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Abstract

Inorganic lead-free metal halide perovskites have garnered much attention as
low-toxicity alternatives to lead halide perovskite for luminescence and photovoltaic
applications. However, the electronic structure and properties of these materials,
including the composition dependence of the band structure, spin-orbit coupling, and
Zeeman effects remain poorly understood. In this thesis, we focus on two specific
systems: Cs3Bi2Xy (X = Cl, Br) and double perovskite, including Cs2AgBiXs (X = Cl, Br),
Cs2AgInCls and its Bi-alloyed analogue (Cs2AglnosBiosCls). Using magnetic circular
dichroism (MCD) spectroscopy, we investigate the electronic structure, magneto-optical
properties, and excitonic transitions in these lead-free perovskite NCs. Our results reveal
that the excitonic spectra of Cs;Bi2Xy are predominantly characterized by both direct and
indirect band-gap transitions, with only a minor contribution from excitons localized on
Bi*" sites. In contrast, the excitonic transitions in Cs2AgBiXe are primarily derived from
direct free- and bound- exciton transition. Additionally, our results demonstrate that
halide composition significantly influences the Zeeman splitting energy and g-factors,
with Cs3;Bi2Bry and Cs2AgBiBrs exhibiting stronger spin-orbit coupling compared to their
chloride counterparts. Moreover, introducing bismuth ion (Bi**) into Cs2AgInCls NCs can
enhance the spin-orbit coupling and modify the electronic structure, demonstrating the
potential for compositional tuning to optimize these materials for specific applications.
Furthermore, temperature-dependent MCD measurements were conducted to further

explore the excitonic behavior of these materials, providing insights into their suitability



for further applications. In conclusion, this thesis provides detailed insights into lead-free
halide perovskite NCs, emphasizing their potential as environmentally friendly
alternatives to lead-based perovskite. These findings offer valuable guidance for the
design of low-toxicity, high-performance materials for applications in spintronics,

photovoltaics, and optoelectronics.
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Chapter 1.

Introduction

1.1 Background

1.1.1 Semiconductor Nanocrystals

Semiconductor nanocrystals (NCs) are small crystalline particles whose optical and
electronic properties are size-dependent.l'! These nanocrystals typically have dimensions
ranging from 1 to 100 nm, exhibiting discrete electronic transitions similar to those of
isolated atoms and molecules. This unique behavior facilitates the utilization of the
superior properties of semiconductor materials.”) Semiconductor materials can be
classified into two main types: intrinsic and extrinsic semiconductors. The conductivity of
an intrinsic semiconductor, such as silicon (Si) and germanium (Ge), is primarily
temperature-dependent and is usually low at room temperature.?! Introducing impurities
into a pure semiconductor increases its conductivity, resulting in an extrinsic
semiconductor. Extrinsic semiconductors are further divided into n-type and p-type,
based on the type of charge carriers introduced by the impurities. In n-type
semiconductors, donor impurities provide additional electrons to the conduction band.
The donor level Ep is slightly below the conduction band edge Ec, allowing electrons to
be promoted to the conduction band with minimal energy. The total number of
conduction-band electrons ne is comprised of both donor and intrinsic electrons, while the

total number of holes ny, comes from intrinsic sources, making electrons the majority



carriers and holes the minority carriers. Conversely, in p-type semiconductors, acceptor
impurities create additional holes. The acceptor level Ea is slightly above the valence
band maximum (VBM), allowing electrons from the valence band to transition to Eax with
small energy, ionizing the acceptor negatively. In this material, holes are the majority

carriers, and electrons are the minority carriers.[*/4

1.1.2 Absorption

In an ideal semiconductor at absolute zero temperature, the valence band is
completely filled with electrons. When photons with sufficient energy are absorbed, they
excite electrons, causing them to transition across the band gap into the unoccupied
conduction band, thereby leaving holes in the valence band and creating electron-hole
pairs. This process, wherein electron transitions occur between the bands due to photon
absorption, is referred to as absorption. In the process of absorption, both energy and
momentum conservation must be satisfied. Therefore, this band-to-band transition can be
classified into direct and indirect transitions, as illustrated in Figure 1.1 In an indirect
transition process, electrons not only absorb photons but also exchange vibrational energy

with the lattice, either by emitting or absorbing a phonon.P!

E

direct

indirect

Figure 1.1 Schematic diagram of direct versus indirect interband absorptions in Si.

Reproduced from Ref. [5]



In addition, the electronic transitions between bands in semiconductors are subject to
selection rules that determine whether a transition is allowed or forbidden. In molecular
systems, these rules stipulate that the total spin number must remain unchanged during
the transition (AS=0), while the total orbital angular momentum may change by AL=0, +1,
with the exception of transitions where L=0 in both states.l®l’l Additionally, the orbital
selection rule requires that transitions occur only between states of opposite parity (i.e.,
one state must be even, and the other odd).®l7] In UV-vis spectroscopy, "allowed”
transitions result in much more intense absorption bands compared to "forbidden"

transitions.[®!

1.1.3 Excitons

As previously mentioned, during the absorption process, electrons are excited from
the fully occupied valence band to the unoccupied in the conduction band, resulting in the
creation of holes in the valence band. Due to their opposite charges, a Coulomb attraction
arises between the electrons and holes, forming a hydrogen-like bound state known as an
exciton.’) Excitons are typically classified into two categories as shown in Figure 1.2:
Wannier excitons and Frenkel excitons. Wannier excitons can extend over many atomic
sites in the crystal, while Frenkel excitons are typically localized.””) The lowest energy
level of an exciton is above the ground state energy of the crystal, and the energy
difference is Eg-Ep, which is slightly less than the band gap energy E,. Here, Ep, represents
the exciton binding energy, which is the energy required to dissociate an exciton into its

constituent electron and hole charge carriers. A higher exciton binding energy indicates a



more stable exciton with a longer lifetime.l”) Frenkel excitons are generally considered
more stable due to their higher binding energy, while Wannier excitons, with their lower
binding energy, are less stable and tend to dissociate easily at room temperature.['?!
Typically, when ksT > Ep, (wWhere kg is the Boltzmann constant), most excitons dissociate,

allowing free electrons and holes to become the dominant charge carriers.

Mott Frenkel

Figure 1.2 Schematic of Wannier excitons (Mott) and Frenkel excitons. Reproduced

from Ref. [9]

1.1.4 Phonon

The phonon describes the particle nature of an oscillator. Phonon waves are elastic
waves, vibrating in a longitudinal and/or in a transversal mode.[''l Phonons can be
categorized into optical and acoustic phonons, which are separated by a frequency gap.
The lower branch, known as the acoustic phonon, reaches its minimum frequency as the
wave vector k approaches zero, and its maximum frequency at the boundary of the
Brillouin zone. Conversely, the upper branch, called the optical phonon, has its highest
frequency at the center of the Brillouin zone, with the frequency gradually decreasing

towards the boundary of the zone.l'”) It is worth noting that phonons are

4



temperature-dependent; as the temperature increases, phonons become more active, while
their activity decreases with lowering temperatures. Additionally, phonons participate in
optical processes by interacting with electrons or excitons, which is known as
electron-phonon coupling or exciton-phonon coupling. The Frohlich mechanism is the
most common type of exciton-phonon interaction. Due to the oscillation of oppositely
charged ions moving in the opposite directions, long-wavelength longitudinal optical (LO)
phonons induce a long-range macroscopic electric field in the vibrating lattice along the
wave vector k direction. This electric field, or the equivalent macroscopic crystal

polarization, then interacts via Coulomb forces with charge carriers or excitons.!?]

1.1.5 Recombination and luminescence

Emission is the process opposite to absorption. As previously mentioned,
photoexcitation generates electrons and holes. The relaxation of an excited electron back
to the valence band results in the annihilation of the exciton and may be accompanied by
the emission of a photon (luminescence). The relaxation of excited electrons back to the
valence band can result in exciton annihilation, potentially accompanied by photon
emission, a process known as luminescence or radiative recombination.'*! However, not
all excited-state energy returns to the ground state through radiative recombination. The
process in which excited-state energy is converted into other forms of energy as it relaxes
to the ground state is known as non-radiative recombination. Luminescent properties are

14115

fundamental to many applications.['*I15I16 Perovskite, as a popular photoluminescent

material in recent years, have garnered significant attention due to their excellent

properties and substantial potential for applications in various technologies.!!711#]



1.2 Lead Halide Perovskites Semiconductor

Perovskites are a class of materials defined by the stoichiometry ABX3, possessing a
crystal structure analogous to that of CaTiOs, which was first identified by Gustav Rose
in 1839.1"%1 For metal halide perovskites (MHPs), the A-site is occupied by a monovalent
cation, which can be either organic or inorganic. The most common organic cations are
methylammonium [(CH3NH3)", MA")] and formamidinium [(HC(NH2))", FA*], while
the most prevalent inorganic cation is cesium (Cs"). The B-site is typically occupied by a
divalent metal cation, most commonly lead (Pb?*), and the X-site is occupied by a halide
anion (I, Br, or CI).?% The three-dimensional (3D) structure of MHPs comprises
corner-sharing [PbXs]* octahedra, with A* cations occupying the voids formed by four

adjacent [PbXs]* octahedra, as shown in Figure 1.3.[2!]

Metal halide perovskite

ABX,

methylammonium
O A (organic cation, Cs*) (CH3NH,)*
© B (Pb?*, Sn%,...)

O X(I-, Cr, Br)
CH3NH4Pbl,,. ..
formamidinium
(NH,CHNH,)*
R
G3EPo
BXg octahedron
O

Figure 1.3 Schematic diagram for Metal halide perovskite ABXs. Reproduced from
Ref. [21]

Goldschmidt's tolerance factor (t) (Equation 1) and the octahedral factor (M)

(Equation 2) are two significant factors used to assess the structural stability of MHPs. ra,
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B, and rx are the ionic radii of the A-cation, B-cation, and X-anion, respectively. These
factors help determine the compatibility of specific ions within the crystal structure,
thereby providing insight into the overall stability and potential formation of the
perovskite phase.[??] A tolerance factor (t) between 0.9 and 1.0 favors the formation of an

ideal cubic structure, while an octahedral factor (M) between 0.4 and 0.9 will lead to the

23]

formation of BXs octahedra.”l' The 3D cubic phase is characteristic of the

high-temperature phase of MHPs. At lower temperatures, phase transitions will occur,

resulting in structures such as tetragonal, orthorhombic, trigonal, or hexagonal

phases.[24123]

+
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MHPs are widely recognized as promising photosensitive semiconductors.2412611271128]
In the past decade, these materials have found applications in various optoelectronic
devices, including X-ray scintillators,*”)  light-emitting  diodes (LEDs),?%
photodetectors,?!) and lasers.??) Among MHPs, all-inorganic cesium lead halide
perovskite (CsPbX3; X=Cl, Br, and I) NCs have received particular attention due to their
remarkable properties and potentially higher stability. For instance, colloidal CsPbX3; NCs
exhibit a widely tunable band gap energy across the entire visible light spectrum by
adjusting the halide composition and particle size.31  Additionally their
photoluminescence quantum yields (PLQY) can range from 50% to 90%.2>) They also
have been reported to possess a high absorption coefficient,**l high carrier mobility

(~4500cm?V-'s") and large diffusion lengths (>9.2 um).33! Moreover, a strong spin-orbit



coupling effect has been observed in lead halide perovskite NCs, greatly enhancing their
potential for applications involving optical control and manipulation.l*! However, the
instability and toxicity of lead-based perovskites significantly limit their further
development.?71381 Thus, the development of stable and low-toxicity perovskite

nanomaterials has increasingly garnered interest within the scientific community.

1.3 Lead-free perovskite materials

The ideal scenario would be to replace lead (Pb) in halide perovskites with non-toxic
elements without compromising performance. The material's structure and electronic
configuration are critical factors in determining its optoelectronic properties. Therefore,
various feasible lead substitutes have been selected based on considerations of element
size, charge, properties, electronic structure, and structural tolerance.*”) As shown in
Figure 1.4, current substitution strategies can generally be categorized as homovalent
substitution (e.g., using Sn** or Ge?"),[*%M4! and heterovalent substitution, typically
involving Bi**.*?] The latter has received more attention due to the chemical stability and
electronic structure of Bi*" that closely resembles that of Pb?".[**l To maintain charge
neutrality, heterovalent replacements further can be categorized into three subtypes:
cation splitting, mixed valence anions, and ordered vacancies.*!! In the following part of
this chapter, we will primarily focus on bismuth-substituted perovskite-like materials,
such as Cs3;Bi2Xo, as well as double perovskite containing one monovalent and one

trivalent element substitution.
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Figure 1.4 Schematic diagram of different substitution methods and consequences.

Reproduced from Ref. [44]

1.3.1 Cesium Bismuth Halide NCs Cs3Bi2Xo

Cs3Bi2Xo (shown in 1.5) exhibits a trigonal crystal lattice (space group P3ml) at
room temperature, considered a layered form of vacancy-ordered perovskite. This
structure can be seen as a tripled unit cell of the traditional perovskite, in which only
two-thirds of the octahedral sites (e.g., Pb?" sites in prototypical CsPbX3) are occupied,
while the remaining sites are vacant.[*3] These vacancies are segregated, leading to the
formation of corrugated layers composed of corner-sharing BiBrs octahedra.[*]
Additionally, a monoclinic phase which exhibits similar framework has also been

reported at low temperatures.[*6147]



Figure 1.5 Schematic diagram of crystal structure of Cs3;Bi2Xy at room temperature.
Gray atoms represent Bi, blue atoms represent halide ion, and purple atoms

represent Cs. Reproduced from Ref. [27]

Previous density functional theory (DFT) calculation revealed that the VBM of
Cs3Bi2Xo is primarily comprised of halide-p and Bi-6s orbitals, while the conduction band
minimum (CBM) is predominantly composed of Bi-6p orbitals, with negligible
contribution from Cs*.[*¥! This band gap composition is similar to that of lead-based
perovskites, where the valence band is formed by the mixing of halide p orbitals and
Pb-6s orbitals, and the conduction band is composed of mixed Pb-6p and halide p
orbitals.*) Such a similar electronic structure makes it a promising candidate for
perovskite-like materials. Although its optoelectronic properties are not as good as those
of lead-based counterparts, its PLQY has increased from 4.5% to 19.4% in the past few
years.PUI51 Additionally, the close proximity of its indirect and direct bandgaps offers
significant potential for converting it into a direct bandgap material, which could further

improve the PLQY.?! Moreover, Cs3BixXo NCs demonstrate excellent moisture stability,
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thermal stability, and photostability, which makes it highly promising for applications in
the field of LEDs.’%! Furthermore, Cs3BixXo exhibits satisfactory performance in
photocatalysis.[33154155]1 The rapid electrical response of Cs3Bi»Xo indicates significant
potential for use in photodetector devices.l*81571 In addition, Mn?*-doped Cs3Bi>Cly NCs
exhibit a bright orange emission resulting from the Mn?" d-d transition, expanding the
intrinsic photoluminescence properties of the NC host lattice.’¥! Er**-doped Cs3Bi2Cly
phosphor shows efficient temperature-sensitive upconversion luminescence for different
excitation sources.’”) These properties make it a promising candidate material for
multi-mode luminescence and optical thermometer applications.

1.3.2 Halide Double Perovskites (HDPs)

Halide double perovskites are a class of materials derived from the traditional
perovskite structure. These materials are represented by the formula Cs:B(i)B’(iii)XGe,
where the 'B' site is occupied by two different cations: a monovalent ion B(i) and a
trivalent metal ion B’(iii) (Figure 1.6). HDPs are obtained by substituting adjacent
divalent Pb*" ions with one monovalent and one trivalent metal cation. This ordered
arrangement maintains the overall charge balance within the structure and doubles the
unit cell of the traditional perovskite structure.[”) The tolerance factor and octahedral
factor of double perovskite are typically considered similar to those of lead halide
perovskites, but the average value of B (i) and B' (ii1) is taken as the atomic radius Rg for
the B-site.[®" In addition, Bartel et al.[!! reported a new tolerance factor (1°) (Equation 3).

This is an empirical function that takes into account the oxidation states of the ions.

P __
t=5"MMa———77)0)
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Figure 1.6 Schematic diagram of crystal structure of DPs and potential substitutions

approaches. Reproduced from Ref.[60]

Double perovskites have been widely studied because of their compositional
diversity and superior stability.[®?! Additionally, a variety of compositions enabled by
cation substitution facilitates the control and modulation of their optical and electronic
properties, making them promising candidates for diverse optoelectronic
applications.[!8I63164] Among the various HDPs, B-site substitutions with AgBi and Agln
have received the most attention due to Cs:AgBiXs having a relatively small bandgap,

while Cs>AgInXGe is notable for its direct bandgap characteristics.

1.3.2.1 Cerium silver bismuth halide NCs Cs2AgBiX¢ (X=CI and Br)

Cs2AgBiXs 1s generally considered an indirect band gap semiconductor. DFT

calculations have predicted that the band gap energies for Cs2AgBiCls and Cs2AgBiBrs
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are 1.84 eV and 1.41 eV, respectively.[®®) The VBM is mainly composed of Ag-d and
halogen-p orbitals in both compounds, while the CBM is comprised of Bi-p and
halogen-p states, with some contribution from Ag-s orbitals.l°! Additionally, by altering
the halide composition in Cs;AgBi(ClixBry)s (0<x<1) NCs, excitonic absorption peaks
can be continuously tuned from 367 to 450 nm, and the corresponding photoluminescence
(PL) peaks from 395 to 475 nm.¢7]

Additionally, Cs:AgBiBrs has been reported to exhibit strong electron-phonon
coupling. The PL emission in Cs;AgBiBrs has been demonstrated to be associated with
color centers and is influenced by strong electron-phonon coupling.[®8 Steele et al.l)
reported a Frohlich coupling constant close to 230 meV and a relatively large Huang -
Rhys factor (S = 15.4). Electron-phonon coupling is a significant factor influencing
carrier transport. The relatively low carrier mobility observed in Cs2AgBiXs materials is a
key limitation that hampers their performance in optoelectronic applications. However, it
has been reported that hydrogenated Cs:AgBiBrs can effectively increase both the
concentration and mobility of charge carriers.[””) Moreover, McClure et al.l’!l reported the
effective charge carrier masses for both lead-based perovskites and Cs;AgBiXs double
perovskites. They found that although double perovskites have a less dispersed
conduction band, the estimated hole effective masses for the double perovskites are
smaller than those of their lead analogs. This characteristic introduces new possibilities
for further enhancing charge carrier mobility in perovskite materials. In addition, there
has been a growing interest in exploring the application of Cs2AgBiBrs in field-effect

transistors (FETs).l”?l Furthermore, Cs>AgBiXs demonstrates exceptional stability under
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conditions of light,[”3 heat,[” and humidity,’”) making it a promising material for
applications in various fields such as photovoltaics,’!!  photocatalysis,”!

photodetectors,!’%l and other optoelectronic devices.l’”)

1.3.2.2 Cerium silver indium chloride NCs Cs2AgInCls

Cs2AgInCls is another noteworthy double perovskite material, distinguished by its
direct bandgap, which contributes to its superior PL properties compared to Bi-based
double perovskites. However, Cs:AgInCls exhibits a relatively wide bandgap of
approximately 3.33 eV, due to the parity-forbidden nature of the direct transition at the I'
point between the CBM and the VBM.I”8) DFT calculations have revealed that the VBM
is primarily composed of Ag 4d and Cl 3p orbitals, while the CBM is mainly derived
from In 5s orbitals.[”! As shown in the Figure 1,7, transitions from the VBM (I's") and the
the next lower valence band state (I's") to the CBM (I'1") are parity-forbidden, while
parity-allowed transitions occur from the second lower valence band state (I's7) to the
CBM (I'1").["8 Although the band-edge states at the I' point have the same parity, the
band-edge states at the adjacent L point have the opposite parity. This difference in parity
enables optical transitions between the I' and L points, which, in turn, leads to a small

optical absorption coefficient near the fundamental band gap.[7817]
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Figure 1.7 Electron band structure of Cs:AgInCls with parity of transitions.
Reproduced from Ref. [78]

Cs2AgInCls  exhibits excellent stability and shows promising potential for
applications in ultraviolet photodetection.[®®) However, due to its dark transition caused by
inversion symmetry, the reported PLQY of CsxAgInCls is not ideal, being approximately
1.6%.181 The luminescence primarily originates from the emission of self-trapped
excitons (STEs), with partial contributions from exciton radiative recombination.!¥?! An
effective way to break the parity symmetry is by doping or alloying with other elements.
Liu et al.®* have demonstrated that partial substitution of Bi** for In** ions can break the
parity-forbidden transitions and improve the emissions of self-trapped exciton (STE).
Moreover, bismuth-doped Cs>AgInCls can introduce [BiClg]*- states below the original
CBM, while keeping the direct bandgap.!®485] The PLQY of CsxAgInCls co-doped with
bismuth and sodium can reach up to 86%, making it a highly prospective material for

LED devices. [821(86]
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1.4 Spintronics

Spintronics is an emerging field within nanoelectronics that studies the spin degree
of freedom of charge carriers. It manipulates the spin and charge properties of electrons to
enhance device performance, such as fast processing speeds, lower power consumption,
and higher integration density.[®”] The interest in spintronics was sparked by the discovery
of the giant magnetoresistance (GMR) effect a phenomenon where the electrical
resistance of a material shows a significant change in response to an applied magnetic
field.®® This effect arises from the alignment of magnetic moments in a thin film
composed of alternating ferromagnetic and nonmagnetic layers. When the magnetic
moments in the ferromagnetic layers are aligned parallel, the electrical resistance is low,
and when they are antiparallel, the resistance is high.®® In the past few years, various
GMR-based devices, such as magnetoresistive random-access memory (MRAM), have
been widely used in industry and have continued to develop from generation to
generation.}?I°% Researchers also have begun exploring the generation and utilization of
spin-polarized currents in bulk semiconductors and single semiconductor
nanostructures,”1°2! to realize the integration of conventional semiconductor technology
with semiconductor-based spintronics devices.!>3 194

Spin-orbit coupling (SOC) originates from the rotation of negatively charged
electrons around a positively charged atomic nucleus. Electrons with orbital angular
momentum generate a magnetic moment and an associated magnetic field, similar to a
circulating current. Due to the electron's spin, it also possesses a magnetic moment. The

interaction between the electron's spin magnetic moment and the magnetic field produced
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by its orbital motion is referred to as spin-orbit coupling.®>! The magnitude of SOC is
influenced by the charge of the atomic nucleus, which is determined by the atomic
number (Z). A larger nuclear charge results in a stronger current generated by the
circulating electron. Consequently, the spin-orbit interaction is proportional to Z*.[°%) Due
to large Z of lead, the SOC effect is particularly pronounced in lead-based perovskites. A
strong spin-orbit coupling effects®’! and magnetic exchange interactions®®! have been
observed in lead halide perovskite NCs, greatly enhancing their potential for applications
involving optical and magnetic control and manipulation. Moreover, extensive research
has been conducted on the coherent spin dynamics of charge carriers in lead-based
perovskites.P2I10II0L The Rashba SOC effect is a key feature in these materials, where
structural inversion asymmetry leads to the splitting of spin energy levels, resulting in
spin-polarized bands with significant momentum offsets.['?l Extensive studies have
reported large Rashba splitting and high spin polarization at room temperature in
lead-based perovskites.['%11041  This effect facilitates the generation of highly
spin-polarized charge currents in chiral non-magnetic halide perovskites at room
temperature, even in the absence of external magnetic fields.['°] Additionally, Zhang et
all'%] discovered persistent spin helix states in two-dimensional halide perovskites, which
have the potential to significantly increase spin lifetimes. Moreover, strong SOC in lead
halide perovskite NCs induces a significant Autler-Townes effect, leading to enhanced
exciton energy shifts and enabling efficient coherent optical manipulation across a wide
range of wavelengths at room temperature.’’) In addition, spin-orbit—coupled

exciton-polariton condensates have been observed in lead perovskites, which hold
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potential as quantum simulators for many-body spin-orbit coupling (SOC) processes.!!%]
Therefore, in addition to traditional optical research, the strong SOC in lead halide
perovskites makes them highly promising for spintronic applications. The ability to
manipulate spin-polarized bands and control spin textures in these materials offers
significant potential for the development of advanced spintronic devices, such as spin
light-emitting diodes (spin-LEDs)!'%7] and spin field-effect transistors (spin-FETs).[!%8]
Bi** also has a high atomic number, with an electron configuration of 6s?6p° similar
to Pb?". Similarly it has been found to exhibit strong spin-orbit coupling.['® The
conduction band of Cs;AgBiXe, primarily composed of Bi p orbitals, will split into two
distinct bands due to strong SOC.I'”1 However, more detailed information in terms of

SOC effect remains limited.

1.6 Theoretical basis for Magnetic Circular Dichroism (MCD)

Magnetic circular dichroism (MCD) arises from the differences in absorption
coefficients of left and right circularly polarized light when subjected to an applied
magnetic field.!''” Therefore, MCD is defined as the difference in absorption between left
circularly polarized (LCP, Aiy) and right circularly polarized (RCP, Arp) light under a
longitudinal magnetic field, as expressed in Equation 3.

AA = Aip = Arep (3)
This differential absorption is caused by the Zeeman effect, which leads to the splitting of
energy levels under the influence of the magnetic field, thereby changing the electronic

absorption transitions. The intensity of MCD can be simplified as the sum of three
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Faraday terms (A, B, and C terms), as represented by Equation 4

S+ (Bo+ () (4)

AA = ypgB[AL(—
where VY is a constant whose value depends on the chosen units. Pg represents the Bohr
magneton, B is the magnetic field, Kg stands for the Boltzmann constant, T is the
temperature, E denotes energy, and f(E) is the line-shape function. The parameters Ai, Bo,
Co correspond to the A, B, and C terms of MCD, respectively. Each term represents the
interaction between the ground or excited states and the external magnetic field, as shown

in Figure 1.8,

—>||4— Zeeman Splitting
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Figure 1.8 Mechanisms of a) A, b) B, and ¢) C terms in MCD. Dashed curves
represent the absorption of LCP (positive) and RCP (negative) light. The solid lines

represent the resultant MCD responses. Reproduced from Ref. [111]

The A term in MCD represents temperature-independent signals with a derivative
line shape (Figure 1.8a). This term provides insight into the degeneracy of excited states.

Under the influence of a magnetic field, degenerate excited states split into J.; and J+
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levels. According to selection rules, LCP light is absorbed, inducing transitions from the
ground state to J+1 and RCP light induces transitions from the ground state to J.i. The
energy difference between A to J+1 and A to Ji is the Zeeman splitting, and the

I The B term is also temperature-independent

corresponding Lande g-factor calculated.!
and represents the interaction of the ground state and the excited state under an external
magnetic field influenced by another state (K). Additionally, the C term is
temperature-dependent and arises from the Zeeman splitting of the degenerate ground
state population under an external magnetic field. The intensity of the C term is strongly

affected by temperature due to the sensitivity of the field-split ground state population.!!!!]

1.6 Motivations and Scope of the Thesis

The study of electronic structure is significant for semiconductors. A detailed study
of the electronic structure provides deeper insights into the intrinsic properties of
semiconductor materials, enabling the development of new materials with superior and
more controllable performance.

Lead-based perovskites have shown tremendous promise in the fields of
optoelectronics and photovoltaics, owing to their exceptional optical and electrical
properties. However, the further large-scale commercialization of lead-based perovskites
is consistently limited by concerns regarding toxicity and stability. Although additional
encapsulation strategies can enhance their stability, the issue of lead leakage appears to
remain unresolved.l''?! Replacing lead with other elements that have similar electronic

structures but lower toxicity, such as bismuth, is an effective way to address the
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aforementioned issues. Although the synthesis and applications of lead-free perovskites
have been increasingly explored, their electronic properties, including the band structure
origin, spin-orbit coupling, and intrinsic Zeeman effects, remain controversial,
underexplored, or poorly understood. Understanding the electronic structure and
properties of these lead-free perovskite materials can further improve their performance
and expand their application range in fields such as spintronics and quantum
technologies.

In this thesis, we focus on two types of lead-free perovskites: bismuth-substituted
vacancy-ordered perovskite-like material Cs3BixXo (X = Cl and Br) and double
perovskites Cs2B(1)B’(ii1) X (X = Cl and Br). Chapter 2 provides a detailed description of
the synthesis and characterization methods employed in this project, as well as the
composition and analysis techniques for MCD. In Chapter 3, the electronic structure of
Cs3Bi2X 1s investigated, with a focus on the origins of the excitonic transitions and their
Zeeman splitting. Additionally, the influence of halide elements on these properties is
explored by varying the anion composition. In Chapter 4 we explored the electronic
structure and magneto-optical properties of all-inorganic lead-free double halide
perovskite NCs using MCD spectroscopy. We also investigated how variations in halide
composition influence the electronic structure and excitonic Zeeman splitting in these
double halide perovskite NCs by performing variable-temperature and variable-field
MCD measurements on Cs:AgBiClg and Cs2AgBiBrs. Similarly, the influence of cation
composition on these properties was explored by conducting comparative MCD

measurement on Cs;AgInCls and Bi**-doped Cs;AgInCls NCs. In the final chapter, we
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review and summarize the key findings of our research, while also introducing potential
directions for future studies. The results of this work demonstrate that lead-free halide
perovskite NCs are promising materials for quantum technologies (e.g., spintronics),
which have a low toxicity and compositionally tunable electronic structure and properties.

In summary, given the critical need for sustainable, high-performance materials in
the optoelectronic industry, this thesis is motivated by the potential of lead-free halide
perovskite NCs to serve as viable alternatives to lead-based perovskites. By
systematically investigating the electronic, magneto-optical, and excitonic properties of
these materials, this research aims to contribute to the development of next-generation
quantum devices that are both effective for electronic technology and environmentally

friendly.
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Chapter 2

Experimental Section

2.1 Material

All chemicals were used as received. Cesium carbonate [Cs,COs3, 99.995%],
Trimethylsilyl chloride (TMS-Cl, <= 100 %), Trimethylsilyl bromide (TMS-Br, <=
100 %), and Benzoyl chloride (Bz-Cl 99%) were purchased from Sigma-Aldrich.
Bismuth(IIT) acetate [Bi(OAc)s, 99%] was purchased from thermo scientific. Silver
acetate [Ag(OAc), 99%], diphenyl ether (DPE, 90%), oleic acid (OA, 90%), Oleylamine
(Olam, 70%), and octadecene (1-ODE, technical grade 90%) were purchased from Fisher
Chemical. Additionally, hexane (Fischer Chemical, >99.9%), isopropanol (Sigma-Aldrich,
99.8%), toluene (Alfa Aesar, 99.7%), ethyl acetate (thermo scientific, 99.5%) were
utilized for washing the NCs and preparing dispersions for various characterization

techniques.

2.2 Synthesis

2.2.1 Cs3Bi2X9 Nanocrystal Synthesis

Cs3Bi2Cly and Cs3Bi:Bro NCs were synthesized by a modified hot injection
method“711!3], Briefly, cesium carbonate (0.125 mmol), bismuth acetate (0.5 mmol), 10
mL of 1-dodecanol, 0.6 mL of oleylamine (Olam), and 3 mL of oleic acid (OA) were
combined in a 50 mL three-necked flask. The mixture was then degassed under vacuum at
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100 °C for 1 hour with magnetic stirring. After that, the temperature of the mixture was
increased to 160°C, and TMS-CI/Br (trimethylsilyl chloride/bromide, 0.5 mL) was swiftly
injected under a nitrogen atmosphere. After 30 seconds, the reaction mixture was rapidly
cooled to room temperature by immersion in an ice-water bath. Subsequently, the solution
was centrifuged at 3000 rpm for 3 minutes to remove larger particles. Ethyl acetate was
then added to precipitate the nanocrystals, followed by centrifugation for 10 minutes.
Afterward, the supernatant was decanted, and the NCs were resuspended in hexane. A
brief centrifugation (30 seconds) was performed to remove any remaining insoluble

material.

2.2.2 Cs2AgBiXs Nanocrystal Synthesis

Cs:AgBiXe was synthesized by a modified hot injection method!''¥], A mixture of
Cs2CO0O3 (0.35 mmol), Ag(OAc) (0.5 mmol), and Bi(OAc)s (0.5 mmol) was dissolved in a
solution containing octadecene (10 mL), oleic acid (2.5 g), and oleylamine (0.5 g). This
reaction mixture was then heated to 90°C under vacuum conditions for 45 minutes.
Subsequently, the temperature of the solution was increased to 140°C under a nitrogen
atmosphere, and TMS-CI/Br (2.7 mmol) was rapidly injected. After 30 seconds, the
mixture was quickly cooled to room temperature using an ice-water bath. The resulting
product was centrifuged at 3000 rpm for 3 minutes to remove large particles. The
supernatant was then washed with isopropanol (IPA), and the NCs were subsequently

resuspended in toluene.
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2.2.3 Cs2AglIn1«BixCls Nanocrystal Synthesis

Cs:AgInXs was synthesized by a modified hot injection method!'!®). A mixture of
Cs2C0O3 (0.35 mmol), Ag(OAc) (0.5 mmol), In(OAc); (0.5-x mmol) and Bi(OAc)s (x
mmol) were dissolved in a solution containing diphenyl ether (10 mL), oleic acid (2.5 g),
and oleylamine (ImL). This reaction mixture was then heated to 90°C under vacuum
conditions for 45 minutes. Subsequently, the temperature of the solution was increased to
140°C under a nitrogen atmosphere, and Bz-Cl (2.5mmol) was rapidly injected. After 30
seconds, the mixture was quickly cooled to room temperature using an ice-water bath.
The resulting product was centrifuged at 3000 rpm for 3 minutes to remove large particles.
The supernatant was then washed with isopropanol (IPA), and the NCs were subsequently

resuspended in hexane.

2.3 Measurement and Data Analysis

2.3.1 Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) is an essential tool for identifying the structure of
crystalline samples. XRD patterns for all sample were obtained using an INEL
diffractometer, equipped with a position-sensitive detector and a monochromatic Cu Ka
radiation source (A = 1.5418 A), in Dr. Holger Kleinke’s group in Department of
Chemistry at the University of Waterloo. Samples are dropped on an aluminum sample
holder. The baseline of all samples were processed with software Match!, and the

reference patterns were obtained from Inorganic Crystal Structure Database (ICSD).
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2.3.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) images provide information on the size
and morphology of the NCs. The TEM images were collected with a JEOL-2010F
microscope operating at 200 kV. Samples were made by drop-casting diluted suspensions

of NCs onto copper 300 mesh TEM grids.

2.3.3 UV-Vis-NIR Spectroscopy

UV-vis-NIR spectroscopy is employed to measure the absorption of materials within
a certain range of wavelength. It provides information on the electronic structure of
different transitions, including band edge and higher energy states. A Varian Cary 5000
UV-vis—NIR spectrophotometer was used to collect the absorption spectra of colloidal

NCs. Colloidal solution was measured in a quartz cuvette.

2.3.4 Magnetic Circular Dichroism (MCD)

Magnetic Circular Dichroism (MCD) spectroscopy measures the differential
absorption of left- and right-circularly polarized light. The experimental setup is

illustrated in Figure 2.1.[116]
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Figure 2.1 Schematic diagram of MCD Experimental Setup. In MCD spectroscopy,
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light from a broadband source is directed through a monochromator and polarizer
to produce a monochromatic, linearly polarized beam. This beam is then partially
passed through a photoelastic modulator, generating left circularly polarized (LCP)
and right circularly polarized (RCP) light. The sample is settled within a
superconducting magneto-optical cryostat, with the magnetic field lines oriented
parallel to the direction of light propagation. As the LCP and RCP light pass
through the sample, they are absorbed to different degrees according to the
absorption coefficients, resulting in different intensities. These differing intensities
combine to form an elliptically polarized beam. The ellipticity (0) is defined as the

angle between the major and minor axes of the ellipse. Reproduced from ref. [116].

During the experiment, a JASCO J-815 spectropolarimeter was adopted to collect
the difference in absorption of left and right circularly polarized light under a settled
magnetic field which was parallel to the light propagation direction. Meanwhile, an
Oxford SM 4000 magneto-optical cryostat was employed, providing a versatile sample
environment with adjustable temperature ranging from 1.5 to 300 K and variable
magnetic field strength up to 7 T. The samples were prepared by drop-casting colloidal
NCs onto quartz substrates.

The MCD spectra were collected at various magnetic field strengths, ranging from 1
T to 7 T. To ensure accurate data analysis, all spectra were baseline-corrected by
subtracting the spectrum collected at 0 T. As mentioned before, MCD intensity is defined
as AA = AL — Ar (Equation 3), and the ellipticity (0) is then can be converted into AA/A
by Equation 5,

= "z O
where 0 is measured in millidegrees, and A represents the band gap absorbance, which is

determined from the absorption spectrum simultaneously collected by the CD detector.
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In addition, the Zeeman splitting and corresponding Lande g-factor can be
determined by Equation 6 and Equation 7,
AE = g - [Equation 6]
AE = gexusB [equation 7]
where 2c represents the full width at 1/e of the maximum absorbance (Ao), ps is the Bohr
magneton, and B denotes the magnetic field.

The deconvolution of MCD signals is a critical analytical method used in this thesis.
Since the samples in this project are undoped or non-magnetically doped, they typically
exhibit A-term MCD signals with a derivative line shape.[''”] As mentioned in Chapter 1.6,
the A-term arises from the Zeeman splitting of the excited state, caused by the difference
between transition of left- and right-circularly polarized light from the ground state to the
split excited states. Therefore, we employed positive and negative Gaussian functions in
Origin to fit the MCD signal, adjusting the peak widths and intensities of different
transitions to achieve an optimal fit. Once the various transitions and their peak values are
identified, we combined the positive and negative Gaussian functions corresponding to
the same transitions to obtain the MCD peak profile of excitonic transitions. In this thesis,
we perform deconvolution for both variable field and variable temperature MCD
measurements. For the variable field MCD fitting, the peak width and position are kept
constant while the peak intensity increases with the magnetic field. For the variable
temperature MCD fitting, at low temperatures, the peak width and position remain

unchanged, and the peak intensity is adjusted to achieve the best fit. At higher

temperatures, due to changes in the bandgap and exciton energy levels, both the peak
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position and intensity are appropriately adjusted to obtain the optimal fit.
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Chapter 3 Magneto optical properties of Cs3;Bi>Cly and

Cs3Bi2Bro

3.1 Structural characterization of Cs3;Bi>2Cly and Cs3;Bi:Bry NCs

Cs3Bi2Xo (X=Cl, Br) NCs were synthesized by a hot injection method, using a
procedure similar to that previously reported (Chapter 2.2.1).3165] Figure 3.1 shows
powder X-ray diffraction (PXRD) data for Cs3;BiCly and Cs3BixBrg NCs, together with

the corresponding bulk reference patterns. Cs3Bi2Bro exhibits a trigonal crystal lattice

(space group P3ml ) at room temperature, which represents a layered form of the
vacancy-ordered perovskites (discussed in chapter 1.3.1). In addition, while some articles

report one-dimensional Pmcn crystal structure for Cs3Bi2Cly, based on the XRD pattern,

the structure of our sample is consistent with the P3ml , similar to Cs3BiBro.l''8] The
results for Cs3Bi2Cly and Cs3;BiaBro NCs with identical structures have already been
reported.l''”) As evident from Figure 3.1, all XRD peaks for Cs3;BiBro NCs are shifted to
lower angles relative to those for Cs3;Bi2Cly NCs, which can be attributed to lattice
expansion due to the larger ionic radius of Br~ than CI". The changes in the relative
intensity of some peaks are likely due to lattice defects or NC variations in NC faceting.
For instance, the peak associated with the (003) and (201) diffraction planes, exhibits a
notable increase in intensity from Cs3;BirCly to Cs3BiBro NC samples.®) The

assignments of various peaks for both samples also are provided in the Figure 3.1.
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Figure 3.1 PXRD patterns of Cs3:BizX9 NCs compared to reference patterns of

Cs3Bi:Cly (tetragonal, ICSD Coll. Code 432491) and Cs3;Bi:Bry (tetragonal, ICSD

Coll. Code 1142). The bottom gray line represents the reference patterns of

Cs3Bi:Clo with a Pmcn space group (orthorhombic, ICSD Coll. Code 2067).

Transmission electron microscopy (TEM) images were used to determine the

morphology and size of Cs3Bi2Cly and Cs3Bi2Bro NCs. As shown in Figure 3.2 a and b,

most of the NCs exhibit irregular shapes with average sizes of 22 nm (Cs3Bi2Cly) and 20

nm (Cs3Bi2Br9). These observations are consistent with previously reported morphologies

and sizes.Bl
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Figure 3.2 TEM characterization of (a) Cs3Bi:Cly and (b) Cs3;Bi:Br9 NCs.

3.2 Optical properties of Cs3Bi2Cly and Cs3;Bi;Bro NCs

The absorption spectra of Cs3Bi:Cly and Cs3;BixBrg NCs measured at 5 K are
presented in Figure 3.3. Both spectra exhibit a distinct peak, with maximum intensities
observed at 368 nm for X = Cl and 428 nm for X = Br. Furthermore, a shoulder is also
observed in both spectra at ca. 390 nm for X=CI and 458 nm for X=Br. These spectra are
consistent with previously reported results.[!]

As mentioned in chapter 1.3.1, the VBM of Cs3Bi2Xo is primarily comprised of
halide-p and Bi-6s orbitals, whereas the CBM is predominantly formed by Bi-6p orbitals.
Therefore, based on the band structure composition, the origin of the absorption band
edge transition in Cs3BixXo is widely attributed to the transition between the bismuth
6s-6p orbitals ('Sp— *P;).*!l Additionally, the small peak at higher energy (330 nm for
Cs3Bi2Cly and 380 nm for Cs3Bi2Bry) is often considered as the absorption of Cs3Bi2Xs
impurities in the solution or 'So—3P; transition in the isolated [BiXe]* octahedra, due to
the similarity in peak positions.[3611201 However, Geng et al. have reported that both the
main peak and the small high-energy peak exhibit size dependency, indicating that they
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1211 Meanwhile, they assigned these two

do not originate from the 'So— 3P transition.!
peaks to the transitions of the first exciton and second exciton.[’” In addition, peaks

below 300 nm in and below 350 nm in Cs3Bi2Bro are likely associated with transitions to

higher energy states.
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Figure 3.3 Absorption spectra of (a) Cs:Bi2Cly and (b) Cs3;Bi2Bro NCs collected at 5
K.

3.3 Magneto-Optical properties of Cs3Bi:Clyo and Cs3;Bi:Bro NCs

To explore the origin of the absorption transition, we performed 7 T MCD
measurements on Cs3Bi2Xo NCs (Figure 3.4, bottom panels). The black trace in Figure 3.4
shows a normalized MCD spectrum of Cs3Bi2X9 NCs. The MCD spectra were normalized
by converting the ellipticity (0) into AA4/4, as described in eq 3 (chapter 2.3.4).
Additionally, various transitions within the absorption region can collectively overlap,
resulting in the generation of the MCD signal. For example, the MCD spectrum of
Cs3Bi2Cly consists of structured positive and negative lobes that generally correspond well
to the absorption spectrum. The onset of the negative signal is observed at ca. 394 nm,
followed by a shoulder around 380 nm. To assign each feature, we deconvolution the
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spectrum assuming derivative-shaped signals characteristic for an A-term MCD typically

171 The most prominent derivative-shaped

observed for undoped semiconductor materials.!
signal (green line) is aligned with the main absorption peak, and can be assigned to direct
VB-CB transition. One possible explanation for the tail is the existence of an indirect

1221 observed two adjacent peaks in the PL

band-gap transition (purple line). Zhang et all
spectra of Cs3Bi2X9 NCs at room temperature, which might originate from exciton
recombination through direct and indirect transitions. Previous DFT calculations also
indicated the presence of direct transitions at the I' point and low-energy indirect
transitions from the I" point to the A point. Despite the existence of an indirect excitation,
these calculations emphasize that the primary optical excitation still occurs at the I'
point?®, The shoulder at ca. 380 nm in the MCD spectrum is characterized by much
narrower, derivative-shaped peaks. Therefore, this feature may be attributed to the
localized exciton around the Bi*" ion (orange line). The pink line shows the cumulative fit
to the experimental spectrum. An excellent agreement with the measured spectrum is
achieved in the range of ca. 360-400 nm. On the high-energy side of the positive lobe
there is a mismatch, which may be related to the existence of higher energy

conduction-band excited states in Cs3BiClo.*871] As our focus is on the band-edge

transitions, this feature has not been extensively investigated.

34



= 0.4 (a) ; 2.0 (b)
© ] . B
‘g’ 0.27 —CsBiCl, | 1.0 —— Cs,BipBr,
< 00; < 00
4x10°1 — Direct Transition 6x1073] — Direct Transition
4 — Indirect Transition ) — Indirect Transition
< 2x107 Bi** transition & 3x10 Bi** transition
5 0%10731 = g 0x103=—
-2%10731 7/ -3x10°
g L -6x10° \
-6x1073 . W . | BiAGE . ' \V/ ' '
325 350 375 400 425 400 425 450 475 500
Wavelength (nm) Wavelength (nm)

Figure 3.4 Optical absorption (top) and MCD (bottom) spectra of (a) Cs3;Bi.Clo NCs
and (b) Cs3BizBr9 NCs in the band gap region, collected at 7 T and S K. (Legend:
black line - normalized MCD data; pink line - cumulative peak; green line -
simulated direct transition; purple line - simulated indirect transition; orange line -

Bismuth s-p transition)

Although it has been established that the CB and VB are primarily composed of Bi
6p orbitals and halogen p orbitals, respectively, it is noteworthy that the contribution of
halogen orbitals to the CB increases with the increasing atomic number of the halogen
ion.['?3] Therefore, we performed the same analysis for Cs3Bi,Brg NCs to explore the
influence of different anions on the electronic structure of these lead-free
halide-perovskite-like systems. As shown in Figure 3.4b, the Cs3;Bi2Bro samples also
exhibit both excitonic direct (green line) and indirect (blue line) transitions. However, the
intensity of the excitonic transition localized on Bi** is noticeably reduced (orange line),
possibly because of the higher amount of charge dispersed on Br compared to CI. This in
turn leads to a reduced charge distribution on the Bi centers, reducing the exciton
localization.['?3] These results demonstrate that MCD spectroscopy can be used as an

effective tool for a deconvolution of the complex excitonic spectra of MHP NCs,
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allowing for more specific assignment of the excitonic transitions compared to the optical
absorption spectroscopy.

Using MCD spectra, we also calculated the excitonic Zeeman splitting (AEz) and
Lande g-factor for both samples by equation 4 and equation 5 (chapter 2.3.4). The
calculated Zeeman splitting for the direct excitonic transition in Cs3Bi2Cly is AEZz = 0.50
meV, with the corresponding g-value of g=1.24. For Cs3Bi2Bry, AEz = 0.63 meV, with
g=1.56. One potential explanation for the increased Zeeman splitting and exciton g-factor
determined for Cs3Bi2Bry is the larger SOC effect. This phenomenon is influenced by the
halide composition of MHP materials. The Hamiltonian for SOC can be generally

formulated as:

Hsoc = 232 0 “4)
where o represents the Coulomb potential acting the electron, mo and p are the electron
mass and momentum, respectively, ¢ is the velocity of light, and = (ox ,0y ,0,) denotes
the vector of Pauli spin matrices.®® In halide perovskites containing heavy nuclei (e.g.,
Pb, Bi, I), SOC becomes significant, because it is directly proportional to the gradient of

26111241 Dye to the higher atomic number of Br, there

the Coulomb potential  (, and
is an associated increase in the effective nuclear charge, which subsequently enhances the
gradient of the Coulomb potential in Cs3Bi2Bry relative to Cs3Bi2Clo. As a result, SOC is
larger in the Cs3Bi2Bro compared to Cs3Bi2Cly NCs. The SOC is responsible for splitting
of the electronic band states, which in turn results in greater AE7z and the corresponding

g-factor.

To further investigate the origin of excitonic splitting, the MCD spectra of Cs3Bi2Cly
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(Figure 3.5a) and Cs3Bi:Bry (Figure 3.5b) NCs were collected at different temperatures

from 5 to 300 K.
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Figure 3.5 MCD spectra of (a) Cs3Bi2Cls and (b) Cs3:BizBr9 NCs across various

temperatures.

The deconvolution of Cs3BixCly and Cs3Bi:Bro NCs at different temperatures was
conducted to analyze the changes in each component with increasing temperature. The
detailed fitting plots are shown in Appendix A (Figure A.1 and Figure A.2). Moreover,
temperature dependence of the integrated intensities of the positive and negative MCD
signals for Cs3Bi2Cly NCs are shown in Figure 3.6a for direct band gap transition, and
Figure 3.6b for indirect band gap transition. The analogous data for Cs3Bi2Bro NCs are
shown in Figure 3.6c and d. The intensities of the positive and negative lobe of the MCD
signal change symmetrically for both direct and indirect band gap transitions. The direct
band gap transitions remain largely unchanged as the temperature increases from 5 to 50
K, followed by a gradual decrease in intensity with a further increase in temperature
(Figure 3.6 a,c). As the temperature rises above ca. 100 K, phonon modes become more
active, leading to exciton dissociation, consequently weakening the band gap transitions.

Additionally, a strong exciton-phonon coupling has been reported before, which also
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potentially influences both direct and indirect band gap transition.l*"l In contrast, below
50 K, phonon modes are very weak, resulting in minimal changes of the MCD signal
intensities. The indirect band gap transitions follow similar behavior below ca. 50 K and
above 100 K, but show a noticeable increase in intensity between 50 and 100 K (Figure
3.6 b and d). A plausible cause of a change in the indirect band gap MCD intensity at 100
K is the occurrence of the phase transition.[** Due to the soft lattice nature of MHPs, the
[BiXs]*~ octahedra exhibit structural changes when subjected to external stimuli.l'>>! The
presence of Bi’" 6s? lone electron pair induces intra-octahedral distortion, leading to
off-centering of the Bi*" site while preserving a P3ml trigonal lattice structure upon
reducing the temperature from 300 to 100 K.I'?! A phase transition occurs between 100
and 90 K on cooling down the samples, which modifies the crystallographic identities of
the [BiXs]*~ octahedral layers without affecting their c-axis alignment.['>3] Below 100 K,
further intra-octahedral distortion takes place ultimately leading to a transition from a

trigonal to a monoclinic lattice structure.[!26]
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Figure 3.6 (a) Integrated intensity of both negative and positive bands for direct
transitions in Cs3;Bi:Clo NCs; (b) Integrated intensity of both negative and positive
bands for indirect transitions in Cs3;Bi2Cly NCs; (c¢) Integrated intensity of both
negative and positive bands for direct transitions in Cs3:Bi:Bro NCs; (d) Integrated
intensity of both negative and positive bands for indirect transitions in Cs3;Bi:Bro

NCs.

3.4 Conclusion

In this chapter, we used MCD spectroscopy, as an alternative method, to investigate the
electronic structure of lead-free MHP NCs, with a particular emphasis on the origin of the
excitonic transitions and their Zeeman splitting. Robust MCD signal was observed up to
room temperature for Cs3;BixXo NCs, with the Zeeman splitting energy and the
corresponding g-factor comparable to those reported for conventional lead halide
perovskite NCs.”®! Halide composition is found to have a strong effect on the Zeeman
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splitting energy and the corresponding g-factor, increasing AE7 increasing from 0.502 to
0.632 meV and g increasing from ca. 1.24 to 1.56 by substituting Cl for Br. This work
provides the first direct measurements of excitonic Zeeman splitting in lead-free MHP
NCs at room temperature, demonstrating their promise for technological applications in
spintronics and opto-electronics. Composition-dependent MCD results determined in this
work suggest that magneto-optical properties of MHP can be further improved through

structure and composition, while reducing their toxicity and increasing their stability.
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Chapter 4 Magneto optical properties of double perovskites

4.1 Cs2AgBiXs NCs

4.1.1 Structural characterization of Cs;AgBiCls and Cs2AgBiBrs

The X-ray diffraction patterns that we collected for Cs2AgBiXs NCs (Figure 4.1) are
in very good agreement with those previously reported CsxAgBiCls and Cs2AgBiBrs
materials. Some minor peaks were not observed, which is likely due to peak broadening
associated with small NC sizes. Both NCs exhibit a cubic structure with a Fm3m space
group. A shift to lower angles can be observed when transitioning from Cl to Br,
attributed to the larger ionic radius of Br-. Additionally, variations in the relative

intensities of some peaks are due to changes in the in-plane orientation within the crystal

structure.
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Figure 4.1 PXRD patterns of Cs:AgBiXs NCs compared to reference patterns of

Cs2AgBiCls (ICSD Coll. Code 291598) and Cs:AgBiBrs.
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Additionally, TEM images were used to determine the morphology for Cs:AgBiCls
and Cs2AgBiBrs NCs (Figure 4.2). The majority of the nanocrystals are highly crystalline,
exhibiting a cubic shape, which is consistent with previously reported morphologies.!'?’]
Cs2AgBiClg exhibits a size length of 8.52 + 1.00 nm, while Cs2AgBiBrs shows a side

length of 7.79 + 0.61 nm.

(b)

Cs,AgBiBr,

(a)

Cs,AgBICl,

8 Mean= 8.53, SD=1.00 301Mean=7.79, SD= 0.61
. CszAgBiCIS//\ 251{Cs,AgBIiBr,
3 °|(c) \ £ 20{(d) i
£ /
g 4 2 15
=
= \\ 10 /
| A N | Sl AN
0 —— 0 -

5 6 7 8 9 10 11 12 6 7 8 9
Size (nm) Size (nm)

Figure 4.2 TEM characterization of (a) Cs:AgBiCls and (b) Cs:AgBiBrs NCs. Size
distribution diagram for (c) Cs:AgBiCls and (d) Cs:AgBiBrs NCs determined from
TEM image. The average NCs sizes and standard deviations are shown in the

corresponding graphs.

4.1.2 Optical properties of Cs2AgBiCls and Cs2AgBiBrs NCs

The 5 K absorption spectra of Cs:AgBiCls and Cs2AgBiBrs NCs are presented in

42



Figure 4.3a and Figure 4.3b. respectively. A well-defined feature is observed at ca.369 nm
for X = CI and 427 nm for X = Br, consistent with previously reported results.[''4]
Cs2AgBiXs compounds are typically considered to have an indirect band gap transition,
where the CB minimum is located at the I" point and the VB maximum is located at the X
point. Previous calculations of bandgap values at various k-points have provided a
detailed understanding of how different electronic states contribute to the band edges.!'?*!

The main features observed in our absorption spectra correspond more closely to the

direct bandgap character at the X point.[12811129]
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Figure 4.3 Absorption spectra of (a) Cs2AgBiCls and (b) Cs2AgBiBrs NCs collected
at S K.

However, the nature of absorption remains controversial. The origin of the excitonic
absorption peak in Cs>AgBiXs has been reported but remains inconclusive. Dey et al.[!3%]
attributed the prominent absorption peak in Cs;AgBiBrs to defect-related bound excitons,
while Lv et al.l3! suggested that this peak arises from the formation of free excitons just

132] reported that the reflection spectrum of

below the conduction band. Zelewski et al.l
Cs2AgBiBrs at 2.8 eV shows resonance features indicative of band-edge and free exciton

absorption. Furthermore, Wright et al. observed ultrafast localization of charge carriers in
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Cs2AgBiBrs. However, due to the high binding energy, they were unable to confirm the
formation of free excitons (Mott exciton) during initial excitation.['33] In addition, there
are multiple peaks occur at high energy range, which are related to the higher energy

states.

4.1.3 Magneto-Optical properties of Cs;AgBiCls and Cs:AgBiBrs NCs

To better investigate the origin and nature of the absorption transitions in the band
gap energy region for Cs;AgBiXs, variable-field MCD measurements were conducted,
shown in Figure 4.4. The MCD signal arises from Zeeman splitting, which is the
magnetic field-induced perturbation affecting the electronic states that participate in the
absorption transitions.''”l The derivative-shaped MCD spectra, consisting of a
combination of positive and negative bands, are aligned with the band gap absorption for
both samples. These signals are associated with the differential absorptions of left and
right circularly polarized light, and are characteristic for an A-term MCD. The
asymmetric band shapes of the MCD signals may result from the mixing of states with
different characteristics. Especially, in Cs;AgBiBrs, the shoulder observed at ca. 412.5 nm

across all fields confirms this assumption.
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Figure 4.4 MCD spectra of (a) Cs2AgBiCls and (b) Cs2AgBiBrs NCs collected at 5 K

and different external magnetic field strengths (1-7 T), as indicated in the graph.

To achieve a more precise analysis of the individual components, deconvolution was
applied to these spectra, allowing for a deconvolution of various contributing transitions
(Figure B.1 and B.3 in Appendix). Using MCD spectra collected at 5 K and 7 T as an
example, shown in Figure 4.5a and b, two distinct derivative-shaped signals can be
identified. These features correspond to direct (purple line) and bound (green line)
exciton transitions, which are present simultaneously.!3%1'321 The formation of bound

134] reported the potential for various

excitons is primarily due to internal defects. Li et al.l
defects in double perovskites, identifying Ag" vacancies as the most stable and readily
formed. These shallow vacancies occur at the valence band edge, acting as hole traps and
localizing the holes in the valence band. The highly flat localized state leads to an infinite
effective mass of the trapped hole. The trapped hole then forms a bound exciton with the
heavy electron.!3% The low energy region (400 to 425 nm) of the MCD spectrum of
Cs2AgBiClg shows a well-defined shoulder. Since the indirect band gap transitions

generally occur at much lower energies (around 600 nm), this assignment can be ruled

out.[¢71135] The observed long tail in this region may be attributed to minor defects in the
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lattice structure.!
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Figure 4.5 Optical absorption (top) and MCD (bottom) spectra of (a) Cs2AgBiCls

and (b) Cs:AgBiBrs NCs in the band gap region, collected at 7 T and 5 K. (Legend:

black line - normalized MCD data; pink line - cumulative peak; blue line - simulated

direct transition; green line - simulated bound exciton transition)
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Figure 4.6 (a) Integrated intensity of both negative and positive bands for direct

transitions in Cs2AgBiCls NCs; (b) Integrated intensity of both negative and positive
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bands for bound exciton transitions in Cs2AgBiCls NCs; (c) Integrated intensity of
both negative and positive bands for direct transitions in Cs:AgBiBrs NCs; (d)
Integrated intensity of both negative and positive bands for bound exciton

transitions in Cs;AgBiBrs NCs.

The A-term characteristic, exhibited by the MCD signal, indicates Zeeman splitting
of the originally degenerate excited states. The Zeeman effect arises from the splitting of
the energy levels of the electrons and holes that form the exciton.!'3¢! Direct (Figure 4.6a)
and bound (Figure 4.6b) exciton transitions in Cs2AgBiCls NCs both show a linear
increase in intensity with increasing magnetic field strength (see also Figure B.1 and B.3
in Appendix B). The linear behavior indicates a diamagnetic nature of the NCs, as
expected. The Zeeman splitting and the corresponding g factors for these transitions for a
7 T magnetic field have been calculated; the direct excitonic transition has a Zeeman
splitting of 0.52 meV with a g factor of 1.29 (Figure 6a), while the bound exciton has a
Zeeman splitting of 0.52 meV with a g factor of 1.28 (Figure 4.6b). Similarly, the
deconvoluted intensities for the direct and bound excitonic transitions in Cs;AgBiBrs NCs
are shown in Figure 4.6¢c and 4.6d, respectively. Interestingly, for Cs2AgBiBrs NCs our
results indicate that the bound excitonic transition dominates the excitonic absorption
region. The direct excitonic transition in Cs;AgBiBrs exhibits a Zeeman splitting of 0.19
meV with a g factor of 0.48 (Figure 4.6c), while the bound exciton shows a Zeeman
splitting of 0.80 meV with a g factor of 1.96 (Figure 4.6d). The bound excitonic
absorption in CspAgBiBrs is more pronounced than in Cs;AgBiCls due to the lower
formation energy of Ag vacancies (Vag) in Cs2AgBiBrs compared to Cs2AgBiCls, which
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facilitates the formation of bound excitons around these defects.!!?8! 1t is also noteworthy
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that the direct electronic transition exhibits asymmetric positive and negative bands in

Cs2AgBiBrs NCs. This asymmetry may be attributed to the strong electron-phonon

137

coupling in Cs>AgBiBrs.['*”) Phonon interactions could alter the probabilities of electronic

transitions for left and right circularly polarized light, resulting in asymmetric MCD

1381 Moreover, as discussed earlier, the direct band gap transition occurs at the X

signals.!
point, while the conduction band minimum is located at the I" point. This leads to the
electron scattering toward the lowest energy state. The exciton-phonon coupling stabilizes
the excited state as a polaron through collective lattice distortion. Similar results have

been observed in hybrid lead perovskites.!'3%]

-3
6x10 1 oK 0 oK
10K (a) 10K (b)
4x103 20K 6107 20K
50K
2x103 1 100K 3x1072 o
200K % 200K
§ 0x102 + o < 0x103 c——
<
-2x1073 4
4x10% el
-4% 7 o
-6x10 - -6x10727
300 350 400 450 400 450 500
Wavelength (nm) Wavelength (nm)

Figure 4.7 Normalized 7 T field MCD spectra of (a) Cs2AgBiCls and (b) Cs:AgBiBrs
NCs at temperatures ranging from 5 K to 300 K.

To further elucidate the origin of excitonic splitting, the MCD spectra of Cs2AgBiCls
and Cs2AgBiBrs nanocrystals were measured at various temperatures ranging from 5 K to
300 K. Figure 4.7a and b shows the normalized MCD spectra. MCD signal intensity for
Cs2AgBiClg NCs exhibits mostly temperature-independent behavior, while the peak for

Cs2AgBiBrs NCs around 420 nm shows a notable decrease in intensity with increasing
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temperature. Consequently, we deconvoluted the MCD signals for both samples at
different temperatures (Figure B.2 and B.4 in Appendix B) and compared the relative

change in intensity at various temperatures with respect to the intensity at 5 K (Figure

4.8).
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Figure 4.8 Relative change of AA/A for Cs2AgBiCls and Cs:AgBiBrs NCs at various

temperatures compared to S K

At low temperatures (below 100K), the change in temperature is not significant. A
small increase in thermal excitation within the material may lead to the generation of
more excitons and a slight increase in MCD signal intensity with temperature in this
temperature range.['33] At high temperatures (above 100K), phonon modes start to become
active. Lei et al.l'* reported the carrier-phonon coupling constants for acoustic phonons
(Yac =81 £ 16 peV) and LO phonons (yLo =226 + 14 meV), which are significantly larger
than the carrier-phonon coupling constants typically found in lead-based perovskites,
usually ranging from 40 to 60 meV. Therefore, the intensities of both direct band gap and
the bound exciton transitions in both samples decrease with increasing temperature, likely

due to increased phonon activity causing exciton dissociation.’) Moreover, at higher
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temperatures, the mobility of charge carriers in localized states increases, resulting in a
long tail at low-energies.!'3]. Additionally, compared to Cs,AgBiCles, Cs>AgBiBrs exhibits
stronger temperature dependence, particularly for the direct band gap transition. For
example, deconvolution analysis for the Cs2AgBiBrs NCs at 300 K revealed that bound
exciton remains dominant at high temperatures, while the direct excitonic transition
decreases significantly (Figure A2.2). This behavior is consistent with the expected
temperature dependence of free excitons.[’) The temperature dependence due to halide
anion variation is also observed in lead-based perovskites, with CsPbCl3 showing
temperature independence and CsPbBr; displaying relatively strong temperature

[141] One possible explanation for the MCD behavior at different temperatures

dependence.
is that the valence band is primarily composed of spin-split states of Bi**, with the
negligible contribution of Cl to the split-off state. In contrast, bromide has a relatively

stronger influence on spin-orbit coupling, thus exhibiting temperature dependence at

higher temperature.

4.2 Cs2AgInClg NCs

4.2.1 Structural characterization of Cs;AgInCls NCs
Cs2AgInCls were synthesized by a hot injection method (Chapter 2.2.1).181 The XRD
pattern of Cs2AgInCls and its corresponding reference pattern are shown in Figure 4.9a.

Cs2AgInCls crystallizes in a cubic unit cell with the space group Fm3m. Our sample

demonstrates a good match with the reference pattern.
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Figure 4.9 (a) PXRD patterns of Cs:AgInCls NCs compared to reference patterns of
Cs2AgInClg (cubic, ICSD Coll. Code #11524).

Figure 4.10 a and b exhibit the TEM image and the size distribution of Cs2AgInCls

NCs, showing a cubic morphology with an average diameter of 13.08 + 1.39 nm.
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Figure 4.10 (a) TEM image of Cs2AgInCls NCs (b) Size distribution diagram of

Cs2AgInCls. The average NCs sizes and standard deviations are shown in the graph.
4.2.2 Optical and Magneto-optical properties of Cs:AgInCls NCs

The absorption spectra, displayed in the top panel of Figure 4.11, show an increase
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in absorption around 300 nm, which is consistent with previous reports.®) As we
mentioned in Chapter 1.3.2.2, Csx2AgInCls NCs exhibits direct band gap properties, with
both the VBM and the CBM located at the I point. However, due to the same parity
between VBM (I'3*) and CBM (I'1"), the main transition occur from the second lower
valence band state (I's”) to the CBM (I'1*).[® Moreover, since the conduction band state
at the adjacent L point (L,") has opposite parity, optical transitions near the I" point
become possible, which may result in very weak light absorption near the band gap.[”®!
However, this was not observed in our absorption spectrum, likely due to the extremely

low absorption coefficient.

Cs,AgInCI,

200 300 400 500 600
Wavelength (nm)

Figure 4.11 Optical absorption spectrum of Cs:AgInCls NCs (top) and MCD spectra
of Cs2AgInCls NCs at different magnetic fields (bottom).

MCD measurements can detect weak transitions that are not observable in optical
absorption spectra.l''!l Therefore, we conducted variable-field and variable-temperature

MCD measurements on CsxAgInClg NCs. The 5 K variable-field MCD spectra of
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Cs2AgInClg NCs are shown in the bottom panel of Figure 4.11. The MCD spectra are
dominated by an intense peak at 262 nm, which is assigned to the transition from the
second lower valence band state (I's”) to the CBM (I'1%).[8) A weak shoulder at ca. 400

nm is likely associated with optical absorption near the band gap.[”®!
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Figure 4.12 Maximum peak intensity of Cs:AgInCls from 1 T to 7 T with best- fit

linear line.

Figure 4.12 plots the intensity of the experimental MCD signal at the peak maximum
as a function of the magnetic field (blue markers), accompanied by its corresponding
best-fit linear line (depicted in gray). The data show linear behavior with a slight
saturation at high fields. This saturation behavior might be due to spin induced band
splitting enabled by photon-induced formation of paramagnetic Ag>" ions. Similar results
have been reported in Ag-doped CdSe.['*?) During this process, electrons are photoexcited
into the CB, with some of these electrons becoming trapped on surface defect states.
Consequently, the photogenerated holes in the VB are captured by nonmagnetic Ag* (4d'?)
sites, transforming them into the magnetic Ag** 4d° species. Given that only a small

fraction of Ag" is oxidized, the saturation behavior is not very pronounced.
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Figure 4.13 Variable temperature MCD spectra of Cs2AgInCls NCs.

In addition, the variable-temperature MCD measurements for Cs;AgInCls NCs are
shown in Figure 4.13. Cs;AgInCls NCs exhibit temperature independence from 5 K to
100 K, after which the main peak decreases in intensity with further increase in
temperature. This is likely due to enhanced exciton dissociation at higher temperatures,

resulting in reduced MCD intensity.

4.3 Cs2AglIngsBipsCls NCs
4.3.1 Structural characterization of CszAglno.sBio.sCls NCs

The synthesis of CsyAgBio.sIngsBrs is similar to that of CsxAgInCls, also employing
the hot-injection method (as described in Section 2.2.1).81) The XRD pattern that we
collected for Cs»AgBiosIngsCls NCs (Figure 4.14) is in very good agreement with those
previously reported materials. Bi**-doped Cs;AgInCls NCs exhibit a crystal structure

similar to that of Cs>AgInCle, with a cubic space group of Fm3m. In comparison with the
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Cs2AgInCle sample, the XRD peaks of the Bi**-doped sample shift to smaller angles. This

shift is consistent with lattice expansion caused by the substitution of smaller In** ions

(ionic radius 94 pm) with larger Bi** ions (ionic radius 117 pm).

—— Cs,AgInCl,
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Figure 4.14 PXRD patterns of Cs:AgBiosInesCls NCs compared to the PXRD
pattern of Cs2AgInCls and reference patterns of Cs2AgBio.sIngsCls (cubic, ICSD Coll.

Code #11524)
In addition, Figure 4.15a and b shows the TEM image and size distribution of

Cs2AgBig 5IngsCls NCs, revealing a cubic shape with an average diameter of around 18.65

+2.25 nm.
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Figure 4.15 (a) TEM image of Cs2AgBio.sInosCls NCs (b) Size distribution diagram
of Cs2AgBio.sInesCls NCs. The average NCs sizes and standard deviations are shown

in the graph.

4.3.2 Optical and Magneto-optical properties of CszAglng.sBiosCls NCs

Figure 4.16a shows the absorption (top) and variable-field MCD (bottom) spectra of
Cs2AgBio sIngsBrs. The MCD spectra at all fields feature a pronounced peak around 372
nm, attributed to the band-edge transition. Previous reports have suggested that increase
in Bi concentration does not significantly shift the absorption peak but does increase the
absorption intensity.'**! Moreover, the MCD signal shows a similar shape to that for
Cs2AgBiClg NCs. Therefore, we speculate that the MCD signal is composed of both
direct and bound excitonic transitions. The coexistence of free and self-trapped excitons

in the PL emission of CsxAgln«Bi;«Cls also have been reported.[8111144]
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Figure 4.16 Optical absorption spectrum of Cs2AgBio.sIngsCls NCs (top) and MCD

spectra of Cs2AgBiosIngsCls NCs at different magnetic fields (bottom).

Figure 4.17 shows the magnetic field dependence of the MCD intensity of the
deconvoluted direct band gap and bound excitonic transitions, both of which show linear
behavior (also see Figure B.5 in Appendix). At 5 K and 7 T, the calculated Zeeman
splitting and g factor for the direct excitonic transition are 0.32 meV and 0.79,
respectively. For bound excitonic transition the Zeeman splitting and the corresponding
g-value are 0.28 meV and 0.69. The decrease in these parameters compared to
Cs2AgBiClg NCs is likely due to the conduction band of CsxAgInCls being primarily
composed of In 5s orbitals, which have a smaller contribution to spin-orbit coupling,
thereby reducing the Zeeman splitting and g-factor under the magnetic field. Moreover,
the atomic number (Z) significantly influences spin-orbit coupling. Compared to bismuth,

indium has a lower atomic mass, which also reduces the spin-orbit coupling effect.[!?*]

57



300 1 @ Direct ExcitonicTrans
W Bounded Exciton
200 4
@ 100
[®)
£ 0
R L
_ | v
100 ® o Y -
©
-200- d

~4®

1 2 3 4 5 6
Magnetic field (T)
Figure 4.17 Peak intensity of direct band gap transition and bound exciton

transition of Cs2AgBio.sIne.sCle NCs from 1 T to 7 T.

Additionally, variable-temperature MCD measurements were conducted to further
verify the nature of the new band edge introduced by Bi doping. While Cs;Aglno sBio.sCls
NCs exhibits MCD signals similar to those of Cs2AgBiCls double perovskite, indicating
that their absorption features arise from the same two component transitions,
Cs2Aglng sBipsCls demonstrates a more pronounced temperature dependence (Figure
4.18). Therefore, similar deconvolution was applied to the MCD signals at all
temperatures (Figure B.6 in Appendix B). Figure 4.18b illustrates the relative changes in
the deconvoluted MCD signals at different temperatures compared to the data collected at
5 K. The deconvoluted MCD signals for both direct and bound excitonic transitions
slightly increase with temperature from 5 K to 100 K. This behavior is similar to that
observed for Ag-Bi double perovskite NCs and may be attributed to the reduction in the
direct band gap energy.!'33] Furthermore, when the temperature exceeds 100 K, the
intensities of both MCD signals decrease with increasing temperature. However,

compared to bound excitonic transitions, the direct band-gap transitions exhibit more
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pronounced changes. This behavior is consistent with the excitons at high temperatures,

confirming our peak assignment.
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Figure 4.18 (a) Normalized 7 T field MCD spectra of Cs:AgBiosIngsCls NCs at
temperatures ranging from 5 K to 300 K. (b) Relative change of normalized MCD

signal at different temperature compared with the signal at 5 K.

4.4 Conclusion

In summary, in this chapter we investigated the electronic structure and
magneto-optical properties of all-inorganic lead-free double halide perovskite NCs using
MCD spectroscopy. The MCD spectra reveal the presence of two distinct
derivative-shaped signals for Cs2AgBiXs NCs, which were assigned to direct and bound
excitonic transitions. While excitonic Zeeman splitting for these two transitions are
similar in Cs2AgBiCls NCs, significantly larger Zeeman splitting is observed for bound
exciton compared to direct exciton in Cs;AgBiBrs NCs. We attribute this effect to the
lower formation energy of Ag vacancies in Cs2AgBiBrs compared to Cs2AgBiCls, which
is responsible for the bound exciton formation. By performing comparative MCD

measurements on Cs;AgInCls and Bi**-doped Cs;AgInCls NCs, we observed weak
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optical transitions near the valence band minimum of the Cs2AgInCls material and
discovered that Bi doping can effectively break the symmetry and introduce new
conduction bands characteristics. Moreover, the effect of cation composition on the
electronic structure of and excitonic Zeeman splitting in double halide perovskite NCs
was also investigated. Larger Zeeman splitting induced by alloying Bi into Cs;AgInCls
NCs could be associated with increased spin-orbit coupling due to the change in the
electronic structure of NCs and larger atomic number of Bi compared to In. The results of
this work demonstrate that lead-free halide perovskite NCs, characterized by low toxicity
and tunable electronic structures and properties, exhibit significant potential as promising
materials for applications in quantum technologies, including spintronics and

multifunctional materials.
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Chapter 5

Conclusion and Future Work

This thesis explores lead-free halide perovskite NCs as promising materials for
advanced optoelectronic applications, with a particular focus on their electronic,
magneto-optical, and excitonic properties. Through a comprehensive study of their
magneto-optical characteristics, we aim to deepen our understanding of the potential of
lead-free halide perovskites in next-generation quantum technologies, including their use
in optoelectronics and spintronics. Moreover, examining these magneto-optical properties
enables us to identify and optimize materials that could serve as low-toxicity alternatives
to traditional lead-based perovskites, while maintaining or even enhancing the desirable
optoelectronic properties essential for future applications.

The research content of this thesis is mainly distributed across two chapters. In the
third chapter, we explore the electronic structure and magneto-optical properties of
Cs3Bi2Xo (X = Cl, Br) NCs using MCD spectroscopy. This work marks the first direct
observation of exciton Zeeman splitting in these lead-free perovskites at room
temperature. The results highlight the significant influence of halide composition on
electronic properties; for instance, substituting Cl with Br leads to an increase in Zeeman
splitting energy and g-factor. Additionally, due to the enhanced spin-orbit coupling and
strong magneto-optical characteristics of Cs3BixX9 NCs, they have great potential for
applications in spintronics and optoelectronics. In the fourth chapter, the research extends

to double perovskite nanocrystals, focusing on the two most prominent types: Cs:AgBiXs
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(X =Cl, Br) and Cs2AgInXe, as well as the Bi-doped Cs2AgInCls NCs. Comparable MCD
measurements were performed at various temperatures and magnetic fields to explore the
nature of exciton transitions, as well as to determine the Zeeman splitting and g-factors in
these materials. The results indicate that Cs:AgBiBrs NCs exhibits stronger spin-orbit
coupling effects and more pronounced bound exciton transitions compared to Cs:AgBiCls
NCs, which can be attributed to the lower formation energy of silver vacancies and
enhanced electron-phonon interactions. In contrast, Cs:AgInCls shows weaker spin-orbit
coupling, resulting in reduced Zeeman splitting and g-factors. However, Bi alloying
further enhances the Zeeman splitting and g-factor.

Future research could build on this foundation by exploring additional compositional
variations and doping strategies to further optimize the performance of these materials.
For example, we have synthesized a series of Na" doped Cs;AgInCls NCs. Na* doping
can break the inversion symmetry of the Cs;AgInCls lattice, enabling radiative
recombination processes that are otherwise symmetry-forbidden.®?) Moreover, Na* does
not contribute directly to the CBM or VBM of Cs;AgInCls. Instead, the introduction of
Na" forms NaCls octahedra within the crystal lattice, which can act as a barrier to the
spatial distribution of STEs. This confinement of STEs can further enhance the overlap
between electron and hole orbitals, thereby increasing the transition dipole moment.[3!]
These effects collectively lead to improved radiative efficiency and stronger emission.
Notably, the PLQY of Na" doped Cs2AgInCls NCs has been shown to reach up to 86%,
demonstrating the substantial impact of Na* doping on the optical properties of these

materials.[28] [n addition to the exploration of Na*-doped Cs,AgInCle, further research
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on double perovskites using other B** cations, such as antimony (Sb**), presents an
intriguing direction. Substituting Bi** with Sb** in double perovskites could lead to
materials with distinct electronic and optical properties, including a smaller bandgap and
a more dispersive band structure.['*3] Exploring additional compositional variations can
help us design the electronic band structure to achieve specific desired properties, such as
enhanced charge-carrier mobility, increased SOC effect, improved light absorption, and

[146] Additionally, we have already

fine-tuning of the bandgap for targeted applications.
initiated efforts to dope double perovskites with paramagnetic transition metal ions (Mn?*)
to create dilute magnetic semiconductors (DMSs). This approach opens up new
possibilities for tuning the magnetic properties of these materials, potentially enhancing
their suitability for spintronic applications.

In summary, these studies collectively provide significant insights into the
magneto-optical and electronic properties of lead-free halide perovskite NCs, highlighting
their potential as viable alternatives to lead-based perovskites. Moreover, they pave the
way for the development of high-performance, environmentally friendly materials for
next-generation technological applications. The ability to customize desired properties
through compositional adjustments makes these materials strong candidates for a wide

range of applications, including spintronics, photovoltaics, optoelectronics, and quantum

information technology.
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Deconvolution for vacancy-ordered perovskites NCs
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Figure A.1. MCD spectra of Cs3Bi>Clo collected at (a) 5 K (b) 20 K (¢) 50 K (d) 100 K
(e) 200 K (f) 300 K. (Legend: black line - normalized MCD data; pink line -
cumulative peak; green line - simulated direct transition; purple line - simulated

indirect transition; orange line - Bismuth s-p transition)
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Figure A.2. MCD spectra of Cs3;Bi:Bro collected at (a) S K (b) 20 K (¢) 50 K (d) 100
K (e) 200 K (f) 300 K. (Legend: black line - normalized MCD data; pink line -
cumulative peak; green line - simulated direct transition; purple line - simulated

indirect transition; orange line - Bismuth s-p transition)
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Deconvolution for double perovskites NCs
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Figure B.1. MCD spectra of Cs;AgBiCls collected at (a) SK-7T (b) SK-6 T (¢) S K-5
TWSK4T(@E)SK3T(@)S5SK-2T (g) 5 K-1T. (Legend: black line - normalized

MCD data; pink line - cumulative peak; blue line - simulated direct transition; green

line - simulated bound exciton transition)
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Figure B.2. MCD spectra of Cs:AgBiCls collected at (a) S K (b) 10 K (¢) 20 K (d) 50
K (e) 100 K (f) 200 K (g) 300 K. (Legend: black line - normalized MCD data; pink

line - cumulative peak; blue line - simulated direct transition; green line - simulated

bound exciton transition)
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Figure B.3. MCD spectra of Cs:AgBiBr; collected at (a) SK-7T (b) SK-6 T (¢) S K-5
TWSK4T(@E)SK3T(@)S5SK-2T (g) 5 K-1T. (Legend: black line - normalized

MCD data; pink line - cumulative peak; blue line - simulated direct transition; green

line - simulated bound exciton transition)
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Figure B.4. MCD spectra of Cs:AgBiBrs collected at (a) 5 K (b) 10 K (c¢) 20 K (d) 50
K (e) 100 K (f) 200 K (g) 300 K. (Legend: black line - normalized MCD data; pink

line - cumulative peak; blue line - simulated direct transition; green line - simulated

bound exciton transition)
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Figure B.5. MCD spectra of Cs2Aglng.sBiosCls collected at (a) S K-7 T (b) SK-6 T (¢)

SKST@SK-4T(@E)SK3T{)SK-2T (g) 5 K-1T. (Legend: black line - MCD

data; pink line - cumulative peak; blue line - simulated direct transition; green line -

simulated bound exciton transition)
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Figure B.6. MCD spectra of Cs2AglngsBiosCls collected at (a) 5 K (b) 10 K (¢) 20 K
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(d) 50 K (e) 100 K (f) 200 K (g) 300 K. (Legend: black line - normalized MCD data;
pink line - cumulative peak; blue line - simulated direct transition; green line -

simulated bound exciton transition)
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