrations, which can
locally distort the crystal lattice, localize excitons, and promote the formation of STEs,

a phenomenon commonly observed in quasi-2D perovskite systems [64].

Temperature-dependent PL linewidth analysis is widely used to investigate electron-
phonon coupling in semiconductor materials. As the temperature increases, the phonon
population in the lattice increases, leading to enhanced carrier-phonon interactions and
increased spectral broadening. The resulting linewidth broadening reflects the strength
of electron-phonon coupling in the material. Therefore, the electron-phonon coupling
strength can be evaluated from the temperature dependence of the full width at half
maximum (FWHM) of the PL spectra using the following model [65-67]:

T(T) =To + Lac + 10 + Timp = Lo 4+ YaeT + 720 NLo(T) + Yimpe ™ 2o/ F5T (2.4)

Here, I'(T') represents the temperature-dependent PL linewidth, and I'y is the temperature-
independent inhomogeneous broadening caused by disorder and imperfections. I',. and
I'Lo are homogeneous broadening terms resulting from acoustic phonon scattering and
Frohlich scattering, respectively, with carrier-phonon coupling strengths of ~,. and v.0.
Nro(T) = 1/(ePro/ksT 1) where Eo is the LO phonon energy and kj is the Boltzmann
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constant. I';,, represents the inhomogeneous broadening contribution induced by ionized

impurities.

In hybrid perovskite materials, the contributions of acoustic phonon scattering and im-
purity scattering are often relatively weak at high temperatures and may be incorporated
into ['y. As a result, the linewidth broadening can be simplified using the following ex-

pression [65]:

I'(T) =To +v.0N1o(T) (2.5)
Strong electron—phonon coupling generally leads to faster carrier relaxation, broader PL
linewidths, and enhanced STE formation in quasi-2D perovskites.

Therefore, temperature-dependent PL linewidth analysis can be used to evaluate the
electron-phonon coupling strength and STE-related relaxation behavior in the investigated

quasi-2D perovskites.

2.4 Absorption Spectroscopy

Absorption spectroscopy provides direct information about the optical transitions and
electronic structure of semiconductor materials. In quasi-2D perovskites, absorption mea-
surements reveal excitonic absorption features, band-edge transitions, and the correspond-

ing inorganic layer thicknesses.

Absorption spectroscopy was performed in reflection mode using a highly reflective ref-
erence mirror for background calibration. The measured reflectance was first normalized

using the reference mirror. The normalized reflectance R can be expressed as

R= (2.6)

where [ is the reflected light intensity from the sample and I is the reflected light intensity

from the reference mirror.

The absorbance is defined as the negative logarithm of the normalized intensity ratio:

i (1) o

Therefore, using the normalized reflectance R = I/I,, the absorption spectrum can be

written as
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A= —logyy(R) (2.8)

where A represents the absorbance obtained from the reflection-mode measurement.

In quasi-2D perovskites, characteristic excitonic absorption features are closely correlated
with inorganic layer thickness and dimensionality of the materials. The absorption spectra
were used to identify the characteristic excitonic absorption features of the quasi-2D
perovskite single crystals and to support the assignment of the corresponding quasi-2D

phases.

2.5 PL Spectroscopy

PL spectroscopy is a powerful technique for probing the optical and excited-state proper-
ties of semiconductor materials. In a PL process, electrons are excited from the valence
band to the conduction band by external light excitation. Following carrier relaxation,
radiative recombination between electrons and holes gives rise to photon emission. The
emitted photon energy is related to the electronic structure of the material and can be

expressed as

he
E = = — 2.
hv ;) (2.9)

where h is Planck’s constant, v is the photon frequency, ¢ is the speed of light, and A\ is

the emission wavelength.

PL spectroscopy provides important information about bandgap energies, excitonic emis-
sion, defect-related emission, and carrier recombination pathways in perovskite materi-
als [57]. In quasi-2D perovskites, PL measurements are widely used to investigate excitonic

behaviors, electron-phonon interactions, and STE emission processes.

Temperature-dependent PL measurements provide insight into the thermal evolution of
excited-state dynamics. Temperature-dependent variations in PL peak position, linewidth,
and emission intensity can be used to evaluate exciton binding energies, carrier-phonon in-
teractions, and thermal quenching processes. In particular, linewidth broadening analysis

is commonly used to evaluate electron-phonon coupling strengths in perovskite systems.

2.6 TRPL Spectroscopy

TRPL spectroscopy enables direct investigation of excited-state dynamics and carrier

relaxation processes in semiconductor materials. Compared with steady-state PL mea-
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surements, TRPL measurements can provide time-dependent information about carrier

recombination, exciton relaxation, and trapping processes in perovskite materials.

TRPL measurements were carried out using the time-correlated single photon counting
(TCSPC) technique, which enables highly sensitive detection of photoluminescence signals
at the single-photon level [68]. In the TCSPC system, the laser driver controls the pulsed
excitation source and simultaneously provides a start signal to the detection electronics.
After optical excitation, the emitted photons from the sample are detected by an avalanche
photodiode (APD). Once the first emitted photon corresponding to one excitation pulse
is detected, the system stops collecting the remaining photons from the same excitation
cycle. The arrival time delay between the excitation pulse and the detected photon is

then recorded in the corresponding time channel.

Repeating this process over many excitation cycles allows reconstruction of the time-
dependent PL decay curve of the sample. The measured PL decay curves reflect the carrier

recombination dynamics and excited-state relaxation processes in quasi-2D perovskites.

In this work, TRPL measurements were primarily used to compare the emitted photon
counts under different excitation densities. The excitation power-dependent PL response
was then analyzed using Eq. [2.3]to evaluate the dominant recombination behavior in the

investigated quasi-2D perovskites.

2.7 TA Spectroscopy

TA spectroscopy is an ultrafast pump—probe technique capable of resolving excited-state
dynamics and carrier relaxation processes in semiconductor materials [69]. As TA spec-
troscopy can directly monitor the ultrafast evolution of photoexcited carriers after optical
excitation, it is particularly useful for investigating carrier relaxation pathways in per-
ovskite materials.Compared with steady-state absorption spectroscopy, TA spectroscopy
can provide time-resolved information about the evolution of excited states after photoex-

citation.

In TA measurements, the sample is first excited by an ultrafast laser pulse referred to as
the pump beam. After a controlled delay time, another broadband laser pulse known as
the probe beam passes through the sample and is detected by the spectrometer system.
The transient absorption signal is obtained from the difference between the probe absorp-
tion with and without pump excitation. Scanning the pump-probe delay time enables

tracking of the temporal evolution of excited states.

The transient absorption signal can be expressed as
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AA = Apump on — Apump off (210)

where Apump on and Apump off Tepresent the absorbance measured with and without pump

excitation, respectively.

Different transient absorption features in the A A spectra reflect distinct excited-state pro-
cesses in perovskite materials. Negative A A signals generally originate from ground-state
bleaching (GSB) and stimulated emission (SE), while positive AA signals are generally
related to excited-state absorption (ESA). GSB originates from the depletion of ground-
state carriers after photoexcitation. Stimulated emission typically appears near the PL
emission region of the sample, whereas ESA corresponds to the further excitation of pho-

toexcited carriers to higher-energy excited states.

Wavelength-dependent TA spectra reveal the evolution of different excited-state species
and carrier relaxation pathways. Moreover, transient absorption decay dynamics as a
function of pump-probe delay time can reveal the lifetimes and relaxation behaviors of
excited states. TA spectroscopy is particularly suitable for studying carrier cooling, exci-
ton relaxation, trap-assisted recombination, and STE-related dynamics in quasi-2D per-
ovskites. Here, carrier cooling refers to the relaxation of hot carriers toward lower-energy

band-edge states through phonon scattering.
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Chapter 3

Experimental Method

This chapter describes the experimental procedures and optical characterization tech-
niques used in this work. Absorption, PL, temperature-dependent PL, TRPL, and TA
spectroscopy were employed to investigate the excited-state dynamics, carrier recombina-

tion processes, and electron-phonon interactions in the investigated perovskite systems.

The quasi-2D perovskite single crystals investigated in this study were synthesized by
Dr. Mingli Liang. Assistance with temperature-dependent PL measurements was provided

by Dr. Zehan Yao. Assistance with TA measurements was provided by Dr. Ahmed Magdy Kobaisy.

3.1 Synthesis of Quasi-2D Perovskite Single Crystals

and Sample Preparation

PbBry (98%), methylammonium bromide (MABr, 98%), iso-butylamine (iso-BA, 99%),
n-butylamine (n-BA, 99.5%), n-pentylamine (n-PA, 99.5%), ethanol (99.8%), and hydro-
bromic acid (HBr, 47% in water) were used directly without additional purification. All

chemicals were purchased from Sigma-Aldrich.

The long-chain amine bromide salts were first synthesized by adding stoichiometric amounts
of iso-BA, n-BA, and n-PA into diluted aqueous HBr solution (25% in mixed ethanol and

water) under vigorous stirring in an ice-water bath. The resulting white products were

obtained after rotary evaporation at 60 °C. The resulting crystals of iso-BABr, n-BABr,

and n-PABr were washed three times with ethanol and subsequently vacuum-dried for

24 h.

The quasi-2D perovskite single crystals investigated in this work, including n-PAPB (n =
1), n-PAPB (n = 2), iso-BAPB (n = 2), and n-BAPB (n = 2), were synthesized by

Dr. Mingli Liang using a temperature-lowering crystallization method. The n = 1 and
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n = 2 quasi-2D perovskite phases were obtained by adjusting the precursor stoichiometries

corresponding to different inorganic layer thicknesses.

For the synthesis of the n = 2 quasi-2D RP perovskites, PbBrs (2.5 mmol), MABr (1.5
mmol), and the corresponding long-chain amine bromide salts (3.0 mmol) were dissolved
in 5 mL HBr solution (47% in water) to form precursor solutions. The precursor mixtures
were transferred into 20 mL glass bottles, sealed, and stirred at room temperature for
30 min to form yellow precipitates. Heating at 80 °C for several minutes yielded clear
precursor solutions. Bulk single crystals were subsequently grown by slowly cooling the

precursor solutions from 50 °C at a cooling rate of 0.5 °C/day.
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Figure 3.1: Organic spacer cations used in the quasi-2D perovskites.

Figure presents the chemical structures of the organic spacer cations used in the
investigated quasi-2D perovskites, including n-PA, n-BA and iso-BA. The three spacer
cations differ primarily in carbon-chain length and molecular geometry. n-PA contains a
longer linear alkyl chain compared with n-BA, while iso-BA possesses a branched molec-
ular structure. These structural differences may influence lattice distortion, the dielectric

environment, and quantum confinement behavior in quasi-2D perovskites.

For subsequent optical characterization measurements, the quasi-2D perovskite single
crystals were fixed onto glass substrates for sample handling and optical measurements.
Fig. shows the quasi-2D perovskite single crystal samples investigated in this work,
including n-PAPB (n = 1), n-PAPB (n = 2), iso-BAPB (n = 2), and n-BAPB (n = 2).
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Figure 3.2: Quasi-2D perovskite single crystal samples.

3.2 Optical Characterization

A combination of optical spectroscopy techniques was used to characterize the photophys-
ical properties and excited-state dynamics of the quasi-2D perovskite single crystals. Ab-
sorption spectroscopy, PL spectroscopy, temperature-dependent PL spectroscopy, TRPL
spectroscopy, and TA spectroscopy were used to study the optical transitions, carrier
recombination processes, electron-phonon interactions, and ultrafast excited-state relax-

ation behaviors of the investigated perovskite systems.

3.2.1 Absorption Spectroscopy

Ultraviolet-visible (UV-Vis) absorption spectroscopy is widely used to investigate the
optical properties and electronic transitions of semiconductor materials. In the ultraviolet
and visible spectral regions, photon absorption induces electronic transitions from lower-

energy states to higher-energy states, resulting in characteristic absorption features.

In this work, absorption measurements were performed using the reflection module of
a PerkinElmer Lambda 1050 UV-Vis spectrophotometer. The core component of the
reflection module is an integrating sphere, as shown in Fig. [3.3] For the measurements,
the quasi-2D perovskite single crystals were mounted inside the sample chamber on the
right side of the integrating sphere and fixed onto a highly reflective reference substrate

corresponding to 100% reflectance.
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Integrating Sphere

Figure 3.3: The reflection module of the PerkinElmer Lambda 1050 UV-Vis spectropho-
tometer.

Before sample characterization, a reference spectrum was first collected using the reflective
reference substrate. The reflected intensity from the sample was then measured and
normalized using the reference signal according to the previously introduced relationship
R = 1/Iy. The absorbance was subsequently calculated from the normalized reflectance

using A = —log;y(R).

The absorption spectra were used to identify the characteristic excitonic absorption fea-
tures of the quasi-2D perovskite single crystals and to distinguish the corresponding n = 1

and n = 2 phases.

3.2.2 PL Spectroscopy

PL measurements were performed using a HORIBA Fluorolog-3 spectrofluorometer sys-
tem, as shown in Fig. [3.4 During the measurements, the quasi-2D perovskite single
crystals were placed inside the sample chamber. Depending on the crystal surface quality,
the PL signals were collected either along the surface normal direction or in a right-angle

collection geometry perpendicular to the excitation beam.
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Figure 3.4: HORIBA Fluorolog-3 spectrofluorometer.

In the measurements, an excitation wavelength of 335 nm was selected because the PL
emission of the investigated quasi-2D perovskite crystals was mainly located around 500
nm. Special attention was paid to minimizing interference from Raman scattering and
second-order scattering signals. The Raman scattering peak shifts with the excitation
wavelength and was observed around 400 nm under 335 nm excitation. Moreover, second-
order scattering artifacts may appear near twice the excitation wavelength, corresponding
to approximately 670 nm in the present measurements. Therefore, these spectral regions

were excluded during the analysis of the PL emission spectra.

3.2.3 Temperature-dependent PL Spectroscopy

Temperature-dependent PL measurements were performed using the same HORIBA Fluorolog-
3 spectrofluorometer system. To obtain PL spectra between 100 K and 300 K with a
temperature interval of 10 K, a low-temperature chamber was employed, as shown in
Fig. 3.5(b). The quasi-2D perovskite single crystals were fixed using the sample holder
shown in the figure and placed inside the sample chamber at the bottom of the cryogenic

system.

Before cooling, the low-temperature chamber was evacuated using the vacuum pump
shown in Fig. [3.5(a). The chamber pressure was reduced to approximately 10™° mbar

in order to reduce thermal convection and avoid condensation during low-temperature
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measurements.

Figure 3.5: Experimental setup for temperature-dependent PL. measurements.

The cryogenic chamber temperature was controlled through a dynamic balance between
liquid nitrogen cooling and internal resistive heating. Liquid nitrogen was introduced from
the top of the chamber to cool the sample region, while the temperature was gradually
adjusted using an internal heating rod. The corresponding temperature control module is
shown in Fig.[3.5(c). During the measurements, the system was first cooled down to 100 K

and subsequently heated slowly to 300 K for temperature-dependent PL characterization.
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3.2.4 TRPL Spectroscopy

TRPL measurements were performed using a TCSPC system. The time resolution of
a TCSPC system is primarily determined by its instrument response function, which is
mainly limited by the response speed of the photodetector . In addition, the excita-
tion source and the timing jitter of the electronic components may further broaden the

instrument response function.

In this work, the samples were excited using a pulsed diode laser externally triggered at 2.5
MHz. The excitation wavelength was 375 nm and the pulse duration was approximately
200 ps. The setup included a picosecond pulsed driver (PicoQuant PDL 828 “Sepia II7),
a pulsed laser source, and a picosecond event timer (PicoQuant PicoHarp 300), as shown
in Fig. [3.6l The emitted photons were detected using a fast single-photon avalanche
photodiode (SPAD, Micro Photon Device) with a response time below 50 ps after passing
through a 500 nm long-pass optical filter.

Optical

Laser head
filter

Detector

stop

Diode laser driver start Timing electronics

Figure 3.6: Experimental setup for fluorescence decay measurements with TCSPC.

Neutral-density filters with different optical densities (ODs) were also used to control
the excitation intensity during the measurements. By varying the OD values, different
excitation photon densities were obtained, and the corresponding emitted PL photon

intensities were measured for power-dependent analysis.

The TCSPC measurements provide information about various excited-state processes, in-
cluding carrier lifetimes, recombination pathways, and relaxation processes in semiconduc-
tor materials. The TCSPC system was primarily employed to investigate the excitation
power-dependent PL response by measuring the emitted photon counts under different

excitation densities. The power-dependent PL data were subsequently used to analyze
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the recombination behavior of the quasi-2D perovskite systems.

3.2.5 TA Spectroscopy

TA spectroscopy is an ultrafast pump-probe technique commonly used to investigate
excited-state dynamics and carrier relaxation processes in semiconductor materials. In a
typical TA measurement, the sample is first excited by an ultrafast laser pulse referred
to as the pump beam. The transient absorption changes of the delayed probe beam are

then detected as a function of pump-probe delay time. [69].

The TA spectrum is obtained from the difference between the probe absorption signals
measured with and without pump excitation. In the experiment, the pump-on and pump-
off states were achieved using a mechanical chopper to periodically block the pump beam.
Varying the delay time between the pump and probe beams enables TA spectra with both
temporal and spectral resolution to be obtained. The transient absorption signal can be

expressed as

AA = Apump on Apump off (3]-)

In this work, TA measurements were performed using a femtosecond pump-probe setup,
as shown in Fig. [3.7 Laser pulses with a central wavelength of 800 nm, pulse duration
of approximately 60-80 fs, and repetition rate of 1 kHz were generated by a regenerative
amplifier (Spitfire XP Pro, Spectra Physics) seeded by a femtosecond oscillator (Mai Tai
SP, Spectra Physics). The fundamental laser beam was split into pump and probe beams

for the TA measurements.
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Figure 3.7: Schematic of TA spectroscopy setup.

The pump beam at 400 nm was generated through second-harmonic generation using
a beta barium borate (BBO) crystal. The probe beam was generated through super-
continuum white-light generation in a CaFy crystal. A mechanical delay stage was em-
ployed to control the temporal delay between the pump and probe beams. Notably, a
Berek compensator was inserted into the pump beam path to establish the magic-angle
(54.7°) polarization condition between the pump and probe beams, thereby minimizing

polarization-dependent effects during the measurements [71].

For the TA measurements, the average pump power density was approximately 0.4 W /cm?.
The corresponding pulse energy density was approximately 0.1 mJ/cm?. The sample po-
sition was kept fixed, and several thousand pump—probe scans were averaged at the same
position to improve the signal-to-noise ratio. The probe signals were detected using a
broadband detection system consisting of a monochromator and a diode-array detector,
while photodetectors were additionally used for synchronization and reference signal col-

lection.
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Chapter 4

Results and Discussion

This chapter presents the optical properties and excited-state dynamics of the investi-
gated quasi-2D perovskite single crystals. Steady-state absorption and PL spectra are
first analyzed to identify the main optical transitions and mixed-phase characteristics.
Excitation power-dependent PL measurements are then used to evaluate the dominant
recombination behavior. Temperature-dependent PL spectroscopy is applied to examine
carrier localization and electron-phonon coupling. Finally, TA spectroscopy is used to

probe ultrafast relaxation and the formation of localized excited states.

4.1 Absorption and Photoluminescence Properties
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Figure 4.1: Steady-state absorption spectra and PL spectra of quasi-2D perovskite single
crystals.

Fig. [4.1] (a) shows the absorption and PL spectra of the n-PAPB samples with nominal

n = 1 and n = 2 compositions. Several characteristic absorption peaks can be observed at
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approximately 425 nm, 460 nm, and 480 nm, while the main PL emission peak is located
around 516 nm. The overall spectral features of the two samples are relatively similar,
indicating that both samples exhibit mixed-phase characteristics rather than pure single-n

phases.

According to previous studies on quasi-2D Ruddlesden-Popper perovskites, the absorption
peak near 415 nm is commonly assigned to the n = 1 phase, while the peaks around 460
nm and 480 nm are associated with the n = 2 and n = 3 phases [72|. The coexistence
of multiple excitonic absorption peaks suggests the simultaneous presence of different
inorganic layer thicknesses within the investigated crystals. Such mixed-phase behavior
is frequently observed in quasi-2D perovskite film systems because of the thermodynamic

and kinetic instability of individual n-phases during crystal growth.

The PL emission peak centered at approximately 516 nm lies between the reported emis-
sion energies of low-n quasi-2D perovskites and bulk-like 3D bromide perovskites [56,/72].
This behavior is characteristic of quasi-2D perovskite systems, where energy transfer pro-
cesses can occur from smaller-n phases with larger bandgaps toward larger-n phases with
smaller bandgaps. As a result, although the precursor stoichiometries were designed to
synthesize nominal n = 1 and n = 2 samples, the measured optical spectra indicate that
both samples mainly behave as mixed-phase quasi-2D perovskites containing multiple

n-values, including n = 1, n = 2, and n = 3 domains.

Fig. (b) compares the absorption and PL spectra of quasi-2D perovskite samples with
different organic spacer cations. Similar to the n-PAPB samples discussed above, several
excitonic absorption features can still be observed, indicating the coexistence of multiple
n-phases, including n = 1, n = 2, and n = 3 domains. This suggests that the mixed-
phase behavior is not limited to a single spacer system, but is a common feature in the

investigated quasi-2D perovskite crystals.

In contrast to the similar absorption features, the PL emission peaks show clear spacer-
dependent differences. The main emission peaks of n-BAPB, n-PAPB, and iso-BAPB
are located at approximately 510 nm, 516 nm, and 526 nm, respectively. This gradual
redshift suggests that the organic spacer cations can influence the emission properties even
when the absorption spectra exhibit similar mixed-phase characteristics. One possible
explanation is that the spacer molecules modify the local inorganic framework, such as
the Pb-Br bond lengths or bond angles within the octahedral network, thereby altering
the bandgap energy. Alternatively, the redshifted emission may be associated with STE
emission, which is strongly influenced by electron-phonon coupling and lattice softness

that can also be modulated by the organic spacer cations.

The difference in PL emission can be related to the molecular structure of the organic

spacer cations. n-BA and n-PA are linear alkylammonium spacers, while iso-BA has a
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branched structure. The longer linear chain in n-PA may increase the interlayer spacing
and modify the dielectric environment compared with n-BA, leading to a slight redshift
of the emission peak. In contrast, the branched iso-BA spacer can introduce different
steric effects and molecular packing behavior, which may induce stronger lattice distortion
or exciton localization. These structural effects can further modify the local electronic

environment and result in the most pronounced redshift among the three samples.

Therefore, although all three samples show mixed-n quasi-2D characteristics in their ab-
sorption spectra, their PL emission behavior is strongly affected by the organic spacer
cations. The observed emission trend suggests that spacer molecular geometry plays an

important role in tuning the photophysical properties of quasi-2D perovskite single crys-
tals.

4.2 Excitation Power-dependent Photoluminescence
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Figure 4.2: TRPL spectra of quasi-2D perovskite single crystals under different excitation
powers.
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Fig. [4.2| (a)-(d) show the TRPL signals of the four investigated quasi-2D perovskite sam-
ples measured under different excitation powers. For all samples, the detected PL photon
counts increase systematically with increasing excitation intensity, indicating enhanced
radiative recombination under higher excitation densities. The overall decay profiles re-
main similar at different excitation powers, suggesting that the dominant recombination

mechanism does not change significantly within the investigated excitation range.
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Figure 4.3: Power-dependent PL intensity fitting of quasi-2D perovskite single crystals.

To further investigate the recombination behavior of the excited states, the integrated
PL photon counts extracted from the TRPL measurements were plotted as a function of
excitation photon counts, as shown in Fig. 4.3l The relationship between PL intensity

and excitation density was analyzed using the power-law relationship

IPLO(Pk (41)

where Ipy, is the integrated PL intensity, P is the excitation photon count, and £ is the

power-law coefficient.

The fitted k& values for n-PAPB (n = 1), n-PAPB (n = 2), n-BAPB (n = 2), and iso-
BAPB (n = 2) are summarized in Table 1.1} The obtained values are 1.07931, 1.08643,
1.13296, and 0.97106, respectively. All fitted k values remain close to 1, indicating that the
PL intensity exhibits an approximately linear dependence on the excitation density. Such
behavior is characteristic of monomolecular recombination processes and is commonly

associated with excitonic radiative recombination in quasi-2D perovskite systems.
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Table 4.1: Fitted power-law coefficients of the investigated quasi-2D perovskites.

Sample k value
n-PAPB (n=1) 1.07931
n-PAPB (n =2) 1.08643
n-BAPB (n=2) 1.13296

iso-BAPB (n =2) 0.97106

Among the investigated samples, iso-BAPB exhibits a k value closest to unity, suggesting
relatively ideal excitonic recombination behavior with weaker influence from higher-order
recombination processes. In contrast, the slightly larger k£ values observed in n-PAPB
and n-BAPB may indicate weak contributions from additional carrier interactions or
trap-assisted recombination channels under higher excitation densities. Nevertheless, the
relatively small variation among the fitted k£ values suggests that excitonic recombination
dominates the PL processes in all four investigated quasi-2D perovskite crystals, which
is consistent with previous reports on excitonic recombination behaviors in lead halide
perovskites |73]. Furthermore, the excitation density used in the present measurements
remains within the low-density excitation region, where linear excitonic recombination is
expected to dominate. No clear signatures of higher-order multiexciton processes, such

as Auger recombination, were observed under the investigated excitation conditions.

31



4.3 Temperature-dependent Photoluminescence Prop-

erties
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Figure 4.4: Temperature-dependent PL contour maps of quasi-2D perovskite single crys-
tals.

Figure 4.4 shows the temperature-dependent PL contour maps of the investigated quasi-
2D perovskite single crystals measured from 100 K to 300 K. For all samples, the PL
linewidth gradually increases with increasing temperature because higher phonon pop-
ulations at elevated temperatures enhance carrier-phonon scattering and accelerate the

dephasing of the excited states, resulting in spectral broadening.

The PL peak positions of the different samples remain relatively stable within the in-
vestigated temperature range, while slight redshifts and linewidth broadenings can still
be observed at higher temperatures. Such behavior is commonly attributed to increased
electron-phonon coupling and thermally activated lattice vibrations in quasi-2D perovskite

systems.

Compared with n-PAPB and n-BAPB, the iso-BAPB sample exhibits a broader emission

distribution and more pronounced low-energy spectral broadening at elevated tempera-
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tures. This behavior may indicate stronger exciton localization and enhanced STE-related
emission in the iso-BAPB crystal. The branched organic spacer in iso-BAPB could induce
larger lattice distortion and stronger carrier localization, thereby stabilizing STE-related

states through enhanced exciton-phonon coupling.

In contrast, the relatively narrower emission features observed in n-PAPB and n-BAPB
suggest comparatively weaker localization effects and more dominant free-excitonic radia-

tive recombination.
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Figure 4.5: —In[(ly/I(T)) — 1] vs. 1/kgT plots of the investigated quasi-2D perovskite
single crystals for exciton binding energy fitting.

The exciton binding energies (Fj) of the investigated quasi-2D perovskite crystals were

estimated from the temperature-dependent PL intensities using an Arrhenius-type fitting

model [28]/55][56]:

Iy

1) = T T e =B kaT) (42)

33



where I(T') and I represent the integrated PL intensities at temperature 7" and 100 K, A

is a fitting constant, kg is the Boltzmann constant, and FE} is the exciton binding energy.

Figure shows the corresponding fitting results for the four investigated samples. The
extracted Ej, values for n-PAPB (n = 1), n-PAPB (n = 2), n-BAPB (n = 2), and iso-
BAPB (n = 2) are 95 meV, 84 meV, 90 meV, and 110 meV, respectively. These values

are summarized in Table [£.2

The obtained exciton binding energies are significantly larger than those typically reported
for conventional 3D perovskites, which are usually around 60 meV or lower 56|, and are
comparable to the values commonly reported for quasi-2D lead halide perovskites, which
are typically around 100 meV or higher [74]. The relatively large E} values indicate en-
hanced dielectric and quantum confinement effects in the investigated quasi-2D systems,
which can stabilize excitonic states at room temperature. Among the investigated sam-
ples, iso-BAPB exhibits the largest exciton binding energy, suggesting stronger exciton
localization. This observation is also consistent with the broader temperature-dependent

PL features discussed previously.

Table 4.2: Extracted exciton binding energies of the investigated quasi-2D perovskites.

Sample Ey (meV)
n-PAPB (n = 1) 95
n-PAPB (n = 2) 84
1-BAPB (n = 2) 90

iso-BAPB (n = 2) 110

The temperature-dependent PL linewidths of the investigated quasi-2D perovskite crystals
were further analyzed in order to evaluate the electron-phonon coupling strengths. The
FWHM values extracted from the PL spectra were fitted using the temperature-dependent
broadening model [65-67):

F(T) = Fo + 'YLONLO(T) (43)

where I'(T") is the PL linewidth at temperature 7', I'y is the temperature-independent in-
homogeneous broadening term, y.o represents the exciton-LO phonon coupling strength,

and Npo(T) is the Bose-Einstein occupation number of LO phonons:

1

Nio(T) = exp(Fro/kgT) — 1

(4.4)

Here, E1o is the LO phonon energy and kp is the Boltzmann constant.
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Figure 4.6: Temperature-dependent PL linewidth fitting of quasi-2D perovskite single
crystals using the electron-phonon coupling model.

Figure shows the corresponding fitting results of the temperature-dependent PL

linewidths for the four investigated samples. The extracted fitting parameters are summa-
rized in Table [1.3] The obtained I'y values are 68 meV, 73 meV, 35 meV, and 61 meV for
n-PAPB (n = 1), n-PAPB (n = 2), n-BAPB (n = 2), and iso-BAPB (n = 2), respectively.

Table 4.3: Fitted parameters of temperature-dependent PL linewidth broadening.

Sample o (meV) vro (meV) FEpo (meV)
1-PAPB (n = 1) 68 526 54
n-PAPB (n = 2) 73 507 57
1-BAPB (n = 2) 35 510 53
iso-BAPB (n = 2) 61 368 42

The extracted exciton-LO phonon coupling strengths (y.0) are 526 meV, 507 meV, 510
meV, and 368 meV for n-PAPB (n = 1), n-PAPB (n = 2), n-BAPB (n = 2), and iso-BAPB
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(n = 2), respectively, while the corresponding LO phonon energies (Erp) are 54 meV, 57
meV, 53 meV, and 42 meV. The extracted fitting parameters reveal noticeable differences
in the electron-phonon coupling behaviors among the investigated quasi-2D perovskite
crystals. The relatively large v values observed in n-PAPB (n = 1), n-PAPB (n = 2),
and n-BAPB (n = 2) indicate strong coupling between excitons and LO phonons, which
can enhance carrier localization, facilitate lattice distortion under photoexcitation, and
promote the formation of STEs, resulting in redshifted emission. Strong .o values are
generally associated with more pronounced exciton self-trapping processes and stronger
carrier-phonon interactions, which may promote localized radiative recombination and

increase the contribution of STE emission in quasi-2D perovskite materials.

In contrast, iso-BAPB exhibits a smaller vy, value of 368 meV together with the lowest
Ero value of 42 meV. The reduced Epo suggests softer lattice vibrations and modified
phonon dynamics induced by the branched iso-BA spacer. Meanwhile, the broader PL
linewidth observed in the temperature-dependent spectra indicates enhanced fluctuations
in the emission energy arising from carrier-phonon interactions. Such fluctuations can
contribute to spectral broadening even in systems with relatively weaker overall electron-

phonon coupling.

Furthermore, the relatively large zero-temperature linewidth broadening term I'y observed
in n-PAPB (n = 1) and n-PAPB (n = 2) suggests stronger static inhomogeneous broaden-
ing, which may originate from phase heterogeneity and local disorder in the mixed-phase
quasi-2D structures. Such inhomogeneous broadening can affect spectral purity and car-
rier transport properties in optoelectronic devices. In comparison, the smaller I'y value
observed in n-BAPB indicates relatively reduced static disorder and narrower intrinsic
linewidth broadening, which may be beneficial for stable optical emission and improved

spectral performance in light-emitting applications.

Overall, the differences in I'y, v0, and Ero demonstrate that the organic spacer structure
can strongly influence lattice dynamics, carrier-phonon interactions, and exciton localiza-
tion in quasi-2D perovskites. These factors are closely related to the optical stability,
emission efficiency, and carrier relaxation behaviors of perovskite-based LEDs and other

optoelectronic devices.
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4.4 TA Dynamics

(a)u.

i (b) ]mu phase Cha |ge\lnl1l -exciton
700 1s Transfer

On 1 —— S3ps g R
>10 ns
20 024
- -
~ 0 : | L]
~
B~ - 02 1
q = hd
.06 700 fs S3ps
s00 600 700 500
‘Wavelength (nm)
i (f) Multi-exciton
12: Auger "" e
Recombination ™"
>10 ns|
:I:ﬂ o e
T T T T 1‘3 s
500 600 700 500

Wavelength (nm)

Figure 4.7: TA spectra and decay dynamics of n-BAPB and iso-BAPB quasi-2D perovskite
single crystals.

The ultrafast carrier dynamics of the investigated quasi-2D perovskite single crystals were
further studied by femtosecond TA spectroscopy. Fig. (a,d) show the TA contour maps
of n-BAPB and iso-BAPB crystals, respectively, while Fig. [.7) (b,e) present the transient
spectra extracted at representative delay times. Owing to the degradation of the n-PAPB
crystal during the long-time measurements, reliable TA data could not be obtained for

this sample.

For both n-BAPB and iso-BAPB crystals, strong negative transient signals are observed
near the band-edge region around 500-530 nm immediately after photoexcitation. These
negative features are mainly attributed to GSB caused by state filling of the band-edge
excitonic states. Furthermore, positive transient signals appearing at longer wavelengths
are assigned to ESA, indicating the possibility of optical transitions of excited species
to higher excited states. To further analyze the ultrafast carrier relaxation dynamics,
singular value decomposition (SVD) fitting was performed on the transient absorption
datasets. SVD fitting decomposes the transient absorption data into several characteristic
spectral components with corresponding decay lifetimes, allowing the dominant relaxation
processes to be identified. Therefore, the extracted spectra shown in Fig. (b,e) represent
the SVD-fitted decay-associated spectral components with corresponding lifetimes, rather

than transient spectra at specific time delays.

For the n-BAPB crystal, the fast decay associate spectral component with a lifetime of 700
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fs exhibits strong mirroring feature of ESA and band edge GSB features, suggesting rapid
population of band-edge excitonic states after excitation and hot carrier cooling or charge
transfer from high n phase to low n phase. In the second component with lifetime of 53 ps,
it mainly reflects the decay of ESA and GSB due to the multi-exciton Auger recombination
process under relatively high excitation conditions. The blue component is assigned to a
long-lived component with lifetime longer than the experimental time window (>10 ns),
which is attributed to the intrinsic radiative and nonradiative recombination of single
STEs.

In the iso-BAPB crystal, no distinct femtosecond component can be clearly resolved, sug-
gesting that the carrier cooling or STE formation process occurs within the instrumental
response time. The transient spectrum at 13 ps exhibits pronounced GSB features to-
gether with broad ESA signals, while the ESA contribution decreases significantly at 1 ns.
The 13 ps component is also attributed to the multi-exciton Auger recombination pro-
cess. The relatively faster Auger recombination process in iso-BAPB suggests that the
softer lattice induced by the branched iso-BA spacer may facilitate multi-exciton Auger
recombination. The 1 ns component and the long-lived component are mainly associated
with trap-assisted recombination and intrinsic radiative recombination of single STEs,
respectively, suggesting that iso-BAPB may introduce more trap states compared with
n-BAPB.

Overall, the TA results indicate that the excited-state dynamics in both crystals are
dominated by STE-related relaxation processes, including carrier cooling or STE forma-
tion, multi-exciton Auger recombination, trap-assisted recombination, and intrinsic ra-

diative/nonradiative recombination of long-lived single STEs, as illustrated schematically

in Fig. (c,f).
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Chapter 5

Conclusion and Outlook

In this thesis, the emissive-state dynamics of several quasi-2D lead halide perovskite single
crystals were investigated using steady-state and time-resolved optical spectroscopy. The
studied systems included n-PAPB (n = 1), n-PAPB (n = 2), n-BAPB (n = 2), and
iso-BAPB (n = 2), allowing the effects of inorganic layer thickness and spacer molecular

structure to be systematically compared.

Steady-state absorption and PL measurements reveal that the investigated crystals ex-
hibit mixed quasi-2D phase characteristics dominated by low-n domains. The optical
responses are strongly influenced by both the inorganic layer thickness and spacer molec-
ular structure. Compared with n-BAPB, iso-BAPB exhibits broader and more red-shifted
emission, indicating enhanced lattice distortion, stronger exciton localization, and more

pronounced STE-related emission induced by the branched spacer structure.

Excitation power-dependent PL measurements indicate that the investigated excitation
density region is mainly dominated by excitonic radiative recombination. Temperature-
dependent PL measurements further demonstrate that both the inorganic layer thickness
and spacer structure strongly influence the exciton binding energy and electron-phonon
coupling behavior in quasi-2D perovskites. The extracted exciton binding energies of ap-
proximately 84-110 meV confirm the strong quantum and dielectric confinement effects in
these layered structures. In particular, smaller n values lead to enhanced exciton confine-
ment and stronger exciton localization. Meanwhile, the relatively strong electron-phonon
coupling observed in the investigated crystals suggests pronounced carrier-phonon inter-
actions and STE-related relaxation processes. Compared with the linear spacer systems,
the branched iso-BA spacer induces softer lattice behavior, stronger spectral broaden-
ing, and enhanced carrier localization, indicating stronger coupling between excitons and

lattice vibrations.

Femtosecond transient absorption spectroscopy further reveals that the excited-state dy-
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namics in both crystals are dominated by STE-related relaxation processes. In n-BAPB,
the excited carriers undergo ultrafast hot-carrier cooling and/or STE formation, followed
by multi-exciton Auger recombination and long-lived intrinsic radiative/nonradiative re-
combination of single STEs. In iso-BAPB, the disappearance of the femtosecond compo-
nent suggests ultrafast carrier cooling or STE formation within the instrumental response
time. Moreover, the faster Auger recombination process indicates that the softer lattice
induced by the branched iso-BA spacer facilitates multi-exciton Auger recombination.
The stronger long-lived trap-related signals observed in iso-BAPB further suggest that
the branched spacer structure induces more trap states and stronger carrier localization
compared with n-BAPB.

Overall, this work demonstrates that both inorganic layer thickness and spacer molecular
structure play critical roles in determining exciton localization, electron-phonon coupling,
STE formation, and excited-state relaxation pathways in quasi-2D perovskites. Smaller
n values enhance exciton confinement and localization, while branched spacer structures
modify lattice dynamics, strengthen carrier-phonon interactions, accelerate STE-related
relaxation processes, and increase trap-assisted recombination. These findings provide
useful insight into the structure-dependent photophysics of layered perovskites and may
offer guidance for tuning STE-related emission and excited-state dynamics in future per-

ovskite light-emitting materials.

Although this work provides insight into the photophysical behavior of quasi-2D perovskite
crystals, several aspects still require further investigation. First, the detailed microscopic
mechanisms of STE formation and multi-exciton Auger recombination remain unclear
and may require further theoretical calculations and ultrafast spectroscopy with higher
temporal resolution. Second, the relationship between spacer molecular configuration,
lattice softness, and trap-state formation could be further clarified through structural
characterization and temperature-dependent dynamic studies. In addition, extending the
investigation to a wider range of spacer molecules and n values may help establish a more
comprehensive understanding of structure-property relationships in quasi-2D perovskites.
Future work could focus on further understanding the microscopic mechanisms of STE
formation, carrier-phonon coupling, and trap-state evolution in quasi-2D perovskites, as

well as exploring their influence on future optoelectronic applications.
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