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Synopsis

Halide perovskites have gained significant attention for their versatile applications in
photovoltaics, lasers, light-emitting diodes, photocatalysis, and photodetectors. This is attributed
to their exceptional optoelectronic properties, ease of solution-based processing, and highly
flexible crystal structures. Remarkably, when the size of perovskite crystals is reduced to the
nanoscale, they exhibit extraordinary photophysical properties. In the ABX3 perovskite structure,
the dimensionality can be tuned from 3D to OD by carefully selecting the A-site cations. Recently,
lower-dimensional perovskites have gained attention as promising candidates for nonlinear optical
applications. However, achieving even-order nonlinear responses, such as second-harmonic
generation (SHG), is challenging due to the typically centrosymmetric nature of perovskite lattices.
A breakthrough lies in hybrid perovskites, where introducing chirality into the inorganic sublattice
using chiral A-site cations breaks the symmetry, paving the way for even-order nonlinear

responses in these materials.

Doped transparent conducting oxides (TCOs) with crystallite sizes in the nanometer regime exhibit
intriguing properties, including localized surface plasmon resonance (LSPR) behaviour similar to
that of metal nanocrystals. Unlike metals, however, the free carrier density in doped TCO
nanocrystals (NCs) can be precisely tuned by adjusting the dopant ion concentration, which
directly influences the energy of the LSPR band. Studies suggest that co-doping with different
cations can significantly alter the physical properties of the nanocrystals, such as their size. These
changes, in turn, directly impact the quality factor (Q-factor) of the LSPR band. The LSPR Q-
factor can be fine-tuned with precision by carefully selecting dopant cations. Despite these
advancements, the exact mechanisms by which dopant ions influence the LSPR Q-factor and the

underlying physical processes involved remain intriguing and open to further investigation.

In this thesis, we employed a range of ultrafast spectroscopic techniques to investigate the
fundamental physical mechanisms in perovskites and doped semiconductor nanocrystals.
Additionally, we explored the nonlinear optical properties of lead-free OD chiral halides. Our study
focused on charge carrier dynamics in CsPbBrz nanocrystals interfaced with inorganic hole-
transporting layers, specifically Cul and Cu20. Furthermore, we examined the impact of co-doping
Crwith Sn in In203 nanocrystals, analyzing how this modification influenced the system's physical

properties, which led to an increase in the LSPR Q-factor.



Chapter 1: Introduction

In this chapter, we introduce the systems studied in this thesis and a brief overview of the
spectroscopy techniques employed. The discussion begins with the role of inorganic hole transport
layers (HTLs) in perovskite solar cells. These highly stable and cost-effective p-type inorganic
materials have emerged as promising alternatives to conventional organic HTLs. Their
incorporation into perovskite-based devices enhances both stability and cost efficiency, paving the
way for potential commercialization. Beyond device architecture and materials, charge carrier
dynamics play a pivotal role in determining device efficiency. Early-stage processes such as charge
generation, interfacial transfer, and recombination mechanisms significantly influence
performance. We highlight the importance of these processes and how ultrafast spectroscopic
techniques, such as time-resolved terahertz (THz) spectroscopy and transient absorption

spectroscopy, provide valuable insights into these critical early-time events.

Additionally, we explore the co-doping of Cr with Sn in In.Os nanocrystals and its effect on the
localized surface plasmon resonance (LSPR) Q-factor. THz time-domain spectroscopy offers
direct evidence of changes in the material's dielectric constant with increasing Cr doping.
Furthermore, Optical Kerr effect spectroscopy reveals how heavy Cr doping modifies optical
phonon modes and tunes Kerr nonlinearity within the system. Lastly, we discuss low-dimensional
chiral hybrid halides and their potential applications in nonlinear optics, emphasizing their

relevance to emerging fields of research and technology.
Chapter 2: Experimental Methods and Data Analysis

In Chapter Two, we provide a detailed discussion of the spectroscopic techniques employed in this
thesis and the data analysis procedures involved. All the spectroscopy setups were home-built, and
custom LabVIEW programs were developed for data acquisition and analysis. The techniques
covered include time-resolved terahertz spectroscopy (TRTS), Optical Kerr Effect (OKE)
spectroscopy, terahertz time-domain spectroscopy (THz-TDS), the Z-scan technique, and
nonlinear optical measurements (e.g., second-harmonic generation, SHG, and third-harmonic

generation, THG).

We discussed the generation and detection of terahertz electromagnetic radiation using air plasma

and how it can be utilized to study charge carrier dynamics in materials. For OKE spectroscopy,



the Fourier transform deconvolution technique is explained in detail, required for data analysis.
Additionally, we provided the methodologies for both open and closed-aperture Z-scan techniques,

which are used to measure the nonlinear absorption coefficient () and nonlinear refractive index

(n2).

Chapter 3: Ultrafast Hole Injection Dynamics in CsPbBrs Nanocrystals with Inorganic Hole

Transporting Layers

This chapter explores the charge carrier dynamics in CsPbBrs nanocrystal (NC) films paired with
copper-based inorganic hole-transporting materials (HTMSs) such as Cul and Cu20. Using time-
resolved techniques like time-resolved photoluminescence (PL), terahertz (THz) spectroscopy,
and femtosecond transient absorption spectroscopy, we observed ultrafast hole injection from
CsPbBr: NCs to the HTMs, occurring within a sub-picosecond timeframe. This process also
includes the transfer of hot carriers. While both Cul and Cu.O serve effectively as HTLs for
CsPbBr; NCs, Cu20 demonstrates significantly higher rates of hole transfer and overall efficiency.
Its excellent stability, solution processability, cost-efficiency, and superior hole extraction

capability make these inorganic materials a standout candidate for HTL applications.
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Chapter 4: Effect of Cr co-doping on Dielectric Constant and Kerr Nonlinearity in Sn-doped

In203 Nanocrystals.

In this chapter, we examined how Cr co-doping with Sn in In2O3 nanocrystals (NCs) influences

the dielectric constant of the medium. Terahertz time-domain spectroscopy (TH-TDS) revealed an

Xi



increase in the dielectric constant, which could be the reason for reduced ionic impurity scattering,
as a higher dielectric constant weakens Coulombic interactions between ionic dopants and free
carriers. Kerr nonlinearity measurements showed the slowest decay in Kerr nonlinearity for
samples with the highest Cr concentration, with relaxation times increasing as Cr doping levels
rose. This characteristic highlights their potential for ultrafast optical switching applications.
Additionally, spectral density analysis from optical Kerr effect (OKE) experiments indicated a
shift in vibrational modes toward lower frequencies with Cr doping. A significant phonon mode
in the GHz range was also observed in the Cr-Sn co-doped samples, further emphasizing their

unique optical and electronic properties.
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Chapter 5: Nonlinear Optical Properties of OD Chiral Bismuth lodides

In this chapter, we explored the second-and third-order nonlinear optical properties of OD chiral
hybrid perovskite derivatives (R-/S-MBA)sBi2lio, where MBA represents methyl benzyl
ammonium, alongside their achiral counterpart (Rac-MBA)4Bizl10. The chiral derivatives (R-/S-
(R-/S-MBA)4Bizl10 exhibit second-harmonic generation (SHG) and significantly stronger third-
harmonic generation (THG) responses under femtosecond near-infrared (NIR) excitation in the
1360-1590 nm range. Notably, the achiral counterpart (Rac-MBA)4Bilio produces the highest

THG intensity among the samples.

Z-scan measurements on thin films of these 0D perovskitoids, performed under femtosecond laser
excitation at 800 nm, reveal exceptionally high nonlinear absorption coefficients (B) and nonlinear

refractive indices (nz), with the achiral (Rac-MBA)4Bi2lio exhibiting the highest values. The

Xii



combination of strong THG responses, large B and n. values, and excellent optical stability

positions these materials as promising candidates for advanced nonlinear photonic applications.

G-/S-/Rac-MBA)4BiZIIO
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Chapter 1: Introduction

1.1. Perovskite Solar Cell

The world is grappling with an energy crisis that poses a significant threat to both the environment
and economic stability. This growing demand places immense pressure on limited fossil fuel
resources such as coal, oil, and natural gas. As these resources become scarcer, the need for
sustainable and renewable energy alternatives becomes more urgent. One of the most promising
avenues for meeting future energy demands is the conversion of sunlight into electricity, a process
that does not contribute to adverse climate change.! Currently, scientists aim to design photovoltaic
devices that are highly efficient, low-cost, and suitable for large-scale production.? For solar cell
technology to be successfully implemented on a global scale, significant improvements in
materials and devices are needed to increase power conversion efficiency and lower production

costs.®

In the last two decades, Perovskite solar cells (PSCs) have recently gained widespread recognition
as a viable and cost-effective renewable energy technology, offering an alternative to traditional
solar cells.* The field of perovskite solar cell research is progressing quickly, with continuous
advancements in stability, scalability, and efficiency by optimizing material design, device
architecture, and processing conditions.® In just a few years, there has been a remarkable increase
in efficiency from 3.8% to 26.1%,° significantly surpassing the performance of many established
commercial photovoltaic technologies, such as gallium arsenide (GaAs), cadmium telluride

(CdTe) and silicon (Si) solar cells.”

The ABX3 organometallic halide perovskite refers to a crystal structure where ‘A’ represents an
inorganic or organic cation, such as Cs", methylammonium (CH3NHz") or formamidinium
(NH2CHNH_") ion; 'B' stands for a metal ion like lead (Pb?*), tin (Sn?*), or cadmium (Cd?*); and
X" denotes a halogen ion, such as iodide (I7), bromide (Br~), or chloride (CI"). A three-dimensional
network of corner-sharing BXs octahedra constitutes the structure, with the A ion positioned in the
cuboctahedral spaces between them (Figure 1). The perovskite structure can vary from the ideal
cubic lattice if a larger A cation is used.® Metal halide perovskites exhibit a broad absorption range
that spans from the visible to the near-infrared spectrum (300-800 nm) and have a high extinction
coefficient.® This results in efficient light absorption even in films with a few hundred nanometers

thicknesses. Additionally, perovskites have a low exciton binding energy (20—-30 meV), long and

2



Chapter 1: Introduction

relatively balanced carrier diffusion lengths, ambipolar carrier transport capability, and notable
defect tolerance.’%13 This facilitates efficient carrier dissociation, separation, and minimal loss
during transport, making perovskites an excellent choice for photovoltaic applications.t4’

LI X F 2 2
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Figure 1. The cubic perovskite crystal structure consists of a network of corner-sharing BXe
octahedra, with the A-site cations occupying the voids between these octahedral (reprinted with

permission from ref. 17).

1.1.1. Inorganic Hole Transport Layers

Various device configurations have been developed for perovskite solar cells (PSCs). Figure 2
shows a typical cell structure involving an active perovskite absorber layer sandwiched between
electron and hole transport layers (ETL and HTL).!® These carrier-transporting layers enable
efficient and irreversible separation of the photogenerated electrons and holes in the perovskite.
Based on the arrangement of layers (Figure 3), PSCs can be categorized into two main
architectures: n—i—p and p—i—n structures. In the n—i—p configuration, often referred to as the
conventional structure, HTLs are on the top of the perovskite layers.?® In contrast, the p—i—n
structure, known as the inverted structure,? features the HTL-coated substrate where light enters
the device. In this setup, the optical properties of HTL also play a crucial role in achieving high
efficiency in PSC.2122

Typically, transparent conducting oxides are used as electron transport layers (ETLs), while
conducting organic materials like Spiro-OMeTAD,? PTAA?* and PEDOT? serve as hole
transport layers (HTLs).2® Although these organic HTLs are effective, but they are expensive and
sensitive to humidity.?” In response, several inorganic p-type materials, such as Cul, Cu20, NiO,

and CuSCN, have emerged as alternatives to organic HTLs.? These inorganic HTLs offer a
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Figure 2. A typical PSC structure consists of an active perovskite absorber layer positioned
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between an electron transport layer (ETL) and a hole transport layer (HTL). With appropriate band
alignment, these carrier-transporting layers provide the necessary thermodynamic driving force to
facilitate efficient and irreversible separation of photoexcited electrons and holes within the

perovskite layer.

compatible band gap, high carrier mobility, and long carrier lifetime, which ensure effective hole
extraction and enhance solar cell efficiency.?® Additionally, they are more cost-effective, visible

light transparent and stable against heat, moisture, oxygen, and UV light compared to the organic
I e
[— e
n-i-p p-i-n

Glass Substrate . TCO . ETL HTL Perovskite - Electrode

Figure 3. n-i-p and p-i-n design scheme of PSCs. Light illumination enters the device from the
glass substrate side. In the n-i-p structure, it first passes through the electron transport layer (ETL)
before reaching the perovskite absorber layer. In contrast, the p-i-n configuration directs light
through the hole transport layer (HTL) before it encounters the perovskite layer. For optimal
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performance in the p-i-n structure, the HTL must be transparent to visible light to ensure high

device efficiency.

HTLs.2® Even these inorganic HTLs can also provide stability to moisture-sensitive perovskite
layers.? 31 As perovskite solar cells move towards commercialization, factors like material
stability and processing costs become crucial, making inorganic HTLs a promising option for

industrial applications.
1.1.2. Charge Carrier Dynamics in Perovskite Solar Cell

The outstanding performance of PSCs stems from both the unique optoelectronic characteristics
of perovskite materials and extensive advancements in optimizing crystal quality, refining device
architectures and interfaces, and unravelling the fundamental physics and chemistry involved.®?
This swift development in perovskite photovoltaic research further paves the way for investigating
novel material systems and device theories. The direct conversion of solar energy into electricity
in PV involves a series of charge processes occurring over timescales ranging from femtoseconds
to seconds (Figure 4).* Unveiling these processes is crucial for developing effective design
principles for PV materials and devices.

When a photon with energy equal to or greater than the bandgap energy (EgQ) interacts with
electrons in the valence band, it excites them, leading to the formation of excitons or free carriers.®*
In semiconductors like perovskites, where the exciton binding energy (Eb) is comparable to or
lower than the thermal energy (26 meV), the rate of free carrier generation is typically high.®®
These photoexcited species are generated within a timescale ranging from femtoseconds to
picoseconds. In solar cells, the type of photoexcited species—whether excitons or free carriers—
plays a critical role in determining the device's working mechanism and design.® Free carriers are
then transported through charge transport layers and ultimately collected at the electrodes.
However, a portion of these carriers is lost due to bulk and interfacial recombination during the
process. To achieve high photocurrent, ensuring a high carrier extraction rate, extended carrier
lifetime, and minimal interfacial recombination is essential. The early-stage events, such as charge
generation, relaxation, and interface transfer, occurring on a picosecond timescale %" are crucial

for governing the charge carrier dynamics and overall device performance.384°
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Figure 4. Possible processes in PSCs after photoexcitation and corresponding time scales.

Pump-probe spectroscopic techniques, which use femtosecond pulse lasers and optical delays,
have been crucial in revealing these essential ultrafast charge processes in semiconductors.*43
Charge carrier dynamics in perovskite materials have been thoroughly investigated using different
ultrafast pump-probe spectroscopy techniques, such as transient absorption spectroscopy*+* and

time-resolved THz spectroscopy.*6->
1.1.3. Time-Resolved THz Spectroscopy

Spectroscopy using radiation in the terahertz (THZz) frequency range is a powerful technique for

examining charge carrier dynamics in semiconductors.*® 5* The frequency of 1 THz is equivalent

6
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to 1 picosecond (ps) in time and four milli-electron volts (meV) in energy. THz radiation can
resonate with processes involving energies in the meV range, such as low-energy collective
vibrational motions in condensed phases and biological systems, high-energy rotational motions
in small molecules, and phonon vibrations in solids.>** THz photons can also interact with free
charge carriers or excitons produced after the photoexcitation of semiconductors. The presence of
charge carriers significantly alters a medium's dielectric response in the low-frequency range,
which induces changes in the phase and amplitude of the THz electric field.3®

Gate Pulse J-ﬂ
____________________________________ Detector
Optical Pump Pulse‘_
-u.._'____-\.
THz Probe Pulse—J{—
A A
1
AE _%
= Ep Ey
2 lei...
N 1. > 2. >
Pump-Probe-Delay (ps) Pump-Probe-Delay (ps)

Figure 5. Schematic representation of Time-resolved THz spectroscopy (TRTS) technique. An
optical pump pulse excites the sample, and then an optically delay probe pulse interrogates the
excited sample, capturing the transient change in photoconductivity of the sample.

Time-resolved THz spectroscopy (TRTS) enables the tracking of time-dependent changes in the
electric field amplitude of a single-cycle THz pulse transmitted through a sample, measured as a
function of the time delay following optical excitation. A schematic of the TRTS setup is presented
in Figure 5. As illustrated in Figure 5, the optical pump beam initially excites the sample.
Following this, a THz probe beam passes through the sample via an optical delay stage. TRTS

spectroscopy involves two types of experiments. In the first type, we monitor the photoinduced
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change in peak amplitude of the THz electric field transmitted through the photoexcited sample.
This experiment gives the frequency-averaged response of the sample. The optical pumping
generates free charge carriers in the semiconductor, leading to a modulation in the amplitude and
phase of the interacting THz electric field. This change in the THz electric field is recorded as a
function of time delay between the optical pump pulse and THz probe pulse. The photoinduced
change in photoconductivity of material is directly proportional to the modulation in the THz
electric field amplitude (-AE/Eo). The observed transients indicate changes in photoconductivity,
defined as Ao = eun, where ‘e’ is the elementary charge, ‘x’ is the charge-carrier mobility, and ‘n’
is the density of photo-induced charge carriers. As depicted in Figure 5, when the delay stage is at
position 1, the probe beam reaches the sample immediately after photoexcitation (t = 0), resulting
in a rise in transient photoconductivity, indicating an increase in charge carrier density and/or
mobility. As the delay stage moves to position 2, a subsequent decrease in the photoconductivity
signal is observed. This decrease in the photoconductivity signal is typically associated with
charge-carrier dynamics, such as recombination or transfer across interfaces. By knowing the
absorbed photon density and the photon-to-free carrier conversion ratio (¢), the charge-carrier

mobility can be determined from the initial (-AE/Eo) values without physical contact.™>

In the other part of the TRTS experiment, we scan the entire THz probe waveform in time-domain
at several narrowly spaced pump-probe delay times. Subsequent Fourier transformation of this
data provides frequency-resolved complex dielectric function of the excited state at different
chosen pump-probe delays. We can derive other important excited state properties of the sample,
such as absorption coefficient, refractive index, and complex conductivity. The experimental setup
and details of the TRTS technique are given in Chapter 2.

1.1.4. Transient Absorption Spectroscopy

Femtosecond transient absorption spectroscopy (TAS) is a widely used time-resolved technique.
This pump-probe technique delivers crucial insights into the transient dynamics of samples in their
excited state.>® A femtosecond pulsed laser output is divided into two beams with different energies
using a beam splitter. One of these beams, a high-energy monochromatic pulse, serves as the pump
to excite the sample. A weaker probe pulse (monochromatic or broadband white light continuum

(WLCQC)), delayed by a time t relative to the pump pulse, interrogates the excited sample (Figure

8
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6). The detector measures the probe pulse intensity alternately from the excited sample (pump on,
I(A)pump-on) and the unexcited sample (pump off, I(A)pump-off). The difference in absorbance (AA(X)
= —log(I(A)pump-on / I(A)pump-ofr)) Provides insights into the generation and evolution of transient
products.® This technique can cover a probe wavelength span from the UV-visible to the infrared,
and a study time range from a few femtoseconds to nanoseconds. The TAS data of optoelectronic
functional materials can reveal information about ultrafast photophysical processes such as
electron transitions, carrier relaxation, recombination, and charge transfer across interfaces.3% 4
5657 TAS can investigate both radiative and nonradiative processes within a system and provide
detailed information about the dynamics of the excited state.”® TAS operates based on Lambert-

Beer's law, necessitating good photon transmission for accurate analysis.

Optical Pump Pulse L
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Figure 6. Schematic representation of Transient absorption spectroscopy technique.

1.2. Localized Surface Plasmon Resonance (LSPR) in Doped Conducting Oxide Nano

Crystals

Transparent conducting oxides (TCOs) are specialized materials that exhibit the rare combination

of high electrical conductivity and transparency to visible light.>*¢° This dual functionality makes
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TCOs essential in the optoelectronic industry, where they are used as transparent electrodes in
applications such as solar cells, light-emitting diodes, and flat-panel displays. These TCOs display
intriguing properties when their crystallite size is reduced to a few nanometers. Nanocrystals (NCs)
of doped metal oxides, such as In-doped CdO, Sn-doped In203 (ITO), Al-doped ZnO and other
materials, exhibit Localized Surface Plasmon Resonance (LSPR) in the near-infrared (NIR) to
mid-infrared (MIR) range.%! This resonance occurs when the free charge carriers in the
nanocrystals oscillate in response to the frequency of the incident electromagnetic radiation. Like
metal NCs, free-charge carriers generate LSPR in TCO NCs. However, there are significant
differences between the two.%? In TCOs, the free electron density can be adjusted by varying the
dopant concentration, allowing for LSPR bands that can be tuned across the near-infrared (NIR)

to mid-infrared (MIR) range (approximately 1300 to 4000 nm).%°
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Figure 7. (a) 10 % Sn-doped In203 NCs showing LSPR band in NIR region (red), no LSPR band
in undoped In203 NCs (black). (b) Change in LSPR Q factor (FWHM and peak energy) of Sn-
doped In,03 NCs with the increase in dopant concentration (reprinted with permission from ref ©3).

This level of tuning is not feasible with metal NCs.5? Additionally, TCOs can be co-doped; for
example, in Fe-Sn co-doped In.03 NCs, free electrons from Sn** interact with magnetic spins from
Fe3*, resulting in unique magnetoelectric and magneto-optic properties not seen in metal NCs.%
Metal NCs typically exhibit strong LSPR bands in the visible spectrum, whereas TCO NCs are
transparent to visible light. Thus, the NIR and MIR LSPR from TCO NCs can complement the
visible LSPR of metal NCs, making them suitable for applications that span a different and broader

range of electromagnetic spectrum.

10
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1.2.1. Cr-Sn co-doped In203 Nanocrystals

Bharat et al. designed colloidal Cr-Sn co-doped In,O3 NCs that exhibit a record LSPR Q factor.®
The Q factor is defined as the ratio of the LSPR band’s peak energy to its full width at half
maximum (FWHM). A higher Q-factor signifies lower electronic damping, extended plasmon
lifetimes, and enhanced near-field effects.?¢-%” This makes the material particularly advantageous
for advanced applications such as photovoltaics and sensing.®®®° The LSPR band’s peak energy
depends directly on the free charge carrier density, and FWHM increases with free carrier
scattering. However, the dopant ions which increase the free charge carrier density also act as
electron scattering centres.’ In this case, Sn** dopants increase the free charge carrier density but
also act as electron scattering centres by forming complexes with interstitial oxygen, leading to an
increased FWHM and a decreased Q factor.

High LSPR Q factors typically require high peak energy and minimal carrier scattering. These
properties are often mutually exclusive, resulting in lower Q factors for doped semiconductor and
metal oxide NCs. However, Cr** codoping with Sn** in In,O3 NCs significantly enhances the Q
factor. The observed reduction in FWHM and increased LSPR peak energy with higher Cr*
doping concentrations indicate increased carrier density and reduced carrier scattering. While Cr3*
doping does not introduce extra electrons, it increases the nanocrystal size.

In this thesis, to further investigate Cr-Sn co-doped In20s nanocrystals (NCs) and to explore the
factors contributing to the significant increase in the LSPR Q factor beyond the observed increase
in nanocrystal size, Terahertz Time Domain spectroscopy (THz-TDS) was employed. Also, given
that indium tin oxide (ITO) exhibits high optical nonlinearity, optical Kerr effect (OKE)

spectroscopy was used to examine how charge carrier density affects Kerr nonlinearity.

1.2.2. THz Time Domain Spectroscopy (THz-TDS)

Terahertz time-domain spectroscopy (THz-TDS) is a versatile technique widely used for material
characterization and process control.”* It enables non-destructive analysis of samples across

various fields, including chemistry,’? materials science,”® engineering,’* and medicine.”’® THz-

11
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TDS, a steady-state spectroscopy method that can be performed in either transmission or reflection
mode. The technique involves generating and detecting single-cycle pulses of radiation. In our
home-built setup, THz electromagnetic radiation is generated by focusing 45 fs, 800 nm-centered
pulses and their second harmonic in ambient air. This radiation interacts with the sample before
reaching the detector. Unlike classical spectroscopy, which measures the intensity of
electromagnetic waves, THz-TDS captures the time-dependent electric field waveform of the THz
pulse after sample interaction. This approach enables simultaneous determination of the refractive
index and absorption coefficient, providing complex refractive indices and conductivity values for
the sample.”* As a result, THz-TDS serves as a contact-free method for measuring conductivity in
materials such as metals, semiconductors, 2D materials, and superconductors.”’-"® Detailed

descriptions of the setup and methodology are provided in Chapter 2.
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Figure 8. The change in the THz electric field waveform after interaction with the sample (green).
Alterations in both the amplitude and phase relative to the reference THz waveform (shown in
red). The change in the phase and amplitude of the THz electric field provides direct information
about the sample's absorption coefficient (o) and refractive index (n). Using these parameters, other
properties such as the extinction coefficient (k), complex refractive index (n), complex dielectric

function (€), and complex conductivity (o) can be determined.
1.2.3. Optical Kerr Effect (OKE) Spectroscopy

Since it was first demonstrated in 1969, optical Kerr effect (OKE) spectroscopy has become a
popular method for investigating ultrafast dynamics in transparent fluids.2® OKE spectroscopy has

significantly enhanced our understanding of the microscopic behaviour of fluids, including simple

12
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liquids. This technique offers direct insights through time-resolved observations of collective

orientational diffusion and the dynamics of Raman-active intramolecular and intermolecular

modes.®!
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Figure 9. Schematic representation of Optical Kerr Effect in the medium. An intense laser pump
pulse creates transient birefringence in an isotropic medium, and the probe pulse polarization is

modulated by laser-induced anisotropy in the medium.

OKE spectroscopy is a pump-probe technique where a pump pulse, polarized at 45 degrees, excites
an isotropic sample. The intense laser pump pulse induces birefringence in the sample as the
electric field interacts with molecular dipole moments, causing some degree of net alignment
(Figure 9). A probe pulse, with a variable time delay relative to the pump pulse and polarized
vertically, enters the now anisotropic excited sample. The induced birefringence causes
depolarization of the probe pulse. By varying the delay between the two pulses, the time-dependent
birefringence can be measured, revealing information about the microscopic dynamics of the

sample.?18 Detailed descriptions of the setup and data analysis are provided in Chapter 2.
1.3. Chiral Hybrid Metal Halide Perovskites

An object is considered chiral if it cannot be superimposed on its mirror image. A substance is
chiral in chemistry if its molecules cannot align with their mirror images. This chirality arises from

the lack of an improper axis of rotation (Sn), typically found in molecules with non-
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centrosymmetric structures. Molecules and their non-superimposable mirror images are known as
enantiomers, which can differentiate between left and right circularly polarized light. These
materials exhibit unique properties, such as circular dichroism (CD), ferroelectricity, circularly
polarized photoluminescence (PL), and nonlinear optical effects (NLO). Such characteristics make

them valuable for applications in biology, chemistry, medicine, optics, and spintronic devices.%

As previously mentioned, halide perovskites have established themselves as significant
optoelectronic materials with various applications, including light-emitting diodes, photonic

lasers, solar cells, and photodetectors. In addition to their excellent optoelectronic properties, these

3D MX,
T T N N octahedron

Figure 10. Typical 3D, 2D, 1D and OD perovskite structures were synthesized with different
combinations of A and B cations (reprinted with permission from ref. 79).

materials possess flexible structures. In cubic halide perovskite ABXs, the B site is surrounded by
six nearest neighbour anions (X), while the A cation is surrounded by twelve nearest neighbours.
If a larger cation is placed at the A site, disrupting the tolerance factor, the cubic structure will
distort, reducing crystal symmetry. Researchers have synthesized lower-dimensional perovskites
by incorporating larger A cations, such as long-chain alkyl amine anions. By selecting appropriate
A cations, the dimensionality can be precisely adjusted from 3D to lower dimensions, including
2D, 1D, and OD (Figure 10).3* The BXs octahedra form the inorganic sublattice, primarily
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influencing the optical and electronic properties. However, these inorganic sublattices are always
centrosymmetric and achiral.

I
w
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llll"llo

Figure 11. Chiral organic amines enantiomers R-MBA and S-MBA, where MBA refers to
methylbenzylammonium.

Recently, researchers have discovered methods to introduce chirality into the inorganic sublattice,
resulting in a chiral perovskite structure.®> One approach uses a chiral organic A cation (like R-
MBA and S-MBA in Figure 11), which interacts asymmetrically with the inorganic sublattice,
distorting the BXs octahedron.58” This deliberate introduction of chirality in perovskites
combines the excellent properties of perovskites with the unique characteristics of chirality.®
Chiral perovskites show potential for applications in chiral ferroelectrics,®® circularly polarized
photodetectors,* circularly polarized light emitters,®*°2 and nonlinear optical effects.® The first
chiral halide perovskites were reported by Billing et al.%”, while the chiroptical properties were
first investigated by Ahn et al. in 2017.%8 The research and exploration of chiral perovskites and
their chiroptical properties are still in the early stages.
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Figure 12. Crystal structures of chiral perovskites enantiomers (R-MPEA).SnBrs and (S-
MPEA).SnBrs along b axis showing mirror symmetry. Here, MPEA refers to
methylphenylethylamine, a chiral organic amine cation that introduces chirality into the inorganic
sublattice, thereby making the perovskite structure itself chiral (reprinted with permission from
ref. 102).

1.3.2. Nonlinear Optical (NLO) Effects

Nonlinear optical effects occur when high-intensity laser radiation interacts with matter in a
nonlinear manner.%® When an optical field is applied to a material, it induces polarization within
the material. In the linear regime, the induced polarization (P) is directly proportional to the
strength of the applied electric field (E). This induced polarization, defined as the net average

dipole moment per unit volume, can be expressed as:
P =gy xE

where g, is the permittivity of free space, and y is the optical susceptibility. However, when intense
monochromatic laser beams with electric field strengths comparable to atomic fields are applied,
the relationship between induced polarization P and electric field E becomes nonlinear. This
nonlinear interaction alters the optical properties of the material, leading to phenomena such as
higher harmonic generation, the Kerr effect, sum frequency generation, and difference frequency
generation. In the nonlinear regime, the induced polarization changes nonlinearly with the applied

electric field strength, as described by the equation:
P =¢g|xWE + yPE? + y®OF3 + yWE* |

Here, ™ is the linear susceptibility, y®, x®, y® and so on, are the second, third, and fourth-
order nonlinear susceptibilities, respectively. At higher intensities, these higher-order terms
(ox™E™(n>1)) become significant and produce nonlinear polarization. According to Maxwell’s
electromagnetic equations, this nonlinear polarization modulates light propagation in dielectrics,
leading to the generation of light fields with new frequencies and direct changes to the incident

light field. The various nonlinear optical (NLO) effects resulting from this interaction have
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versatile applications, including photon energy up-conversion, electro-optical (EO) modulation,

and ultrafast all-optical switching.%
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Figure 13. Schematic representation of various nonlinear optical processes associated with second

and higher-order nonlinear susceptibilities.

Exploring high-quality nonlinear optical (NLO) materials is quite challenging. However, recent
advancements have highlighted halide perovskites as promising candidates for NLO device
applications, thanks to their tunable bandgap and large optical oscillator strength.'%:°2 Notably,
low-dimensional hybrid metal halide perovskites exhibit strong quantum confinement and have

demonstrated exceptional NLO effects.34 103
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1.3.3. NLO Properties in Chiral Hybrid Metal Halide Perovskites

Non-centrosymmetric crystal structures are essential for nonlinear optical effects associated with
even order susceptibilities, such as Second Harmonic Generation (SHG). However, halide
perovskites typically have centrosymmetric structures, making it challenging to achieve an SHG
response. Introducing chirality into perovskites addresses this issue and provides asymmetric
crystal structure. Recent studies of chiral perovskites have shown that their non-centrosymmetric
chemical structures, combined with tunable bandgaps, large NLO coefficients, and significant

exciton binding energies, position them as promising candidates for NLO applications,93-94 104-108
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Figure 14. a) Second harmonic generation in chiral perovskite (R-MBA)2Pbls. (b) Variation in

SHG intensity with polarization of incident pump light (reprinted with permission from ref ).

1.4. Scope and Organization of Thesis

As previously discussed, metal halide perovskites have become a game-changer in the field of
optoelectronics. These versatile materials have also garnered significant attention in recent years
for their remarkable nonlinear optical properties. Considerable effort has been dedicated to
controlling and designing new materials for various applications. This rapid development also
offers an opportunity to explore new materials and understand the essential mechanisms involved

in these perovskite systems.
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Besides perovskites, we have also discussed doped semiconductor metal nanocrystals (NCs) and
their unique property of exhibiting localized surface plasmon resonance (LSPR). Bharat et al.
developed a strategy involving the codoping of chromium (Cr) and tin (Sn) into indium oxide
(In203) NCs, resulting in a high LSPR quality (Q) factor. They discovered that Cr doping increases
the NCs' size, contributing to reduced carrier scattering and a narrower FWHM of the LSPR band.
However, the underlying mechanism behind this dramatic improvement remains an intriguing

open question for further exploration.

In this thesis, we have employed various ultrafast spectroscopy techniques to probe the
fundamental physical mechanisms in perovskites and doped semiconductors. Chapter Two
provides detailed descriptions of the spectroscopy techniques used in this research. All the
spectroscopy setups were home-built, with our amplified femtosecond laser system as the primary
source (except for the transient absorption spectroscopy, measurements performed at Prof. H. N.
Ghosh's lab at 1ISER Mohali). The data acquisition interface software was developed using
LabVIEW. Complete details of the setups and data analysis procedures are discussed in Chapter

Two.

In Chapter Three, we investigated the charge carrier dynamics in CsPbBrz nanocrystal (NC)
composites with two copper-based inorganic hole-transporting layers. Our group has extensively
studied CsPbBrs NCs. First, Yettapu et al. reported charge carrier dynamics in colloidal CsPbBr3
NCs using time-resolved THz spectroscopy, highlighting high charge carrier mobility and longer
diffusion lengths. Additionally, Sarkar et al. explored ultrafast hot electron and hole transfer from
colloidal CsPbBrz NCs to benzoquinone (BQ) and phenothiazine (PTZ) as electron and hole

acceptors.

To build on this research and better understand the system, we examined charge carrier dynamics
in CsPbBr3 NC thin films with Cu20 and Cul hole-transporting layers (HTLs). This study enhances
our understanding of the NC/HTL interface, which is similar to its application in photovoltaic
devices. As discussed previously, we chose inorganic HTLs due to their advantages over
conventional organic HTLs, including greater stability, easier solution processability, and cost-

effectiveness.
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Using time-resolved THz and transient absorption spectroscopy, we demonstrated sub-picosecond
hole injection from all-inorganic CsPbBr3z perovskite NCs to Cu-based inorganic HTLs. This
finding suggests the potential for cheaper and more stable photovoltaic devices. The hole transfer
to the acceptor layer occurred on a sub-300 fs timescale, limited by our instrument response
function (IRF). The effective performance of the solution-processed copper-based inorganic HTLS

indicates they are a cost-effective and stable alternative to traditional organic HTLs.

In Chapter Four, we have investigated Cr-Sn co-doped In.O3 nanocrystals. Using time-domain
THz spectroscopy, we gained valuable insights into their complex dielectric function and observed
changes with increasing Cr concentration. This variation might be a contributing factor to reduced
carrier scattering, possibly due to a decrease in Coulombic interactions between charge carriers

and ionized dopants.

Indium tin oxide (ITO) exhibits high optical nonlinearity, which is influenced by carrier
concentration. To examine how Kerr nonlinearity changes with Cr doping concentration, we
employed Optical Kerr Effect (OKE) spectroscopy. Our time-resolved OKE measurements
showed that the recovery time of the OKE signal was the longest for samples with the highest Cr
doping.

In Chapter Five, we have investigated the second and third-order nonlinear optical properties of
the OD Pb-free perovskite [(R-/S-MBA)4Bi2lio], where MBA refers to methylbenzylammonium.
The chiral R-MBA and S-MBA cations introduce chirality into the Bi-I inorganic sublattice,
making the perovskite chiral. In contrast, the achiral Rac-MBA cation results in a lack of chirality

in both the organic and inorganic sublattices of [(Rac-MBA)4Bi2l1o].

The polarization-dependent second harmonic signal confirms the non-centrosymmetric nature of
the perovskite crystals containing chiral cations R-MBA and S-MBA.. In contrast, both chiral [(R-
/S-MBA)4Bi2lio]and achiral [(Rac-MBA)4Bi2l10] crystals exhibit a strong third harmonic signal.
To explore the third-order nonlinear behaviour in detail, we performed Z-scan measurements at a
non-resonant wavelength (800 nm) using a 65 fs pulses. We observed a large two-photon
absorption (2PA) cross-section and nonlinear refractive index in chiral [(R-/S-MBA)4Bi:l10]

perovskites, with these properties decreasing with increasing excitation intensity. Notably, the
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nonlinear refractive index sign is opposite for the two enantiomers. The achiral [(Rac-
MBA)4Bi2l10] exhibits stronger third-order nonlinear optical (NLO) effects, including higher third-
harmonic generation (THG), B, and n2 values, compared to its chiral counterparts [(R-/S-
MBA)4Bi2l10]. This enhanced response is attributed to greater structural distortion in [(Rac-
MBA)4Bizlio] relative to [(R-/S-MBA)4Bi2l10]. This increased distortion likely amplifies the
material's polarizability anisotropy, resulting in a stronger third-order NLO response.
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2.1. The Terahertz Spectrum and Spectroscopy

The terahertz (THz) region of the electromagnetic spectrum lies between the microwave and
infrared regions, serving as a bridge between these two domains. THz radiation, with frequencies
ranging from 0.1 to 20 THz, offers valuable insights into various physical phenomena. THz photon
can resonate with low-energy excitations like collective vibrational or torsional modes in
condensed-phase media, and molecular rotational and vibrational transitions.>* In other units, 1
THz corresponds to 33.3 cm™ (wavenumbers), 0.004 ¢V (photon energy), or a wavelength of 300

pm.

As discussed earlier in the thesis, terahertz time-domain spectroscopy (THz-TDS) offers static
information about a sample's properties, which is useful for applications like molecular
spectroscopy, biology, and quality control. On the other hand, time-resolved terahertz
spectroscopy (TRTS) explores the dynamic and evolving properties of photo-excited materials in
real time. Details about both techniques will be provided in subsequent sections. However, before
moving to these techniques, will discuss the generation and detection of this unique part of the
electromagnetic spectrum. The THz region has long been known as the "terahertz gap" due to the
challenges associated with accessing it. Frequencies below the THz range can be generated using
electronic circuits, while those above are accessible through optical methods. However, generating
electromagnetic waves, specifically in the THz range, remained a significant challenge until the
advent of ultrafast lasers, which revolutionized this field. The ultrafast lasers have enabled the
generation of THz radiation, primarily through the excitation of materials using ultrashort laser

pulses.®

Various mechanisms are employed to produce THz radiation, including photocarrier acceleration
in photoconductive antennas, second-order nonlinear effects in electro-optic crystals, and
nonlinear electronic transmission lines.5” Photoconduction and optical rectification are the most
common approaches for generating broadband pulsed THz beams. Despite these advancements,
the efficiency of these methods remains low, and they often cover a limited THz bandwidth. Air
plasma generation has emerged as a promising technique, offering high peak electric fields and
ultrabroad bandwidth.2 When ambient air or specific gases are excited with intense femtosecond
laser pulses, they can efficiently generate and detect broadband THz radiation through nonlinear

optical processes.
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This thesis utilizes a custom-designed THz spectrometer that leverages ambient air to generate
broadband THz radiation. Detection is performed using the air-biased coherent detection (ABCD)
technique with the aid of a commercially available Zomega detector. The details of THz generation
and detection processes are described in the subsequent sections.

2.1.1. Broadband THz generation by laser-induced gas plasma

The generation of THz waves from plasma was first demonstrated in the early 1990s, which was
done by focusing a fundamental beam into gases.®>® However, achieving intense THz waves
became feasible only when both the fundamental and second harmonic beams were focused into
the air. This phenomenon is explained by the four-wave mixing (FWM) model, a third-order
nonlinear optical process.***? In this process, fundamental optical radiation (w) interacts with its
second harmonic (2w), which is generated using a Type | B-barium borate (BBO) crystal with a
thickness of 0.1 mm. Mathematically, the FWM process generates THz photon according to the

following equation-
Qo+ ory,) — ©— 0= ory, 1)

In our Setup, we use ultrashort laser pulses centred at 800 nm with a pulse duration of 35 fs and a
repetition rate of 1 kHz, generated by a regenerative amplifier. Each pulse delivers an average
energy of 2 mJ, with a peak power sufficient to ionize air, generate plasma, and enhance the
nonlinear perturbative effects, thereby producing intense THz radiation.

The amplitude of the generated THz field (E;y,) is directly proportional to the intensity of the
fundamental beam (1,,) and the square root of the intensity of the second harmonic beam (/1,,,),

as described by the relation:

Erp, X(g)\/ I, 1,c08(p) 2

Here, ¢ represents the phase difference between the fundamental and second harmonic waves, and
¥ is the third-order nonlinear coefficient, which has a value of 1.68 x 10% (m/V) at 20° C in

air.
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Figure 1. In the schematic representation of THz generation via laser-induced air plasma and
detection using the air-biased coherent detection (ABCD) technique, fundamental (800 nm, red)
and second harmonic (400 nm, blue) beams generated by a B-barium borate (BBO) crystal, are
focused into ambient air, creating a plasma that emits THz radiation along with other
electromagnetic waves. The THz radiation is isolated using a high-resistivity silicon wafer, which
filters out unwanted components. For detection, the ABCD technique generates the second
harmonic of a gate pulse (depicted as the blue beam in the dashed square box), and its intensity is

measured, which is directly proportional to the amplitude of the THz electric field.

2.1.2. Air biased coherent detection (ABCD)

Broadband THz detection using air as the sensor relies on the THz Field-Induced Second
Harmonic (TFISH) generation, a third-order nonlinear process.*® In this technique, the interaction
between the THz radiation and a gate beam occurs in the presence of a quasi-DC bias field, acting
as a local oscillator (LO). This interaction generates the second harmonic of the gate beam from

the plasma formed between electrodes, expressed as-

Eyp X(g)Ea}Ea}(ETHZ + ELp) (3)
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In terms of intensity, this can be written as:

2 (N2 12( 2 2
Iy, X ‘EZwl < (¥ I5(Efy, + Efp + 2ErpzELoc0s(9)) (4)

The cross-term, 2Ery,Eocos(@), which is proportional to Ey,, plays a crucial role in enabling
coherent detection. By modulating the quasi-DC bias field (LO) and employing a lock-in amplifier,
the EZ, term can be effectively removed, allowing the cross-term to dominate. This dominance
occurs when the probe beam intensity exceeds the plasma threshold, making THz detection

coherent. This method is referred to as air-biased coherent detection (ABCD).
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Figure 2. (a) The THz waveform in the time domain detected using the air-biased coherent
detection (ABCD) technique. (b) The frequency domain amplitude spectrum obtained by Fourier's

transformation of time domain data.
2.1.3. THz Time Domain spectroscopy

Figure 3 illustrates the schematic of the THz time-domain spectroscopy (THz-TDS) setup. The
system employs a regenerative amplifier (Spitfire, Spectra-Physics), producing 800 nm-centered,
45 fs laser pulses with an average power of 2 mJ as the source. The beam is initially divided into
two equal parts using a 50:50 ultrafast beam splitter. One portion is used to do the THz-TDS
experiment encounters another beam splitter, which reflects 8% of the beam and transmits 92%.
The reflected 8% serves as the gate beam for the air-biased coherent detection (ABCD) technique.
The gate beam is directed through a retroreflector mounted on a computer-controlled 50 mm delay
stage (delay 1) and then focused into the detector (Zomega) using a plano-convex lens, precisely
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aligning it within the gap between two electrodes connected to a high-voltage modulator (HVM).
An AC bias of 1.5 kV is applied to the electrodes. This AC electric field functions as the local

oscillator for the coherent detection process.
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Figure 3. Schematic for experimental Setup of THz Time-domain Spectroscopy (THz-TDS).

The remaining 92% of the main beam is directed to generate THz radiation using air plasma. It is
passed through a plano-convex lens and a B-barium borate (BBO) crystal to create the second
harmonic. The fundamental and second harmonic frequencies meet at the focal point, forming air
plasma and producing THz radiation. The THz beam is filtered through a high-resistivity silicon
wafer and directed to the sample using a pair of off-axis parabolic mirrors. The parabolic mirror
just before the sample focuses the THz beam onto the sample, while the next two parabolic mirrors,
placed after the sample, collimate and then refocus the THz beam into the detector. The THz beam

is aligned to converge at the same spot where the gate beam is focused, ensuring precise detection.

In the detector, the THz field interacts with the gate beam and generates its second harmonic,
which is reflected through a pair of dichroic mirrors and then passes through a filter to remove the

fundamental 800 nm component. The resulting signal is sent to a photomultiplier tube (PMT). The
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PMT response is amplified using a signal pre-amplifier and then sent to a lock-in amplifier,
synchronized with the high-voltage modulator operating at 500 Hz. The lock-in amplifier signal is
recorded using a DAQ device (National Instruments) as the time delay between the gate and THz
beams is varied by scanning the optical delay stage (delayl). This coherent detection technique
enables the measurement of the transient THz electric field, including its amplitude and phase,

rather than just its intensity.

The duration of the THz pulses is approximately 300 fs. When the THz electric field interacts with
the sample, changes in amplitude and phase are analyzed to compute the sample's absorption
coefficient and refractive index. These measurements allow the direct determination of the
complex permittivity of the sample without requiring a Kramers-Kronig analysis. To prevent
absorption of THz radiation by the ambient water vapour, the part of the Setup involving THz

propagation is enclosed in a nitrogen-purged box, maintaining relative humidity below 2%.
2.1.4. Time-resolved THz spectroscopy (TRTS)

As discussed earlier, Time-Resolved THz Spectroscopy (TRTS) is a pump-probe technique that
uses an optical pump and THz probe to study systems where the optical excitation induces changes
in THz absorption/refraction properties on a sub-picosecond timescale. Figure 4 illustrates the
schematic of the TRTS setup, which builds upon the steady-state THz-TDS setup (Figure 3) with
some additional components. The key addition is an Optical Parametric Amplifier (OPA), powered
by half of the laser output from the regenerative amplifier after the initial 50:50 beam splitter. The
OPA generates a range of wavelengths (UV to NIR), which are used as the optical pump for the
sample. The remaining reflected beam from the 50:50 beam splitter is directed toward THz
generation, similar to the THz-TDS setup. However, in this configuration, the beam passes through
a 600 mm delay stage (delay2) before reaching the 92:8 beam splitter. This delay stage introduces
a controlled time delay between the optical pump and the THz probe beam, enabling time-resolved

studies.

The pump beam (green), emerging from the OPA, passes through a mechanical chopper rotating
at 333 Hz, allowing every third pulse to reach the sample. This beam is directed through a hole in
the off-axis parabolic mirror just before the sample, ensuring it becomes collinear with the THz
beam. The pump beam diameter, adjustable using a lens mounted on a translational stage, is set to

~3.0 mm at the sample, approximately 3.0 times larger than the THz beam diameter, ensuring
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probing of uniformly excited sample. The beam diameters were precisely measured using the
knife-edge technique. A black polyethene sheet (transparent to the THz probe) blocks any pump
light transmitted through the sample to prevent interference with the photomultiplier tube (PMT).
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Figure 4. Schematic for experimental setup of Time-resolved THz Spectroscopy (TRTS).

In this Setup, the final output from the current preamplifier (CPA) is split and sent to two lock-in
amplifiers. One lock-in amplifier is synchronized with the high-voltage modulator (HVM) at 500
Hz (half the laser repetition rate), while the other is synchronized with the mechanical chopper at
333 Hz. This dual lock-in detection technique minimizes the noise due to laser fluctuation by the

simultaneous measurement of the THz electric field from the unexcited sample (E,ss) and the

pump-induced change in the THz electric field (AE) from the photoexcited sample.
2.1.4.1. Frequency-averaged experiments (Pump Scans)

Frequency-averaged scans (pump scans) are conducted by varying the delay between the optical
pump and the THz probe beam using the 600 mm delay stage (Delay 2), while the 50 mm delay
stage (Delay 1) is fixed at the peak of the THz field. The photoinduced change in THz field
amplitude (AE = E,,, — E,fy) is recorded as a function of the delay between the pump and probe

pulses. This method captures the temporal evolution of the photoexcited sample.
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2.1.4.2. Frequency-resolved experiments (Probe Scans)

Frequency-resolved scans (probe-scans) involve scanning the 50 mm delay stage (gate delay,
Delay 1) to record the complete THz waveform at a fixed pump-probe delay set by Delay 2. This
approach provides the pump-induced changes in the THz waveform (AE) at a specific pump-probe
delay. A fast Fourier transformation (FFT) of the THz waveforms yields complex dielectric spectra

of the photo-excited sample at chosen pump-probe delays.
2.1.5. Data Analysis
2.1.5.1. THz-TDS experiments

The time-dependent THz electric fields transmitted through the sample, and the reference are
denoted as E (t) and E,(t), respectively, and their corresponding Fourier transforms in the
frequency domain are Eg(w) and E,(w). The reference can be air or a non-conductive substrate
such as high-resistivity silicon, high-density polyethene (HDPE) or polystyrene. The complex
transmission function (o) is then defined as:

F _ Es(w) _ Es(w) ip(w) — ip(w)
T(w) = E) — E(@) e =T(w)e (5)

Here, p(w) = (@sampie — Prer) represents the phase shift between the sample and the reference.
If the reference is air, the sample's refractive index can be determined from the phase information.*

The relationship between the refractive index n(w) and the phase shift ¢ (w) is given by:

c

n(w)=1+ ¢ (w) (6)

2ntwd
where c is the speed of light in vacuum, o is the angular frequency of the THz radiation, and d is
the thickness of the sample. This formula assumes the reference medium (air) has a refractive
index close to 1 and negligible absorption in the THz range.

The absorption coefficient a(w) can be calculated from the transmittance T(w) using the following

expression:

alw) = S (M)Z (7)

d Esample(®)
Extinction coefficient k(w) can be calculated from absorption coefficient a(w) using the

following relation:
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k(w) = 2a@) _ ca@) (8)

41T 2w

With n(w) and k(w), we can get complex refractive index 7i(w) by the relation:
i(w) = n(w) + ik(w) 9)

The complex refractive index, fi(w), is directly related to the complex dielectric function, é(w),

and from it, the complex conductivity, 6 (w), can be derived. The relationships are as follows:
§(w) = *(w) (10)
6(w) = —2nvené(w) (11)

2.1.5.2. TRTS experiments

Thin films, nanoparticles in colloidal solutions, and materials with reasonably low absorption in
the THz frequency range are typically studied using time-resolved THz spectroscopy (TRTS) in
transmission mode. In TRTS, the optical pump-induced change in the THz probe pulses (AE) is

collected, which is defined as:
AE(t) = Eon(t) - Eoff(t) (12)

where E,,(t) represents the THz field transmitted through the photoexcited sample (with the
pump) and E, ¢ (t) represents the THz field transmitted through the unexcited sample (without the
pump). Both AE(t) and E,s(t) are measured simultaneously using a dual lock-in detection
technique.®1® The ratio of Fourier transforms of these detected THz electric field AE(t) and
E,fr(t) 1., AE(w)/E,rr(w), is directly proportional to the pump-induced change in

photoconductivity Ao of the sample, and the relationship is expressed as:

_ (ngtnp) AE(w)

Ao =
zod Eoff(w)

(13)
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In this context, n, and n, denote the refractive indices on either side of the thin film, while d

represents the film thickness. The parameter z, is the free-space impedance, defined as z, =

1 3770,

Y
2.1.5.3. THz peak conductivities and carrier mobilities
The initial carrier mobilities can be estimated by normalizing the peak conductivity Ac with the
carrier density N,.2"*8 In the linear excitation regime, assuming a photon-to-carrier conversion
efficiency of ¢ =1 (i.e., each absorbed photon generates one electron-hole pair), the mobility u is
calculated using:

u = Ao/qN, (14)

Where q is the elementary charge, and N,is the total carrier density, given by:

NO = Q. ZNPh (15)

However, since the photon-to-carrier conversion ratio ¢ is not precisely known, this approach
yields effective mobility (ou) rather than the actual mobility (1). The absorbed photon density

(Npp) is determined using the formula:

Npp = (F;(1 — 107902)) /8. hy (16)

Where F; is the incident photon flux, (1 — 1079P2) represents the fraction of pump light absorbed
by the sample (based on the optical density OD;), ¢ is the penetration depth, and hv is the energy
of a single photon. This method provides an upper limit for Ny, as it neglects reflection and
scattering losses of the pump during the experiments.

Complete THz waveforms are measured at multiple pump-probe delays to obtain the frequency-
resolved conductivity spectra. The conductivity spectra are obtained using Equation 13, where
AE(w) and E,¢r(w) represent the Fourier transforms of the photoinduced change in the THz
waveform and the reference THz waveform, respectively. The frequency resolved conductivity
spectra, were analyzed with appropriate models to extract key parameters, such as carrier density

(No) and mobility (), for each pump-probe delay.
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2.1.5.4. Conductivity models for fitting probe scans
In TRTS experiments, materials exhibit distinct features in the frequency-resolved conductivity
spectrum, influenced by contributions from free carriers, lattice vibrations, and other low-
frequency excitations. By fitting this spectrum to appropriate conductivity models, it becomes
possible to quantify both steady-state and photoconductivity. This analysis allows for the
determination of critical material parameters, such as mobility and carrier density, as well as the
temporal evolution of transport properties.

e Drude model
The behaviour of free charge carriers generated upon photoexcitation can be effectively explained
using the Drude model, introduced by Paul Drude in 1900.1%%° This model is primarily applicable
to non-interacting electron gases in metals with extremely high carrier concentrations. When a
semiconductor is photoexcited using an appropriate pump wavelength, the density of charge
carriers increases significantly compared to the intrinsic carrier concentration. Under such
conditions, these carriers in semiconductors can be approximated as free carriers, analogous to the
electron gas in metals.
According to the Drude model, the complex conductivity of free carriers subjected to an external

oscillating electric field with angular frequency w is expressed as-
F(w) = —% 17)

(1-iwT)

where,

Odc = (18)
Here, o, represents the DC (or Drude) conductivity, and t is the carrier momentum scattering
time. The DC conductivity is directly related to the carrier concentration (n), scattering time (1),
and the effective mass (m*) of the carriers.

e Drude-Smith model

In the case of nanomaterials, where the movement of charge carriers is restricted to small
dimensions or in two-dimensional (2D) materials, the behaviour of carriers differs significantly
from that in bulk systems. In these systems, carriers are primarily confined to a specific region and
may be backscattered due to spatial constraints or surface effects. As a result, the standard Drude
model, which assumes unrestricted carrier motion, requires modification to accurately describe the

conductivity.

42



Chapter 2: Experimental Methods and Data Analysis

To address this, V. Smith introduced the Drude-Smith model, which incorporates backscattering
parameters to account for the constrained motion of carriers. This modified model provides a more
precise description of the conductivity in nanomaterials and 2D systems by extending the classical
Drude framework to include these additional effects.?

Flw) == (1+ ——) (19)

(1-iwt) (1-iwT)

In the Drude-Smith model, c represents the backscattering parameter, which quantifies the extent
to which charge carriers are scattered back after interacting with defects, boundaries, or other
obstacles. The value of ¢ ranges from 0 to -1, where ¢ = 0 corresponds to no backscattering (free
carrier motion as in the standard Drude model), and ¢ = —1 represents complete backscattering,
indicating that carriers are entirely confined or reflected to their original direction. This parameter
plays a crucial role in describing the modified conductivity in systems where localization effects
are significant. The Drude-Smith model has been successfully applied to study the nature of
conductivity in materials where charge carrier localization occurs due to defects, grain boundaries,
or structural disorder. Examples include perovskite materials, where such effects significantly
influence carrier dynamics.
e Lorentz oscillator model

The resonance features observed in the conductivity spectrum can arise from various phenomena
and are often modelled using the Lorentz oscillator model. In semiconductors, absorption of THz
frequencies occurs due to low-energy excitations in solids, such as phonon vibrations, exciton
resonances, and other similar processes. These excitations manifest as distinct peaks in the real
part of the complex conductivity spectrum.?? The complex conductivity (&) as described by the

Lorentz model is given by the expression-

F(w) =Y ———r (20)

(w-it))(w2-wj)

In the study of THz conductivity, it is common to use a superposition of different conductivity
models to interpret the nature of the conductivity spectrum obtained from probe scans in the THz
region. This approach helps capture the contributions of various mechanisms, such as free carrier
motion, phonon resonances, or localized charge carrier effects, to the overall conductivity.

Similarly, photoconductivity transients measured during pump scans are typically analyzed using

multiexponential models and kinetic models to describe the photoinduced recombination
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processes. One effective approach is to model the normalized photoinduced THz transients using
a multiexponential function convoluted with a Gaussian function. The Gaussian convolution
accounts for the temporal resolution of the experimental Setup, ensuring a more accurate
representation of the carrier dynamics. This method provides valuable insights into the
recombination Kinetics and the underlying processes contributing to the transient

photoconductivity.??

y(t) = G(t — t,) @w (21)

ti
Here,

e Y"a; = 1: This ensures that the sum of the amplitudes (a;) corresponding to the i**process
is normalized. Each amplitude represents the contribution of a process with a characteristic
time constant ¢;.

e G(t—ty): This is the Gaussian function centred at t,, representing the instrumental
response function (IRF) with a full width at half maximum (FWHM) of approximately 300
fs.

e @: This denotes the convolution operation, combining the multiexponential decay
processes with the Gaussian IRF to account for the temporal resolution of the experimental

setup.

We have applied these methods to analyze the data from THz spectroscopy experiments performed
on CsPbBr3 NCs composites with an inorganic hole transport layer, as detailed in Chapter 3. This
approach provided a detailed understanding of the studied system's photoinduced carrier dynamics.

Further details can be found in the chapter three.

2.2. Transient absorption spectroscopy

ump-probe spectroscopic techniques utilizing ultrashort pulse lasers allow researchers to observe
ultrafast dynamic processes directly. Our understanding of ultrafast dynamics has significantly
deepened as time resolution has improved, with pulse durations decreasing from nanoseconds to
attoseconds. Crucial transient physical processes, such as carrier excitation, relaxation,
recombination, and carrier transport, play a key role in determining the optoelectronic properties

of semiconductors.?3?> A thorough understanding of the physical mechanisms behind these
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ultrafast processes is crucial for providing essential feedback for materials development and device
optimization. Femtosecond Transient Absorption Spectroscopy (fs-TAS) is a key and well-
established ultrafast technique capable of characterizing the excited states of samples and their
decay dynamics.? % Today, commercial fs-TAS systems are widely available and have become a

crucial part of the characterization toolkit in many materials laboratories.?”’

In fs-TAS, a pump pulse excites a fraction of the molecules to higher electronic states. Following
this excitation, a weak probe pulse passes through the sample with a delay t with respect to the
pump pulse. A probe pulse is typically a broadband white light continuum (WLC) generated by
the nonlinear interaction of ultrashort pulses with a nonlinear crystal such as sapphire or calcium
fluoride. The low intensity of the probe pulse ensures that interactions with the sample remain
linear, thereby avoiding the possibility of multiphoton processes during the probing. When the
WLC probe pulse passes through the sample before the arrival of the pump pulse (negative delay),
it provides the absorption spectrum of the sample in its ground state.
Conversely, when the probe pulse arrives after the pump pulse excitation, it reflects the absorption
spectrum of the sample in its excited state. By measuring the intensity of the probe pulse with the
pump on (I(A)pump-on) and with the pump off (I(A)pump-off) alternately, a difference absorption
spectrum can be calculated. This difference absorption spectrum is given by:

AA(A) = —log(I(A)pump-on / T(A)pump-off) (22)
where AA()L) represents the change in absorbance due to the pump pulse excitation.
By varying the time delays between the pump and probe pulses and recording a AA spectrum at
each delay, a AA spectrum as a function of both time delay (1) and wavelength (), denoted as
AA(A, 1), is obtained. This AA profile provides insights into the generation and evolution of
transient products. Time-resolved absorption spectroscopy offers the advantage of probing non-
emissive and dark states, a capability not provided by time-resolved fluorescence. Generally, a AA

spectrum includes contributions from the following processes:
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Figure 5. (a) A schematic illustrating various processes following photoexcitation, including

ground state bleaching (GSB), excited state absorption (ESA), and stimulated emission (SE). (b)
Contribution to a AA spectrum: GSB (green), ESA (violet), SE (red), the sum of these

contributions (blue).

Ground-State Bleaching (GSB): When the pump pulse excites a fractions of the
molecules to the excited states, the number of molecules in the ground state decreases
(Figure 5a). This reduction in ground-state molecules leads to lower absorption and
increased transmission of the probe light, resulting in a negative transient absorption signal
known as the GSB signal. The GSB signal appears immediately after excitation and
corresponds to the wavelength range of the characteristic peak observed in steady-state
absorption spectroscopy of the sample, as illustrated schematically in Figure 5b (green
line).

Excited State Absorption (ESA): In this process, excited molecules absorb probe photons
corresponding to optically allowed transitions, moving to even higher excited states. This
absorption by excited state molecules can be viewed as absorption spectroscopy of the
sample in its excited state. This absorption of the probe pulse by the excited molecules
results in decreased transmittance, producing a positive ESA signal (purple line). The probe
pulse's low intensity ensures that the population of excited states remains largely unaffected

by the ESA process.
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= Stimulated Emission (SE): In a two-level system, the Einstein coefficients for absorption
from the ground state to the excited state (Aiz) and for stimulated emission from the excited
state to the ground state (A1) are equal. When the pump pulse increases the excited state
population, photons from the probe pulse induce stimulated emission to the ground state.
This stimulated emission increases the detected light intensity, resulting in a negative AA
signal, as schematically indicated in Fig. 1 (red line). Stimulated emission occurs only for
optically allowed transitions. It usually corresponds to the wavelength region where the
characteristic peak of the steady-state fluorescence spectrum appears. meaning it is Stokes
shifted relative to the ground-state bleach. Since the excited particles must undergo some
relaxation processes before interacting with the probe pulse photon to show stimulated
radiative transitions, the SE signal generally does not appear immediately after the sample

is excited.?®
In addition to the above three possible contributions to the AA spectrum, changes in the AA signal
can also occur due to photo-product absorption in the excited state. After the excitation of a
photobiological or photochemical system, reactions may produce transient or long-lived molecular
states, such as triplet states, isomerized states, etc. These transient products absorb the probe pulse,
creating a positive signal in the AA spectrum. A ground-state bleach will be observed at the
wavelengths where the reacting species, which forms the product state, has ground-state

absorption.

2.2.1. Experimental setup for fs-Transient Absorption spectroscopy

The general schematic of the transient absorption setup is illustrated in Figure 6. A femtosecond
amplified pulse from a regenerative amplifier serves as the primary light source. The beam is
initially split into two parts: the majority is directed into an optical parametric amplifier (OPA) to
generate tunable wavelengths for pumping the samples, while the remainder is routed to a sapphire
crystal via a computer-controlled delay stage. With sufficient peak power, the ultrashort
femtosecond pulse interacts nonlinearly with the sapphire crystal (or other nonlinear crystal),
producing a white-light continuum. This continuum acts as a weak broadband probe to measure
the sample's absorption. Its intensity is low enough to avoid significantly transferring the ground-

state population to the excited state.?’

47



Chapter 2: Experimental Methods and Data Analysis

Chopper

BS 10:90

Signal Reference

800 nm

gcn Pl rex 1 Beam splitter (BS) | | 55

ano convex lens plitte 1 kHz

| | 4w
Sapphire or CaF ‘or ; I I i

(:U apphire or L.ak; < Retroreflector 1 1 Regenerative
v Amplifier
]

DE‘I}I}' \—J

Figure 6. Schematic of a typical femtosecond transient absorption spectroscopy setup.

Before reaching the sample, the white-light continuum is divided into two beams: the probe and
the reference. The probe beam is focused on the sample to a spot size slightly smaller than the
pump, spatially overlapped with it, collimated, and then directed to a CCD detector to record the
signal. On the other hand, the reference beam passes through a region of the sample not exposed
to the pump pulse, ensuring it remains unaffected by excitation, and is also sent to the CCD for

detection.

A mechanical chopper, synchronized with the laser repitition rate and operating at half the laser
repetition rate, is positioned in the pump path before the sample to block every other pump pulse
alternately. This results in consecutive probe pulses interacting with excited and unexcited sample
regions. The transient absorbance is calculated as the ratio of these signals. Additionally, dividing
the probe signal by the reference signal during data collection helps suppress intensity fluctuations

in the white-light continuum, thereby improving the signal-to-noise ratio.?’

The transient absorption data presented in this thesis (Chapter 3) was collected at Prof. H. N.
Ghosh's laboratory at INST Mohali with the assistance of his student, Dr. Gurpreet Kaur. The
measurements were performed using a Helios spectrometer (Ultrafast Systems LLC), with both

pump and probe beams derived from a regeneratively amplified Ti:sapphire laser system (central
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wavelength: 800 nm, pulse duration: 35 fs, pulse energy: 5 mJ, and repetition rate: 1 kHz). The
pump pulses of various desired wavelengths were generated using a Optical Parametric Amplifier
(Opera, Coherent). A white-light continuum (WLC) spanning 420 to 800 nm was produced by
focusing the transmitted 800 nm pulses onto a sapphire window. The pump beam was modulated
at 500 Hz using a synchronized optical chopper.?® Data analysis was carried out using the Surface

Explorer software.
2.3. Optical Kerr effect spectroscopy

In 1875, John Kerr applied a direct current (DC) electric field to a transparent, isotropic liquid
medium. The interaction between the electric field and the molecular dipole moments caused a
partial alignment of the molecules within the liquid. This alignment introduced anisotropy in the
medium, resulting in different refractive indices parallel and perpendicular to the direction of the
electric field. This phenomenon, where induced birefringence occurs due to an external electric
field, came to be known as the Kerr effect, named in his honour.?®

In contrast to the DC electric field used in the traditional Kerr effect, the optical Kerr effect (OKE)
relies on an intense laser field to induce birefringence in a liquid. The oscillating electric field of
the laser pulse generates induced dipoles within the liquid molecules. These induced dipoles
interact with the laser field, causing the molecules to preferentially align their axis of maximum
polarizability parallel to the laser polarization. This molecular alignment produces a transient
birefringence in the liquid. In OKE spectroscopy, a second laser pulse probes this transient
birefringence in real time. By analyzing its time-dependent behaviour, valuable insights into the

microscopic dynamics of the medium can be obtained.

The first experimental demonstration of Optical Kerr Effect (OKE) spectroscopy was conducted
by Duguay and Hansen in 1969.%° Their work focused on investigating the orientational dynamics
of carbon disulfide (CS:) and nitrobenzene using ultrafast laser pulses with durations of a few
picoseconds. Two major milestones have significantly advanced the development of OKE
spectroscopy. The first was the incorporation of optical heterodyne detection by Ippen and
Shank,®! while the second was the development of the Fourier-transform deconvolution technique
by McMorrow and Lotshaw.3? These key innovations will be discussed in more detail in the

following section.
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2.3.1. Optically heterodyne detected optical Kerr effect (OHD-OKE) spectroscopy:

Figure 7 depicts the standard polarization geometry commonly employed in OKE spectroscopy.
In this Setup, a pump pulse polarized at 45° relative to the probe pulse excites the sample.
Following this, a probe pulse with a variable time delay is directed into the sample. An analyzer,

positioned after the sample, is aligned with its axis perpendicular to the polarization of the probe

pulse.
Analyzer Detector
45°
Pump 7
7 T
Probe 4
) Sample
V Delay

Figure 7. The schematic illustrates the layout for polarization spectroscopy implementation of the
optical Kerr effect. The pump pulse is aligned at a 45° polarization angle in this configuration,
while the probe pulse is set to vertical polarization. The analyzer polarizer is adjusted to transmit
only horizontally polarized light, and the transmitted leakage is recorded as a function of the time
delay between the pump and probe pulses. This represents the homodyne detection technique of
the OKE signal.

In the absence of the pump pulse or at negative delays, the probe pulse interacts with an isotropic
sample, resulting in no light passing through the analyzer. However, after pump excitation, the
induced birefringence in the sample alters the polarization state of the probe pulse, causing
depolarization. This depolarization allows some of the probe light to pass through the analyzer.

The transmitted light intensity is linearly related to the degree of birefringence in the sample. By
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varying the time delay between the pump and probe pulses, the time-dependent birefringence can

be measured, providing insights into the dynamics of the sample.

This polarization spectroscopy configuration is designed to detect the difference between two

components of the third-order response, Rf;)xx(t) and R,(jc)yy(t). This difference is proportional

®)
0 RS,

(t) in an isotropic medium and commonly referred to as the depolarized response.®® Since
the detected signal corresponds to the intensity in this experimental setup, it is proportional to the
squared magnitude of the depolarized response. This detection approach is known as homodyne
detection. The recorded homodyne signal is thus proportional to the square of the sample's
nonlinear susceptibility. By varying the delay time 7, the time-dependent behaviour of the

depolarized Kerr signal can be measured, providing insights into the medium'’s dynamics.

In heterodyne detection of the OKE signal, a quarter-wave plate is typically introduced into the
probe beam path before the sample, with its fast axis aligned parallel to the probe beam's
polarization plane. The probe beam's polarization is then slightly rotated (by about 1°) before
passing through the quarter-wave plate. This slight rotation introduces an orthogonal polarization
component, allowing a fraction of the probe light to pass through the analyzer polarizer. This
orthogonal component acts as a local oscillator, introducing a heterodyne signal component that is
linearly proportional to the nonlinear susceptibility of the sample, superimposed on a constant laser
background. The constant background is electronically subtracted, and to eliminate any homodyne
"contamination™ in the signal, two sets of data are collected. In the second set, the probe beam's
polarization is rotated by the same degree but in the opposite direction. By subtracting the two data
sets, collected with opposite heterodyne angles, the homodyne contributions are effectively
cancelled, isolating the pure heterodyne OKE signal. This method requires only a single
photodiode paired with a lock-in amplifier, but it involves the complication of collecting two

datasets for the heterodyne signal.®*

In our Setup, we utilized an advanced approach to detect the OHD-OKE signal in a single shot.
This approach utilizes a quarter-wave retardation plate combined with a Glan—Thompson polarizer
before the detection stage. The detection process uses a pair of photodiodes configured for
balanced detection. The linearly polarized probe beam, after passing through the sample, is
converted to circularly polarized by the quarter-wave plate. The parallel and perpendicular
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components of the beam are then separated by the Glan—Thompson polarizer and directed to the
photodiodes, where the signals are electronically subtracted. This subtraction eliminates both the
homodyne and background components, isolating the pure heterodyne signal in a single shot.
Additionally, the balanced detection method minimizes the impact of random laser power
fluctuations, significantly enhancing the signal-to-noise ratio. Before recording the OKE signal,
the detector is balanced at a negative delay by rotating the quarter-wave plate and monitoring the

signal from both photodiodes on an oscilloscope.
2.3.2. OKE experimental setup:

OKE spectroscopy features a relatively simple experimental setup compared to many other pump-
probe techniques. Figure 8 illustrates the schematic of the home-built OHD-OKE spectroscopy
system used in our lab. The Setup utilizes a Ti:Sapphire regenerative amplifier laser (Spitfire Pro
XP, Spectra-Physics) seeded by an ultrafast Ti:Sapphire oscillator (Tsunami, Spectra-Physics).
This laser system produces 800 nm, 45 fs pulses at a repetition rate of 1 kHz, serving as the primary

light source.

T 1 3

Sample

Lock-in
Amplifier ;. 35fs
N7l B 1kHz
1 =
I @ 800 nm
r I Il =
EERE 1] g
R w *
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o W - -
38 e v E Amplifier
Pump Probe Delay (ps) a
I] Beam Splitter "HalfWaveplate ] Plano-Convex Lens

'

u Quarter Waveplate Ultrafast Mirror S Wollaston Prism

Figure 8. A schematic diagram illustrates the experimental setup for Optical Heterodyne-Detected
Optical Kerr Effect (OHD-OKE) spectroscopy.
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A portion of the amplifier output is split into two beams: the pump beam, carrying approximately
80% of the power (with pump power kept below 1 mW to prevent unwanted nonlinear processes
in the sample), and the probe beam, which has lower power. The use of ultrashort pulses is crucial
for achieving a broader spectral bandwidth, which is essential for effective OKE spectroscopy

measurements.

The pump beam passes through a mechanical chopper and a half-wave plate, which aligns its
polarization at 45° relative to the probe polarization. It is then routed and focused onto the sample.
Meanwhile, the probe beam travels through a delay line, allowing precise control of the optical
delay before reaching the sample. After interacting with the sample, the pump beam is blocked,
while the probe beam continues through a quarter-wave plate, followed by a Wollaston prism,

which is part of the heterodyne detection assembly.

The quarter-wave plate converts the linearly polarized probe light, altered by the anisotropy of the
excited sample, into elliptically polarized light. The Wollaston prism then separates the light into
its parallel and perpendicular polarization components, directing them to a balanced photodetector.
This detector consists of a pair of photodiodes, which are balanced prior to the experiment in the
absence of pump excitation. For accurate measurement, both the pump and probe beams are
focused and spatially overlapped onto the sample. As the delay stage moves, the temporal overlap
of the pump and probe pulses occurs at a specific point, generating a rise in the OKE signal,

followed by transient birefringence. This signal is recorded as a function of the pump-probe delay.

As discussed earlier, the detection system automatically heterodynes the signal by electronically
subtracting the horizontal and vertical components. The detector output is fed into a lock-in
amplifier synchronized to the frequency of the chopper in the pump path. Data acquisition is

managed through DAQ with custom LabVIEW software.

Figure 9 illustrates the heterodyne-detected OKE signal in the time domain for the first few
picoseconds. The data includes the OKE signal for a CaF: crystal, used as an autocorrelation trace
essential for data analysis and for a doped semiconductor nanocrystal. Around zero delay time, a
sharp peak corresponding to the laser pulses is observed. This feature, known as the electronic
response, arises due to the intense electric field of the laser pulse distorting the electron clouds in

the sample molecules. It originates from the electronic hyperpolarizability of the material.
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Figure 9. A typical OKE time domain signal of the CaF, and Sn-Cr co-doped ITO NCs.

The subsequent decay is referred to as the nuclear response, which has distinct components. In the
initial few picoseconds, a gently decaying portion is observed, resulting from the coherent decay
of Raman-active, collective intermolecular motions excited by the pump pulse. At longer times,
the nuclear response exhibits a monotonically decaying tail, attributed to the collective

orientational diffusion of liquid molecules.

Additionally, in some samples, oscillations in the nuclear response are visible, caused by low-
frequency intramolecular vibrational modes coherently excited by the pump pulse. For these
modes to appear in the OKE decay, they must be Raman-active and exhibit polarizability

anisotropy, enabling their detection through the OKE technique.

After the pump excitation, spontaneous rotational diffusion begins to reorient the molecules back
to their equilibrium positions. The process occurs on timescales related to rotational diffusion,
which can be directly derived from the OKE data. The slowest component of the relaxation process
is the timescale for orientational diffusion, typically exhibiting exponential decay behavior.

Also, Techniques such as Raman spectroscopy and NMR are sensitive to the orientational
correlation functions of individual molecules. In contrast, OKE spectroscopy measures the
collective orientational correlation function. The relationship between the collective orientational
correlation time (t.,;;) and the single-molecule orientational correlation time (z,,) is expressed

by the following equation-
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Teoul = %Tsm (23)

2
Here, g, and j, represent the static and dynamic pair orientational correlation parameters,
respectively.®® The parameter g, reflects the degree of parallel molecular ordering in a liquid,

taking a value of 1 when there is no net ordering. For simple liquids, it is typically assumed that j,

equals 1.

By comparing the orientational relaxation times obtained through OKE spectroscopy with the
single-molecule relaxation times, valuable microscopic structural information about the liquid can
be uncovered. This approach provides insights into the interplay between molecular dynamics and
the liquid's structural organization.

2.3.3. Fourier transform deconvolution

One key advantage of the OKE experiment is its ability to analyze molecular dynamics in both the
time and frequency domains using Fourier transform deconvolution, a technique first introduced
by McMorrow and Lotshaw. This method enables the removal of the effects caused by the finite
duration of laser pulses in OKE data. As a result, it allows for precise determination of Bose-
Einstein-corrected spectral densities, providing more accurate insights into molecular and

collective dynamics.?
The heterodyne-detected OKE signal, S(t), is described by the equation:
S(t) X [Ipump®1probe]®R3(c?}’1)xy (24)

Here, ® denotes convolution, and the term in square brackets represents the instrument response,

also referred to as the second-harmonic intensity autocorrelation trace, G ® (t) which is given by-
@ (t) = f_oooo Ipump (t’)lprobe (t— t,)dt, (25)

This autocorrelation trace, G (t), can be measured experimentally by performing cross-

correlation between the pump and probe pulses with a CaF crystal placed at the sample position.

Using the convolution theorem, the Fourier transform of S(t) is expressed as:

FIS@®)] = FIGP(O)®RS),)] (26)

55



Chapter 2: Experimental Methods and Data Analysis

By dividing the Fourier transform of S(t) by that of ¢ ?)(t), we obtain:

3) 5 _ FIs@]
FlRyyxyl = O] (27)
The imaginary component of this Fourier transform, Im T[R,(j,)xy], is referred to as the spectral

density. The electronic response appears as a delta function at zero time, contributing to the real

part, Re F[R)

xyxy]- The nuclear response function can be extracted by applying the inverse Fourier

transform to the spectral density.

To isolate specific dynamics, the diffusive orientational contribution is often subtracted from the
spectral density. This results in the reduced spectral density (RSD), which is obtained by
subtracting a function of the form

exp (rogp)IL - exp(= )] @8)

Here, 7,5, typically assumed to be 200 fs or less, represents the rise time. Its exact value has
minimal impact on the shape of the RSD. The resulting nuclear response function is then Fourier
transformed to derive the RSD, which provides detailed insights into the molecular and collective

dynamics of the system.3®

The reduced spectral density (RSD) is typically analyzed by fitting it to a sum of complex
lineshapes, like the sum of antisymmetric Gaussians and Ohmic lineshapes. This approach allows
for the characterization of the underlying dynamics in the system, as each lineshape corresponds
to specific molecular or collective motions. By decomposing the RSD into these components,
detailed insights into the relaxation processes, vibrational modes, and other dynamic behaviours

of the system can be obtained.

An alternative approach to analyzing frequency-domain data is to consider the full spectral density
across a wide range of frequencies, from GHz to THz. Instead of fitting the time-domain data to
multiple exponential functions, this method fits the spectral density in the GHz-THz range using
phenomenological models.

The Mode Coupling Theory (MCT) is one such model that captures both o and  relaxations. The
a relaxation, which corresponds to long-time, collective molecular motions, is typically modelled

using the Cole-Davidson function. In contrast, 3 relaxation, associated with more restricted or local
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molecular motions, is described by the Cole-Cole function. Additionally, intermolecular modes,
such as those arising from interactions between molecules, are often modelled by Brownian
oscillators. This approach offers a more holistic view of molecular dynamics, capturing both fast
and slow processes in the system without the need for multiple exponential fits, providing deeper

insights into the relaxation and structural dynamics.%’

SOKE

v/ THz

Figure 10. The general schematic of the low-frequency vibrational spectrum of a liquid includes
several key contributions that characterize different molecular motions (reproduced with
permission from reference 38). These contributions are as follows-

e a-relaxation: This corresponds to orientational relaxation, where molecules undergo large-
scale reorientation over longer timescales, typically in the picosecond to nanosecond range.

e [B-relaxation: This represents translational diffusion, where molecules undergo slower,
more restricted motion compared to o-relaxation, often observed on the timescale of
nanoseconds.

e Fast-p process (fB) (cage-rattling): This fast process occurs on a femtosecond timescale,
where molecules experience rapid, short-range motions as they move within their cages
formed by neighbouring molecules.

e Librations (lib): A libration refers to a rocking motion of a molecule, where it oscillates

back and forth around a fixed axis. This motion is typically caused by the constraints
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imposed by the surrounding "cage" of nearest-neighbour molecules occurring in the

terahertz range.

The inset version is on a logarithmic frequency axis is often used to better highlight the lowest
frequency region, including the gigahertz and lower frequencies, which correspond to the slowest

processes, such as o and p relaxations.®

2.4. Nonlinear optical properties measurements

Over the past two decades, metal halide perovskites (MHPs) have gained significant attention for
their outstanding performance in solution-processed photovoltaic devices.®® These
organic/inorganic hybrid halide perovskites possess exceptional optoelectronic properties, leading
to impressive results in various optoelectronic devices, including LEDs,*° photodetectors,** and

lasers.*2

Recently, numerous studies have demonstrated a wide range of nonlinear optical (NLO) effects in
MHPs. Their versatile chemical structures offer a tunable bandgap and high oscillator strength,*?
making them suitable for applications in NLO materials and devices.** Many reports highlight
large two-photon absorption coefficients and efficient second, third, and higher-order NLO effects,

especially from highly quantum-confined, lower-dimensional perovskite materials.*®

In this thesis, we have explored the NLO properties of chiral 0D perovskite materials using two
home-built setups. The first Setup is for the Z-scan spectroscopy technique, and the second is
designed to collect upconverted photons from samples exhibiting second, third, or higher harmonic
generation. The following sections will discuss the details of these setups and the data analysis

involved in the experiments.
2.4.1. Z-Scan technique

The Z-scan technique is a precise single-beam method used to directly measure the nonlinear
refractive index (n2) and the nonlinear absorption coefficient (B) of various materials. Introduced
by Eric Van Stryland in 1990,% it has become the standard method for determining a material's

third-order optical nonlinear parameters, § and n2. These measurements are directly linked to the
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real and imaginary parts of the third-order nonlinear susceptibility ¥, offering crucial insights

into the properties of materials.

In the Z-scan method, a sample is moved along a focused Gaussian beam, and its transmittance is
recorded in the far field as a function of the sample's position relative to the focal plane. As
illustrated in Figure 11, when the sample approaches the focal point f from the negative z
direction, the incident intensity increases, reaching its peak at the focal point. The intense laser
beam near the focal point interacts nonlinearly with the material, altering the sample's absorption
coefficient and refractive index. These intensity-induced changes cause variations in both the
intensity and phase of the beam passing through the sample. These nonlinear effects diminish as
the sample moves past the focal point towards the positive z direction, where the incident intensity

decreases.

Sample f
-Z z=0 +z

Figure 11. A figure illustrating the variation in laser fluence at the sample as it moves through the

focal point, from the -z to +z direction, under a focused Gaussian beam.

In this technique, transmittance through the sample is measured in two different configurations.
The "closed aperture” Z-scan includes an aperture before the photodiode detector in the far field,
while the "open aperture” Z-scan does not use an aperture before the detector. Both configurations

are detailed in the following sections, along with their respective setups.
2.4.2. Z-Scan Setup

Figure 12 shows the schematic of our Z-scan measurement setup. The Ti-sapphire regenerative
amplifier (Spitfire Pro XP, Spectra-Physics), seeded by an oscillator (Tsunami, Spectra-Physics),
produces ultrashort 35 fs pulses centred at 800 nm with a 1 kHz repetition rate, serving as the
optical source for the experiment. Neutral density filters are used to adjust the laser power to the
desired level.
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The laser beam is initially divided into two portions using an ultrafast beam splitter. About 10%
of the beam is sent to an optical autocorrelator (PulseScout, Spectra-Physics) to measure the pulse
width, (the pulse width measured before the Z-scan setup was 65 fs) while the remaining 90% is
utilized for the main experiment. A second beam splitter divides the main beam into two equal
parts with a 50:50 ratio. One portion is directed to an amplified silicon photodiode (PD1)
(PDA36A-EC, Thorlabs) for monitoring and minimizing laser fluctuations, while the other is
focused onto the sample using a 200 mm plano-convex lens. Before the lens, the beam has a

diameter of 2 mm and forms a focal spot with a size of around 70 um (@o= 31.25 pm).

PCL 200 mm PD3
a z -
PD1
Aperture
LOCK-IN
AMPLIFIER
PD2 l

Autocorrelatol

800 nm L | Plano convex lens i Silicon Photodiode

35fs (PCL) (PD) CA OA
1 kHz

Ultrafast mirror [I Beam Splitter

Figure 12. A schematic representation of the experimental Z-scan spectroscopy setup.

The sample is positioned on a 300 mm translation stage (Pl M414.3PD) and systematically moved
through the focal point. After interacting with the sample, the beam is again divided into two equal
parts using another beam splitter. One portion is collimated by a lens and directed to photodiode
PD3, while the other passes through an aperture before reaching photodiode PD2. The signals from
both photodiodes are sent to a lock-in amplifier (SR830, Stanford Research Systems), which is

synchronized with the 333 Hz frequency of an optical chopper in the laser path. Data acquisition
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is then carried out using the lock-in amplifier output, processed through a data acquisition (DAQ)

system (National Instruments) using a custom interface program developed in LabVIEW.
2.4.3. Open aperture (OA) Z-scan:

The voltage output from photodiode PD3, positioned without the aperture, captures intensity
changes caused by nonlinear absorption and is used for open-aperture Z-scan measurements. The
resulting Z-scan spectra are shown in Figure 13a and Figure 14a. A dip in intensity at the focal
point, as observed in Figure 13a, indicates two-photon absorption ( or multiphoton absorption). In

this process, the sample transitions from the ground state to an excited state by simultaneously

absorbing
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Figure 13. (a) A representation of a typical open-aperture Z-scan spectrum observed for nonlinear
multiphoton absorption. (b) schematic representation of two-photon absorption via an intermediate

virtual state.

two photons. During this transition, a virtual state (represented by the dotted line in Figure 13b) is
temporarily formed between the real ground and excited states. This phenomenon is also referred
to as reverse saturable absorption. Alternatively, a peak at the focal point can be observed, with
the transmitted intensity increasing near the focal point due to saturable absorption, as shown in
Figure 14. Saturable absorption is a property of materials where light absorption decreases as light
intensity increases. At sufficiently high light intensities, the ground-state atoms in the material are
excited at a rate so rapid that there is insufficient time for the excited atoms to return to the ground

state. This depletion of the ground-state population leads to saturation of the material's absorption.
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Figure 14. (a) A representation of a typical open-aperture Z-scan spectrum observed for saturable
absorption (SA). (b) Schematic representation of saturation of absorption at high intensity.

To extract the two-photon absorption (TPA) coefficient (), we have fitted the open aperture Z-

scans to this equation-*’

-9
1@ =1-77\| —or T (29)

where, Q = By Lesy
_ -

Q is the nonlinear absorption parameter, z, is the Focal point, {8 is the TPA coefficient, L¢s is the
effective sample length and I, is the peak irradiance. z, (= mwg /1 ) is the Rayleigh length, which
is calculated to be 5.8 mm, where w, is the beam width at the focus is calculated to be 70.14 um
in our setup. The effective path length of the sample should be less than the Rayleigh range (z,),

to satisfy the thin film approximation, i.e. Lorr<< z, .*®

2.4.4. Close aperture (CA) Z-scan

The photodiode PD2 monitors intensity changes caused by the nonlinear refractive index of the

material. The refractive index under nonlinear conditions can be expressed as:

n = ny + n,l (30)
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Here, n, represents the linear refractive index, n, is the nonlinear optical constant that depends on
the filed intensity, and I is the intensity of light. Depending on the sign of n,, self-focusing or self-
defocusing can occur due to the non-uniform refractive index. For a positive n,, the material
exhibits self-focusing, while a negative n, leads to self-defocusing. These effects alter the fraction
of light passing through the aperture, thereby modulating the intensity detected by the photodiode
PD2.
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Figure 15. (a) A representation of a typical closed-aperture Z-scan spectrum for a material
exhibiting self-defocusing behaviour (n, < 0), and (c) self-focusing behaviour (n, > 0) at high
intensities. (b) A figure illustrating the collimation of the beam (green) leading to beam narrowing
at the aperture and beam divergence (red) causing broadening before the aperture for samples with
self-defocusing (n, < 0) and self-focusing (n, > 0) properties, respectively. These effects alter the
amount of light transmitted through the aperture to the photodiode, resulting in a peak-valley
spectrum for materials with a negative nonlinear refractive index and a valley-peak spectrum for

those with a positive nonlinear refractive index.

A negative self-lensing effect (self-defocusing, n,<0) prior to the focal point tends to collimate the
beam, causing beam narrowing at the aperture (green line in Figure 15b). This results in an increase
in measured transmittance. As the sample moves past the focal plane in the positive z-direction,
the same self-defocusing effect increases beam divergence, leading to beam broadening at the
aperture and a subsequent decrease in transmittance. This creates a characteristic Z-scan signature
for negative nonlinear refraction: a prefocal transmittance peak followed by a postfocal

transmittance valley, as illustrated in Figure 15(a).*®

In contrast, a positive nonlinear refractive index (self-focusing, n,>0) results in the opposite

behaviour. Positive self-lensing focuses the beam before the actual focal point, causing the beam
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to diverge at the aperture (red line in Figure 15b) and leading to a decrease in transmittance,
forming a valley (Figure 15c). After the sample moves past the focal point in the positive z-
direction, the beam is collimated, increasing transmittance and forming a peak. This valley-peak
pattern is the hallmark of positive nonlinear refraction. An important feature of the Z-scan method
is its ability to immediately indicate the sign of the nonlinear refractive index based on the data,

making it a highly effective tool for characterizing nonlinear optical properties.*

If the sample exhibits purely refractive nonlinearity, with no contributions from absorptive
nonlinearities (such as multiphoton absorption or saturation of absorption), only photodiode PD2
is used to perform the closed-aperture (CA) Z-scan. However, if both nonlinear absorption or
saturation effects are present, they influence the transmittance recorded by PD2. Specifically,
multiphoton absorption suppresses the peak and enhances the valley in the CA scan, while

saturation of absorption has the opposite effect, enhancing the peak and suppressing the valley.

To isolate the refractive nonlinearity and eliminate the influence of absorptive effects, the output
of photodiode PD?2 is divided by that of photodiode PD3. The resulting PD2/PD3 ratio provides a
closed-aperture scan that reflects only the refractive nonlinearity of the sample. As previously
discussed, sensitivity to nonlinear refraction depends entirely on the presence of the aperture.
Removing the aperture eliminates this effect altogether.

Additionally, the magnitude of this effect is influenced by the size of the aperture, quantified as S,
which represents the fraction of light transmitted through the aperture. Adjusting S allows for

control over the sensitivity of the Z-scan measurement to refractive nonlinearity.
To extract the values of nz, the CA traces were fitted to the following equation-8

4x

T(Z)crose = 1 — ——Far Ado (31)

(1+x2)(9+x?)

x ="z,

Ady = knylgLege (32)

Where Ad,is on axis nonlinear phase shift with the sample at focus (z=0), n, is the third-order

nonlinear refractive index, and k = 2“/7\ is wave vector.

Also,
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AT, = 0.406(1 — 5)*25|A¢| (33)
AT,, = T, — T, , Change in transmittance between the peak and valley
S = fraction of light transmitted by the aperture

The equtaion 33 provides an alternative way to get A¢, from CA scans and then then n, can be

calculated using equation 32.

Prior to recording data for perovskite samples, we optimized the Z-scan setup setup by measuring
the nonlinear optical parameters of samples previously reported in the literature. As a benchmark,
we measured the nonlinear refractive index (n,) of carbon disulfide (CS;) using a 1 mm quartz
cuvette containing the liquid (Figure 16). The measured value of n,, 5.8 x 10® ¢cm?/GW at an
input fluence (Ip) of 9 GW/cm?, showed excellent agreement with the reported values in the

literature.*®

1241 =9 GW/em®
|n,= 5.8 x10° em’GW

Normalized Transmittance

Z (mm)

Figure 16. Close aperture (CA) Z-scan curve obtained at an excitation wavelength of 800 nm for
CS2 at 9.0 GW/cm2,

Additionally, we performed both open-aperture (OA) and closed-aperture (CA) Z-scans on a
solution of CsPbBrs nanocrystals (NCs) in hexane, also contained in a 1 mm quartz cuvette. The
OA and CA scans for the CsPbBrs NCs solution, shown in Figure 17, provided for the TPA
coefficient (8) and nonlinear refractive index ( n,) values consistent with literature reports.>® These
results validated the accuracy and reliability of our Z-scan setup. After ensuring the setup's
performance, we proceeded to conduct experiments o n chiral perovskite samples, which are

discussed in detail in Chapter 5 of this thesis.
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Figure 17. (a) Open and (b) closed aperture Z-scan curves obtained at an excitation wavelength
of 800 nm for CsPbBr3 NCs solution at 45 GW/cmz2. Open and closed aperture data are fitted to
equations 5 and 6, respectively. The obtained value for the two-photon absorption coefficient ()

is 0.56 cm/GW, and the nonlinear refractive index (n,) is 3.84 x 10* cm2/GW .-
2.5. SHG and THG measurement

We utilized a custom-built setup to collect upconverted photons from nonlinear samples, as
schematically shown in Figure 18.52 For SHG and THG measurement experiments, we employed
near-infrared (NIR) light from an optical parametric amplifier (OPA, Light Conversion) as the
excitation source. The OPA is pumped by the output of a regenerative amplifier (Spitfire X-Pro,
Spectra Physics), delivering 800 nm pulses with a duration of 35 fs at a 1 kHz repetition rate. An
850 nm long-pass filter in the beam path ensured that only the desired NIR pump wavelengths

reached the sample, while a neutral density (ND) filter was used to control the pump intensity.

The pump beam is focused onto the sample using a 200 mm plano-convex lens, with the sample
positioned 135 mm away from the lens to avoid damage and to achieve a sufficiently large spot
size for interaction. The sample crystals are sandwiched between two quartz microscope slides and
mounted on a cage rotation mount (Thorlabs CRM1/M) for changing the crystal axis.

The SHG signal emitted by the sample is collimated using a 25 mm lens, passed through a 750 nm
short-pass filter to block any residual pump wavelength, and coupled into a 400 um optical fibre
connected to a miniature spectrometer (USB4000, Ocean Optics) for analysis. To study
polarization-dependent SHG, a Glan polarizer and half-wave plate assembly are incorporated to

control the polarization of the pump beam.
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Figure 18. A schematic representation of the experimental Setup used for second-harmonic

generation (SHG) and third-harmonic generation (THG) measurements.

For circular polarization-dependent measurements, the half-wave plate (A/2) is replaced with a
quarter-wave plate (M4) to generate circularly polarized excitation light. The A/4 plate is
continuously rotated from 0° to 360° to vary the pump beam polarization between linear, left-
handed circular polarization (LCP), and right-handed circular polarization (RCP).
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3.1 Introduction

With the growing focus on solar energy, the global demand for photovoltaic devices is steadily
rising. There is an urgent need for cost-effective and highly efficient photovoltaic materials that
can outperform conventional polycrystalline silicon devices and take a leading role in the
commercial market. This challenge has become a key focus of cutting-edge research in the field.
In recent decades, perovskite solar cells (PSCs) have emerged as a central focus in developing
next-generation renewable energy technologies.'> The power conversion efficiency (PCE) of
PSCs has shown remarkable improvement, particularly in devices utilising hybrid organometallic
halide perovskites such as MAPbI: and FAPbIs, where organic cations occupy the A-site in the
ABX;s perovskite structure. These materials are highly efficient due to their exceptional
optoelectronic properties, including a high absorption coefficient, excellent carrier mobility, long
diffusion length, and low-cost production, making them strong contenders in the optoelectronics
field.®® However, a significant challenge to their commercial application is their inherent
sensitivity to moisture, heat, and light, particularly due to the instability of the A-site cation.®*°
This vulnerability compromises PSCs' structural, physical, and chemical integrity when exposed

to moisture, oxygen, elevated temperatures, and prolonged illumination. 3

Replacing the organic cation with inorganic Cs* to create an all-inorganic perovskite has proven
to be an effective strategy for enhancing stability under common stress conditions.'**® The
pioneering fabrication of Cesium lead iodide (CsPbls) perovskite solar cells (PSCs) by Snaith and
coworkers in 2015 marked a significant milestone in this field, spurring rapid advancements.!
Since then, the power conversion efficiency (PCE) of CsPblz PSCs has surged from 2.9% to over
21% by 2023. Other Cesium lead halide perovskites, such as CsPbl.Br, CsPbIBr2, and CsPbBrs,
have also undergone substantial development. However, the highest PCE achieved for these
CsPbXs PSCs remains at 21.8%, which is noticeably lower than that of organic-inorganic hybrid
PSCs. 1619

Beyond photovoltaic applications, Cesium lead halide perovskites have garnered considerable
attention for light-emitting applications, including light-emitting diodes (LEDs), single-photon
emitters, and low-threshold lasing media.'®? Reducing the size of these perovskites from bulk to

lower dimensions has unlocked remarkable photophysical properties. Colloidal perovskite
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nanocrystals (NCs) have demonstrated exceptional performance compared to traditional
semiconductor nanocrystals or quantum dots (e.g., CdSe, PbS, and InP) due to their superior defect
tolerance, the ability to maintain favourable optical and electronic properties despite structural

defects.?426

Metal halide nanocrystals have also shown great promise in photovoltaic applications. Early
breakthroughs achieved a record photovoltaic efficiency of approximately 13.43% using
perovskite NCs, highlighting their potential.?” Focusing specifically on CsPbBrs nanoparticle
nanocrystals (NCs), their band gap is not ideal for optimal solar spectrum absorption, yet they
demonstrate remarkable stability against moisture, prolonged light exposure, and thermal stress.
This outstanding stability positions CsPbBrs; NCs as a strong contender for commercial
photovoltaic applications. To date, these NCs have been successfully employed in a variety of
fields, including light-emitting devices, photovoltaics, and photocatalysis, highlighting their

versatility and potential in next-generation technologies.t 2% 26-30

In any photovoltaic device, the process begins with light absorption and the generation of free
charge carriers. This is followed by the separation of electrons and holes, which are selectively
collected by charge transport layers and subsequently transferred to the electrodes for further
utilisation. Efficient and irreversible charge separation is crucial for enhancing device efficiency,
which is achieved through charge transport layers.3* As mentioned earlier in Chapter One, the
structure of perovskite solar cells (PSCs) is typically classified into two main types: regular and
inverted. Both configurations involve a perovskite absorber layer sandwiched between charge
transport layers, comprising electron transport layers (ETLs) and hole transport layers (HTLS).

These layers play a critical role in enabling charge separation and ensuring selective collection.3®
34

Focusing on HTLs, the most commonly used hole-transporting materials (HTMs) include
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS),  spiro-MeOTAD,
PTAA, and porphyrins.®5-*2 However, the high cost and limited long-term stability of these
materials pose significant challenges to device durability and cost-effectiveness. While many high-
efficiency PSCs are based on a conventional structure employing organic HTMs, these materials

often suffer from issues such as poor long-term UV and thermal stability. Additionally, their
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hygroscopic nature further undermines the long-term stability of the devices, presenting a major

obstacle to commercial scalability.*34

To address the limitations of organic HTMs, a wide range of inorganic HTMs has been developed
and integrated into PSCs. Common examples include carbon, vanadium(V) oxide (V:0s),
molybdenum oxide (MoOx), tungsten oxide (WOxy), spinel cobalt oxide (CoOxy), nickel oxide
(NiO,), Cu-based materials such as CuAlOz, CuGaO:, CuS, Cul, CuO,, and CuSCN.*¢> These
inorganic HTMs offer several advantages, including excellent stability under humid and high-
temperature conditions, favourable band alignment, UV-visible transparency, and high hole

mobility, making them a promising alternative to their organic counterparts.>*>’

Additionally, research has shown that inorganic HTMs can enhance perovskite materials' stability
while being more cost-effective. This makes them particularly attractive for the commercialisation
of PSCs, where the cost of materials and processing plays a critical role. Adopting inorganic HTLs
represents a significant step toward the industrial-scale production and application of PSCs,

ensuring both performance and economic viability.58-6°

Design strategies and material development are critical aspects of advancing perovskite
nanocrystal (NC) based photovoltaic and optoelectronic devices. The research community has
made tremendous progress in enhancing the efficiency of these devices. Equally important,
however, is gaining a deeper understanding of the intrinsic photophysics of these materials and the
mechanisms of charge carrier transport across interfaces. Studying charge carrier dynamics and
unravelling the fundamental photoinduced processes within perovskites and their interfaces is
essential for further enhancing device performance.®-%4 Such insights not only help optimise
existing devices but also guide the development of innovative strategies and materials for next-

generation photovoltaic systems.®®

In our research group, we have investigated the charge carrier dynamics in colloidal CsPbBrs
nanocrystals (NCs) using time-resolved terahertz spectroscopy (TRTS). TRTS provides a non-
contact AC probe for measuring photoconductivity, which is directly proportional to the number
of charge carriers, regardless of their occupation states. With its sub-picosecond temporal
resolution, this technique enables real-time monitoring of photoinduced charge carrier behaviour

and recombination dynamics.®* 6668
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Gurivi et al. obtained remarkable results for colloidal CsPbBr3 NCs, demonstrating that a free
carrier—exiton equilibrium is established within 5-6 ps after photoexcitation. They found that
charge carriers in these NCs exhibit exceptional mobility (~4500 cm?V~'s™!) and long diffusion
lengths (>9.2 um). These values are orders of magnitude higher than those typically found in

hybrid halide perovskite films and are comparable to single-crystalline bulk semiconductors.5°

To further understand interfacial charge transfer, Sohini et al. investigated the charge carrier
dynamics in CsPbBrs NCs in the presence of molecular electron and hole acceptors. Benzoguinone
(BQ) and phenothiazine were used as electron and hole acceptors, respectively. They discovered
that hot carriers are transferred to the molecular acceptors on an ultrafast timescale of less than
300 fs, which is limited by our instrument response function (IRF). Additionally, they observed a
secondary transfer of thermalised electrons and holes with characteristic time constants of 30-50

ps and 196-250 ps, respectively.’

To build on these findings and better understand the dynamics in NC films and interfaces, as
typically utilised in photovoltaic applications, we have now explored charge carrier dynamics in
CsPbBr3 NC films integrated with copper-based inorganic hole-transporting layers, such as Cul
and Cu20. These inorganic HTLs exhibit proper band alignment with CsPbBr3 nanocrystals (NCs),
as reported in the literature.>” "* While numerous studies have explored ultrafast hole injection
dynamics from perovskite active layers to organic HTLs,"? there is limited research on inorganic
HTLs. This motivated us to design this system, to investigate interfacial charge transfer efficiency
and recombination mechanisms using ultrafast transient absorption and time-resolved terahertz
spectroscopy (TRTS). We have especially explored the dynamics of the photo-induced hole
transport from the active CsPbBrs3 layer to the inorganic hole-transport layer (Cul or Cu20). This
work aims to provide deeper insights into interfacial processes and enhance the design of efficient

photovoltaic devices.
3.2 Experimental Section
3.2.1 Synthesis and characterisation of CsPbBrs NCs

Following a previously reported procedure, we synthesised colloidal CsPbBrz nanocrystals (NCs)

using the hot injection method.?> ”® The process began with the preparation of a Cesium oleate
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precursor. Specifically, 0.4 g of Cesium carbonate (Cs.COs) was taken with 1.25 mL of oleic acid
and 20 mL of octadecene in a 50 mL three-neck round-bottom flask. The mixture was dried under
vacuum at 100°C for 1 hour using the Schlenk line setup. Then, under a nitrogen atmosphere, the
temperature was increased to 150°C and maintained until a clear solution was obtained, indicating

the complete reaction of Cs2COsz with no remaining crystals.

In a separate round-bottom flask, 0.188 mmol of lead bromide (PbBr2) was combined with 5 mL
of octadecene and dried under vacuum for 1 hour. Following this, 0.5 mL each of oleylamine and
oleic acid were added under a nitrogen atmosphere as ligands. The solution gradually turned clear
after the addition of these ligands. The temperature was then increased to 190°C, and a pre-heated
Cesium oleate solution (0.1 M, 0.4 mL) was rapidly injected into the reaction mixture. The reaction

was quenched after 5 seconds by immersing the flask in an ice-water bath.
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Figure 1. (a) UV-visible absorption spectrum and steady-state photoluminescence (PL) spectrum
(excitation at 405 nm) of CsPbBrz NC Film. (b) Powder X-Ray diffraction (XRD) pattern of

CsPbBrs NC film compared with simulated reference data.

The synthesised CsPbBrs nanocrystals were purified by washing with methyl acetate as an
antisolvent and centrifugation at 7000 rpm for 10 minutes. The NCs were then redispersed in
hexane to form a stable colloidal solution. For further experiments, NC films were prepared by

spin-coating the colloidal solution onto glass substrates for transient absorption measurements and
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polystyrene substrates for terahertz (THz) spectroscopy. Polystyrene was chosen due to its high

transparency in the broad THz frequency range.

Figure la displays the UV-visible absorption spectrum (red) and steady-state photoluminescence
(PL) spectrum (green) of the CsPbBrs Film. The absorption spectrum reveals the lowest-energy
excitonic absorption peak at 500 nm, while the PL emission occurs at 512 nm. The UV-visible
absorption spectrum was collected in transmission mode using a custom-built setup comprising a
UV-visible light source (DH-2000, Ocean Optics) and a miniature spectrometer (USB4000, Ocean
Optics) connected via optical fiber. Steady-state PL measurements of the NC film were performed
using an FLS 980 spectrometer (Edinburgh Instruments). Figure 1b presents the powder X-ray
diffraction (PXRD) data of the NC thin film, recorded with a Bruker D8 Advance diffractometer
using Cu Ka radiation (A = 1.54 A). The PXRD peaks align well with previously reported data and
reference patterns, confirming that the synthesised NCs crystallise in an orthorhombic crystal

structure.”™
3.2.2. Preparation of Cul and Cu20 thin films

To investigate the ultrafast hole injection dynamics from CsPbBrs nanocrystals to inorganic hole-
transporting materials, we selected two low-cost p-type semiconductors: copper iodide (Cul) and
copper(I) oxide (Cuz0). These materials have demonstrated potential as efficient HTMSs in
perovskite solar cells (PSCs) and exhibit excellent stability at room temperature.*®-° All film

fabrication processes were conducted at room temperature and under ambient conditions.

10 mg/ml NaOH
Cul Cu,O

Figure 2. The Cul film was prepared by spin-coating Cul solution in acetonitrile onto a glass
substrate. The Cu20 film was then obtained from the Cul film through treatment with an aqueous
NaOH solution.
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To prepare the films of these HTMs, glass substrates were first cleaned using a soap solution,
followed by sequential ultrasonic cleaning in deionised water, acetone, and isopropanol.
Afterwards, the glass substrates were treated with plasma for 15 minutes. The Cul thin film was
prepared by spin-coating a Cul solution in acetonitrile onto the glass substrate at 2000 rpm for 30

seconds. The Cul solution (30 mg/mL) was stirred overnight.

The Cu20 film was obtained from the Cul film using a simple method reported by Zuo et al.,
involving aqueous NaOH solution.*® The previously prepared Cul film, obtained through spin
coating, was immersed in an aqueous NaOH solution (10 mg/mL) for 5 seconds. After immersion,
the film was rinsed with distilled water and dried using nitrogen gas. Subsequently, the substrate
was heated at 100°C for 10 minutes in an inert atmosphere to complete the transformation.

Figure 2a illustrates the glass substrate coated with a Cul film and the resulting Cu-O film obtained
after NaOH treatment. A slight colour change was observed, indicating the transformation. The
conversion of Cul to Cu2O was further confirmed by the change in the absorption spectrum of the

film, which closely matches previously reported data, as shown in Figure 3a.
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Figure 3. (a) The UV-visible absorption spectra and (b) PXRD patterns of Cul and Cu20 thin

films.

The PXRD patterns in Figure 3b provide additional evidence for the transformation. For the Cul
thin film, a diffraction peak at 25.9° corresponds to the (111) plane of Cul crystals. This peak
disappears in the Cu2O film, whereas two new diffraction peaks emerge at 36.9° and 42.7°,

corresponding to the (111) and (200) planes of Cuz0, respectively. These PXRD patterns align
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well with the reported literature, confirming the successful and complete conversion of Cul to
Cu0.747
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Figure 4. The powder XRD patterns are presented for (a) the CsPbBrs/Cul composite film and (b)
the CsPbBr3s/Cu2O composite film, alongside the XRD patterns of the pristine CsPbBr; NC film
and the individual hole-transport materials, Cul and Cuz0O. In the CsPbBrs/Cul composite film,
characteristic diffraction peaks of both CsPbBr; NCs and Cul are observed, indicating the
coexistence of these materials. Similarly, in the CsPbBrs/Cu20O composite film, the XRD pattern
shows peaks corresponding to both CsPbBrs NCs and Cu.O, confirming the presence of both
components in the composite structure. These results validate the integration of the HTMs with
the CsPbBr; NCs.

The thickness of the Cul film can be adjusted by varying the concentration of the Cul solution in
acetonitrile or by applying multiple spin-coating layers. The thickness of the resulting Cu20 film,
derived from the Cul film, is slightly less than that of the original Cul film. Therefore, marginally
thicker Cul films were used to prepare the Cu2O films. The concentration and thickness of the

films were carefully optimised for this purpose.

The CsPbBr: NC film was spin-coated onto substrates already coated with an HTM (Cul or Cu20)
layer. A solution of CsPbBr: NCs in hexane was spin-coated for 30 seconds at 1500 rpm, yielding
a film with a thickness of approximately 200 nm, as measured by AFM (Figure 6). Figures 4a and
4b show the PXRD patterns of the CsPbBrs NC film on Cul and Cu2O HTMs, respectively. In
Figure 4a, the PXRD pattern of the CsPbBrs/Cul film (red) includes the (111) peak of Cul
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alongside the characteristic peaks of the CsPbBrs NCs, confirming the presence of both materials.
Similarly, in Figure 4b, the PXRD pattern of the CsPbBr;/Cu20O film (magenta) displays peaks
corresponding to both CsPbBr; NCs and Cuz0, verifying the coexistence of the two materials in

the composite film.

185 nm

Figure 5. AFM images for (a) CsPbBrs NC film, (b) CsPbBrz/Cul film and (c) CsPbBrs/Cu.O

film.
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Figure 6. Thickness of (a) CsPbBrs NC film, (b) CsPbBrs/Cul film and (c) CsPbBrs/Cu20O film
measured with AFM.

Figure 7 compares the absorption spectra of various films: a neat CsPbBrs film (blue), CsPbBrs/Cul
(red), CsPbBrs/Cu20 (magenta), and individual HTM films of Cul (green) and Cu2O (cyan). The
absorbance spectra of the CsPbBrs-based films are quite similar, indicating comparable film
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thicknesses. Additionally, no significant shift in the excitonic peak at 500 nm was observed. The
HTM films are relatively thin, resulting in much lower absorption compared to the CsPbBrs; films,

which exhibit a high extinction coefficient.
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Figure 7. The absorption spectra include the neat CsPbBrs NC film (blue), CsPbBrs/Cul composite
film (red), CsPbBr:/Cu-O composite film (magenta), and thin films of the HTMs on glass

substrates: Cul (green) and Cuz0 (cyan).
3.3. Photoluminescence (PL) spectra and PL decay lifetimes

To investigate the effect of HTMs on the CsPbBr; NC film, we measured the steady-state
photoluminescence (PL) spectra and PL lifetimes. Figure 8a shows that all three samples exhibit
PL emission near 512 nm. However, significant PL quenching was observed for the Cul/CsPbBr3
(red) and Cu20/CsPbBrs (magenta) composite films compared to the pristine CsPbBrs NC film.
Figure 8b illustrates the PL decay profiles for the three samples collected at respective PL peak
wavelengths following excition at 405 nm. The PL decay is notably faster in the composite films,
with the CsPbBrs/Cu20 sample showing the most pronounced steady-state PL quenching and the
fastest PL decay. These results strongly suggest efficient hole transfer from CsPbBrs NCs to both
HTMs, which is likely responsible for the observed quenching and rapid PL decay. This behaviour
aligns with similar findings reported in the literature. The decay traces were fitted to a tri-

exponential model, and the extracted parameters are summarised in Table 1.
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Figure 8. (a) Steady-state PL emission spectra upon 405 nm excitation for CsPbBrs NC film (blue),
CsPbBr3/Cul composite film (red), and CsPbBr:/Cu.O composite film (magenta), showing
significant PL quenching in the composite films. (b) PL decay profiles (at PL peak wavelength)
of the pristine CsPbBr3 NC film and two NCs-HTM composite films excited at 405 nm. The solid
lines are the fits to a triexponential function. The decay for the CsPbBrs/Cul and CsPbBrs/Cu.O
composite films is significantly faster compared to the pristine CsPbBrs NC film indicating hole

transfer from CsPbBrs to HTLs.

Table 1. Parameters obtained from fitting the PL decay profiles to a triexponential function.

a1 1 (ns) az w (ns) as 73 (ns) x°
CsPbBrs 0.37 1.39 0.46 6.13 0.16 21.95 0.99
CsPbBr3/Cul 0.55 0.56 0.40 1.95 0.05 6.75 0.99
CsPbBrz/Cu20 0.87 0.18 0.13 1.03 0.01 5.53 0.99

The time scales and their contributions, obtained by fitting the PL decay profiles to a triexponential

function, are summarised in Table 1. The average PL lifetime (z,,,) was calculated using the

formula;

- %4 )

a;T;

For the pristine CsPbBrs NC film, 7,,, was found to be 14 ns. However, a significant reduction in

Tavg Was observed in the case of CsPbBrs films with HTMs. For the CsPbBrs/Cul composite, 7,4
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decreased to 2.8 ns, while for CsPbBrs/Cu:0, it further dropped to 1.3 ns. Additionally, the
contributions of the fast decay components (7, and 7,) increased substantially in the presence of
HTMs, indicating enhanced interaction between the HTM layers and CsPbBrs NCs.

These fast decay components are generally associated with charge transfer processes, providing
evidence of significant charge transfer from CsPbBrs NCs to the HTMs. The ~80-90% quenching
in PL intensity and the substantial reduction in average PL lifetime strongly support efficient
charge transfer as one of the key mechanisms occurring between the CsPbBrs NCs and the HTM

layers.

3.4. Transient absorption spectroscopy of CsPbBr; film and its composite film
with HTMs Cul and Cu.O

We employed femtosecond transient absorption spectroscopy (TAS) on these samples to
investigate charge transfer on an ultrafast timescale. TAS provides insights into the charge transfer
and hole injection dynamics from photoexcited CsPbBr; to the inorganic hole transport materials,

Cul and Cu.O.
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Figure 9. Transient absorption spectra of CsPbBr3 NC film, AA (OD) vs wavelength plot at various
time delays following photoexcitation at 400 nm. (a) Early delays from 200 fs to 1 ps represent
the growth of the GSB peak. (b) At a delay time from 1 ps to 1 ns, the decay of the GSB peak is

shown.
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The measurements were performed on the same spin-coated samples on glass substrates at Prof.
H. N. Ghosh's lab at INST Mohali. The setup employed a Helios Fire pump-probe spectrometer
powered by a Ti:Sapphire femtosecond regenerative amplifier (800 nm, 35 fs, 1 kHz, 3 mJ), with
detailed descriptions provided in Chapter Two. The samples were excited with a pump wavelength
of 400 nm at a fluence of 100 uJ/cm?. All films have similar thicknesses and showed comparable
absorbance at 400 nm (Figure 7). The photon densities for the samples were calculated to be in the
same order: 11.2x10"7 ¢cm for CsPbBrs NCs films, 11.4 x 10" for CsPbBrs/Cul composite films,
and 15.0 x 10" for CsPbBr3/Cu20 composite films. To enable comparison, the TAS spectra were

normalised to the absorbed photon densities.

Figures 9a and 9b represent the transient absorption (TA) spectra for the CsPbBr: NC film,
showing the pump-induced change in absorption (AA) as a function of wavelength at various
pump-probe delays ranging from 200 fs to 1 ns after photoexcitation at 400 nm. The AA spectra
in the 450-650 nm wavelength range reveal distinct features. Three positive AA signals, referred
to as photoinduced absorption (PIAL, PIA2, and PIA3), are identified, along with a negative AA
feature corresponding to ground-state bleaching (GSB). These features are labelled in Figure 9a

and are discussed in detail in the following sections.

Figure 10 illustrates the TA spectra for CsPbBrs/Cul and CsPbBr:/CuO composite films. In the
presence of the HTMs, the GSB peak intensity (-AA) decreases and the GSB recovery rate
increases. By fitting the transient photoinduced bleaching to a multi-exponential function, we can
extract the time scales for the charge carrier recombination dynamics in CsPbBrz NC layer and the

charge transport processes between the CsPbBrs film and the inorganic HTM.
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Figure 10. The AA (OD) vs wavelength plots at various time delays following photoexcitation at
400 nm are shown for composite films: (a) CsPbBrs/Cul composite film at early time delays (200
fs to 1 ps), (b) CsPbBrs/Cul composite film at later time delays (1 ps to 1 ns), () CsPbBrs/Cu20
composite film at early time delays (200 fs to 1 ps), and (d) CsPbBrs/Cu.O composite film at later
time delays (1 ps to 1 ns).

Figure 1la-c show the PIAl feature at different pump-probe delays for all three samples.
Examining the kinetics of this PIA feature at 485 nm in Figure 11d reveals that the slowest rise
and the highest AA value are observed for the pristine CsPbBrs; NCs film. In contrast, both the rise
and decay are fastest in the presence of HTM, with the CsPbBrs/Cu.0O composite film showing the

most rapid dynamics.
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Figure 11. The AA (OD) vs wavelength plots at various time delays following photoexcitation at
400 nm are shown for composite films in the PIA 1 region for (a) CsPbBr3 NC film, (b)
CsPbBrz/Cul composite film, and (c) CsPbBrs/Cu2O composite film. (d) Transient decay profiles
of the photoinduced absorption signal (PIA 1) at 485 nm for CsPbBr; NC film (blue) and its
composite film with HTM Cul (red) and Cu20 (magenta). Points are experimental data, and the

solid lines are bi-exponential fits for the data points.

The photoinduced absorption (PIA1) above the bandgap has been previously reported for CsPbBr3
NCs. This phenomenon arises from the photoinduced activation of forbidden excitonic transitions
due to the breaking of optical selection rules in CsPbBrs quantum dots (QDs). This results in
photoinduced absorption in the wavelength range between two dipole-allowed excitonic

transitions, a characteristic observed in strongly confined QDs.”® Here, the confinement of excitons
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within the same spatial region involves polaron formation. The interaction between photoexcited
exciton and lattice gives access to the forbidden transition. This effect sustains throughout the
exciton's lifetime. The faster rise and decay observed in the presence of HTM with CsPbBr;

indicate quicker excitonic decay dynamics and faster excitonic dissociation.
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Figure 12. The AA vs wavelength plots at various time delays following photoexcitation at 400
nm are shown for composite films in the PIA 2 and PIA 3 region for CsPbBrz; NC film (a) at early
pump-probe delay till 600 fs showing rise of AA signal at 525 nm and (b) at time delays from 600
fsto 1.2 ps. The AA vs wavelength plots for CsPbBrs/Cu.O composite film at (c) at early pump-
probe delay till 600 fs and (d) at time delays from 600 fs to 1.2 ps.

The GSB peak exhibits a redshift in all three samples during the early timescales (less than one
ps), accompanied by a derivative-like feature combining GSB and PIA2. Figure 12a shows that
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the PIA2 intensity rises until approximately 700 fs before decaying in the 525 nm region, followed
by an increase in signal intensity in the PIA3 region at 610 nm. In the presence of Cu.O, the PIA2
signal at 525 nm is weaker and decays in a similar timescale of around 1.2 ps, as shown in Figure
12b.

The derivative-like feature (GSB with PIA2) and the observed redshift in both the GSB and PIA2
peaks in the differential absorption spectra immediately after photoexcitation can be attributed to
the biexcitonic effect.”” This effect occurs when the sample is excited with energy higher than the
band edge, creating a hot exciton. The subsequent probe pulse generates a band-edge exciton and
the Coulomb interaction between the hot exciton and the band-edge exciton results in an energy
shift of the lowest optical transition.”®

If Eg represents the energy of the lowest optical transition in the absence of a hot exciton, it
becomes Eg+Axx in the presence of a hot exciton, where Axx is the biexciton binding energy
(negative in value). Due to this negative binding energy, the lowest optical transition experiences
a redshift. This effect is called the biexciton-induced stark effect. This explains the photoinduced
absorption below the band-edge region (P1A2) and the redshift in the bleaching peak until the hot
exciton relaxes to the band edge. After the hot exciton's relaxation, the PIA2 signal disappears,
and a strong bleaching signal emerges near the band edge due to the state-filling effect (the GSB

feature in Figure 9).”
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Figure 13. Transient decay profile for photoinduced absorption (AA) at 610 nm for CsPbBr; NC
film (blue), CsPbBrs/Cul composite film (red) and CsPbBra/Cu>O composite film (magenta). The
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solid lines are the fits to biexponential function. With <t> obtained, 5.42 ps for pristine CsPbBr3
Film, 1.83 ps for CsPbBrz/Cul and 451 fs for CsPbBrs/Cu.O composite film.

The photoinduced absorption in the higher wavelength region (P1A3) arises due to the absorption
by excited-state species. Figures 12b and 12d show a rise in the PIA3 signal at 610 nm as the PIA2
signal decays. This indicates that PIA3 could partly originate from hot carriers, with its decay
representing the cooling of these hot carriers. The decay kinetics at 610 nm, as depicted in Figure
13, shows the fastest decay for the CsPbBr:/Cu.O sample. This faster decay is likely attributed to
more efficient hot carrier cooling, which results from the transfer of hot carriers (holes) to the

HTM and the faster dissociation of excitons.’®-8!

The decay kinetics of the transient photoinduced bleaching peak (GSB) were analysed and fitted
to exponential functions to gain deeper insights into the ultrafast hole injection dynamics. Figure

14 illustrates the decay Kkinetics of the GSB signal for all three samples.

y = yo + Arexp(— x/‘[l) + Azexp(— x/rz) + Azexp(—*/z,) 2

Table 2. The parameters obtained from fitting the GSB kinetics at 510 nm for the pristine CsPbBrs3
NC film, CsPbBr3/Cul, and CsPbBr3/Cu.O composite films.

61 A1 T1 Az T2 As 3
(ps) (ps) (ps)
CsPbBrs; 487 fs -39% 71 -45% 286 -15% 1100
(100%)
CsPbBr3/Cul 1.6 ps -58% 6.4 -26% 54 -14% 1020
(100%)
CsPbBr3/Cu20 - -47% 4.1 -28% 48 -23% 910

The rise of the excitonic bleach signal was fitted to a single exponential function for both the
pristine CsPbBrs NC film and the CsPbBrs/Cul composite film. However, for the CsPbBrs;/Cu.O
composite film, the growth signal was extremely fast (<100 fs), making it difficult to extract a

precise growth time component due to experimental limitations. The decay of the excitonic bleach
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signal was fitted to a triexponential function (Equation 2) and the fitting parameters are

summarised in Table 2.
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Figure 14. Formation and decay kinetics of the ground state bleach peak at 510 nm for CsPbBr3
NC film (blue), CsPbBr3/Cul composite film (red) and CsPbBrs/Cu,O composite film (magenta).
Points are experimental data, and the solid lines are tri-exponential fits of the data points.

The ultrafast growth at the excitonic bleach position was observed for all three samples, with the
fastest growth recorded for the CsPbBrs/Cu.O composite. This indicates the rapid cooling of
electrons from higher excitonic states to the band-edge position. The bleach recovery process

encompasses all mechanisms through which the system returns to its original ground state.

According to previous studies, the fast time component (t1) iS associated with charge carrier
trapping at perovskite grain boundaries and perovskite/HTL interfaces.®? This time scale is faster
for samples with HTM compared to the pristine CsPbBrs film, with the fastest value of 4.7 ps
observed for Cu:0. This time component represents the duration required for an excited electron
to transition from the conduction band to trap states. A smaller t1 indicates quicker filling of trap

states, allowing holes to be injected more efficiently into the HTL.2

The second time component (12) is attributed to hole injection from the perovskite NC film into
the inorganic hole transport material (HTL).8%8* Like 11, 12 is faster in the presence of HTL,
indicating ultrafast hole injection from the perovskite to the HTL. For Cu2O as the HTL, 72 is even
faster than for Cul, reflecting more efficient hole transport dynamics with Cu.O. The faster 12

decay aligns with the photoluminescence (PL) characteristics, which show significant quenching
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and faster PL decay in the presence of HTL, with Cu20O exhibiting the strongest quenching and
fastest decay. This demonstrates that Cuz0 is a superior HTM for CsPbBr: NCs, enabling faster
hole extraction. Previous studies highlight that the t» component plays a critical role in the device's

electrical performance due to its influence on faster hole injection.®

Similar to 11 and T2, the 13 component is also found to be less in composite samples with HTL.
Following photoexcitation, the fastest recombination process is exciton recombination, with
typical lifetimes ranging from 10 ps to 10 ns, while slower recombination processes, such as trap-
assisted recombination at grain boundaries and interfaces, are not detectable within the delay range
used in this experiment. Here, t3 represents only the electron-hole recombination kinetics, which
are similar across all three samples. However, in the presence of HTM, 13 is slowest for Cul and
slightly faster for Cu.O. Despite this, Cu2O enables more efficient charge transfer, ultimately

benefiting device performance more effectively.33-88

3.5. Time-Resolved THz spectroscopy of CsPbBrs film and its composite film
with HTMs Cul and Cu20

To gain deeper insights into carrier transfer and recombination dynamics in CsPbBrs: NC films in
the presence of inorganic hole-transporting layers, we employed time-resolved terahertz (THz)
spectroscopy. As outlined in previous chapters, TRTS is a powerful technique that directly probes
the photoconductivity of materials, providing crucial information about charge carrier mobility
and its temporal evolution. Upon photoexcitation, the change in the material's conductivity can be

expressed as:

Ao =& X (Ue + Up) 3)

where & represents the quantum yield of charge generation, and p. and i, denote the mobilities of
electrons and holes, respectively.”? The temporal evolution of charge mobility and charge
generation efficiency following photoexcitation shapes the THz photoconductivity spectra.
Initially, photoconductivity rises due to charge generation and increased carrier mobility. Over
time, if carrier mobility and density decline, the photoconductivity kinetics exhibit a decay. This

decay may result from charge recombination or injection into other low-mobility materials.
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Figure 15. The absorption spectrum of the CsPbBrs NC film on a polystyrene substrate.

For the TRTS experiments, we utilised a polystyrene (PS) substrate chosen for its excellent
transparency in the THz frequency range. The samples were prepared through spin coating, as
described in the previous section. The thickness of the CsPbBrs films in all three samples was ~1
micron measured with AFM. Figure 15 presents the absorption spectrum of the CsPbBr: NC film
on the polystyrene substrate, recorded in transmission mode, with the first excitonic peak observed
at 508 nm. All THz measurements were conducted at room temperature (298 K) under a relative
humidity of less than 1%. To mitigate thermal effects, the samples were slightly moved to new

spots after a set of scans.
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Figure 16. (a) THz-TDS waveforms transmitted through the air referred to as the light source (LS)
(black), polystyrene (PS) substrate (orange) and through the CsPbBrs NC film on the PS substrate
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(blue). (b) The normalised THz absorption spectrum of the CsPbBrz NC film (blue), CsPbBra/Cul
composite film (red), and CsPbBrs/Cu.O composite film (magenta).

We recorded the time-domain THz spectra for all three samples. Figure 16a shows the time-domain
waveforms of the THz electric field without any sample (black), referred to as the light source
(LS), after passing through the polystyrene (PS) substrate (orange), and the CsPbBr; NC film on
the PS substrate (blue). The interaction with the substrate and the film induces changes in the
electric field's amplitude and phase. The absorption spectrum of the CsPbBrs NC film was
calculated from the negative logarithm of the amplitude ratios derived from the Fourier transform

of the electric fields passing through the PS substrate and the CsPbBrs NC film on the PS substrate.

Figure 16b shows the THz absorption spectra for all three films: pristine CsPbBrs NC film,
CsPbBr: NC film with HTM Cul, and CsPbBr: NC film with HTM Cu.O, measured in the
frequency range of 0.5 to 6 THz. All three samples exhibit a prominent absorption peak at ~3 THz,
corresponding to IR-active phonon modes. However, a redshift of approximately 0.4 THz is
observed compared to the strong peak seen in the CsPbBrs NC colloidal solution. In our previous
work, using DFT calculations, this peak has been assigned to lattice vibrations (optical phonons)
within the orthorhombic lattice of the NCs. The observed redshift may be due to the softening of
phonon modes in the film compared to NCs in solution. The consistency of this peak across all
samples also confirms the structural stability and similarity of the CsPbBrs material, whether in its

neat film form or on a substrate with inorganic HTMs.®°
3.5.1. Frequency Averaged Time Resolved THz Spectroscopy Experiment

We performed frequency-averaged time-resolved THz spectroscopy for all three samples. In this
experiment, the gating delay (Delay 1, as shown in Figure 4 of Chapter 2) is fixed at the peak of
the THz electric field (t,,,,). After photoexcitation, we measure the change in the peak THz
electric field as a function of the pump-probe delay, controlled using Delay 2 (Figure 4, Chapter
2).

Using a lock-in amplifier and a mechanical chopper operating at 333 Hz, we recorded the THz

peak electric field difference between the photoexcited and unexcited samples. This difference is
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expressed as Erc(tmax) — Eo(tmax), Where  E,..(tmax) iS the peak THz electric field of the
excited sample, and E,(t,,4) IS the corresponding field of the unexcited sample. The change in
the THz electric field is recorded as a function of the pump-probe delay (t,) and is represented as
AE (tp, tmax)- This provides the temporal evolution of the sample's response following
photoexcitation. The observed change in the THz electric field corresponds to a decrease in the
transmission, as the presence of charge carriers in the excited sample leads to increased absorption
compared to the unexcited sample. The normalised decrease in the THz transmission, given by ( -
AE (t,)] Eo(t,)) at a pump-probe delay ¢,, is directly proportional to the change in the

photoconductivity of the medium.®’

__gc (ng+np) ([ —-AE(w)
po = Bcliamm) (EW)) @

where d is the thickness of the photoexcited sample, n,and n, are the refractive indices of the
media on either side of the sample. In our experiment, the media are air (n,= 1) and the polystyrene
substrate (n,=1.52 as determined from our THz time-domain spectroscopy (TDS) measurements).

Here, &, is the permittivity of free space, and c is the speed of light.

1.2
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Figure 17. The negative differential transmission as a function of fluence used in the experiment

fits well to a linear function.
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For photoexcitation, we used a pump wavelength of 480 nm (photon energy: 2,58 eV). This
wavelength was chosen because the HTM materials Cul and Cu.0O do not absorb in this range. For

CsPbBrs NCs, however, this wavelength is slightly above the band gap, generating both hot charge

carriers and excitons.
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Figure 18. Normalised transient photoconductivity at different fluences following photoexcitation
at 480 nm for (a) CsPbBrs NC film, (b) CsPbBrs/Cul composite film, and (c) CsPbBrs/Cu.0O

composite film. Points are experimental data, and the solid lines are tri-exponential fits for the data

points.

Figure 18 shows the THz photoconductivity Kinetics for all three samples after photoexcitation at

480 nm, measured at four different fluences. Figure 17 presents the peak negative differential
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transmission (-AE (t,)/ Eo(t,)) as a function of fluence, fitted well with the linear function,

confirming that the experiments were conducted within the linear regime. The transient Kinetics

were analysed by fitting the data with a Gaussian-convoluted multi-exponential function:

y=G({t—t)®X;aexp [—(t —ty)/ 7 ]

(5)

The parameters obtained from fitting all the transients are summarised in Tables 3, 4, and 5.

Table 3. The parameters obtained from fitting the normalised THz transients of the neat CsPbBr:

NC film to Equation 5, following photoexcitation with a 480 nm pump wavelength.

Fluence a1 11 (pS) a2 72 (pS) as 3 (pS)
(W/cm?)
51 0.476 8976 0.386 359.12 0.142 68.33
(0.007) (35.0) (0.004) (3.8 (0.006) (0.6)
74 0.554 5024 0.342 462.25 0.086 47.25
(0.009) (22.0) (0.006) (5.6) (0.008) (0.9)
86 0.434 8027 0.394 358.42 0.148 68.29
(0.003) (29.5) (0.005) (3.1) (0.004) (0.5)
101 0.291 4041 0.473 44753 0.193 96.65
(0.005) (18.0) (0.003) 4.7 (0.003) (0.6)

The decay of photoconductivity is significantly faster in the presence of hole transport materials
(HTMs) with CsPbBr3 NC films, with the fastest decay observed for the Cu,O composite. The

parameters clearly indicate that the photoconductivity decay becomes even faster as the fluence

increases. The slowest component, t1, generally corresponds to recombination processes with

lifetimes extending up to ~10 ns. However, due to the limited temporal window of our experiment

(1.5 ns), we cannot estimate t1 with high certainty. This limitation means our measurements

primarily capture faster processes, such as excitonic recombination, rather than slower processes,

like trap-assisted recombination. For pristine CsPbBr3 NC film, t1 is in the range of ~ 4-9 ns. This

lifetime decreases in the presence of HTMs, dropping to ~ 4-5 ns for CsPbBrs/Cul and further

reducing to ~ 1.8-2 ns for CsPbBrs/Cu.O. Additionally, the contribution of processes associated
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Table 4. The parameters obtained from fitting the normalised THz transients of the neat

CsPbBrs/Cul composite film to Equation 5, following photo excitation with a 480 nm pump

wavelength.
Fluence a1 71 (pS) az T2 (pS) as 3 (pS)
(W/ecm?)
51 0.345 5586 0.38 215.8 0.263 7.7
(0.003) (22.0) (0.007) (5.8) (0.003) (0.5)
74 0.353 5303 0.27 121 0.362 109.0
(0.008) (38.0) (0.009) (7.2 (0.007) 0.9
86 0.272 4873 0.24 309 0.481 66.3
(0.006) (29.0) (0.004) (4.1) (0.008) (0.5)
101 0.295 4178 0.58 89.3 0.127 353
(0.008) (33.0) (0.006) (2.8) (0.007) (0.4

Table 5. The parameters obtained from fitting the normalised THz transients of the neat

CsPbBrz/Cu20 composite film to Equation 5, following photo excitation with a 480 nm pump

wavelength.
Fluence & 1 (ps) a 12 (ps) as 3 (ps)
(W/cm?)
51 0.181 2056 0.196 138 0.616 58.4
(0.009) (27.0) (0.007) (4.7) (0.008) (0.8)
74 0.256 2160 0.175 108 0.575 40.2
(0.006) (38.0) (0.005) (3.2) (0.005) (0.7)
86 0.171 1740 0.31 79 0.503 19.6
(0.005) (19.0) (0.003) (6.2) (0.003) (0.5)
101 0.212 1871 0.032 194 0.752 34.7
(0.007) (32.0) (0.008) (7.2) (0.005) (0.3)
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with t1 decreases in the presence of HTMs, likely due to reduced carrier trapping. This reduction

may result from alternative charge transfer pathways the HTM layers provide.

The intermediate decay component 12, becomes faster in the presence of HTMs. For CsPbBrs, 12
ranges from ~ 350 to 460 ps. However, in the presence of Cul as the HTM, 1> decreases to ~ 89—
215 ps, and with Cu.0, it is further reduced to ~ 79-194 ps. We attribute 1> to the hole injection
process from the perovskite to the hole transport layer. The fastest decay component, t3, also
decreases significantly in the presence of HTMs. For pristine CsPbBr3, 13 is ~ 68-96 ps, which
reduces to ~ 35-77 ps for the CsPbBrs/Cul composite and further to 34-58 ps for the CsPbBr3
/Cu20 composite. Similarly, the contributions of the processes associated with t2 and t3 also
increase in the presence of HTM. We attribute 3 to the transfer process of thermalised holes to the
HTM. However, t3 is also attributed to Auger recombination, which occurs at high fluence due to
the presence of a high carrier density. This provides another possible explanation for the increased

contribution of 13 -related processes at higher fluences.®®

10 (a] CsPbBr, (b) CsPbBr,
: A CsPbBr,/Cu,0| 204 & CsPbBr,/Cu,0
s —— CsPbBr,/Cul 1 N\ —— CsPbBr,/Cul
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Figure 19. (a) Comparison of THz decay kinetics obtained for neat CsPbBrz NC film (blue),
CsPbBrz/Cul composite film (red) and CsPbBrs/Cu.O composite film (magenta) and (b) THz
kinetics for neat CsPbBr3 NC film (blue), CsPbBra/Cul composite film (red) and CsPbBrz/Cu.O
composite film (magenta) normalised with respect to density of photon absorbed following

photoexcitation with 480 nm pump wavelength at 51 p/cm? fluence.
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3.5.2. Peak Conductivity and Effective Mobility

As shown in Figure 19a, the faster decay in (-AE (t,)/ Eo(t,) ) value (photoconductivity) with
pump-probe delay is observed in the presence of HTMs, demonstrating efficient charge transfer
from the CsPbBrz NC film to the HTL. These findings are consistent with results from transient
absorption (TA) spectroscopy, steady-state photoluminescence (PL) quenching, and time-resolved
photoluminescence (TRPL) decay kinetics. They collectively confirm that hole transport is more

efficient in the case of Cu20O compared to Cul.

The peak conductivity of the samples can be determined from the peak value of the (-AE (tp)/

Eo(tp)), extracted from the Kinetics using Equation 4. The conductivity values obtained at
different fluences for CsPbBrs NC films are 121 to 163 S/m, for CsPbBrs/Cul composite film are
72 to 105 S/m and for CsPbBrs/Cu,O composite film are 60 to 91 S/m."

Table 6. Peak conductivity obtained for neat CsPbBrz NC film. Decrease in peak conductivity in

the presence of HTM Cul and Cu20 with CsPbBrs NC film normalised with respect to initial carrier

density.
Fluence No CsPbBrs3 Conductivity Quenching (%)
(W/em?) | (x 10'8) S/m CsPbBrs/Cul CsPbBrs/Cu.0
51 1.6 121 40.5 50.1
74 24 133 38.3 48.0
86 2.8 151 37.8 46.5
101 3.2 163 39.5 47.23

These values clearly indicate significant quenching of conductivity in the presence of HTMs with
CsPbBrs NC films. This effect is also evident in Figure 19b, which shows the pump-induced (-

AE (t,)! Eo(t,)) transients for all three samples, normalised with respect to absorbed photons.
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The kinetics reveal a marked reduction in the peak values, which correspond to the peak
conductivity. The conductivity quenching is nearly 50% for the CsPbBrs/Cu.O composite and
about 40% for the CsPbBrs/Cul composite. Table 5 provides a detailed comparison of the
conductivity quenching observed for the CsPbBra/HTM composites.

The observed quenching in initial peak conductivity indicates a substantial reduction in charge
carrier density within the NCs on an ultrafast timescale. This suggests that hole transfer occurs on
a timescale even faster than the instrument response function (~300 fs). The rapid carrier transfer
is so fast that it raises the possibility of hot charge carrier transfer occurring before thermalisation.
Similar findings have been reported in the literature. For example, Ponseca et al. demonstrated
sub-200 fs hole transfer from CH3NH3Pbls to Spiro-OMeTAD, an organic hole acceptor.8®

We calculated the initial effective mobilities (ou) from the measured photoconductivity values

using the equation:

Ao
pp=_- (6)
where ou is the effective mobility, g is the elementary charge, and N, is the number of carriers

generated upon photoexcitation.

Here, ou represents the photon-to-free-carrier conversion ratio, and we assume ¢=1, meaning that
every absorbed photon generates two charge carriers. Under this assumption, No = 2Np, where Np
is the number of absorbed photons. Np can be calculated using the equation-

N, = F,(1—1079P2) /dhv (7

Where F, is the fluence, (1 — 1079P2) is the fraction of photon absorbed of energy hv. Since we
consider ¢=1, the mobilities calculated represent a lower estimate. The calculated N,, values for
the three samples at different fluences are in the range of 8.0 x 107 to 1.9 x 108 cm™. The
mobility calculated for pristine CsPbBrs NCs film at lowest fluence is 4.54 cm?V-ist. This
mobility decreases to 1.9 cm?V-1s? for CsPbBrs/Cu,O composite film and for CsPbBrs/Cu.O
composite the mobility further reduces to 1.81 cm?V-1s™.
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Figure 20. Initial effective mobility obtained for neat CsPbBr3 NC film, CsPbBrs/Cul and

CsPbBr3/Cu20 composite film as a function of initial carrier density.

Figure 20 presents the mobilities calculated from the peak conductivity for all three samples. A

noticeable decrease in mobility is observed for the samples with HTL.”? This drop in effective

mobility can be attributed to the transfer of holes from CsPbBrz NCs to the inorganic hole-

transporting layer.
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Figure 21. Normalised THz transient obtained at early pump-probe delay for neat CsPbBrz NC
film (blue), CsPbBrs/Cul composite film (red) and CsPbBrs/Cu.O composite film (magenta)
following photoexcitation with 480 nm pump wavelength at 51 pJ/cm? fluence.
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In samples with HTMs, the observed decrease in measured peak mobility is unlikely to be caused
by charge carrier relaxation, as relaxation does not occur on such a fast timescale (sub-picosecond).
Instead, the ultrafast transfer of holes to the HTM is the primary reason for the mobility reduction.

The measured mobility in the composite sample likely reflects only the electron mobility (pe).

An expanded view of the very early initial dynamics is presented in Figure 21. The initial rise
reflects the generation of free charge carriers, while the subsequent curve at the peak represents
the dissociation of loosely bound electron-hole pairs into free charges. For the neat CsPbBrs NC
film, the conductivity rise is slower than the NC solution. This slower rise could be attributed to
heterogeneity in the binding energy, which arises from an increased defect concentration in the
film. A faster rise was observed for the sample with HTM. For the CsPbBrs/Cul composite, only
a single ultrafast, instrument-limited rise was observed. This behaviour aligns with previously
reported results, where interfacial charge injection to charge transport layer occurs on a sub-

picosecond timescale 880

These observations confirm that hole transport is more efficient and faster in the case of Cu20
compared to Cul when used as a hole-transporting material (HTM). Proper band alignment is the
primary factor influencing charge injection efficiency, which provides the driving force for charge

transfer. Cu,O, with a more favourable band alignment, extracts holes more efficiently than Cul.>”
71

3.6. Conclusion

In conclusion, we investigated the charge carrier dynamics in CsPbBrs NC films interfaced with
two copper-based inorganic hole transport materials, Cul and Cu.O, using time-resolved PL, time-
resolved THz, and femtosecond transient absorption spectroscopy. In both cases, ultrafast hole
injection from CsPbBrz NCs to the HTMs occurs on a sub-picosecond timescale, including the
transfer of hot carriers. While both materials effectively function as HTLs for CsPbBr3 NCs, the
rate of hole transfer and overall efficiency are notably higher in the case of Cu,O. The combination
of stability, solution processability, cost-effectiveness, and superior hole extraction efficiency

positions Cu»0 as a promising candidate for HTL applications.
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Chapter 4: Effect of Cr co-doping on Dielectric Constant and Kerr Nonlinearity in Sn-
doped In.O3 Nanocrystals

4.1 Introduction

Transparent conducting oxides (TCOs) are highly regarded in optoelectronics for their unique
ability to combine electrical conductivity with transparency in the visible light spectrum—two
properties that rarely coexist.®> These materials are commonly used as transparent electrodes
in devices like solar cells and LEDs. TCOs exhibit high charge density and metallic charge
transport due to the abundance of free electrons in their conduction band when doped, such as

with indium-doped tin oxide.*”

When researchers synthesise nanocrystals (NCs) of doped TCOs, these NCs demonstrate
localised surface plasmon resonance (LSPR), a property typically associated with metal
nanocrystals. In TCO NCs, free electrons in the conduction band oscillate in response to
specific frequencies of electromagnetic radiation, mimicking the behaviour of metal

nanocrystals. However, the LSPR in doped TCO NCs has distinct features.®**

First, the LSPR band can be tuned from the near-infrared (NIR) to the mid-infrared (mid-IR)
region by adjusting the free electron density through changes in dopant concentration.'?
Second, co-doping introduces new functionalities, such as the magnetoelectric and magneto-
optic properties observed in Fe-Sn co-doped NCs, which arise from interactions between free
electrons from Sn*" and magnetic spins from Fe*".'® Unlike metal nanocrystals, TCO NCs
possess both free electrons and bound excitons.* The free electrons, generated through doping,
shield the Coulomb interaction between the bound electron-hole pairs (excitons), reducing

excitonic features in the absorption spectrum as the dopant concentration increases.*®

A defining characteristic of TCO NCs is their visible light transparency, which contrasts with
metal nanocrystals that typically exhibit strong LSPR bands in the visible spectrum. Instead,
TCO NCs exhibit LSPR in the NIR and mid-IR regions, enabling applications in these less-
explored spectral ranges.t>1°

Bharat et al. reported Cr-Sn co-doped In.Os nanocrystals (NCs) with an impressive LSPR
quality factor (Q-factor) of 7.2.17 The Q-factor is a measure of LSPR performance, calculated
as the ratio of the LSPR peak energy to the full width at half maximum (FWHM) of the band.
A higher Q-factor indicates reduced electronic damping, longer plasmon lifetimes, and stronger
near-field enhancement,®'® making the material highly suitable for applications in

photovoltaics and sensing.?0-24
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The free carrier density and the degree of carrier scattering influence the Q-factor. An increase
in free carrier density raises the LSPR peak energy, thereby enhancing the Q-factor. However,
the FWHM of the LSPR band, which is determined by the level of carrier scattering, can also
widen as free carrier density increases. This is because dopant ions, while contributing to higher
carrier density, simultaneously act as scattering centres for the charge carriers. Achieving an
optimal Q-factor requires balancing these opposing contributors. Enhancing carrier density
through heterovalent doping must be carefully managed to minimise scattering effects caused
by the dopant ions. This trade-off is crucial for maximising the potential of LSPR materials in

advanced applications.'’

When Cr** was co-doped with Sn** in In.Os nanocrystals (NCs), an interesting increase was
observed in the LSPR quality factor (Q-factor) with rising Cr** concentration while keeping
Sn** concentration constant. This finding is intriguing because Cr*" and In** are isovalent,
meaning that substituting In** with Cr** should not alter the charge carrier density. Bharat et al.
attributed the significant improvement in the LSPR Q-factor to changes in NC size. This
conclusion was supported by powder X-ray diffraction (PXRD) patterns, which showed
narrower peaks, and transmission electron microscopy (TEM) images, which confirmed larger
NC sizes. The size increase enhanced the free carrier density while simultaneously reducing

carrier scattering.

The observed increase in free carrier density was linked to a rise in the oxygen-tin complexes
in the NC core. These complexes generate free electrons upon reduction. In smaller NCs, these
complexes are more abundant on the surface, where they are less likely to undergo reduction
and produce free electrons. Larger NCs, with more oxygen-tin complexes in their core,

facilitate higher free carrier generation, which boosts the LSPR peak energy.'” 2°

Additionally, a significant reduction in the FWHM of the LSPR band was noted with increased
Cr** concentration, indicating decreased carrier scattering. However, the simultaneous increase
in dopant ions in the NC core (enhancing carrier scattering) and the observed reduction in
scattering appear contradictory, suggesting that further investigation is needed to explain these

results fully.

One possible reason for the observed decrease in carrier scattering could be the change in the
dielectric constant of the medium with increasing Cr** concentration.?5?® Literature reports
suggest that dopant ions can enhance the high-frequency dielectric constant of materials, which
reduces the Coulombic interaction between charge carriers and ionised dopants, thereby
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influencing the LSPR Q factor.!81% 2% A similar mechanism might be at play here, as Cr.Os has
a higher static dielectric constant compared to Sn-doped In.0s.28 This increase in the lattice

dielectric constant could lead to a reduction in ionic impurity scattering.

To better understand the increase in the LSPR Q factor with Cr** doping, we employed THz
time-domain spectroscopy (THz-TDS). This technique allows direct measurement of the
material's frequency-dependent complex dielectric response. We synthesised three samples for
the experiments: one with only Sn-doped In.Os and two with Cr-Sn co-doping, maintaining a
constant Sn*" concentration while varying the Cr** concentration. The results revealed an
increase in the dielectric constant of the medium with higher Cr** doping levels, supporting our
hypothesis that the enhanced dielectric constant contributes to the observed increase in the
LSPR Q factor.

Several studies in the literature have reported the optical Kerr nonlinearity of indium tin oxide
(ITO). Zhu and co-workers observed significant optical Kerr nonlinearity in tin-doped indium
oxide, where the measured nonlinearity depended on the carrier concentration, increasing with
higher free carrier density as Sn doping increased.® As discussed, Cr** doping causes a sharp
rise in carrier density along with a notable reduction in carrier scattering. To investigate the
impact of carrier density on optical nonlinearity, we conducted femtosecond time-resolved
optical Kerr effect (OKE) spectroscopy on the samples. We determined the relaxation time of
OKE in the time domain. Interestingly, the slowest relaxation in Kerr nonlinearity was
observed in the sample with the highest Cr** concentration. Optical Kerr nonlinearity is directly
relevant to the development of all-optical switching devices. The Kerr nonlinearity can be
effectively tuned in these samples by adjusting the carrier concentration through controlled
doping. This tunability is highly desirable for optoelectronic applications, particularly in the

design of ultrafast all-optical switching devices.3!-%2

We obtained the spectral density from the OKE data using Fourier transform deconvolution,®,
as outlined in Chapter 2 of this thesis. The OKE spectral density, which corresponds to the
Bose-Einstein-corrected Raman spectral density, provides insights into Raman-active phonon
modes within the crystal lattice.3* Changes in the spectral density were evident with increasing
Cr** doping, likely due to alterations in the crystal lattice. These changes occur as smaller Cr**
ions (effective ionic radius: 64 pm) replace the larger In** ions (effective ionic radius: 80 pm),
resulting in a contraction of the unit cell. This contraction was confirmed by the shift of

diffraction peaks to higher 26 values with increasing Cr** concentration. A detailed line shape
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analysis of the spectral density revealed the composition of vibrational modes, offering more

profound insights into the underlying physics of the system.
4.2 Experimental Section

Dr. Bharat Tandon from Prof. Angshuman Nag's research group at IISER Pune synthesised and
characterised all three samples used in this experiment. The samples included one containing
10% Sn-doped In.Os nanocrystals (NCs) and two co-doped samples with a fixed 10% Sn
concentration: one with 10% Cr and 10% Sn, and the other with 20% Cr and 10% Sn. The
synthesis followed a previously reported method using a standard Schlenk line setup.’
Precursors of indium, chromium, and tin were measured in specific proportions to achieve the
desired NC composition. For instance, to prepare 10% Cr and 10% Sn-doped In.Os NCs, 1.2
mmol of indium(l11) acetylacetonate, 0.15 mmol of tin(IV) bis(acetylacetonate) dichloride, and
0.15 mmol of chromium(lll) acetylacetonate were combined in 10 mL of oleylamine. The
mixture was degassed at 100°C under vacuum and then heated to 250°C under a nitrogen
atmosphere. After maintaining the reaction at 250°C for 5 hours, the mixture was cooled to
room temperature. The NCs were purified using methanol as an antisolvent, followed by
centrifugation at 6,000 rpm for 7 minutes. Finally, the purified NCs were redispersed in

nonpolar solvents such as tetrachloroethylene, hexane, or toluene.

Table 1. The elemental composition of Cr-Sn co-doped In.Os NCs was obtained using energy-
dispersive X-ray analysis (EDX) and inductively coupled plasma-optical emission

spectroscopy (ICP-OES) compared with the precursor ratios used during synthesis.

Sample In:Sn:Cr
Precursors EDAX ICP-OES
Ratio Composition Composition
10 % Sn doped In,0O3 NC 90:10:0 91.3:8.7:0 93.3:6.7:0

10 % Cr-10 % Sn doped In203 NC 80:10:10 88.9:8.8:8.8 84.0:6.6:9.4

20 % Cr-10 % Sn doped In.03 NC 70:10:20 73:9.0:180 | 69.6:6.6:23.8

Figure 1 illustrates the XRD patterns of Cr-doped In.Os NCs. As the Cr doping concentration
increases, a noticeable shift in the diffraction peak toward higher 20 values is observed (Figure

1b). This shift confirms successful lattice doping, as the Cr** ion (60 pm) replacing In** (80
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pm) has a smaller effective ionic radius. Consequently, the reduction in unit cell size leads to

the observed shift.

The final elemental composition of the NCs did not precisely match the precursor ratios used
during synthesis. The actual composition was determined using energy-dispersive X-ray
analysis (EDX) and inductively coupled plasma optical emission spectroscopy (ICP-OES).
Table 1 provides the precursor ratios used and the measured compositions obtained from these
techniques for all three samples. Despite the differences in elemental composition, we have

used sample names based on the precursor ratios used during synthesis.
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Figure 1. Powder XRD pattern for (a, b) Cr-doped In203 NCs and (c, d) Cr-Sn co-doped In203
NCs with reference pattern for bulk In20s cubic bixbyite structure. The figure is used with

permission from ref 17.

Figure 1d showed the XRD patterns for Cr-Sn co-doped In.Os NCs, which exhibited a shift in
the diffraction peak at 30.6° (Figure 1d). Along with this shift, a reduction in the linewidth of
the diffraction peak was observed, indicating an increase in NC size with higher Cr doping.
The larger NC size resulted in more Sn atoms being incorporated into the core rather than the

surface of the nanocrystals. Within the bulk, Sn atoms formed a neutral complex ( 02~ 2Sn},)
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which released free electrons upon reduction as described by the following equation 1.2 In
contrast, Sn atoms on the surface formed complexes with oxygen that were less likely to
undergo reduction. As previously mentioned, the increase in the number of such Sn-O
complexes within the bulk enhanced the carrier density.?% 36-38

(0F725nf)* > 28nf, + 2¢' +50, (1)

Here ( 07~ 2Sn},) represents the neutral complex formed by 2 Sn** ions by replacing the In*
ion in the lattice of InOs with an interstitial oxygen. Snj,, represents the positive charge left

when Sn** replaced the In®* jon at the lattice site.
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Figure 2. The normalized absorbance versus wavenumber plot represents the LSPR

characteristics of 20% Cr 10% Sn In2Os (red), 10% Cr 10% Sn In20Os (blue), and 10% Sn In20s

(magenta). The plot demonstrates the shift in the LSPR peak toward higher energy and decrease

in FWHM with increasing Cr doping concentration.

Figure 2 displayed the normalized absorbance versus wavenumber for the three samples - 20%
Cr 10% Sn In20s, 10% Cr 10% Sn In20s, and 10% Sn In20s in the NIR range. A shift in the
LSPR peak position toward higher energy was observed with increased Cr concentration in the
samples. This shift clearly indicated an increase in charge carrier density in the NCs with Cr
doping. Additionally, a significant reduction in the FWHM was observed as Cr doping
increased, highlighting a decrease in carrier scattering. As mentioned earlier, a change in the
dielectric constant could be a possible factor contributing to this reduction in carrier scattering.
THz time-domain spectroscopy (THz-TDS) was performed on these samples to investigate

further.
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4.3 THz Time-domain spectroscopy (THz-TDS) of Cr-Sn co-doped In203 NCs

The time-domain THz experiments were conducted in transmission mode on two Cr-Sn co-
doped In20s nanoparticle nanocrystal samples. The NCs were dispersed in 2,2,4,4,6,8,8-
Heptamethylnonane (HMN), an aliphatic hydrocarbon known for its transparency in the THz
frequency range. These NC solutions were injected into a demountable liquid sample cell
(Harrick Scientific Products, DLC-M25), as shown in Figure 3a. The cell was equipped with
two high-resistivity silicon windows (2 mm thick, 1-inch diameter) separated by a 750-micron
Teflon spacer. The concentrations of NCs in the solutions were specified as 38.04 mg/ml for
20% Cr 10% Sn In20; and 35.83 mg/ml for 10% Cr 10% Sn In2Os.

LS

THz Electric Field (a.u.)

(a) | (b)

0.0 0.4 0.8 1.2 16 2.0
Time (ps)

Figure 3. (a) Demountable liquid cell (Harrick Scientific Products, DLC-M25) used for the
THz-TDS measurements of the solutions of all three samples in HMN. (b) Time-domain THz

waveform transmitted through air, referred to as the light source (LS).

Figure 3b displays the time-domain THz waveform measured through air, which served as the
light source for the experiment. The THz pulses were generated using air plasma and detected
through the air-biased coherent detection method, as detailed in Chapter 2. During the
experiments, the sample cell was positioned at the sample location between two parabolic

mirrors (Figure 3, Chapter 2), precisely at the focal point of both parabolic mirrors.

First, the THz signal transmitted through the empty sample cell, referred to as the reference
signal E_.;; (t) was recorded. Subsequently, the THz signal transmitted through the sample cell

filled with the NC solution, E,,,(t), was measured. The average of multiple such scans was
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used for the final analysis to ensure a satisfactory signal-to-noise ratio. Figure 4a illustrates the
THz electric field waveforms transmitted through the empty sample cell, the cell filled with
HMN, and the cell filled with Cr-Sn co-doped NC solutions in HMN. Figure 4b shows the
phase shift and amplitude change observed for the Cr-Sn co-doped In20s NC solution compared
to HMN. Notably, the changes are more pronounced for the sample with a higher Cr doping
concentration, specifically 20% Cr and 10% Sn in In.Os NCs. By analysing the modulation of
the THz electric field waveform caused by the interaction with the sample relative to the
reference (empty sample cell), the sample's optical properties, such as the absorption

coefficient and refractive index, can be determined.
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Figure 4. (a) The THz electric field waveforms transmitted through an empty sample cell
(black), sample cell containing HMN (green), and sample cells containing solutions of 10% Cr
10% Sn (blue) and 20% Cr 10% Sn (red) co-doped In203 NCs in HMN. (b) A zoomed-in view
highlights changes in the phase and amplitude of the THz electric field waveforms after

interacting with the solutions of Cr-Sn co-doped In203 NCs.

The shape and amplitude of the THz electric field E,,, (t), after interacting with the sample
cell filled with HMN or NC solution, change relative to the electric field transmitted through
the empty sample cell E.;(t). By calculating the ratio of the complex Fourier transforms of
Egqm(t) and E..; (t), the complex refractive index of the sample can be determined. The Exact
Blackman windowing function was applied to the time-domain signal before performing the
Fourier transformation.
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The power transmittance T'(w) and the relative phase ¢(w) were used to determine the
complex refractive index of the sample. This was achieved by applying an iterative method, as
described in the work of Nashima et al. From this, we obtained the frequency-dependent

complex dielectric functions of the sample using the following equations-

The complex refractive index 7i(w) is defines as-

i(w) = n(w) + ik(w) )
Where, n(w) = 1+——¢ () (4)
And, k(w) =229 = o) ()
a(w) = — 1In (M)z (6)

d \Esample(®)

Here k(w) is Extinction coefficient, a(w) is absorption coefficient, A is the wavelength of

light, and c is the speed of light in vacuum. The complex dielectric function is given as
flw)=¢"(w)+ie"(w) @)

It is related to the complex refractive index as

¢'(w) = n*(w) — k*(w) (8)
and, " (w) = 2n(w) k(w) 9)
0.015
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Figure 5. (a) Real and (b) imaginary parts of the frequency dependent dielectric functions of
10% Cr 10% Sn (blue) and 20% Cr 10% Sn (red) co-doped In2O3 NCs solutions in HMN.
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Figures 5a and 5b show the real and imaginary components of the complex dielectric function,
respectively, for the two Cr-Sn co-doped InOs NC solutions in HMN. However, these values
represent the dielectric function of the composite system, i.e., NC particles embedded in the
host material, which in this case is HMN. The simple linear effective medium theory was
applied to extract the intrinsic dielectric response of the doped NC particles. This approach
separates the contribution of the NCs from that of the host material. The dielectric response

from the NCs was obtained using the relation-

£=fep+ (1= flen (10)
where f is the volume fraction, &, dielectric function of the NCs, and &, dielectric function of

the host obtained from the THz-TDS experiment.
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Figure 6. (a) Real and (b) imaginary parts of the frequency-dependent dielectric functions of
10% Cr 10% Sn (blue) and 20% Cr 10% Sn (red) co-doped In,O3 NCs obtained by applying

simple effective medium theory.

Figures 6a and 6b illustrate the real and imaginary components of the complex dielectric
function for the Cr-Sn co-doped In-0s NCs, excluding the contributions from the host material.
The results show a noticeable increase in the frequency-dependent real dielectric function with
higher Cr doping levels. Specifically, the 20% Cr and 10% Sn co-doped In.Os NCs exhibit a
higher dielectric constant compared to the 10% Cr and 10% Sn co-doped In2Os NCs. This
increase in the dielectric constant may be attributed to reduced ionic impurity scattering with

higher Cr doping, which could contribute to an improved Q-factor value for the material.
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4.4 Optical Kerr effect (OKE) spectroscopy of Cr-Sn co-doped In203 NCs

Several studies in the literature have reported the optical Kerr nonlinearity in doped transparent
metal oxides. For instance, Zhu et al. observed a carrier concentration-dependent optical Kerr
nonlinearity in indium-doped tin oxide films, while a strong optical Kerr effect was reported
for indium-doped ZnO nanowires. The ability to tailor Kerr nonlinearity through carrier
concentration is highly desirable for ultrafast optical switching applications in optoelectronic

devices.3240

In this study, the Kerr nonlinearity of Cr-Sn co-doped In.Os NCs was investigated following
excitation with an 800 nm femtosecond pulse. The results showed that the decay of Kerr
nonlinearity depended on the carrier concentration of the sample. Notably, the slowest decay
was observed in the sample with the highest Cr concentration, specifically the 20% Cr and 10%
Sn co-doped In20; NCs.
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Figure 7. (a) OKE time transients obtained for 10% Cr 10% Sn (blue) and 20% Cr 10% Sn

(red) co-doped In.O3 NC solution, 10 % Sn doped In.O3 NC solution (magenta), HMN (green)

and CaF. (black) following 800 nm pump excitation. (b) OKE transients at early pump-probe

delay highlighting the slowest decay for the sample with maximum Cr doping (red).

The Optical Kerr Effect (OKE) experiment was conducted on the samples using our custom-
built setup, the details of which, along with the data analysis process, are provided in Chapter
2. A non-resonant 800 nm pump pulse with an average power of less than 1 m\W was used to
excite the samples. This pump induced transient birefringence in the samples, which was
subsequently probed using an optically delayed probe pulse, polarized at 45° relative to the
polarization of the pump pulse. Figure 7a shows the OKE time transients for all the samples,
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highlighting the birefringence decay over time. Similar solutions of NCs dispersed in HMN
were prepared and filled into a 1 mm thick quartz cuvette for the measurements. Figure 7b,
with the early pump-probe delay, clearly demonstrates that the slowest decay was observed for
the 20% Cr and 10% Sn co-doped In.Os NCs. This indicates a significant influence of Cr

concentration on the decay dynamics of birefringence.

The transient OKE signals were fitted using a bi-exponential function to analyze the
dependence of cubic nonlinearity on Cr doping concentration and evaluate its relaxation time.
Figure 8 illustrates the OKE transients along with their bi-exponential fits with R? value greater
than 0.99 for all three samples. The fitting parameters for each sample are summarized in Table
2.
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Figure 8. OKE transients as a function of pump-probe delay following 800 nm pump excitation
fitted with bi-exponential function for (a) 20% Cr 10% Sn (red) and (b) 10% Cr 10% Sn (red)
co-doped In2O3 NC solution and (c) 10 % Sn doped In203 NC solution (magenta) in HMN. The

symbol represents experiment data points, and solid lines represent the bi-exponential fit.
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The faster component, 4, is attributed to the autocorrelation of the laser pulse, while the slower
component, t,, corresponds to the recovery time of the excited electrons in the sample. Among
the three samples, the 20% Cr and 10% Sn co-doped In203 NCs exhibited the largest
contribution to 7, with the longest Kerr nonlinearity decay time. This result highlights the
significant influence of higher Cr doping on the material’s relaxation dynamics and nonlinear

optical response.

Table 2. Parameters obtained by fitting OKE transient to a bi-exponential function.

Sample a1 1 (pS) a 12 (PS) x*
20% Cr 10% Sn 0.445 0.354 0.563 0.126 0.997
In203 (0.01) (0.00) (0.01) (0.002)
10% Cr 10% Sn 0.836 0.0395 0.198 0.158 0.998
1N203

(0.01) (0.002) (0.01) (0.002)

10% Sn In20s3 0.993 0.0414 0.068 0.191 0.994

(0.002) | (0.0005) (0.01) (0.02)

In the time domain, around zero delay time, a sharp peak corresponding to the laser pulses is
observed. This feature, known as the electronic response, arises from the intense electric field
of the laser pulse distorting the electron clouds in the sample molecules. It is attributed to the
electronic hyperpolarizability of the material. Following this, the decay is referred to as the
nuclear response, which comprises distinct components. In the first few picoseconds, a gently
decaying portion originates from the coherent decay of Raman-active, collective

intermolecular motions excited by the pump pulse.3

As discussed in Chapter 2, Fourier transform deconvolution can be used to extract Bose-
Einstein-corrected Raman spectral densities for the samples.®®* The Raman spectral density
provides comprehensive information about the structural dynamics of a given system. It
encapsulates details about the vibrational modes, including intra- and intermolecular

interactions, and offers insights into the collective motions of molecules within the material.*!
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Figure 9. (a) Spectral density response for 20% Cr 10% Sn co-doped 1n203 NCs (red) and 10
% Sn doped In203 NC solution (magenta). (b) Spectral density response in the frequency range
of 10 GHz to 10 THz highlighting the generation of new Raman active modes in low-frequency

region with Cr codoping in the Sn-doped In203 NCs.

Figure 9a shows the spectral densities for the 20% Cr and 10% Sn co-doped In.Os NCs and
10% Sn In.0s NCs without Cr doping, within the frequency range of 0 to 20 THz. These results
highlight the influence of Cr doping on the vibrational dynamics of the material. Figure 9b
highlights a new mode emerging at a lower frequency of 170 GHz in the Cr-Sn co-doped
sample. This mode is likely attributed to the generation of a new optical phonon mode in the

medium due to Cr doping, as optical phonon modes typically resonate in this frequency range.

As discussed, the effective ionic radius of the Cr** ion is smaller than that of the In*" ion, leading
to a reduction in the unit cell size. High Cr doping levels (greater than 20%) are causing
significant changes in the crystal lattice structure. These changes in the crystal lattice are further
supported by the observed peak shifts in the XRD pattern with increasing Cr doping
concentrations. While detailed theoretical calculations are necessary to precisely determine the
origin of this new mode, it can be inferred that high Cr doping alters the crystal lattice, resulting
in the appearance of this low-energy optical phonon mode. Furthermore, this phonon mode
present in the co-doped sample could interact with free electrons in the system, potentially

influencing the localised surface plasmon resonance (LSPR) quality factor of the sample.
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Figure 10. Spectral density in the range of 0 to 20 THz fitted with the sum of three Brownian
oscillators for (a) 20% Cr 10% Sn co-doped In203 NCs and (b) 10 % Sn doped In,O3 NCs. The
solid blue line represents the experimental data, the orange line represents the fit to the
experimental data, and the dotted green, red, and purple lines show the contributions of the

individual Brownian oscillators.

A detailed line shape analysis was performed to understand the vibrational mode compositions
of the accessed frequencies. The spectral density was fitted with a sum of three Brownian

oscillators, represented by the following equation:®

(11)

1o = X i)
where Apo i, Yo and wpg;are the amplitude, damping parameter, and characteristic
frequency, respectively, of the i Brownian oscillator. This model allows us to capture the
contributions of different vibrational modes within the system by decomposing the spectral

density into distinct oscillator components.

Table 3. Parameters obtained from fitting the spectral density obtained for 10% Sn doped In203

NCs with the sum of three Brownian oscillators. (R? = 0.994)

B1 B2 B3

Ago 26.9 27.25 2.93
wpo (THZ) 2.76 5.88 9.29
Y50 6.35 5.96 2.77
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Table 4. . Parameters obtained by fitting the spectral density obtained for 20% Cr 10% Sn
doped In;03 NCs with the sum of three Brownian oscillators. (R = 0.996)

B1 B2 B3

Apo 0.03 27.98 6.11
wpo (THZ) 0.26 2.38 4.74
Y50 0.58 4.91 4.12

Figure 10 presents the spectral density fitted with the sum of three Brownian oscillators for
both the 10% Sn In203 NCs and 20% Cr 10% Sn In.Os NCs. Brownian oscillators are typically
employed in the line shape analysis to fit frequencies ranging from a few tens of GHz to a few
THz.%*® For the 10% Sn In.0s NCs, the spectral density was fitted with three oscillators
corresponding to peaks at 2.7, 5.8, and 9.29 THz, assigned as B1, B2, and B3, respectively.
Similarly, three oscillators were used for the Cr-Sn co-doped sample, corresponding to peaks
at 0.26, 2.38, and 4.7 THz, also assigned as B1, B2, and B3.

The parameters associated with the Brownian oscillators for both samples are provided in
Tables 3 and 4. The significant lattice changes induced by high Cr doping concentrations result
in shifts in the vibrational modes to lower frequencies, most notably the appearance of a strong
peak at 0.26 THz. These changes in vibrational modes could be associated with the generation
of new phonon modes in the Cr-doped samples. The pronounced changes in vibrational
dynamics caused by high Cr doping may directly impact the localized surface plasmon
resonance (LSPR) properties of the sample, influencing its optical and electronic behaviour.

4.5 Conclusions

In conclusion, we investigated the changes in the complex dielectric function of Cr-Sn co-
doped In.Os NCs and observed that the sample with the highest Cr doping concentration
exhibited the highest dielectric constant. This increase in the dielectric constant likely
contributes to reduced ionic impurity scattering, as a higher dielectric constant decreases the

Coulombic interaction between ionic dopants and free carriers.
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The Kerr nonlinearity measurements revealed the slowest Kerr nonlinearity decay for the
sample with the maximum Cr concentration, with the relaxation time increasing as the Cr
doping concentration increased. This demonstrates that the Kerr nonlinearity in these materials
can be tailored by adjusting the doping concentration, which effectively alters the carrier
concentration. These properties make Cr-Sn co-doped In20z NCs a promising candidate for
ultrafast optical switching applications, as the recovery time of the optical Kerr effect (OKE)

for all samples was found to be less than one ps.

The spectral density derived from the OKE experiments indicated a shift of vibrational modes
toward lower frequencies with the introduction of Cr doping. Furthermore, a pronounced
phonon mode in the GHz range was identified in the Cr-Sn co-doped samples. The significant
changes in vibrational dynamics, including the emergence of a low-energy optical phonon
mode due to high Cr doping, may directly impact the localised surface plasmon resonance

(LSPR) properties of the sample.
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5.1. Introduction

Nonlinear optics is a specialized area of study that explores the interactions between intense light
beams and various materials. These nonlinear interactions give rise to secondary optical fields
and alter the light's phase and frequency within nonlinear optical (NLO) materials. 2 This unique
ability to manipulate photons is pivotal to cutting-edge technologies, such as optical
communication systems, laser innovations, and advanced data processing.>® As a result,
researchers worldwide continue to actively seek highly efficient NLO materials to push the

boundaries of modern science and technology.

Nonlinear optical processes like Second-Harmonic Generation (SHG) and Third-Harmonic
Generation (THG), which involve photon energy up-conversion, are essential for advancements in
laser manufacturing,” optical communication,® and related technologies. In SHG, two photons of
frequency ® combine to generate a single coherent photon with twice the frequency (2m).
Similarly, THG combines three photons of frequency ® to produce a photon with triple the
frequency (3m). While SHG occurs exclusively in non-centrosymmetric materials or interfaces and
is governed by the second-order nonlinear susceptibility, ¥®, THG operates without structural
symmetry constraints and depends on the third-order nonlinear susceptibility, ¥®.° Additionally,
+® also determines the efficiency of other nonlinear phenomena, including two-photon absorption
(TPA), the optical Kerr effect, and saturable absorption. Materials exhibiting strong nonlinear
absorption and high optical nonlinearity are vital for various applications, including optical

switches, %! data storage,'? and laser technology.®?

Organic-inorganic hybrid perovskites have gained attention as a promising class of nonlinear
optical materials due to their remarkable photophysical properties, structural versatility, and
scalable solution-based fabrication methods.> '* However, their inherently high structural
symmetry often limits Second-Harmonic Generation (SHG).!® One approach to breaking this
symmetry is the incorporation of enantiopure chiral organic molecules into the perovskite
structure.'®8 These chiral molecules disrupt the symmetry of the inorganic sub-lattice through
asymmetric hydrogen bonding and effectively induce chirality in the perovskite structure.’*° This
approach not only introduces unique chiroptical and chiral optoelectronic properties but also
unlocks the potential of chiral perovskites for cutting-edge applications, including circularly

polarized photodetectors, chiral ferroelectrics, and circularly polarized light-emitting devices.?%-24
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Chiral halide perovskites have attracted considerable interest for their nonlinear optical properties,
with numerous studies demonstrating wavelength-tunable and polarization-dependent SHG in
low-dimensional chiral hybrid perovskites.?>?" However, the widespread use of toxic lead (Pb) in
these materials has raised environmental concerns, driving efforts to develop lead-free
alternatives.?®?® Recent advancements have highlighted bismuth (Bi) and tin (Sn)-based chiral
perovskites as promising substitutes for lead-based counterparts in nonlinear optical applications.®
2931 Bismuth (Bi**), in particular has ionic radius being similar to that of lead (Pb**) and its
analogous 6s26p° electronic configuration. Additionally, bismuth-based perovskites stand out for
their high absorption coefficients and exceptional environmental stability, making them strong

contenders for sustainable nonlinear optical technologies.?: 32

In this study, we present wavelength-tunable and polarization-dependent SHG and THG in the 0D
chiral hybrid perovskite derivative (R-/S-MBA)4Bizli0, where MBA represents methyl benzyl
ammonium, as well as its achiral counterpart (Rac-MBA)4Bizl10. The third-order nonlinear optical
properties of these materials were further explored through open aperture (OA) and closed aperture
(CA) Z-scan techniques in the femtosecond (fs) regime. Unlike previously reported bismuth-based
chiral perovskites,?® this material not only exhibits SHG but also demonstrates a significant THG
response alongside excellent thermal stability. Furthermore, the thin films display remarkable
third-order optical nonlinearity, characterized by a high nonlinear absorption coefficient (§) and
nonlinear refractive index (n2), underscoring their potential for advanced nonlinear optical

applications.
5.2. Experimental section
5.2.1. Chemicals

Bismuth (I11) oxide (Sigma Aldrich, 99.9%), hypophosphorous acid (Avra, 50% w/w H20),
hydroiodic acid (Sigma Aldrich, 57% w/w in H.0), R-(+)- a- methyl benzylamine (Sigma Aldrich,
99%), S- (-)-a-methyl benzylamine (Sigma Aldrich, 99%), Rac-methyl benzylamine (Sigma

Aldrich, 98%). All chemicals were used without any further purification.
5.2.2. Synthesis and characterization of 0D (R-/S-/Rac-MBA)4Bizl1o crystals

The crystals of (R-/S-/Rac-MBA)4Bi2lio were prepared through a temperature-lowering

crystallization method, following a previously reported reaction scheme.®® The synthesis and
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characterization of the samples were performed by Mr. Parikshit Kumar Rajput from Prof.
Angshuman Nag's group at IISER Pune. First, one millimole of bismuth(111) oxide was dissolved
in a mixture of 10 mL hydroiodic acid and 1 mL hypophosphorous acid at approximately 100 °C
under continuous magnetic stirring. Once a clear and transparent solution was achieved, two
millimoles of R-, S-, or Rac-methylbenzylamine were added. The mixture was stirred continuously
for 30 minutes, after which heating and stirring were stopped. Crystals were obtained by gradually
cooling the solution at a controlled rate of 5 °C per hour using the temperature-lowering
crystallization technique. The solution was left undisturbed overnight, resulting in the formation

of orange-red crystals of (R-/S-/Rac-MBA)4Bi2l10as shown in Figure 1.

Figure 1. Digital photographs of (Rac-MBA)4Bi2l1o crystals.

The crystals were characterized using powder X-ray diffraction (PXRD), which revealed sharp
diffraction peaks, confirming the high phase purity of the (R-/S-MBA)4Bi:lio crystals. Powder X-
ray Diffraction (PXRD) data were collected using a Bruker D8 Advanced X-ray diffractometer
with Cu Ka radiation (A = 1.54 A). These peaks align well with both the simulated patterns and
previously reported data (Figure 2).3® The crystal structures of (R-/S-/Rac-MBA)4Bizlio were
drawn using CIF files from reference 33. The chiral (R-/S-MBA)4Bizlio crystallizes in the
monoclinic system with the chiral Sohncke space group P21, while the achiral (Rac-MBA)4Bi2l1o
crystallizes in the achiral space group P2:/c. All three variants adopt a 0D perovskite derivative

structure, as depicted in Figures 3a, 3b, and 3c.

Each unit of (R-/S-/Rac-MBA)4Bi:l1o consists of four R-/S-/Rac-MBA cations and a [Bizlio]*
inorganic anion, creating an overall charge-neutral structure. The [Bizli0]* anion is formed by two
[Bilg]*~ octahedra linked through shared iodine (l) atoms, creating an edge-sharing dimer. The

spaces between these dimers are occupied by four R-/S-/Rac-MBA cations, which isolate the
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[Bizlio]* dimers into a OD structure. It has been observed that chiral organic amines (MBA)
transfer their chirality to the inorganic dimers through asymmetric hydrogen bonding (N-H---1)
with the iodine atoms in the [Bizlio]* dimer. These interactions distort the inorganic sub-lattice,
breaking inversion and mirror symmetry in the [Bizlio]* unit, and confer chirality to the (R-/S-
/Rac-MBA)4Bi:lyo structure. Conversely, in the case of Rac-MBA cations, the hydrogen bonding
Is symmetrical, preserving inversion symmetry in the inorganic sub-lattice. Consequently, the Rac-
MBA system lacks chirality in both its organic and inorganic sub-lattices, resulting in an achiral
hybrid lattice for (Rac-MBA)4Bizl10.%

(R-MBA)4Bi2lqg Simulated] (S-MBA)4Bizlqg Simulated (Rac-l\fI-BA)4Bi2I10 Simulated
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Figure 2. Powder XRD patterns of (a) (R-MBA)4Bizlwo, (b) (S-MBA)4Bi2lio, (c) (Rac-
MBA)4Bi2l1o crystals in finely powdered form, compared with simulated ones generated from CIF
files of single crystal XRD analysis from the reported literature.
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Figure 3. Crystal structure of (a) (Rac-MBA)4Bizl10, (b) (R-MBA)4Bizl1o, and () (S-MBA)4Bizl1o.
as determined from single-crystal XRD at 296 K, are depicted based on CIFs from reference 33.

For better visualization, hydrogen atoms have been omitted from the structures.
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5.2.3. Preparation of thin films of (R-/S-/Rac-MBA)4Bizl1o crystals

Thin films of (R-/S-/Rac-MBA)4Bizlio were prepared for circular dichroism (CD) and Z-scan
measurements using the spin-coating method on glass substrates. The substrates were thoroughly
cleaned by ultrasonic treatment in distilled water, acetone, and 2-propanol for 15 minutes in each
solvent. The synthesized (R-/S-/Rac-MBA)4Bi2l1o crystals were dissolved in dimethylformamide
(DMF) to achieve a concentration of 0.069 M. The solution was spin-coated onto glass substrates
at a speed of 3000 rpm for 30 seconds. Following the coating process, the films were annealed at

100 °C for 10 minutes to promote crystallization.
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Figure 4. Powder XRD patterns of the thin film of (a) (R-MBA)4Bi:l1o, (b) (S-MBA)4Bi2l10, (C)
(Rac-MBA)4Bi2l10 at room temperature.

The X-ray diffraction (XRD) patterns of the thin films for all three samples reveal sharp peaks, as
illustrated in Figure 4, confirming their high crystallinity, even in film form. The prominent
diffraction peaks align closely with those of the corresponding crystalline powders. Atomic force
microscopy (AFM) images of the (R-/S-/Rac-MBA)4Bizl1o thin film presented in Figure 5 indicate
a smooth surface. The average surface roughness of the thin films, as determined from AFM
measurements, is presented in Figure 6. The Ra values were found to be 2.67 nm for (R-
MBA)Bizl, 2.73 nm for (S-MBA)4Bizli, and 15.72 nm for (Rac-MBA)4Bizlio films. The
thickness of the films for all three films, measured with AFM, falls within the range of 105 to 120

nm, as shown in Figure 7.
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Figure 5. AFM images of thin films of (a) (R-MBA)4Bi2l1o, (b) (S-MBA)4Bi2l10, and (c) (Rac-
MBA)4Bizl10.
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Figure 6. Roughness average (Ra) of film surface measured from AFM images of the thin films of
(@) (R-MBA)4Bizl10: Ra=2.67 nm, (b) (S-MBA)4Bi2l10: Ra =2.73 nm, and (c) (Rac-MBA)4Bizl1o:
Ra =15.72 nm.

5.2.4. UV-visible absorption and Circular Dichroism (CD) spectra

The optical absorption spectra of the thin films were measured in transmission mode using a Cary
series UV-visible spectrophotometer. Circular dichroism (CD) measurements were conducted with
a JASCO J-815 spectropolarimeter, operated at a scan speed of 50 nm/min and a resolution of 0.5
nm. The UV-visible absorption spectra of all three thin films, shown in Figure 8b, display a sharp
exciton absorption peak followed by a continuum band, suggesting that the structural chirality has
almost no significant effect on the band gap. Circular dichroism (CD) spectra of the (R-/S-/Rac-
MBA)4Bizl1o thin films were recorded in transmission mode. The CD spectra reveal distinct
features with opposite signs for (R-/S-MBA)4Bizl10, while achiral (Rac-MBA)4Biz2lio shows no
notable features across the entire wavelength range, as expected, as illustrated in Figure 8a.
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Figure 7. Film thickness measurement using atomic force microscopy (AFM) on sample films
prepared on glass substrates for Z-scan measurements. AFM images of the films correspond to (a)
(R-MBA )4Bizlio, (b) (S-MBA )4Bi:lio, and () (Rac-MBA )4Bi:lio. Height profiles along the red lines
in the respective images are shown in (d), (e), and (f). The measured film thicknesses were
approximately ~120 nm for (R-MBA )4Bizlio (d), ~115 nm for (S-MBA)4Bi:lo (€), and ~120 nm
for (Rac-MBA )4Bizluo (f).

As illustrated in Figure 8, when comparing the absorption spectra with the circular dichroism (CD)
spectra, all three samples show a distinct excitonic absorption peak at 499 nm (2.48 eV). Notably,
the CD spectra (Figure 2a) of (R-/S-MBA)4Bizlio display a derivative-like positive and negative
response, with a zero crossing at 499 nm. This behavior aligns with earlier findings, where the
fundamental excitonic transition splits into two states (excitonic splitting) that are selectively
excited by left- or right-circularly polarized light.3*2® It is important to note that the organic
cations, R-MBA and S-MBA, do not absorb in this wavelength range, suggesting that the observed

CD signals originate from the inorganic sub-lattice.?
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Figure 8. (a) Circular dichroism (CD) and (b) linear optical absorption spectra of (R-/S-/Rac-

MBA)4Bizl1o thin films recorded in transmission mode.
5.3. SHG and THG in (R-/S-/Rac-MBA)4Bizl10

We explored the NLO properties of (R-/S-/Rac-MBA)4Bizl1o crystals, by exciting the samples
using different pump wavelengths. The up-converted photons emitted were collected using a
custom-built setup in transmission mode. The details of the setup are provided in the chapter 2.
Briefly, the setup employed an optical parametric amplifier (OPA) driven by a regenerative
amplifier (800 nm, 35 fs, 1 kHz) which provides near-infrared (NIR) pump pulses (1360-1590
nm, ~45 fs) for exciting the sample. To ensure precise wavelength and intensity control, an 850
nm long-pass filter and neutral density (ND) filters were employed. The pump beam was focused
using a 200 mm plano-convex lens onto the sample crystals. To avoid damage and ensure a
sufficiently large spot size, the sample was placed 135 mm away from the lens. The sample crystals
were carefully sandwiched between two quartz microscope slides and securely mounted on a cage
rotation mount (Thorlabs CRM1/M). The emitted SHG and THG signals were collimated with a

lens, filtered through a 750 nm short-pass filter to eliminate the pump wavelength, and directed
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into a spectrometer (USB4000, Ocean Optics) for detection. Polarization-dependent SHG and
THG measurements utilized a Glan polarizer and a half-wave plate assembly to control the pump
beam polarization. To produce circularly polarized light for SHG circular dichroism (CD)

measurements, the half-wave plate was substituted with a quarter-wave plate.

The crystals were excited with wavelengths ranging from 1360 to 1590 nm at a fixed power of
0.75 mW. Under linearly polarized excitation, the NLO responses of (R-MBA)4Bizlio and (S-
MBA)4Bi2l10 were similar. As shown in Figures 9a and 9b, each pump wavelength produced two
distinct signals simultaneously. The central wavelengths of these signals corresponded to half and
one-third of the pump wavelength, indicating second-harmonic generation (SHG) and third-
harmonic generation (THG), respectively. The SHG signals in (R-/S-MBA)4Bi2lio indicated
chirality and symmetry breaking within the inorganic sub-lattice, consistent with the SHG
symmetry condition. As anticipated, no SHG signal was detected in the achiral (Rac-MBA)4Bizl10
(Figure 9c). However, all three compounds displayed significantly stronger THG signals, with
similar THG intensities in the chiral (R-/S-MBA)4Bi2li0 and an order of magnitude higher THG
intensity in the achiral (Rac-MBA)4Bizl10.
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Figure 9. Wavelength-dependent SHG/THG response from (a) (R-MBA)4Bizlio, (b) (S-
MBA)4Bi2l10, and (Rac-MBA)4Bizl1o at a constant excitation power of 0.75 mW.

Figure 10 shows the variation in SHG and THG intensities of (R-/S-/Rac-MBA)4Bi2l1o crystals
with pump wavelength. The strongest SHG and THG signals are observed near a pump wavelength
of 1510-1530 nm. Notably, the wavelength of the maximum THG response (~506 nm) aligns with

the excitonic absorption peak of the (R-/S-/Rac-MBA)4Bizl1o crystals. This selective enhancement
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of THG is attributed to excitonic resonance conditions and the localized amplification of the
incident field.*® Below 1510 nm, THG intensity drops sharply, likely due to self-absorption effects,

whereas minimal self-absorption is anticipated near the absorption edge.
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Figure 10. Wavelength-dependent THG and SHG intensity with absorbance of (a) (R-
MBA).Bizl1o, (b) (S-MBA)4Bi2l1o, (¢) (Rac-MBA)4Bi2l1o.
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Figure 11. Excitation power dependent THG response of (a) (R-MBA)4Bizlw, (b) (S-
MBA)4Bi2l1, (c) (Rac-MBA)4Bizlio.

5.3.1. Laser-Induced Damage Threshold (LIDT) calculations for (R-/S-/Rac-MBA)4Bizl10

To validate the SHG and THG behavior in (R-/S-/Rac-MBA)4Bi2l1o crystals and assess their laser-
induced damage threshold (LIDT),®” we measured the power-dependent SHG and THG responses
at an excitation wavelength of 1510 nm for where the maximum nonlinear response was observed.
As shown in Figure 11 and Figure 12, the THG intensity demonstrated a cubic dependence, while

the SHG intensity displayed a quadratic dependence on pump power. However, at pump powers
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above 1.2 mW, deviations from these trends were observed, likely due to saturation effects such

as local heating and lattice relaxation, which reduce SHG and THG efficiencies.®®
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Figure 12. Excitation power-dependent SHG response of (a) (R-MBA)4Bizlio and (b) (S-
MBA)4Bi2l1o.

The LIDT serves as a measure of a material's optical stability, particularly its capacity to endure

high-intensity laser exposure without degradation. It is determined based on the excitation pump
power at which the second-harmonic generation (SHG) and third-harmonic generation (THG)

responses begin to deviate from their characteristic quadratic and cubic dependencies,

respectively.®® The peak laser intensity at this critical pump power defines the LIDT of the

material. The LIDT values for all three samples were calculated as follows:

LIDT = Peak Intensity =

Peak Intensity =

Energy per pulse

Energy per pulse =

Average Power

Repetition Rate

Average power

(Pulse width) x (Ef fective spot area)

(Repetition rate) X (Pulse width) X (Ef fective spot area)

For our setup, Repetitionrate = 1000 Hz, Pulse width = 45 X 10™'°s, Beam radius =

150 x 10~

m.
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Table 1: LIDT values of (R/S/rac-MBA)4Bi2l1o.

Sample Average Power LIDT Average Power for LIDT

for SHG (mW) | (GW/cm?) THG (mW) (GW Jcm?)
(R-MBA)4Bi2l10 1.2 37.68 1.2 37.68
(S-MBA)4Bi2l10 1.2 37.68 11 34.54
(Rac-MBA)4Bizl10 - - 1.1 34.54

The LIDT for (R-/S-/Rac-MBA)4Bi2l1o crystals were found to range between 34.54 and 37.68
GW/cmz. This high LIDT demonstrates outstanding thermal stability, which is a vital attribute for
potential applications in nonlinear optics.

5.3.2. Determination of second-order (x ®) and third-order (y ®) NLO susceptibility

Nonlinear susceptibilities are critical for evaluating the performance of nonlinear optical (NLO)
materials. The second-order (x?) and third-order (x®) NLO susceptibility values of the samples
were determined using a relative method based on nonlinear Maxwell's equations.3*-%° Pyridinium-
lead-iodide (PyPbls) crystals were employed as a reference for ¥® measurements,** while B-
Barium Borate (BBO) crystals were used as the reference for x® measurements. 36 42

In the non-phase-matching condition, the third-order nonlinear susceptibility y ) of two samples
with nearly identical thicknesses and excited under similar conditions can be compared using their
third-harmonic generation (THG) intensities. This comparison is expressed by the following

equation 1.°

3) _ 3 [IsGw)1Y?
As = = Xr [IR(3w) )

Here, I(3w) and Iz (3w ) are the relative THG intensities of the sample and reference; and, )(E’)

and )(,(f)are the third-order NLO susceptibilities of the sample and reference, respectively. When

incorporating frequency dependence, the third-order nonlinear optical susceptibility ¥ can be
calculated at the frequency where the sample exhibits its maximum response. The modified

equation is given by.%’
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2= Gl @

Koy = Xy 3w:/ LIGBw,)

Similarly, the second-order nonlinear susceptibility y® can be calculated using a comparable
equation to the one used for third-order susceptibility but adapted for second-harmonic generation
(SHG). The relative intensity method compares the SHG intensities of the sample and reference

under the same conditions. The modified equation is:

@ _ @ [ls@w)]/?
As = Xr [15(20)) (3)

After incorporating frequency dependence, the equation for the second-order nonlinear

susceptibility y® becomes-

e G e @

Ko = Xy 2w,/ LI2w,)

The x@® and y® values obtained for (R-/S-/Rac-MBA)4Bizl1o are given in table 2.
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Figure 13. (a) Comparison of THG response of (R-/S-/Rac-MBA)4Bi2lio with pyridinium lead
iodide (PyPbls) and (b) comparison of SHG response of (R/S-MBA).Bi2liowith beta barium borate
(BBO) crystal.
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Table 2: Calculated y® values of (R/S/Rac-MBA)4Bizlioand y @ values of (R/S-MBA)4Bizl1o

Sample x®at 1530 nm(m2V-2) xPat 1500
nm(pmV-1)
(R-MBA)4Bi2l1o 0.66 x 108 3.05
(S-MBA)4Bi2l1o 0.58 x 108 2.63
(Rac-MBA)4Bizl10 1.05x 1078

The y® values for (R-MBA)4Bizl1o and (S-MBA)4Bizl10 were found to be 0.66 x 10* m?V-2 and
0.58 x 107 m?V2, respectively. However, the x® value for achiral (Rac-MBA)4Bizl10 was about
twice that of the chiral counterparts (R-MBA)4Bizl10 and (S-MBA)4Bizl10, measured as 1.05 x 1078

m?V-2. A comparative summary of y and ¥ values for various chiral perovskites, as reported in

the literature, is provided in Table 3.

Table 3. Effective SHG (x®) and THG (x®) susceptibilities of various chiral hybrid organic-

inorganic metal halides.

Chiral hybrid metal halides | Form | Dimensionality v v Apump Ref.
(pmV*Y) | (pm?V?) | (nm)

(R-MPA)2BiBrs crystal 1D 2.059 - 980 29

(R-MBA)4Bi2Br1o crystal 0D 1.000 - 980 29

(S-2-MPD)PbBr3 crystal 1D 29.9 - 980 26

(R-MPEA)2SnBrs crystal 0D 0.33 - 980 31

(R-MBA)BIl4 film 1D 130.5 9x10° | 1550 9

(R-MBA)4Bi2l1o crystal 0D 3.05 |6.6x10°| 1530 | this work
(S-MBA)4Bil10 crystal 0D 2.63 |5.8x10°| 1530 | this work
(Rac-MBA)4Bizl1o crystal 0D - 1.0 x 10% | 1530 | this work

The ¢®@ values for (R-MBA)4Bizlio and (S-MBA)4Bizlio were found to be comparable with
previously reported data, as summarized in Table 3. It was observed that the ¥® values in 0D

structures are lower compared to those in similar chiral systems with 1D structures. This difference
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arises because, in 1D structures, the alignment of chiral organic amines along a defined axis creates
a more rigid and ordered arrangement, inducing greater distortion in the inorganic lattice. In
contrast, 0D crystals have more flexible frameworks, leading to only minor symmetry breaking.?®
Despite this, both (R-MBA)sBizlio and (S-MBA)4Bizlio exhibit promising @ and ¥® values,
highlighting their potential within the class of chiral perovskite materials.

The higher ¥ value observed for (Rac-MBA)4Bizlio can be attributed to greater structural
distortion in this material compared to (R-/S-MBA)4Bizl10.3® This increased distortion likely
enhances the polarizability anisotropy of the material, leading to a stronger third-order nonlinear
optical (NLO) response. The N-H---I hydrogen bonds, formed between the hydrogen atoms of the
chiral amine and the halogen atoms of the inorganic lattice, contribute to distortions in the regular
octahedral structure. The extent of this distortion can be quantified using the bond length distortion
index (D) and the bond angle variance (6?) of the individual octahedra, as defined by Equation 5
and Equation 6, respectively.

ld;—do|

1

1
0?2 = =312,(6; — 90)? (6)

Here, d;= individual Bi-1 bond lengths, d,= mean Bi-I bond distances, and 6;= octahedral I-Bi-I
bond angles. In the present case, the bond length distortion index (D) remains nearly identical for
all samples, with values of 0.039 for (Rac-MBA)4Bizl10 and 0.040 for both (R/S-MBA)4Bi2l1o0.
However, the bond angle variance (c?) is slightly higher for (Rac-MBA)4Bi2l1o (18.33) compared
to (R-MBA)4Bizlio and (S-MBA)4Bizlio (17.33).3 Although the distortion caused by hydrogen
bonding in (Rac-MBA)4Bi2l1o is symmetric, maintaining inversion symmetry within the crystal
structure, the overall distortion is more pronounced in (Rac-MBA)4Bi2l10. These values for bond
angle variance and bond length distortion index were calculated using the deposited CIF files at

room temperature, as detailed in reference 33.

151



Chapter 5: Nonlinear Optical Properties of 0D Chiral Bismuth lodides

5.3.3. Polarization-dependent THG and SHG response of (R-/S-/Rac-MBA)4Bizl10

Second-order () and third-order () susceptibilities, which describe the nonlinear polarization
of a material in response to an applied electric field, are represented as third- and fourth-rank
tensors, respectively.*® Both @ and ¥ are influenced by the crystal symmetry, offering valuable
insights into the structure-property relationships that govern nonlinear optical (NLO) effects.® To
investigate the relationship between lattice symmetry and NLO properties in (R-/S-/Rac-
MBA)4Bi2l10, we measured the SHG and THG responses as a function of the polarization angle of
the incident laser light. These results are depicted in Figure 14a and 14b for (R-MBA )4Bizlio,
Figure 15a and 15b for (S-MBA)4Bi2l10, and Figure 16 for (Rac-MBA)4Bizl1o.
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Figure 14. (a) THG and (b) SHG signal intensity of (R-MBA)Bi2lio as a function of linear
polarization angle of the incident light as tuned by A/2 plate (pump excitation power of 0.75 mW
at 1510 nm) (c) Change in SHG intensity of (R-MBA)4Bi2lio as a function of the rotation angle of
the A/4 plate.

The SHG and THG intensities were plotted as functions of 0, the polarization angle of the incident
light relative to vertical polarization. This was achieved by rotating the half-wave plate by 180°,
enabling a full 360° rotation of the pump light’s polarization plane. Due to their intrinsic structural
asymmetry, chiral perovskite crystals exhibited anisotropic SHG and THG responses. The SHG
polar plots for both chiral samples, (R-/S-MBA)4Bil10, displayed a distorted dipole-like profile,
differing slightly from other SHG-active hybrid halide perovskites. However, a similar pattern,
resembling a four-leaf clover shape, was recently reported by Kezheng Tao et al. in tin-based chiral

hybrid halides.
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For (R-/S-MBA)4Bizl1o the polarization-dependent SHG plots exhibit four maxima and minima.
The two directions of maximum SHG intensity are perpendicular to each other, while the two
minimal-intensity directions are offset by 45°. The polarization ratio (p = (Imax — Imin)/ (Imax +
Imin)), provides insights into the anisotropy of the SHG/THG signals, which are influenced by the
crystal structure and dipole moment orientation. The obtained p values for SHG were 59.58% for
(R-MBA)4Bi2l10 and 65.85% for (S-MBA)4Bizlio. Ideally, both chiral samples should exhibit
identical p values, given their similar crystal structures. The slight difference observed could be
attributed to subtle variations in the crystals or their orientation in the two samples. Although all
experiments were conducted carefully, with all other parameters kept constant, a more precise
comparison of the polarization ratio would be possible if measurements were performed on single
crystals. This would enable a systematic variation of the polarization angle relative to a specific

crystal axis.

In contrast, the THG responses of all three samples exhibited four-lobed patterns, with the highest
polarization ratio of 51.83% observed for (Rac-MBA)4Bi2lio, compared to 35.02% for (R-
MBA)4Bizli0 and 33.02% for (S-MBA)4Bizli. This difference is likely due to the more
symmetrical structure of (Rac-MBA)4Bi2l10 compared to its chiral counterparts.
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Figure 15. (a) SHG and (b) THG signal intensity of (S-MBA)4Bi2l10 as a function of linear
polarization angle of the incident light as tuned by A/2 plate (pump excitation power of 0.75 mW
at 1510 nm) (c) Change in SHG intensity as a function of the rotation angle of the A/4 plate.
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Figure 16. THG signal intensity of (Rac-MBA)4Bi2l10 as a function of linear polarization angle of

the incident light as tuned by A/2 plate (pump excitation power of 0.75 mW at 1530 nm).

The inherent chirality of (R-/S-MBA)4Bi2l1o inspired us to explore their nonlinear optical (NLO)
chiroptical effects and evaluate their potential for circularly polarized light (CPL) detection in the
near-infrared (NIR) region. To investigate this, circular polarization-dependent SHG
measurements were conducted on (R-MBA)4Bizli0 and (S-MBA)4Bizl10. For these experiments,
the A/2 plate in the setup was replaced with a A/4 plate to produce circularly polarized excitation
pump light. The A/4 plate was continuously rotated from 0° to 360°, which provided the
fundamental pump polarization change from linear to left- and right-handed circular polarization
(LCP and RCP).

The results for (R-MBA)4Bizlio and (S-MBA)4Bizlio are shown in Figure 14c and Figure 15c,
respectively. The intensity profiles exhibit clear differences between the responses to LCP and
RCP excitation under identical intensity conditions, demonstrating the material's sensitivity to the
handedness of circular polarization. Furthermore, no mirror symmetry is observed with respect to

a 180° rotation of the A/4 plate, providing a definitive indication of the material's chirality.

To quantitatively evaluate the circular polarization sensitivity of SHG in (R-MBA)4Bi2lioand (S-
MBA)4Bi2l10, we calculated the anisotropy factor gsyc_cp, as previously defined in the

literature.?’
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where I, -and I&,; represent the intensity of detected SHG under LCP and RCP illumination,
respectively. The calculated ggyc—cp Values were 0.088 for (R-MBA)4Bi2lio and 0.076 for (R-
MBA)4Bi2l10 at 1510 nm. However, these values are lower than the gsyc—cp 0f 0.58 reported for
(S-MBA )4Bi:Brio microplates in a recent study, 32 yet these results highlight the potential of these
materials as innovative CPL detectors in the NIR region. This finding is particularly noteworthy
because most current CPL detectors are designed for visible light detection. The demonstrated

performance of (R-MBA)4Bizl1o in the NIR range highlights their innovative potential to broaden

the scope of CPL detection, opening new possibilities for NIR applications.?”- 32

5.4. Z-Scan measurements of (R-/S-/Rac-MBA)4Bizl10 thin films

Inspired by the pronounced THG response exhibited by the (R-/S-/Rac-MBA)4Bi2l1o crystals, we
extended our investigation to evaluate their third-order nonlinear optical properties governed by
+®. To achieve this, open- and closed-aperture Z-scan experiments were performed on thin films
of all three samples under nonresonant excitation at 800 nm. These measurements provided
insights into their nonlinear absorption and refractive indices, showcasing the materials' potential
for advanced optical applications. The details of the Z-scan setup and data analysis are provided
in Chapter 2. Briefly, the Z-scan experiments were conducted using a custom-built setup featuring
a Ti: sapphire regenerative amplifier (Spitfire Pro XP, 35 fs, 800 nm, 1 kHz repetition rate) as the
light source. Neutral density filters were used to fine-tune the laser power for the measurements.
The laser beam was split into two components: one directed to an autocorrelator for pulse width
measurement (pulse width before the setup was measured as 65 fs), and the other split further for
the main experiment. A portion of the beam was sent to a reference photodiode, while the rest was
focused onto the sample mounted on a translational stage (Pl M414.3PD), achieving a focal spot
size of approximately 70 um. The transmitted beam was subsequently split and directed to two
photodiodes—one with an aperture for closed-aperture measurements and the other without an
aperture for open-aperture measurements. Data acquisition was done using a lock-in amplifier
synchronized with an optical chopper in the beam path. The collected data was processed and

analyzed through a custom LabVIEW interface.
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5.4.1. Open aperture Z-Scan measurements

Figures 17, 18, and 19 depict the normalized transmittance versus sample position obtained from
open-aperture Z-scan measurements for thin films of (R-MBA).Bi2l10, (S-MBA).Bi2l1 and (Rac-
MBA)Bi2l1o at different input intensities. As the sample moves closer to the focal point, the
normalized transmittance decreases, indicating the occurrence of reverse saturable absorption
(RSA). Since the excitation energy (1.55 eV) is lower than the bandgap energy (2.48 eV) of (R-/S-
/Rac-MBA)4Bizl1o, direct single-photon transitions to the conduction band are not possible. The
absorption spectrum of the (R-/S-/Rac-MBA)4Bil10 films (Figure 8b) confirms the absence of one-
photon absorption at 800 nm. Therefore, the observed decrease in transmittance near the focal
point can be attributed to two-photon absorption (TPA), where electrons are excited to the
conduction band through the simultaneous absorption of two photons. Therefore, the observed
nonlinear absorption in the material under nonresonant excitation at 800 nm can be attributed to

the generation of bound or free carriers through two-photon absorption (TPA) processes.

g 1.001 9 1.00-
3 3
= 0.98- = 0.984
G 0.96- & 0.96
= =
° k-]
8 0.944 8 0.941
] T
E092] _ . owiem2® E p.92- .
] 0= 0.1 GWicm*® 3 (a)| ¢ Ip= 1.0 GW/cm (b)
0.00J(R-MBA)4Bizl10 0.90 JR:MBA)4Bil10
40 20 0 20 40 60 -40 -20 0 20 40 60
Z (mm) Z (mm)
[ @
% 1.004 § 1.00-
£ 0.98 £
: :
[ =
T 0.96- S 0.98-
N N
T A T .
£ 0.94 3 E
S lp= 5.0 GWicm (¢)| £ lp= 7.5 GW/cm* ¥ (d)
R-MBA)4Bi2lq0 = 0.96 LR-MBA)4Bizlyp
60 40 20 0 20 40 60 T 40 20 0 20 40
Z (mm) Z (mm)

Figure 17. Open aperture (OA) Z-scan curves obtained for (R-MBA)Bi2lio film at different
intensities (a) 0.1 GW/cm?, (b) 1.0 GW/cm?, (c) 5.0 GW/cm?, and (d) 7.5 GW/cm? with fs laser

excitation at 800 nm. The red curves are the fits to the Equation 8.
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Figure 18. Open aperture (OA) Z-scan curves obtained for (S-MBA)4Bi2lio film at different
intensities (a) 0.1 GW/cm?, (b) 0.5 GW/cm?, (c) 1.0 GW/cm?, (d) 5.0 GW/cm?and (e) 7.5 GW/cm?

with fs laser excitation at 800 nm. The blue curves are the fits to the Equation 8.
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Figure 19. Open aperture (OA) Z-scan curves obtained for (Rac-MBA)4Bizlyo film at different
intensities (a) 0.1 GW/cm?, (b) 0.5 GW/cm?, (c) 1.0 GW/cm?, (d) 2.5 GW/cm? and (e) 5.0 GW/cm?

with fs laser excitation at 800 nm. The green curves are the fits to the Equation 8.
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Careful control of the incident light intensity ensured the avoidance of supercontinuum generation
during the experiments. The scans were repeated multiple times to obtain a good signal-to-noise
ratio. Additionally, with the use of ultrashort pulses with a 1 kHz repetition rate, nonlinear

scattering and thermal effects were minimal.

We have extracted the TPA coefficient for (R-/S-/Rac-MBA).Bi2l1o films by fitting their obtained

open aperture Z-scan transmittance data to Equation (8).%°

1 Q
T(2)=1——%| ——— 8
(Z) 2\/2 1+(Z_ZO)2/ZZ ( )

where, Q = By Lesy

and, Loy = 1- e_‘)“)L/O[0

Q is the nonlinear absorption parameter, z, is the focal point, 8 is the TPA coefficient, Lq is the

effective sample length, and I is the peak irradiance.

The Rayleigh length, z, is defined as z,.= nw3 /24 and in this experiment it is determined to be
5.8 mm. Here w, (70.14 um) is the beam width at the focus. The effective path length, 120 nm, is
significantly smaller than the Rayleigh range (z, ), fulfilling the thin film approximation condition

Leff<< Zy .
5.4.2 Close aperture Z-Scan measurements

Figures 20, Figure 21, and Figure 22 represent the closed-aperture (CA) Z-scan traces obtained for
thin films of (R-MBA)4Bizl10, (S-MBA)4Bizli0, and (Rac-MBA)4Bi2l1o respectively at different
input intensities. For (R-MBA)4Bi2l10, the CA curves reveal a valley-peak configuration, with a
pre-focal transmission dip (valley) followed by a post-focal transmission rise (peak). This behavior
indicates positive refractive nonlinearity, characterized by a nonlinear refractive index (n2>0).
Conversely, (S-MBA)4Bi2l10 shows a reversed peak-valley structure, indicating negative refractive

nonlinearity (n2<0). A similar trend is observed for (Rac-MBA)4Bizl10.
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Figure 20. Closed-aperture (CA) Z-scan curves obtained for (S-MBA)4Bi2lio film at different
intensities (a) 1.0 GW/cm?, (b) 5.0 GW/cm?, and (c) 7.5 GW/cm? with fs laser excitation at 800

nm. The blue curves are the fits to the Equation 9.
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Figure 21. Closed-aperture (CA) Z-scan curves obtained for (S-MBA)4Bizl1o film at different
intensities (a) 1.0 GW/cm?, (b) 5.0 GW/cm?, and (c) 7.5 GW/cm? with fs laser excitation at 800

nm. The blue curves are the fits to the Equation 9.
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We determined the values of n; by fitting the CA traces to the following equation (Equation 9).%°

4
T(Z)close = 1 — W)E‘H'XZ)Aq)O (9)

="/,

Ay = knylgLegr

Here Ad,is on axis nonlinear phase shift with the sample at focus (z=0), n, is the third-order

nonlinear refractive index, and k = 2“/7\ is the wave vector.
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Figure 22. Closed-aperture (CA) Z-scan curves obtained for (Rac-MBA)4Bi2lio film at different
intensities (a) 0.1 GW/cm?, (b) 0.5 GW/cm?, (c) 1.0 GW/cm?, and (d) 2.5 GW/cm? with fs laser

excitation at 800 nm. The green curves are the fits to the Equation 9.

We determined the values of B and n, for (R-/S-/Rac-MBA)4Bi2l1o films across a range of peak
intensities from 0.1 GW/cm? to 7.5 GW/cm?, as shown in Table 4. The THG response driven by
+® was particularly strong for (R-/S-/Rac-MBA)4Bizli0, which was also reflected in these x®-
related third-order nonlinear parameters, i.e. the TPA coefficient p and the nonlinear refractive

index n2, obtained from Z-scan measurements. The highest 3 value, measured at 0.1 GW/cm?, was
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5.3x10° cm/GW for (Rac-MBA)4Bi2l1o, which is exceptionally high compared to other perovskite-
derived materials (refer to Table 5). Furthermore, (Rac-MBA)4Bi2lio exhibited a nonlinear
refractive index at significantly lower peak intensities than its chiral counterparts, (R-/S-
MBA).Bizl10. The maximum n; value recorded for (Rac-MBA)4Bizlio at 0.1 GW/cm? was 8.81
cm?/GW. Both (R-MBA)4Bizlioand (S-MBA)4Bi2l10 also demonstrated high  values, comparable
to that of (Rac-MBA)4Bi2l10, as shown in Table 4.

Table 4. Third Order NLO coefficients § and n2 for (R-/S-/Rac-MBA)4Bi2l1o thin films.

lo B n2
(GW/cm?) (cm/GW) (cm2/GW)
R S Rac R S Rac
0.1 2.3x10° 2.6 x10° 5.3x 10° - - -8.81
(£8010) (£8086) | (£15244) (£0.25)
0.5 - 5.4 x 10* 1.1x10° - - -2.35
(£1744) (£3122) (£0.06)
1.0 2.2 x 10* 1.8 x 10* 2.6 x 10* 0.20 -0.19 -0.47
(£793) (£624) (£756) (£0.003) | (40.007) (£0.01)
2.5 - - 1.4 x 10* - - -0.26
(1£423) (£0.007)
5.0 3.5x10° 3.9x10° 9.3x10° 0.05 -0.04 -
(+137) (+117) (+275) (£0.001) | (£0.001)
7.5 1.1x 10° 1.2 x 108 - 0.02 -0.02 -
(£43.2) (£36.9) (£0.0008) | (+0.001)

Interestingly, (R-MBA)4Bizlioand (S-MBA)4Bizlio exhibit opposite signs for n.. This difference
in the sign of n, may be attributed to structural or symmetry variations between the two, which
could differentially affect their nonlinear optical responses. The high values of nonlinear
parameters observed in (R-/S-/Rac-MBA)4Bil1o thin films are likely a result of their OD structural
configuration. This unique structure provides strong quantum and dielectric confinement,
significantly enhancing their nonlinear optical properties.*’*® Furthermore, these materials exhibit

a high exciton binding energy of approximately 150 meV, indicating substantial confinement of
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electrons and holes within the inorganic [Bizli0]* dimers.®® This characteristic of the 0D perovskite

derivative structure is likely a key factor contributing to the enhanced nonlinear optical responses

observed.
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Figure 23. Variation of two-photon absorption (TPA) coefficient () and nonlinear refractive
index (n2) as a function of input intensity for (a) (R-MBA)4Bizl1o, (b) (S-MBA)4Bizlioand (c) (Rac-
MBA)4Bi2l1o.

Figure 23 shows the variation of f and n2 as a function of input intensity for (R-/S-/Rac-
MBA).Bil1o. In all three samples, both f and n2 were decreasing with increasing input intensity
and eventually saturating at higher intensities. The reduction in nz with rising intensity can be
attributed to an increase in charge carrier density at higher intensities. The effective nonlinear
refractive index, np*, can be expressed using the following relation.*°

n, =n, + Eyrll(t)

(10)
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Here, n(t) is the photoexcited carrier density, ¢, is the change in refractive index per unit density

of conduction band electrons, and I is the input intensity.

Free carriers can influence the refractive index due to their ability to absorb light.>® Under

nonresonant excitation, free carriers are primarily generated through multiphoton absorption,

whereas under resonant conditions, they arise from linear absorption. During nonresonant

femtosecond excitation at low intensities, the primary contribution to nonlinearity originates from

bound charge carriers, as TPA is relatively weak in this regime. However, as the intensity

increases, the nonlinearity becomes dominated by free carriers, which accumulate during the pulse.

Table 5. Comparison of two-photon absorption (TPA) coefficient (f) and nonlinear refractive

index (n2) of halide perovskites thin films.

Material Excitation S (cm/W) n2 (cm2/W) Ref.
CsPbBrs NC thin film 600-800 nm, 1.8 x 107 ~107 54
1kHz, 70 fs
CH3NH3Pbo75Sno.2sls | 1535 nm, 400 fs, 1.15x 1073 - 55
43 MHz
thin film
Cs4PbBrs 0D thin film 500-1500 nm, ~1077 ~10° 45
70 fs, 1kHz,
(BA)2Pbl; thin film 550 nm 1.01x 105 71x101 56
CH3NH3PbBrs thin 1028 nm, 40 ns, 2.72 x 10* 1.9x 101 52
film 1 kHz
(R-MBA)4Bizl10 800 nm, 65 fs, 2.3x10% 2.0x 1071 this work
thin film 1kHz
(S-MBA)4Bizl10 800 nm, 65 fs, 2.6 x 10 1.9x 101 this work
thin film 1kHz
(Rac-MBA)4Bizl1o 800 nm, 65 fs, 5.3x10% -8.81 x 10° this work
thin film 1kHz
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In the low-intensity regime, TPA remains minimal, and n(t) remains nearly constant, causing the
effective nonlinear refractive index, nz*, to decrease as the excitation power increases, following
Equation 10. At higher intensities, the growth of n(t) becomes progressively counterbalanced by

the rising excitation intensity, resulting in the saturation of n.* at elevated intensities.>

All three samples, (R-/S-/Rac-MBA)4Bi2l10, exhibit a similar trend in their  values too, which
decrease and eventually saturate as input intensity increases. This behavior is likely due to the
direct dependence of B on the charge carrier density.>? Similar reductions in optical nonlinearities
have been reported for other materials, including graphene, and > methylammonium lead halide

thin films.%2

Additionally, an increase in transmission near the focal point is observed in the Z-scan
measurements as input intensity rises. This phenomenon can be attributed to ground-state
saturation, resulting from an elevated charge carrier density at higher intensities. However, a
complete transition from reverse saturable absorption (RSA) to saturable absorption (SA) was not
observed. Consequently, the observed variations in refractive index and nonlinear absorption are
attributed to changes in free charge carrier density induced by indirect two-photon optical

transitions.
5.5. Conclusions

We have explored the second- and third-order nonlinear optical (NLO) properties of (R-/S-/Rac-
MBA)4Bi2l10 and determined their corresponding nonlinear coefficients. The chiral crystals (R-/S-
MBA)4Biz2l10 exhibit second-harmonic generation (SHG) responses, alongside significantly
stronger third-harmonic generation (THG) responses when excited with femtosecond near-infrared
(NIR) pulses in the 1360-1590 nm range. The achiral counterpart, (Rac-MBA)4Bizlio,
demonstrates the highest THG intensity among the samples. All crystals exhibit excellent optical
stability, as evidenced by their high laser-induced damage threshold (LIDT) values.

Both chiral and achiral samples show resonance enhancement of the THG response, corresponding
to their excitonic absorption peak around 510 nm. The chiral crystals also display circularly
polarized SHG with a polarization ratio of approximately 8%. Z-scan measurements on thin films
of these OD perovskitoids, under femtosecond laser excitation at 800 nm, reveal exceptionally high

values for the nonlinear absorption coefficient () and the nonlinear refractive index (n2), with the
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achiral (Rac-MBA)4Bizl10 showing the highest values. Both § and n2 exhibit an inverse relationship
with input intensity, with saturation effects becoming evident at higher intensities. At these
elevated intensities, third-order nonlinearity is predominantly governed by free carriers generated
through two-photon absorption. These findings highlight the potential of hybrid chiral metal
halides as efficient and optically stable materials for NLO applications. Their strong THG
response, large B and n2 values, and excellent optical stability make them promising candidates for

technologies such as optical switching and upconverted lasing.
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In this thesis, we investigated the charge carrier dynamics in CsPbBrs nanocrystals (NCs)
integrated with two copper-based inorganic hole-transporting layers (HTLs). In photovoltaic
devices, charge-transporting layers play a pivotal role. Following photon generation, these layers
ensure efficient and irreversible charge separation, a critical factor for enhancing device
performance. Focusing on hole-transporting layers, inorganic HTMs offer distinct advantages over
their organic counterparts. These include exceptional stability under humid and high-temperature
conditions, favorable band alignment, UV-visible transparency, and high hole mobility, making

them highly promising for advanced photovoltaic applications.

Using time-resolved terahertz spectroscopy (TRTS) and transient absorption spectroscopy, we
successfully monitored ultrafast hole injection from CsPbBrz NC films into Cul and Cu2O HTLs.
The hole transfer occurs on a sub-picosecond timescale, including the transfer of hot carriers. A
quenching observed in the initial THz peak conductivity indicates that hole transfer occurs even
faster than the instrument response time (~300 fs). The combination of excellent stability, solution
processability, cost-effectiveness, and superior hole extraction efficiency establishes Cu.O as a
standout candidate for HTL applications. These results provide valuable insights into the
underlying mechanisms of device operation and will definitely aid in developing innovative design

strategies for more efficient photovoltaic devices.

We explored the mechanism behind the sharp increase in LSPR Q-factor with Cr co-doping in Sn-
doped In203 NCs. We successfully monitored changes in the complex dielectric function of co-
doped NCs, observing that the sample with the highest Cr doping concentration exhibited the
highest dielectric constant. This enhancement is likely responsible for reducing ionic impurity
scattering, as a higher dielectric constant weakens the Coulombic interaction between ionic

dopants and free carriers.

Kerr nonlinearity measurements showed that increasing Cr doping concentration resulted in slower
Kerr nonlinearity decay. The sample with the highest Cr doping exhibited the longest relaxation
time, highlighting the ability to tailor Kerr nonlinearity by modulating doping levels and,
consequently, the carrier density. Remarkably, all samples demonstrated optical Kerr effect (OKE)
recovery times of less than one picosecond, making these materials highly suitable for ultrafast
optical switching applications. OKE experiments also provided valuable insights into the

vibrational dynamics of the material. A clear shift of vibrational modes toward lower frequencies
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was observed with increasing Cr doping. Additionally, a low-energy optical phonon mode
emerged with high Cr doping levels. The changes in vibrational dynamics, particularly the
introduction of low-energy optical phonon modes, are expected to have a direct impact on the

localized surface plasmon resonance (LSPR) properties of the material.

Chiral halide perovskites have garnered significant attention in recent years due to their remarkable
nonlinear optical (NLO) properties. Studies have demonstrated wavelength-tunable and
polarization-dependent second-harmonic generation (SHG) in low-dimensional chiral hybrid
perovskites. However, the prevalent use of toxic lead (Pb) in these materials raises environmental
concerns, prompting the development of lead-free alternatives.

We investigated the wavelength-tunable and polarization-dependent SHG and third-harmonic
generation (THG) in a OD chiral, lead-free hybrid perovskite derivative, ((R-/S-/Rac-MBA)4Bi2l1o,
where MBA represents methyl benzyl ammonium. Unlike previously reported bismuth-based
chiral perovskites, this material exhibits both SHG and a significant THG response, coupled with

excellent thermal stability.

The third-order nonlinear optical properties of these materials were examined using open-aperture
(OA) and closed-aperture (CA) Z-scan techniques in the femtosecond (fs) regime. Z-scan
measurements on thin films under 800 nm fs laser excitation revealed exceptionally high values
for the nonlinear absorption coefficient () and nonlinear refractive index (n2). Among the samples,
the achiral (R-/S-MBA)4Bi2l1o demonstrated the highest B and n2 values. Both parameters showed
an inverse relationship with input intensity, with saturation effects becoming evident at higher
intensities. At elevated intensities, third-order nonlinearity was primarily dominated by free

carriers generated through two-photon absorption.

The unique 0D structure of these materials provides strong quantum and dielectric confinement,
significantly enhancing their NLO properties. Their strong THG response, large  and nz values,
and outstanding optical stability position these hybrid chiral metal halides as promising candidates

for advanced photonic applications, including optical switching and upconverted lasing.

While significant research efforts focus on developing new materials and improving device
architectures to enhance efficiency, the study of charge carrier dynamics remains relatively
underexplored. Ultrafast charge carrier dynamics in complete devices, involving the perovskite
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absorber layer and charge transport layers, can provide critical insights into interfacial charge
transfer efficiency and recombination mechanisms. Understanding these dynamics, especially in
devices with alternative HTLs like NiO, CuSCN, and carbon-based materials such as graphene,
paired with various perovskites, could pave the way to develop new device theories required to

make efficient photovoltaics.

Chiral perovskites have demonstrated exceptional promise in nonlinear optical applications. There
is still a high demand for efficient circularly polarized light (CPL) detectors and emitters across
different regions of the electromagnetic spectrum. Techniques like Z-scan with circularly polarized
light offer exciting opportunities to investigate third-order nonlinear optical properties in these
chiral systems.

A particularly intriguing development arises from the interaction of chirality with electron spin.
Chiral molecules have the unique ability to selectively filter electrons based on their spin
properties, a phenomenon known as the spin filtering effect. This interplay between chirality and

spin opens new pathways for applications in spintronics and quantum information systems.
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