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Preface

Preface

Ubiquitous energy consumption is projected to invent unconventional power source
by solar light harvesting. Semiconducting lead halide perovskite nanocrystals have been
endowed as potential light harvesting materials due to their plentiful advantages like easy
synthetic procedure, broad absorption with extraordinarily high molar extinction coefficient,
long carrier diffusion length, higher carrier lifetime, extraordinary brightness, and colour
tunability and so on. The designing strategy of efficient light harvesting system and the
controlling on the photo generated exciton dynamics in perovskite nanocrystals are the most
challenging task to reach optimum efficiency. In addition, hybrid nanomaterials composed of
different inorganic and organic semiconducting materials (like CdSe, PbSe, porphyrin) can be
employed to achieve high performance in photovoltaic based devices. In this context, the
current thesis provides the basic construction and the understanding of the fundamental
photophysics of semiconducting lead halide perovskite nanocrystals, worthwhile for versatile

applications.
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Ultrafast Exciton Dynamics of Lead Halide Perovskite Nanocrystals for Light Harvesting

Abstract

The thesis entitled “Ultrafast Exciton Dynamics of Lead Halide Perovskite

Nanocrystals for Light Harvesting” discusses the synthesis and ultrafast carrier dynamics of
lead halide perovskite nanocrystals (NCs) for improving artificial light harvesting. The basic
understanding of (a) excited state carrier dynamics of lead halide perovskite (LHP) NCs with
changing morphology; (b) hot hole transfer dynamics with porphyrin molecules; (c) slow hot
carrier (HC) cooling dynamics; and (d) halide composition-dependent tunable electron
transfer process with 2D CdSe nanoplatelets (NPLs) have been emphasized.

Chapter 1 illustrates the fundamental concepts and recent findings on different
important aspects of lead halide perovskite NCs such as nature of excitons, diverse ultrafast
photo-induced phenomenon, and hot carrier cooling mechanisms. Additionally, potential
applications of these novel materials have been demonstrated.

Chapter 2 describes basic principle and theories of different spectroscopic and
microscopic instruments.

Chapter 3 deals with the influence of different shapes on the carrier relaxation
dynamics of CsPbBr; perovskite NCs using ultrafast transient absorption spectroscopy. The
structural transformation of CsPbBr; NCs from cubic shape to rod shape occurs with
changing the solvent from toluene to dichloromethane (DCM). Global and target analysis of
TA spectra is being used to decipher the excited state photo-induced processes. We have
found that the lifetime of the swallow trap (ST) changes from 25 ps to 45 ps, and the lifetime
of the deep trap (DT) state changes from 163 ps to 303 ps with changing the shape of
nanocrystals from cubic to rod. The analysis reveals that trap states play a critical role in the
carrier relaxation dynamics of cubic and rod-shaped NCs. This work unveils that tuning the
crystal phase, shape, and exciton dynamics of CsPbBrs NCs would be beneficial for
designing efficient photovoltaic devices.

Chapter 4 describes the hot hole cooling and transfer dynamics of CsPbBrs
nanocrystals with 5,10,15,20-Tetra(4pyridyl) porphyrin (TpyP) molecules, which can be
helpful in the development of suitable hot carrier-based solar cell devices. A combination of
density-functional theory (DFT) and femtosecond transient absorption spectroscopy uses to
elucidate the mechanism underlying charge extraction and the HC transfer process in the
CsPbBrs-TpyP system. The initial hot carrier temperature (T¢) drops significantly from 1140
K to 638 K at 400 nm excitation due to the hot holes transfer from CsPbBr; NCs to TpyP
molecules. It is dependent on the excitation energy, and the maximum transfer efficiency is

vii
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42% (for 0.85eV above band edge photo-excitation). Additionally, we have found that the hot
hole transfer rate is almost 11 times faster than the band-edge hole transfer rate. The findings
would be relevant for the development of next-generation perovskite-based optoelectronic
devices.

Chapter 5 illustrates a strategy to retard the HC cooling via charge localization at the
CsPbBr3/PbSe heterostructure interface. The transient absorption measurements reveal two
times slower HC relaxation time (from 770 fs to 1.4 ps) and much higher initial HC
temperature, Tc (1663 K, compared to 900 K) for the heterostructure compared to the pure
CsPbBr; at 3.64 eV excitation, under 1.86x10Y" cm™ carrier density. Furthermore, a
combination of an electron-phonon coupling model and first-principles calculations suggest a
retarded relaxation through the Klemens channel due to an appearance of a large energy gap
between the longitudinal optical (LO) and longitudinal acoustic (LA) phonon modes. The
localization of charge density near the heterojunction is responsible for the up-conversion of
LO modes to the higher energy and retards the HC relaxation. The findings highlight a new
protocol for achieving long-lived HCs in perovskites at low carrier densities, which would
benefit the future of HC photovoltaics.

Chapter 6 outlines the design of nano-heterostructures using CsPbX3; NCs (X =
mixture of Br and | or I) and 2D CdSe nanoplatelets (NPIs). We investigate the carrier
relaxation processes of this heterostructure at different time scales by ultrafast transient
absorption spectroscopy. Time-resolved fluorescence upconversion study suggests the
composition-dependent electron transfer from CdSe NPLs to CsPbXs;. From the transient
absorption spectroscopic study, the shortening of faster bleach recovery kinetics of CdSe
NPLs and the enhancement of growth time of CsPbX3; NCs in composites indicate the
ultrafast electron transfer from CdSe NPLs to CsPbX3; NCs. The ultrafast electron transfer
from 2D CdSe NPLs to CsPbX; NCs enhances in following order: CsPbl;> CsPbBrl,>
CsPbBry sly 5. The high dark current and photocurrent are 0.04 pA and 62.4 pA in the CdSe-
CsPbl; composite. The photocurrent generation is due to the efficient ultrafast electron
transfer from CdSe NPLs to perovskite NCs. It indicates that the heterostructures of 2D CdSe
NPLs with perovskite NCs would be useful for perovskite solar cells because of the efficient
interfacial charge transfer process.

This thesis provides a detailed understanding of the carrier dynamics of lead-based
halide perovskite nanomaterials for optoelectronics, photovoltaics, and other light-harvesting
applications.
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Chapter 1

1.1.0verview of Nanomaterials

1.1.1. General concept of nanomaterials

A collection of atoms or molecules with a size range of 1-100 nanometres (nm) is
commonly named nanomaterials. The specific word ‘Nano’ comes from the Greek word
“Nanos” or Latin “Nanus,” which designates 10 power, or one billionth. The comparison of
nanoscale dimensionality is pictorially represented in Figure 1.1. Nanomaterials are
essentially a bridge between bulk materials and atoms/molecules. In the nano dimension,

materials gained new physical phenomena compared to bulk form.*

Water Glucose Antibody Virus  Bacterium Cancer cell A period Tennis ball
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Figure 1.1. Pictorial Comparison of other dimensions with nano dimension (image is taken
from http://introtonanotechnology.weebly.com/uploads/2/5/1/5/25152204/8984028 orig.jpq)

New physical properties of nanomaterials are arisen due to different types of
interactions between atoms and molecules in the nano regime. The nanomaterials exhibit size
and shape-dependent properties not shown in bulk materials. In brief, the origin of these
properties correspond to two main aspects, i. e. a) surface effect and b) quantum effect. With
gradually decreasing the dimension of the materials up to nanoscale, more and more surface
atoms are exposed to interact, and therefore surface-related properties become prominent.
Accordingly, new physical properties originate due to the spatial confinement of electrons in
quantum wells of nanostructures and show efficient electrical, optical, and magnetic
properties. There are two broad nanomaterials, i.e., (a) organic nanomaterials and (b)
inorganic nanomaterials. Organic nanomaterials are aggregated polymers, porphyrins, and
other n-conjugated molecules, and inorganic nanomaterials are semiconducting quantum dots

and metal nanoparticles (NPs). To begin with, we briefly discuss organic and inorganic
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semiconducting nanomaterials. The detailed structural, optical, and electronic properties of

lead halide perovskite (LHP) NCs and their applications will be discussed in this chapter.
1.1.2. Organic semiconducting nanomaterials

The term ‘organic semiconductor’ is being used to study the photoconductivity of
anthracene crystals (prototype of organic semiconductors) in the early 21% century. In 2020,
Hegger and his group were awarded for "The discovery and development of conductive
polymers,” which opened up new areas of application for organic conducting materials.
Generally, organic semiconductors can be classified as (a) low molecular weight compounds
and (b) polymers. A conjugated system of m bonds formed by p-orbitals of carbon atoms of
trigonal hybridisation is the common feature of both groups. In contrast to inorganic
semiconductors, occupied and unoccupied molecular orbitals (MOs) in organic
semiconductors are not closely packed. Among charge transfers in organic semiconductors,
hole transport occurs in the highest occupied molecular orbital (HOMO), which is formed by
overlapping molecular w-orbitals. Similarly, electron transport results from the overlap
between anti-bonding m-orbitals (n*) and occurs in the lowest occupied molecular orbital
(LUMO). The energy required to pump an electron from the HOMO to the LUMO is called
the HOMO- LUMO, Eg, and is analogous to the valence-conduction band gap in an inorganic
semiconductor (Figure 1.2).2

H /Ill,,,,c F— c...m\\ H "
Jr—
A H” () .\H

Figure 1.2. mbonding and rantibonding molecular orbital by the constructive and

destructive overlap of the two non-hybridized P, orbital of conjugated system.®

Absorption or emission occurs due to m- ©* transition, which is controlled by the degree of

conjugation of the individual systems in the macromolecule. The range of screening and
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http://en.wikipedia.org/wiki/Conductive_polymers

Chapter 1

design possibilities for organic semiconductors provides an advantage over inorganic
semiconductors. When conjugated molecules are bound into a solid, the overlap of their

delocalized m-electron systems gives rise to conductivity.*®
1.1.3. Inorganic semiconducting nanomaterials

The discovery of the quantum size effect in 1981 for inorganic semiconductor nanocrystals
(NCs) and the resulting size-dependent optical properties instigated a new branch of research
for materials scientists, chemists, and physicists.” In 1982, Prof. Louis Bruks envisages and
has done the pivotal work on the colloidal semiconductor Quantum dots (QDs), which is
marked as the actual birth of a nano science building block.®*° In the bulk form of the
semiconductor material, the electronic energy levels are continuous, whereas discrete atomic
like energy levels appear at the edges of the band due to the limited number of atoms in the
QD (typically 100-10000), which is known as quantum confinement effect. QDs have broad
absorption, narrow and symmetric emission spectra, slow excited-state decay rates, and broad
absorption cross-sections due to the quantum confinement effects.**™ Bulk semiconductors
are characterized by a composition-dependent band gap energy (Eg), which is the minimum
energy required to excite an electron from the ground state valence band (VB) into the
conduction band (CB) (Figure 1.3).

molecule semiconductor bulk
nanocrystal semiconductor

LUMO

TE - — conduction
band
| | EL‘
e
e — =
—_—— —_—
HOMO

Figure 1.3. Schematic presentation of energy level diagram of the molecule, semiconductor

nanocrystal, and bulk semiconductor (image taken from http://picshype.com/quantum-dots-

band-gap/download-fiqure/6361)

The average physical distance between the electron-hole pair is called the exciton Bohr
radius, and this distance differs for the different types of semiconductor materials. In the

semiconducting nanocrystals, the Bohr radius of the free exciton is determined by the spatial
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extension of the wave functions of the conduction band electron and valence band hole. If the
particle size becomes of the order of the exciton Bohr radius or smaller, these wave functions
are confined by the nanocrystals' edges and the kinetic energy of the charge carriers (electron
and hole) increases. This causes the observed shift of the absorption edge to higher energies
as the particle size decreases. Equation (1) relates the band gap energy and particle size based

on a “particle in a box” model.
Eq (eff) = Ey + h°n?/2uR* — 1.8¢°/eR (1)

The term h’z*/2uR? is due to confinement effect and 1.8e?/¢R is related to Coulombic term.
Eq (eff) is the effective band gap energy, and Eq is bulk band gap energy, R is the particle
radius, and p = reduced mass [1/me +1/my]. In addition to the size, the dimensionality of
nanocrystals can also strongly influence the electronic spectrum of charge carriers and the
optical properties of the nanocrystals. In 2008, Dubertret et al. discovered the first 2-D zinc
blende (ZB) CdSe colloidal quantum wells, also widely known as nanoplatelets (NPLs).*
Unlike bulk semiconductors, where the density of the states (DOS) increases continuously
with energy due to continuous bands, the 2D quantum well (QW) confines the motions of
electrons in the thickness direction, and carriers can movie in the other two directions (Figure
1.4).

(A) (B) © )

ABu'k Quantum well Quantum wire  Quantum dot
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Figure 1.4. Schematic illustration of the energy level structure of a bulk semiconductor and

DOS

[%2] [%2]
O o
(=] (a]

(semiconductor nanostructures with reduced dimensionality.” Reproduced with permission

from reference 17 (Copyright 2016 Springer).

Generally, it is observed that the absorption spectra are red-shifted with increasing
thicknesses of the monolayers.’® Splitting heavy hole (hh) and light hole (lh) excitonic

transitions in CdSe NPLs is vital in quantum well structures. The photoluminescence (PL) of

6
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these NPLs arises due to the recombination of an electron at the conduction band with the

heavy hole band.
1.2. Lead halide perovskite (LHP) nanocrystals

Gustav Rose first proposed “perovskite” for the CaTiOs mineral. He named it after the
Russian nobleman and mineralogist Count Lev Alekseyevich von Perovski in 1839.1%%
Later, Victor Goldschmidt first used it as a general term for the crystal structure group in
1926. Over the last two decades, lead halide perovskites (LHP) have been identified as one of
the most promising materials in photovoltaic and light-emitting devices, leading to significant
breakthroughs in materials science.’®? Three dimensional (3D) LHP crystal lattice is defined
as a network of corner-sharing BXg octahedra that crystallize with a general ABX3 (or
equivalent) stoichiometry, where A is monovalent cations (Cs'/ FA'/ MA"), B is divalent
cations (PB?*) and X is monovalent anions (CI, Br’, I” or their mixture).”® Generally, LHP are
classified into either organic-inorganic hybrid (OIH) or all-inorganic perovskites, depending
on whether the A-site cation is organic or inorganic. Methyl ammonium (MA) or
formadinium (FA) are used monovalent A-site cation for OIH perovskite, whereas all-
inorganic perovskite has cesium (Cs) or rubidium (Rb) as the cation.?* Ideally, perovskite
crystal structures exist as a cubic lattice, although perovskite with orthorhombic and

tetragonal crystal lattice can be found.

Figure 1.5. Schematic representation of different metal halide structures.® Reproduced with

permission from reference 25 (Copyright 2019 American Chemical Society).
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Deviations from this ABXj3 stoichiometry can be obtained when the A and B sites cation
become partially or fully vacant (vacancy-ordered perovskites) or replaced by a combination
of other cations (with different valences but with an overall neutral charge balance), forming
double or quadruple perovskites. Notably, numerous perovskite-related structures with
variations of structure and compositions such as pseudocubic ABX;3 (3D), AsBX;s (0D), (d)
AB2X5 (2D), A;BX4 (2D), A;BXs (0D), A2B*B*X¢ (3D) and A3B2Xs (2D) can be found
(Figures 1.5).* The deviation from the ideal perovskite structure in ABX; materials can be
predicted through the Goldschmidt tolerance factor, t= (ra + rx)/[\V2(tg + rx)], Where ra, rg,
and rx are the ionic radii of the corresponding ions, and t is defined as the ratio of the distance
A-X to the distance B-X.?° Only a limited number of A-cations (Cs, MA, and FA) can give
rise to stable LHP structures because stable 3D perovskite structures are formed with the
tolerance factor range of 0.76-1.1. Additionally, the octahedral factor (p), defined as p =
re/rx, describes the stability of the BXe> octahedral.?> 2’ Hence, the tolerance and octahedral
factors are the two most important factors to predict the stability of novel possible perovskite
combination. LHP NCs can be done by simply mixing the corresponding precursor solutions
under ambient conditions due to their inherent ionic character. The two most common
methods of the synthesis of LHP NCs are: (a) hot injection approach and (b) ligand assisted
re-precipitation (LARP) methods.”> #3! The detailed synthetic procedures have been
described in the methodology chapter (chapter 2). The main difference between the two
approaches is the temperature at which the reaction occurs: while the hot injection is
performed at high temperatures (in most cases above 100°C), the formation of NCs in LARP
occurs at room temperature. Depending on the synthetic conditions, the dimensionality of
LHP can be tuned from 3D to 0D (see Figure 1.6 A).?° The optical and electronic properties
of perovskites are tunable across the whole visible region by simple modulation of halide
compositions (See Figure 1.6 B).?> The size and dimensionality of perovskites tune their
optical properties, like conventional metal chalcogenide semiconductors.?? *3* Moreover,
they show strong quantum confinement effects when their dimensionality changes from 3D to
2D, offering tunability of optical properties.®* * Additionally, doping of divalent metal ion
(Mn**, Zn** etc) is widely used to tune the photophysical properties of LHP.3"3®
Interestingly, recent studies have shown that colloidal perovskite nanocrystals (NCs) can
exhibit outstanding opto-electronic properties such as very high photoluminescence quantum
yields (PLQY), high absorption coefficient, very narrow full width half maximum (FWHM)

of PL emission and long diffusion length. 3 32 3%42
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Figure 1.6. (A) TEM images of different dimensional LHP NCs.”° Reproduced with
permission from reference 20 (Copyright 2021 American Chemical Society) (B) colloidal
solution of perovskite NCs under UV-lamp (1=365 nm) and their corresponding PL
spectra.?? Reproduced with permission from reference 22 (Copyright 2015 American

Chemical Society)

It is reported that defect tolerance is an important factor for optical properties related to the
shallow of the defect-related energy states. Defect tolerance is low nonradiative
recombination rates despite high densities of defects.?® “*** A schematic plot of the band
structure of LHP NCs and conventional semiconductor QDs (CdSe, GaAs) is shown in Figure
1.7.%
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Figure 1.7. Comparison of the electronic structure of defect-intolerant CdSe/GaAs and
defect-tolerant semiconductors (ABXs).*> Reproduced with permission from reference 45
(Copyright 2017 American Association for the Advancement of Science)

Interestingly, it is noticed that the defect states for perovskite NCs lie within the valence and

conduction bands, whereas it is formed within the band-gap for conventional semiconductor
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QDs.* Notably, the band structure of the perovskites shows that the conduction and valence
bands are included with orbitals that are anti-bonding in nature. In the subsequent section, we

will elaborately discuss the excitonic properties of LHP NCs and their versatile applications.

1.3. Nanophotonics: An exciting frontier in materials science

Nanophotonics deals with the interaction of light with the matter on a nanometer size
scale which is an emerging frontier providing challenges for fundamental research and
opportunities for new technologies.*® It is a multidisciplinary field, creating opportunities in
physics, chemistry, applied sciences, engineering, biology, and biomedical technology. By
adding a new dimension to nanoscale science and technology, nanophotonics provides
challenges for fundamental research and creates opportunities for new technologies. The
interest in nanoscience is a realization of a famous statement by Feynman that “There’s
Plenty of Room at the Bottom” (Feynman, 1961). He pointed out that if one takes a length
scale of one micrometer and divides it into nanometer segments, which are a billionth of a
meter, one can imagine how many segments and compartments become available to
manipulate. The critical fact is that nanophotonics deals with interactions between light and
matter at a scale shorter than the wavelength of light itself. Nanophotonics can conceptually

be divided into three parts.*®

One way to induce interactions between light and matter on a
nanometer size scale is to confine light to nanoscale dimensions that are much smaller than
the wavelength of light. The second approach is to confine matter to nanoscale dimensions,
thereby limiting interactions between light and matter to nanoscopic dimensions. This defines
the field of nanomaterials. The last way is nanoscale confinement of a photoprocess where
we induce photochemistry or a light-induced phase change. This approach provides methods
for nanofabrication of photonic structures and functional units.

Let us look at the nanoscale confinement of radiation. There are several ways to
confine the light to a nanometer size scale. One example is lightly squeezed through a metal-
coated and tapered optical fiber where the light emanates through a tip opening that is much
smaller than the wavelength of light.*® The nanoscale confinement of matter to make
nanomaterials for photonics involves various ways of confining the dimensions of matter to
produce nanostructures. For example, one can utilize nanoparticles that exhibit unique
electronic and photonic properties. It is gratifying to find that these nanoparticles are already
being used for various applications of nanophotonics, such as UV absorbers in sunscreen

lotions.*® Nanoparticles can be made of either inorganic or organic materials. Nanometers,
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nanometer-size oligomers (a small number of repeat units) of monomeric organic structures,
are organic analogs of nanoparticles.

In contrast, polymers are long-chain structures involving many repeat units. These
nanometers exhibit size-dependent optical properties. Metallic nanoparticles exhibit unique
optical responses and enhanced electromagnetic fields and constitute the area of
“plasmonics.” Nanocomposites comprise nanodomains of two or more dissimilar materials
that are phase-separated on a nanometer size scale. Each nanodomain in the nanocomposite
can impart a particular optical property to the bulk media. Flow of optical energy by energy
transfer (optical communications) between different domains can also be controlled.
Nanoscale photo processes can be used for nanolithography to fabricate nanostructures.
These nanostructures can be used to form nanoscale sensors and actuators.”® A nanoscale
optical memory is one of the exciting concepts of nanofabrication. An essential feature of
nanofabrication is that the photo processes can be confined to well-defined nano-regions so
that structures can be fabricated in a precise geometry and arrangement.

1.3.1. Excitons in LHP Nanocrystals

In a semiconductor, the absorption of a photon with energy higher or equal to the energy of
the bandgap can lead to the formation of a quasiparticle, known as an exciton.*” The
The attractive Coulomb interaction binds Photo-created electron-hole pair. Consequently, the
exciton-related absorption or emission appears at energies below the fundamental bandgap.
Excitons can be of two types: (a) Frenkel excitons, when the electron and hole are bound so
tightly that the exciton is localized within a single unit cell and (b) Wannier-Mott excitons

which are weakly bound and extended over many lattice sites (depicted in Figure 1.8).

Figure 1.8. Diagram of the different types of exciton*®

Generally, there are two photo-excitations near the band edge for direct bandgap
semiconductors: free carriers and excitons. Exciton binding energy that reflects the Coulomb

interaction strength between photoexcited electrons and holes determines the balance of the
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populations between the two species. Typically, inorganic semiconductors are free-carrier
materials with the exciton binding energies only in a few meV at room temperature and their
excited states being populated principally by free carriers. While organic semiconductors are
excitonic materials with the exciton binding energies in hundreds of meV and thus excitons
are prevailing in the excited states.*® Interestingly, LHP that combine some merits of organic
and inorganic semiconductors seem to stand for an exotic class of semiconductors between
these two limiting cases, with the experimentally determined exciton binding energy varying
in a wide range of 2 to more than 50 meV for the prototype perovskite MAPbI;.>**? Such
large variations of the exciton binding energies reported for LHP give rise to a strongly
debated question, that is, whether free carriers or excitons are generated upon
photoexcitation? Most studies showed that the excitons, if formed at room temperature,
dissociated rapidly into free carriers on a sub-ps time scale, leading to the free carriers
dominating in the subsequent processes.’*>* However, researchers also revealed that
excitonic effects play an important role in defining the optical properties of MHPs since their
band edge absorption onsets and the transient absorption spectra were found to be dominated
by the exciton resonances.> Therefore, understanding the exciton nature in perovskite NCs is
critical in guiding their further applications. For instance, semiconductors with high exciton
binding energies are more favorable in light-emitting applications since the radiative
recombination that occurs through excitons can reach high quantum yields at relatively lower
carrier densities. In contrast, additional effort is required in photovoltaics applications to
dissociate the excitons for carrier extraction. In contrast, semiconductors with low exciton
binding energies significantly below the thermal energy at room temperature are highly
desirable in photovoltaic cells, owing to the merit of easy dissociation of excitons or
spontaneous generation of free carriers upon photo-excitation. In this context, accurate
determination of exciton binding energy is important. Magneto-absorption, the temperature
dependence of photoluminescence, optical absorption, and theoretical calculations have been
applied to determine the excitons binding energies (Ep,) in hybrid and all-inorganic
perovskites.® However, significant discrepancies of excitons binding energies are found in
several previous reports. Although LHP NCs have gained significant attention recently, more
efforts are needed to unfold the fundamental physics of these novel materials for the future

development of photovoltaics devices.
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1.3.2. Ultrafast Photo-induced Processes in LHP NCs: Fate of Excitons

It is essential to understand the fate of the photoexcited charge carriers in a semiconducting
material to develop efficient optoelectronic devices. Photoexcitation produces electron-hole
pairs whose energy relaxation channels depend on various conditions.”® > Followed by
initial carrier thermalization, the hot charge carrier loses its energy by emitting optical
phonons and successively relaxes down to the electronic band-edge. The charge carriers then
either radiatively decay to produce light or recombine non-radiatively. This section discusses
the current understanding of different energy relaxation dynamics in LHP NCs under ultrafast
photoexcitation. The various sequences of events after photo-excitation within perovskites

and various interfaces are schematically shown in Figure 1.9.% 3
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Figure 1.9. Schematic representation of various modes of relaxation of charge carriers

produced on photoexcitation of the perovskites and perovskite composites.

The photo-induced transients of perovskite NCs have been characterized using optical pump-
probe transient absorption (TA) spectroscopy. The pump laser-induced change in excited
state population as a function of time (fs to ns).** %! A typical steady-state linear absorption
spectrum (red squares) and a TA spectrum (blue circles) of a planar MAPbI; perovskite thin
film is represented in Figure 1.10. It reveals that both excitonic and band to band continuum

transitions contribute to the optical band gap in LHP NCs.*
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Figure 1.10. Typical Steady-state (red squares) and transient absorption (TA) (blue circles)
spectra of a typical MAPbI; perovskite thin film.®* Reproduced with permission from
reference 62 (Copyright 2015 Macmillan Publishers Limited)
The TA spectrum consists of two general features: a sharp photobleach (PB) and broad
photoinduced absorption (PIA). The PB signal peaking at ~1.65 eV has been attributed to
both band filling and free carrier-induced bleaching of the exciton transition.?”®® The PIA has
been related to several factors such as hot carrier (HC) cooling, polaron formation, and free
carrier absorption.®*®%% The derivative like TA feature at an early time scale (<1 ps) for the
CsPbX3 NCs have been attributed to the biexciton effect, which arises due to coulombic
interaction between the hot-exciton and band-edge exciton produced by the pump and probe
laser, respectively,®®>9 636566
% Hot-Carrier Relaxation Dynamics
When perovskite NCs are excited by photons with energy higher than the band-gap energy,
the charge carriers (electrons and holes) are produced in states much above the band-edge
states with a non-equilibrium distribution in the energy. These “hot carriers” thermalize
through Carrier-carrier scattering processes within 1 ps. The subsequent process is called
“carrier cooling”, in which the quasi-equilibrated HCs (at a temperature higher than the
lattice temperature and governed by the Fermi-Dirac distribution) dissipate their excess
energy as heat via phonon emission and come to the band-edge state.®”"* The HC cooling can
be monitored by following the buildup dynamics of band-edge bleach (PB) and decay of the
PIA band. In addition, HC cooling can be probed by measuring the carrier temperature by
fitting the high-energy tail of the TA spectra to a Maxwell-Boltzmann distribution.®*
However, the exact estimation of the individual contributions of hot holes and hot electrons
to the carrier cooling time is difficult as the excess energy is almost equally distributed

between the hot electrons and hot holes.®
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% Carrier Trapping and Recombination Dynamics
Radiative recombination of the charge carriers is one of the most important channels in direct
band gap semiconductors that determine their utility in optoelectronic devices. However,
multi-exponential PL decay dynamics of most perovskites NCs even at low excitation fluence
suggests the existence of sub-band-gap energy levels arising from various defects that act as
trap centers.®™ " These trapped carriers can return to the conduction or valence band and
recombine radiatively if the de-trapping process is effective such as in the case of shallow
defects.” " However, when the separation between the trap state and band-edge is
significant, the charge carriers relax non-radiatively, as in the case of deep traps.”* For
smaller NCs with a high surface-to-volume ratio, “surface trapping” can also facilitate non-
radiative recombination of the charge carriers, resulting in lowering the PL efficiency and
acceleration of the PL decay dynamics. Notably, the time constants for the radiative
processes are most commonly estimated from the PL decay profiles using the time-correlated
single-photon counting (TCSPC) technique, but, the non-radiative recombination processes
are much faster and require ultrafast TA and PL measurements. The temporal profile of the
photobleach (PB) signal of perovskite NCs represents the dynamics of relaxation of the
thermalized/band-edge exciton. It consists of a fast component due to carrier trapping, and a
long component is due to radiative recombination of two components.®* In this context, time
constants of ~45 ps and ~2 ps are obtained for the bleach recovery kinetics of CsPbBr; NCs,
where the former has been assigned to the electron trapping.”® The estimated carrier trapping
time constants is ~215-400 ps in the case of CsPbls NCs.” 7" A recent theoretical study
shows that halide vacancies in the NCs are the major contributor to the defect energy levels,
which are shallow for CsPbBr5; and CsPbls, but deep in the case of CsPbCls.”**° The high
trap density in large band gap CsPbCl; NCs accounts for its weak luminescence (PLQY
<10%), and TA studies show multiple carrier trapping channels with time constants ranging
from 3 to 64 ps.>" 882
¢ Multi-Exciton Dynamics

It is noteworthy that the generation of multiple excitons by absorption of a single photon can
enhance the PCE of single-junction photovoltaics. Generally, multi-excitons in
semiconductor NCs are generated by utilizing the excess energy available to an HC or by
high photon flux. Notably, multi-exciton dynamics is independent of the method of
generation which can be applied to improve solar cell applications as the.** 8% Recently,

Makarov et al. studied multi-exciton dynamics in CsPbX3 NCs by monitoring the PL kinetics
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as a function of the pump fluence, where the appearance of an additional fast decay

component at higher laser fluences indicates the formation of multi-excitons (Figure 1.11).2°
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Figure 1.11. PL decay dynamics of CsPbl; NCs at different pump laser fluences correspond

to a short-lived PL component due to bi-excitons (denoted as t2X) emerging at higher pump
intensities.** Reproduced with permission from reference 83 (Copyright 2016 American
Chemical Society).

The generation of a large number of charge carriers in spatially confined NCs enhances the
carrier-carrier interaction, which leads to Auger recombination (AR), an additional non-
radiative channel for the relaxation of the charge carriers. Multi-exciton generation is limited
to bi-excitons as both VB and the CB edge states of the perovskite NCs which accommodate
a maximum of two charge carriers (two-fold degeneracy).®® The bi-exciton lifetime of the
pure CsPbX3 NCs varies with the halide composition as CsPbls (90-115 ps) > CsPbBr; (40-
74 ps) > CsPbCly (~20 ps).3* 8% Bij-exciton lifetime (t.) Of perovskite NCs strongly
depends on the volume of the NCs as, T xx = YV, where vy is the scaling factor. The systems
with a higher bi-exciton lifetime are of great interest as they provide a longer period for the
extraction of bi-excitons before nonradiative AR. In a recent study, Mondal et al. showed that
the biexciton lifetime of CsPblz can be almost doubled by doping a small amount of chloride
or formamidinium ion into the system.**

Another possible non-radiative loss channel is forming a trion, a localized center containing
three charged particles.®® A positively charged trion consists of two holes and one electron,
and a negatively charged one comprises two electrons and a hole. These species are formed
on photo-excitation of NCs, which contain a trapped electron or hole. Recently, Yarita et al.
had estimated a trion lifetime of 190 ps for CsPhBrs NCs.** Post synthetic surface treatments
could suppress the trion recombination process since the trions are formed through surface

trapping.*®
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1.3.3. Hot Carrier (HC) Cooling Mechanisms in Lead Halide Perovskite Nanocrystals

Metal halide perovskite is the most exciting and potential material for photovoltaics and
optoelectronic applications.”® The solar energy conversion efficiency has been surpassed over
22% within a concise period, kept behind the conventional silicon solar cells.?® But, further
improvements of perovskite solar cells efficiency have plateaued, which requires exploring
the advanced concept like hot-carrier solar cells (HCSC).%® 9%° Hot Carriers (HCs) are
carriers with initial kinetic energies at least KBT above the conduction (valence) band
generated by the above band gap Photoexcitation. This hot carrier exhibits a higher
temperature than the lattice temperature. They rapidly relax (within sub-picoseconds) to the
band edge by losing their excess kinetic energies to phonons (or as heat) via carrier—phonon
scattering. Then they are available for transport to the contacts for charge extraction.®® " For
any single-junction solar cells, including perovskite solar cells, the rapid HC cooling is the

dominant energy loss channel (see Figure 1.12).*%
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Figure 1.12. Major energy loss processes in conventional single-junction solar cells.*®

Reproduced with permission from reference 100 (Copyright 2001, John Wiley & Sons, Ltd.)

The theoretical calculation reveals that the solar cell efficiency can be extended up to 66% for
single-junction HCSC under one sun illumination by mitigating the so-called Shockley-
Queisser (SQ) limit of 33%.'°:2%2 However, HC cooling occurs very rapidly (within hundreds
of femtoseconds) in most conventional semiconductor nano-materials (such as CdSe, PbSe,
CdSe, GaAs etc). Slow HC cooling rate is the critical material criterion in solar absorbers for
successful implications of HCSC where excess non-thermalized energy is judiciously
extracted before they are lost as heat. The recent emergence of metal halide perovskite shows

suitable HC cooling properties such as reduced HC cooling lifetime compared to
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conventional semiconductor absorber, long-range hot-carrier transport (up to 600 nm), and
highly efficient HC extraction properties.®® ®® 1% Fundamental photophysical processes of
HC cooling in a semiconductor and the corresponding evolution of electron and hole
distribution with time following above bandgap pulsed laser excitation are shown in Figure
1.13.7

T=T, T, B undefined T2T,>T, =T, Ten=T,
N bp=0 t. Bp>0 Ap>0 Ap=0
Eo B i L L—L
E t<0 t=0 ~10 fs ~100 fs ~1ps ~1 ns
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Equilibrium  Absorption Thermalisation  Cooling Recombination

Figure 1.13. Schematic representation of the evolution of the carrier distribution with time
after pulsed laser excitation.”” Reproduced with permission from reference 97 (Copyright
2019 Royal Societ of Chemistry).

After absorbing the high-energy photons (process 1), the HCs will redistribute the energy and
relax via various pathways to reach thermal equilibrium with the lattice. The hot carriers will
thermalize among themselves through carrier—carrier interactions within 100 fs, usually
called carrier thermalization (process 2). In this process, the distribution of HCs follows the
Fermi-Dirac statistics with a carrier temperature T, that is larger than the lattice temperature
T.. Richter et al. first observed ultrafast carrier thermalization in perovskites using 2D
electronic spectroscopy with a characteristic thermalization time from 10 to 85 fs.'** The
thermalized HCs will start to equilibrate with the lattice mainly through an inelastic carrier—
phonon interactions after carrier thermalization, known as “cooling” of HCs, which
comprises of processes 3-4. In general, HC cooling in perovskite NCs occurs through
dominant Frohlich interactions (i.e. electron—LO—phonon scattering) within 1 ps due to the
polar nature (process 3).2% Notably, polarons can also be formed during process 3 due to the
large electron-phonon interactions coupled with lattice deformations.’® The electron—LO—
phonon scattering process continues till the excess energies of the HCs are less than the LO
phonon energy. Then, the emitted LO phonons from electron—LO-phonon scattering can

decay into the daughter acoustic phonons and transverse optical phonons, and the
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corresponding energy will be lost via decay of acoustic phonon emissions, which usually
occurs in hundreds of picoseconds (process 4). Finally, the cooled carriers will recombine in
nanosecond timescale (process 5). In this section, we highlight the crucial findings of slow
HC cooling and various mechanisms that have been established for perovskite NCs as well as
challenges and opportunities in this emerging field. Xing et al. first observed slow HC
cooling of 0.4 ps in MAPbI3 polycrystalline thin films in 2013 by employing transient
absorption spectroscopy.'®” They showed concomitant rise of band edge bleach signal and
decay of deeper level bleach signal which originates due to the hot hole relaxation from
deeper valence band state to band edge valence band state. Later, Sum et al. reported similar
concomitant rise and decay of bleach signals (0.4 ps) for the conduction band states due to
the slow hot electron cooling.'®® Notably, halide perovskite have similar hot electron and hot
hole cooling lifetimes which are essential for developing practical HC optoelectronics.®* HC
cooling dynamics in perovskite NCs depend on photoexcited carrier density, the initial HC
excess energy, cation species, morphology, and confinement effects. 3¢ 62 67 71 109114 1 thiq
context, Chen et al. showed that HC cooling dynamics in MAPDbI3..Cly films could be further

retarded up to 10 ps by increasing pump fluence from 2.3 pJ cm?to 340 pJ cm™ which is

evident from the substantially prolonged high-energy tail, and delayed build-up of the ground
114

state bleaching signals (Figure 1.14).
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Figure 1.14. 2D pseudo-colour TA spectra of MAPDI3Cly film under 3.1 eV photoexcitation
at low and high pump fluence showing prolonged high energy tail."** Reproduced with

permission from reference 114 (Copyright 2015 American Chemical Society).

Recently, the influence of A-site cation on the HC relaxation rate has been examined by
Pullerits et al, where HC lifetime increases in the following order: CsPbBr; (390 £ 20 fs) >
MAPbBr; (270 + 20 fs)> FAPbBr; (210 + 20 fs).”* This has been explained by the fact that

organic cations (MA and FA) enhance charge carrier-phonon coupling compared to inorganic
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Cs cations, which leads to faster HC cooling in the case of organic cations.**>*** On the other
hand, FA cation-based LHP NCs show fastest HC relaxation among the three types of LHP
NCs, indicating that FA cation interacts stronger with Pb-X framework than MA and Cs due
to the larger size of FA cations.”* Kim et al. reported the halide composition-dependent HC
cooling time of CsPbX3 NCs which varies as follows: CsPbBr3(310 fs) > CsPbBr; sl;5(380
fs) > CsPbl; (580 fs) (Figure 1.15)."*" It is shown by density function theory (DFT)
calculations that valence band (VB) electronic structures are perturbed by the orbitals of the
halide ions while those of conduction band (CB) show halide-independent behavior. Thus, a
significant dependence of HC relaxation rate on the halide composition is mainly attributable
to the density of states for holes in the VB of CsPbX3 NCs.*
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Figure 1.15. 2D pseudo-color TA map (top) and early time TA dynamics probed at the
positions of PA and bleach features (bottom) for (A) CsPbBrs;, (B) CsPbBrislis and (C)
CsPbl; NCs showing the halide dependence of HC cooling rate.”” Reproduced with
permission from reference 117 (Copyright (2017) John Wiley & Sons).

Li et al. showed that two orders slower HC cooling times and about four times larger hot-
carrier temperatures in colloidal MAPbBr; NCs than perovskites bulk films.®” It is important
to note that HC cooling rates depend on the photoexcited carrier density, the initial HC excess
energy, and the resolution of the instrument used. Sometimes comparison of HC cooling
dynamics between various groups may create confusion. HC temperature (T¢) of perovskite
NCs is calculated by fitting the high energy tail of band edge photobleaching (PB) TA

spectrum using the following Maxwell-Boltzmann distribution function:®% "% 118

AT (hw) = —Tyexp (EF_M) 2)

kgTc

20



Chapter 1

Where AT stands for the amplitude of bleach at a particular probe wavelength, Er is the
quasi-Fermi energy level, Kg is the Boltzmann constant, and T¢ is the HC temperature. T¢
represents the average temperature of electron and hole since the average effective mass of
electron and hole are almost equal in LHP NCs. The actual reason behind the slow HC
cooling of perovskite NCs is still under debate. Various mechanisms, including hot-phonon
(HP) bottleneck, acoustic-optical phonon upconversion, Auger-heating (AH), band-filling
effect, large polaron formation, and intrinsic phonon bottleneck effects have been proposed,

which will be discussed briefly to get a clear overview:%% 7112 116,119

«» Hot-Phonon Bottleneck Effect

The longitudinal (LO) hot-phonon bottleneck effect is widely used to account for the slow
HC cooling effect in polar semiconductors, including perovskite NCs.*?*# This bottleneck
effect usually occurs in the presence of a non-equilibrium LO-phonon population that leads to
reduced net LO-phonon emission and re-heating of carriers, thus slowing the HC cooling.®*
104112 The HC cooling phenomenon is a cascade process between carrier—LO—phonon
scattering and LO-phonon decay. The presence of the hot-phonon effect is determined by the
competition between the phonon decay rate and the carrier density-dependent carrier— LO-
phonon scattering rate. In the absence of the hot-phonon effect, the HC cooling dynamics can
be modelled using the Frohlich interaction model with the energy loss rate (J;) of the HCs as

fOIIOWS.105, 118, 122

hw

hw hw 2 -
— \ Ny o(T KgT
] = Eh_w<eKBTa _ eKBTC>M(ﬂ> eKBTc (3)
r 2 110 NLO(TC) hw

where hw is the LO-phonon energy, 7, is the characteristics LO-phonon time, T, is the
temperature of acoustics phonon and N;,(T) is the LO-phonon occupation number for
specific temperature T. At high pump fluence (>10*® cm™), HC cooling dynamics are
significantly deviated from the calculated curves based on the above equation, indicating the
presence of the hot-phonon effect. Such a hot-phonon bottleneck has been observed in
organic-inorganic hybrid perovskites such as a film of MAPbI; and FAPDIs. It shows the
more considerable electron—phonon interaction than conventional semiconductors to a more
rapid build-up of a hot LO-phonon population and a slower conversion rate of LO-phonons to
acoustic phonons.*# 2 A recent report by Yang et al. showed approximately ten times
longer LO-phonon emission lifetime in highly excited FAPbI; films than their all inorganic

counterparts with the same 3.1 eV photoexcitation energy. They attributed the hot-phonon
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effect to originate from acoustic optical phonon upconversion, where the overlapping phonon

branches by organic cations enhanced the up-transition of low-energy phonon modes.'*
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Figure 1.16. (A) HC cooling in the presence of hot-phonon (HP) and Auger heating (AH)
effects and (B) schematic representation of hot electron cooling in the presence of hot phonon
and Auger-heating effect.'*> Reproduced with permission from reference 112 (Copyright
2017, Nature Publishing Group).

¢ Auger Heating Effect

The multi-particle Auger-heating effect can further retard the HC cooling to several hundreds
of picoseconds in hybrid perovskites films at higher HC densities (=10*° cm™3), apart from
the hot-phonon bottleneck effect.'? The non-radiative Auger-heating process involves the
transfer of the electron-hole recombination energy to another carrier that
leads to the excitation of this carrier to an even higher energetic state (Figure 1.16).% %% The
recombination energy transferred to the electronic system is proportional to Eg + E, where Eq
is the bandgap.'® The HC cooling dynamics, including the Auger heating effect, is described
by the following equation:

dE dE
< = >t =< >epn +kan® (Eg + E) (4)

% = k1 n— kznz - k3n3 (5)

where k; the monomolecular recombination co-efficient, k, is the free carrier bimolecular

recombination co-efficient, and ks the Auger recombination co-efficient, which is larger for

22



Chapter 1

smaller bandgap and higher carrier temperature.’”® The first term on the right side of
Equation (5) refers to the energy loss rate via electron—LO—phonon interaction, while the
second term corresponds to the Auger-heating contribution. The strong Auger heating effect
on HC cooling in lead iodide perovskites is due to its relatively small bandgap and the

significant hot-phonon effect.**?

% Large Polaron Formation

HC cooling in halide perovskites may arise due to large polaron formation.?” Zhu et al.
proposed that this particular mechanism is severely distinct from the hot phonon bottleneck
effect mechanism and mainly occurs at low carrier density (<10 cm™).® Previously, long-
lived HC photoluminescence (PL) with =150 ps lifetime and initial electronic temperature of
~580K is observed in MAPbBr; and FAPbBr; (Figure 1.17).1°° However, such long-lived
hot-PL emission was not observed in all-inorganic CsPbBr; counterparts. It has been
explained that the dynamical screening from the re-orientational motions of the dipolar

molecular cations and the large polaron formation give rise to the long-lived HCs in organic-

inorganic hybrid perovskites.*? 1#°
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Figure 1.17. Pseudo-color plot of TR-PL spectra for a single-crystal FAPbBr; microplate at
3.08 eV excitation with excitation density 1.7 pJ/cm? showing hot PL emission.'®
Reproduced with permission from reference 106 (Copyright 2016, American Association for

the Advancement of Science).

In another report, Zhu et al. reported a polaron formation time of =0.3 ps in MAPbBr3 and
0.7 ps in CsPbBrs, respectively.'® 1% They suggested that the significant polaron formation
rate competes favorably with the initial LO-phonon cooling time to slow down the HC
cooling in MAPDBTr3; considerably. Also, they reported that the high energy tail of the initial

PL spectra and HC temperature reduces with increasing pump fluence as for MAPbI3 film.
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This striking observation (as compared to the reports based on TA measurements) was
explained by the fact that HC cooling rate becomes faster because of the destabilization of the
large polarons caused by greater inter-polaron repulsive interaction® Hence, it is necessary to
conduct more studies to confirm the contrasting trends for the HC temperatures and to
understand better the transition of HC cooling from the large polaron protection model at
very low carrier densities (=<10™ cm™) to the hot-phonon bottleneck effect at high carrier

densities (>10'® cm).
% Band Filling Effect at High Carrier Density

Band filling effects are also responsible for the retardation of HC cooling time at higher
carrier densities (>10"® c¢m™).}¥*3 Recently, longer HC emissions with ns lifetimes are
observed for FASNI; thin films at high carrier densities (>10* cm™).2*! It has been observed
that the emission peak shifts toward high energy (up to 75 meV) and an increased
contribution of higher energy hot-PL with increasing pump intensity. Such long-lived HCs
with few-ns lifetimes and a significant blue shift of the band edge emission energy were
attributed to the band-filling effect (Figure 1.18).1*

!

£ | Conduction
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band (VB)
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Figure 1.18. Schematic representation mechanism for the blue shift of the PL resulting from
band filling.*** Reproduced with permission from reference 131 (Copyright 2017, Nature
Publishing Group).

Notably, the high pump fluence used contrasts with the polaron protection model (a low
pump fluence effect). Under similar excitation conditions, the observed blue shift of emission
energy is not present in lead halide perovskites (MAPDbI; or FAPbI3) films. It is noted that
HCs need to be rapidly harvested while remaining at their highest possible temperatures for
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maximal efficiencies. This extended hot carrier PL emission should not be mistakenly

interpreted as implications of the higher potential for application in HCSCs.
% Intrinsic Phonon Bottleneck in Perovskite Nanocrystals

The intrinsic phonon bottleneck effect primarily arises from energy and momentum
conservation and large energy level spacing.’® *** Thus, it is expected to show reduced
carrier—phonon coupling and HC cooling rates in quantum-confined systems. Surprisingly,
strongly quantum-confined conventional 11-VI and IV-VI semiconducting NCs do not show
slow slow HC cooling due to other rapid relaxation pathways for HCs such as Auger-type
energy transfer, atomic fluctuations and defects trapping ****** Recently, Sum and co-workers
showed the nanoscale confinement approach to further retard the hot carrier cooling using 3D
perovskite NCs.%” They showed reduced HC cooling in weakly confined colloidal MAPbBT;
NCs (average radius around 2.5-5.6 nm) compared to their bulk perovskite counterparts and
conventional semiconductor NCs. It is found that the HC lifetimes in the perovskites NCs are

greatly retarded, reaching ~32 ps with increasing pump fluence (<Ng> ~2.5) (Figure 1.19).%
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Figure 1.19. HC temperature versus delay time for the MAPbBr3 NCs and bulk film under
3.1 eV photo-excitation with carrier densities.®” Reproduced with permission from reference
67(Copyright 2017, Nature Publishing Group.).

Similarly, long-lived HCs in weakly confined colloidal FAPbl; NCs (from the pump-induced
lengthening of the TA band edge bleaching rise-time) were also reported by Papagiorgis et al.
"MThe unique features of symmetric energy dispersion together with similar and small

electron and effective hole masses for halide perovskites will help sustain the intrinsic
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phonon bottleneck. Furthermore, the high PL quantum yield of 3D perovskite NCs (>80%)
also means low defect densities, thereby mitigating hot carrier losses. These observations
clearly demonstrate the much slower HC cooling time in perovskite NCs at both low and high
pump intensities, thus highlighting perovskite NCs as up-and-coming candidates for
HCSCs.%

The slow HC cooling properties of halide perovskites show great promise for
developing advanced perovskite HCSCs and/or concentrator solar cells. However, further
studies are required before utilization in practical HCSCs and to uncover the origin of such
retarded cooling phenomena. In summary, the necessary toolbox for engineering slow HC
cooling and designing efficient perovskite based HC absorbers require properties such as
enlarged phononic bandgap, lower thermal conductivity, small LO phonon energy, smaller

carrier effective mass, energetic molecular cations, quantum confinement etc.”® 2

1.3.4. Hot Carrier (HC) Extractions from Perovskite Nanocrystals

Efficient HC extraction is an important step for developing practical perovskite HCSC.% It is
predicted that the efficiency of single-junction solar cells can be improved up to 66% by
utilizing the excess non-thermalized energy of HCs.'™'% However, HC extraction must be
extremely fast because the extraction rate competes with the rate of cooling rather than the
carrier recombination rate. Unlike the metal chalcogenide semiconductors, perovskites
provide a much longer lifespan for hot carriers, which makes them more attractive for
harvesting excess energy from hot carriers.*® Furthermore, the thickness of the perovskite
absorber must lie within the range of the HC transport distance. Notably, long-lived hot
carriers of perovskite NCs are found to travel distances as long as ~600 nm overcoming
obstacles like grain boundaries, which suggests that efficient transport of these carriers
towards the electrode is technically feasible.'®® However, only a few studies have been made
on harvesting these hot carriers.®” 670 135137 | this section, we will summarize the recent
findings of HC extractions from perovskite NCs with different acceptors via various time-
resolved techniques. Li et al. studied the HC dynamics of MAPbBr; NCs employing ultrafast
TA spectroscopy and demonstrated efficient hot electron extraction (83%) by 4,7-diphenyl-
1,10- phenanthroline (Bphen).®” The extraction of hot electrons by Bphen is evident from the
rapid reduction of the high-energy tail in TA spectra, a drastic drop of carrier temperature
(T¢) from 1300 to 450 K within 200 fs after photoexcitation and the observation of a new PA

band in the near-IR region due to the radical anion of Bphen (Figure 1.20).%’
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Figure 1.20. (A) Energy level diagram for illustration of the hot-electron extraction from
perovskites NCs to Bphen with competing hot-electron cooling pathways and (B) Normalized
TA spectra of NCs film with (solid lines) and without (dashed lines) Bphen after 3.1 eV
photoexcitation with a pump fluence of <No> =0.1. Inset shows the unnormalized TA spectra
at a delay time of 0.8 ps.” Reproduced with permission from reference 67 (Copyright 2017
Nature Springer).

The hot electron injection process is controlled by the diffusion of carriers within the NCs
followed by hopping of the electrons at the NCs—Bphen interface, which is evident from the
reduction of the hot ET efficiency from 72% to 10% with an increase in NC film thickness
from 35 to 140 nm.®" Also, Shen et al. had reported HC extraction for a CsPbl; film with
P3HT as the extraction layer using the TA approach, where the near-instantaneous
disappearance of the hot-energy tail (within ~0.3 ps) and the reduction of HC temperatures in
CsPbls/P3HT bilayers validate the efficient and extremely fast hot-hole injection into
P3HT.*® Dursun et al. have shown the hot carrier extraction from MAPbI; NCs using spiro-
OMeTAD (hole transporting layer) and TiO, (electron transporting layer).**” The hot carrier
transfer from the higher excited state of CH3NH3Pbl; to bathophenanthroline has been
investigated by pump-push-probe spectroscopy.’® Recently, HC transfer is observed within
300 fs in the interface of CsPbBr; and benzoquinone molecules (electron acceptor) or
phenothiazine molecules (hole acceptor) by monitoring the time dependence of the THz
signal.*® Ultrafast hot hole transfer from photoexcited perovskites to MoS; is also monitored
in a timescale of ~320 fs."*® All of the above pioneering works provide important validation
on the feasibility of HC extraction from halide perovskites, although they are primarily based
on spectroscopy techniques. Hence, more direct electrical measurements on HC extraction is

needed for practical development of HCSC. In addition, finding suitable candidates for
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selective energy contact (SEC), appropriate device architecture (such as patterning,
templating the SEC) which can protect the HCs from mixing with cold carriers in the contacts
and minimize the entropy production during extraction is also essential. As halide perovskites
continue to capture our imagination with their extraordinary properties, only time will tell if

they can translate to disruptive technologies that transform our lives.
1.3.5. Photophysics in Perovskite Hybrid/Composite

Understanding the photophysical properties of perovskites alone is not enough to maximize
their performance in real devices, as the efficiency of a photovoltaic device depends on
several microscopic processes occurring at the interfaces of electron/hole transport layers and
smooth arrival of the charge carriers to electrodes.**®**" The charge transfer and separation
are essential processes for light-harvesting applications. For charge separation, electron and
hole acceptor molecules are coupled with LHP. LHP acts as either electron donor or hole
acceptor, which depends upon the nature of perovskite and band position of both LHP foreign
materials. After charge separation, the charge transport reaching the respective electrode
before the charge recombination is another issue to optimize efficiency. Therefore, the overall
photophysical processes at the interface can be tuned by the appropriate selection of materials
with different band alignment, favorable exciton diffusion length, and suitable charge
transport properties. Significant attention has recently been devoted to measuring the charge
transfer rate and efficiency (including both electrons and holes) using a variety of potential
acceptors. **?'*This section highlights the recent advances and challenging issues on
interfacial charge transfer and energy transfer of LHP NCs for the development of efficient
light-harvesting. Lian et al. reported the first example of electron and hole transfer dynamics
from CsPbBr; quantum dots (QDs) in 2015, wherein benzoquinone (BQ) and phenothiazine
(PTZ) were used as the model electron and hole acceptor, respectively.®* Analysis of transient
absorption (TA) kinetics at the band edge of CsPbBr; QDS reveals electron and hole transfer
timescales of 65 £ 5 ps and 49 + 6 ps, respectively, whereas the half-lives of charge-separated
states CsPbBrs;*-BQ™ and CsPbBr3-PTZ" were found 2.6 + 0.4 and 1.0 + 0.2 ns, respectively
(Figure 1.21A).%* Again, charge transfer (CT) dynamics of similar nano-composites were re-
investigated by Mandal et al. using time resolved terahertz (THz) spectroscopy, where the
observed electron and hole transfer was observed timescales are 20-50 ps and 137-166 ps,
respectively.'*
platelets and cubes) of MAPbBr; NCs and tetracyanoethylene (TCNE). They observed that

Ahmed et al. studied CT dynamics between various dimensions (spherical,

CT rate varies in the following order: spherical (static) > platelets (static & dynamic) > cubes
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(dynamic) due to the enhanced surface to volume ratio (Figure 1.21B).** In addition, several
other molecular acceptors such as TisC,Tx MXene (MXN), a few layers of black phosphorous
(FLBP), Rhodamine-6G, fullerene (Cgo), anthraquinone (AQ) and many other polycyclic
aromatic hydrocarbon have been extensively studied to monitor the charge transfer processes

from perovskite NCs, #0141 145151
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Figure 1.21. Schematic energy level representation of (A) CsPbBr; QDs with respect to
HOMO and LUMO energy levels of BQ and PTZ molecules and possible charge separation
and recombination pathway.** Reproduced with permission from reference 64 (Copyright
2015 American Chemical Society) (B) MAPbBr; NCs of spheres, platelets, and cubes with
respect to the LUMO value of TCNE.** Reproduced with permission from reference 144
(Copyright 2015 American Chemical Society)

Various nanocomposites of CsPbX3 NCs and inorganic semiconductors (like CdSe, CdTe,
TiO,, M0S,/WS; etc) have also been studied to understand the nature of interaction and
interfacial CT dynamics.’” *3% 15215 The simultaneous electron and hole transfer dynamics
have been reported between CsPbBr; NCs and CdSe QDs. The measured electron transfer
time from CsPbBr; NCs to CdSe QDs and hole-transfer time from CdSe QDs to CsPbBr;

NCs were 550 and 750 fs, respectively.®* Later, Schaller et al. have systematically studied
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the impact of nanoparticle dimensionality on the electronic interactions between CsPbBr; and
CdSe with two different morphologies, namely quantum dots (QDs) and nanoplatelets
(NPLs) (Figure 1.22).2® Although electron transfer is observed from CsPbBr; to CdSe
regardless of particle dimensionality, a faster rate is found for the mixtures of two-
dimensional (2D) NPLs than corresponding zero-dimensional (0D) analogs (such as QDs). It
is explained that faster CT processes may arise from the extended spatial area of the 2D-2D

composite system and the continuous density of acceptor states of the CdSe NPLs.*>*

/ 0D-0D 0D-2D zo-zo\
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Figure 1.22. Schematic representation of electron transfer from CsPbBr; NCs to CdSe NPLs

with a variation of nanoparticle dimensionality.’®® Reproduced with permission from

reference 153 (Copyright 2018 American Chemical Society)

Liu et al. have recently shown that 99% of the photoexcited electron in CsPbl; QDs can be
injected into TiO, with a size-dependent rate ranging from 1.30 x 10 to 2.10 x 10* S,

which is also ~2.5 times faster than that in the case of ZnO.
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1.4. Applications of semiconducting perovskite nanocrystals

LHP NCs have rapidly emerged as one of the most promising materials of 21* century with
many exciting properties and great potential for a broad range of applications.’*?* *” The
certified power conversion efficiency (PCE) of single-junction perovskite-based solar cells
has already exceeded 22% within a decade, left behind the conventional silicon solar cells
and other related technologies due to outstanding optoelectronic properties. In addition, LHP
NCs show great promise in a wide range of technological applications such as light-emitting
diodes (LEDs), lasers, transistors, photo-detectors, and photocatalysis. This section will
highlight the significant advancement and breakthroughs in different applications using these

novel materials.

0,

«» Solar cells

Since Miyasaka and colleagues' first report of perovskite solar cells in 2009, perovskite-based
solar cells have become one of the hottest research fields.?* Intense research efforts have led
to a rapid increase in the certified power conversion efficiencies to over 22% within a
decade.™®®*® Although most of the reported efficient solar cell devices are based on
perovskite films; several recent attempts have employed perovskite NCs as active materials,

too. Figure 1.23 shows the typical architecture of a perovskite solar cell, where CsPbl;

quantum dots (QDs) are sandwiched between an electron-accepting layer (TiO;) and hole
162

accepting layer (spiro-OMeTAD).

Al

MoO, —

spiro-OMeTAD
CsPbl, QDs

Figure 1.23. Schematic representation of a perovskite QD solar cell with halide perovskite
NCs as the light absorber and corresponding SEM image of an exposed cross-section.®?
Reproduced with permission from reference 162 (Copyright 2016 American Association for

the Advancement of Science)
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It was found that the CsPbl; NCs-based solar cell devices showed improved operational
stability and tolerance to higher relative humidity levels. Recently, Im et al. reported the
fabrication of solar cells using MAPbI; nanowires (NWs). The maximum power conversion
efficiency of these solar cells reached 14.7% using the device architecture of FTO/compact
TiO./mesoporous TiO, +MAPbI; NW-MAPbIs+Spiro-MeOTAD/Au (Figure 1.24).1%
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Figure 1.24. Solar cells based on CH3;NHs;Pbl; NWs showing SEM image, device
architecture and the J-V curve with the corresponding performance characteristics.'®®
Reproduced with permission from reference 163 (Copyright 2015 American American

Chemical Society)

Mali et al. fabricated MAPbBr; NCs-based solar cells with a power conversion efficiency of
11.4% using FTO/BI-TiO2/mp-TiO,+MAPDbBr; (~2nm NCs)/PTAA/Au as a device
configuration.'®* Currently, a reported PCE record of QD solar cells of 16.6% was obtained
with devices using Cs,FA1Pbl; NCs as a light-harvesting material.'® It is noted that low
non-radiative recombination (ensures high Voc) and good transport properties of the
photogenerated charges, along with an absorber layer thick enough to harvest all available

incident light, are necessary for achieving high efficiencies.*®

Although the efficiency of
perovskite solar cells has shown impressive performance, the phase stability of these
materials is still a concern. Hence, extensive research efforts are needed before the

commercialization of these materials.
¢ Light Emitting Diodes (LED)

Tunable emission with high PLQY, low cost, and solution processability of perovskite NCs
make them attractive for use in light-emitting diodes (LED).**"*"° The classification of LHP
LEDs is mainly based on the colors, dimensions, film deposition technologies, and other

features of LHP emitters. The typical LED structure can be classified as (a) standard structure
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and (b) inverted structure (shown in Figure 1.25)."* Tan et al. fabricated room temperature-
working bright LEDs. A solution-processed CH3;NH3Pbl;«Cly perovskite layer was
sandwiched between TiO, and poly(9,9-dioctylfluorene) (F8) layers for effective radiate
recombination of electrons and holes in the perovskite layer. The device produced a radiance
of 13.2 W sr 'm  at a current density of 363 mA cm™ with internal and external quantum

efficiencies of 3.4% and 0.76%, respectively.'

(A) (B)

Al Al
Electron injection layer Hole injection layer
Electron transport layer Hole tr.at?sport layer
Emitting layer Emitting layer
Hole transport layer Electron transport layer
Hole injection layer Electron injection layer
ITO ITO
Normal structure Inverted structure

Figure 1.25. Typical representation of perovskite LED structure (A) normal structure and (B)
inverted structure.’”* Reproduced with permission from reference 171 (Copyright 2018
MDPI)

Manna and colleagues incorporated inorganic halide perovskite NCs with varying
morphology (cubes and platelets) and composition (bromide and iodide) for white-light-
emitting perovskite LEDs.'™® Notably, the performance of LEDs depends on the radiative
recombination of electrons and holes in the active layer, where the film morphology has a
vital role. Di et al. had shown that incorporating perovskite NCs into a dielectric polymer
matrix might help to reduce non-radiative current losses.!” Thus far, some impressive
achievements have been reported, including a high external quantum efficiency level of over
20%, ultrahigh brightness level over 100 000 cd m™, good flexibility, and facile device
fabrication.?® > However, more fundamental work on LHP-LEDs is required for a better
understanding of the working mechanism of such contemporary LEDs, which would provide
a guideline for the device to work at the technical level and trigger a breakthrough in the

device performance improvement in the future.
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«» Photodetctors

Photodetectors convert light signals to electrical signals, which are critical for various
applications, such as sensors and optical communication devices.!”® LHP NCs are promising
materials for photodetectors with high figure-of-merit (e.g., responsivity and temporal
response).’”" "8 The first reported perovskite photodetectors were based on the polycrystalline
film, which indicates the highest photoresponsivity of ~3.5 A W™ at 365 nm in the visible
range.’”® However, the performance of the photodetectors is found to be limited due to
numerous crystal boundaries and defects in the perovskite films.'”® Later, low-dimensional
perovskite NCs including nanocubes, nanowires, nanorods (1D), and nanosheets (2D) have
recently been developed and tested for high-performance photodetectors due to lower defect
density than corresponding 3D counterparts. It is noted that photodetectors based on fully
inorganic CsPbX3 QD have achieved high photocurrent on/off ratios of over 10°, thereby
enabling effective switching.’® Usually, perovskite NCs have long-chain organic ligands into
their surface, hindering charge transport and leading to slow photoresponses (>1 s). In this
context, CsPbBr; QD/carbon nanotube (CNT) composites were used to improve charge
extraction and transport, by which fast-response photodetectors with a rise time of 0.016 ms
have been achieved.*® Despite these promising results, there is a lot of scope for improving

their device performances by controlling the NC morphology and device architectures.
% Photocatalysis

Harvesting the energy from chemical fuels (such as hydrogen, oxygen and methane) through
the use of solar radiation can enable clean and efficient storage or renewable solar energy.'®?
Halide perovskite NCs offers great potential for solar-driven photocatalytic applications due
to the attractive optical properties like high absorption coefficients in the UV-visible region, a
tunable band gap, and high PLQY. However, using perovskite NCs as a photocatalyst is
exceptionally challenging due to their poor aqueous stability."®**®* Some crucial findings are
given below: Recently, CsPbBr; NCs have been used in the photocatalytic degradation of a
typical organic pollutant 2-mercaptobenzothiazole (MBT).*®® Band gap funneled MAPbBrs.
«Ix perovskite showed an impressive amount (255.3 mol/h) of photocatalytic H, evolution
under visible light than pure MAPbBr; perovskite.®® Again, CsPbBr; NCs anchored on
porous g-C3N4 nanosheet heterojunctions are used for CO, photoreduction by Ou et al.
(Figure 1.26)."®" In this context, Wu et al. had prepared Fe-based MOF-coated MAPbDI;
perovskites (i.e., MAPbI;@PCN-221(Fex)) via a sequential deposition method, which serves
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as an efficient photocatalyst for CO, reduction with the highest yield of 19.5 pmol g h™ for

solar fuel production (CH, + CO).*®
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Figure 1.26. Schematic representation for the interfacial interaction and band alignment
within CsPbBr; NCs/g-CsN,4 heterojunction.’®” Reproduced with permission from reference
187 (Copyright 2018 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim)

It is reported that the halide perovskites NCs can catalyze a series of organic reactions, such
as C-C bond formations via C-H activation C-N bond formations via N-heterocyclizations
and C-O bond formations via aryl esterifications.®® Zhu et al. reported the C-C bond
coupling organic reactions using APbBr; (A = Cs or MA) as photocatalysts.'*® Apart from the
above-discussed applications, perovskite NCs, are also used for lasing purposes, Xx-ray

scintillators, field-effect transistors, spintronics devices, and many other applications.****%

1.5. Outline of the thesis
In this thesis, emphasis has been given to designing lead halide perovskite (LHP)

nanocrystals (NCs) based light-harvesting systems. Ultrafast spectroscopy and theoretical
calculations are used to understand the hot carrier (HC) cooling dynamics and HC extraction.
We have investigated the impact of the shape of the crystal structure of LHP on the ultrafast
carrier dynamics. Then we have designed various heterostructures of LHP and studied their
interfacial charge transfer dynamics using ultrafast spectroscopy. The impacts of
compositions of LHP and the presence of QDs on the hot carrier dynamics have been studied,
which is beneficial for efficient devices. A brief outline of the following chapters is given

below.
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Chapter 2:

In this chapter, the synthetic procedures of all-inorganic CsPbBr3 NCs with different shape
and CsPbBryls.x (X=0, 1 and 1.5) NCs with variable compositions, 2D CdSe NPLs, surface
functionalization of CsPbBr; NCs with porphyrin ligands, CsPbBrs/PbSe hetero-structures
and 2D CdSe-CsPbX3 hybrid systems are described. The analysis of 3D data matrices of
femtosecond pump-probe data by single wavelength kinetic fitting and GLOTARAN (global
and target analysis), instrumentation and working principle of photo-current measurement,
theories of density functional theory (DFT) for understanding the different phonon mode and
electronic interaction between porphyrin and perovskite NCs have been elaborated.

Chapter 3:

This chapter describes the influence of different shapes on the relaxation dynamics of
perovskite NCs. The structural transformation of CsPbBrz NCs from cubic form to rod shape
occurs with changing the solvent from toluene to dichloromethane (DCM). The time-resolved
emission spectroscopy and the ultrafast transient absorption spectroscopy are used to
understand the photoinduced relaxation processes. The global and target analysis of
femtosecond transient absorption kinetics has been done to understand the individual excited-
state species. The lifetime of the swallow trap (ST) changes from 25 ps to 45 ps and the
lifetime of the deep trap (DT) state changes from 163 ps to 303 ps with changing the shape of
nanocrystals from cubic to rod. Analysis reveals that trap states play an important role in the
carrier relaxation dynamics of cubic and rod-shaped NCs. This work highlights the tuning of
the crystal phase, shape, and exciton dynamics of CsPbBr; NCs that would be beneficial for
designing efficient photovoltaic devices.

Chapter 4:

In this chapter, the hot hole cooling and transfer dynamics of CsPbBr3; nanocrystals
(NCs) is investigated using 5,10,15,20-Tetra(4pyridyl) porphyrin (TpyP) molecules. Density-
functional theory (DFT) is used to elucidate the mechanism underlying charge extraction and
the HC transfer process in the CsPbBrs-TpyP system. The significant drop of initial hot
carrier temperature (Tc") from 1140 K to 638 K at 400 nm excitation confirms the hot holes
transfer from CsPbBr; NCs to TpyP molecules. It is dependent on the excitation energy, and
the maximum transfer efficiency is 42% (for 0.85eV above band edge photo-excitation).
Additionally, the hot hole transfer rate is almost 11 times faster than the band edge hole
transfer rate. The findings will be relevant for the development of next-generation perovskite-

based optoelectronic devices.
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Chapter 5:

This chapter presents a new strategy to retard the HC cooling via charge localization at the
CsPbBr3/PbSe heterostructure interface. The transient absorption measurements reveal two
times slower HC relaxation time (from 770 fs to 1.4 ps) and much higher initial HC
temperature, Tc (1663 K, compared to 900 K) for the heterostructure compared to the pure
CsPbBrs at 3.64 eV excitation, under 1.86x10*" cm™ carrier density. Furthermore, a
combination of an electron-phonon coupling model and first-principles calculations suggest a
retarded relaxation through the Klemens channel due to an appearance of a large energy gap
between the longitudinal optical (LO) and longitudinal acoustic (LA) phonon modes. The
localization of charge density near the heterojunction is responsible for the up-conversion of
LO modes to the higher energy and retards the HC relaxation. The findings highlight a new
protocol for achieving long-lived HCs in perovskites at low carrier densities, which would
benefit the future of HC photovoltaics.

Chapter 6:

This chapter describes the design of composites of 2D CdSe nanoplatelets and
CsPbX3 (X = mixture of Br and I or I) perovskite nanocrystals. We investigate the interfacial
charge transfer dynamics with changing composition using ultrafast spectroscopy. Time-
resolved fluorescence upconversion study confirms the electron transfer from CdSe NPLs to
CsPbX3, which varies by changing the perovskite composition. From the transient absorption
spectroscopic study, the shortening of faster bleach recovery kinetics of CdSe NPLs and the
enhancement of growth time of CsPbX3; NCs in composites indicate the ultrafast electron
transfer from CdSe NPLs to CsPbXs; NCs. The ultrafast electron transfer from 2D CdSe
NPLs to CsPbX3; NCs enhances in following order: CsPbl;> CsPbBrl,> CsPbBryslis. The
high dark current and photo current are 0.04 pA and 62.4 pA in the CdSe-CsPbl; composite.
The dramatically improved photocurrent response in the CdSe-CsPbl; composite confirms the
enhancement of the efficient charge separation due to the ultrafast electron transfer from
CdSe NPLs to perovskite NCs. The finding reveals that the heterostructure of 2D CdSe NPLs
with perovskite NCs offers an opportunity to improve the efficiency of perovskite solar cells
because of the interfacial charge transfer.

Chapter 7:
In this chapter, conclusive remarks of the above chapters and the scope for further research

for a more efficient light-harvesting system are discussed here.
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Chapter 2

This chapter describes the general synthesis protocols of lead halide perovskite
nanocrystals (NCs) which includes all-inorganic CsPbBr; NCs with different shape and
variable compositions of CsPbBryl;x (X= 0, 1 and 1.5), two dimensional (2D) cadmium
selenide nanoplatelets (NPLs), porphyrin ligand modified CsPbBr; NCs, CsPbBrs/PbSe
heterostructures and 2D CdSe-CsPbX; hybrid systems for light-harvesting. Moreover, a brief
overview of the characterization tools' basic principles and theories and the spectroscopic
techniques has been demonstrated. In addition, detailed computational methodologies and
photovoltaics measurement have also been elaborated.

2.1 Synthesis procedure

This chapter describes general methodologies for preparing lead halide perovskite
NCs. In addition, detailed synthesis of solvent polarity dependent shape tunability of CsPbBr;
NCs, different composition of CsPbBrylsx (where, x= 0, 1, 1.5) and 2D CdSe NPLs are
described. Moreover, strategies for surface modifications of CsPbBr; NCs with porphyrin
ligand, CsPbBrs/PbSe heterostructure, and CdSe-CsPbBryl3.« hybrid are pointed out here.
2.1.1. Synthesis of Lead Halide Perovskite Nanocrystals (LHP NCs)

Generally, metal halide perovskite NCs are synthesized by two well-known methods:
(a) Hot-injection synthesis Method and (b) Ligand-assisted re-precipitation methods. Both of

~

MAX+ PbX,+
. OLAM+ OA

these techniques are schematically represented in Figure 2.1.

Precursor
Solution

(in DMF)

Ligand Assisted
Reprecipitation Method
(LARP)

Hot-Injection Method

Figure 2.1. Different protocols for the synthesis of lead halide perovskite NCs.
In addition, anion exchange reactions and amine-free methods have been developed to
synthesize lead halide perovskite NCs.
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2.1.1.1. Hot-injection synthesis methods

With bandgap engineering, Kovalenko and colleagues first reported the synthesis of
all-inorganic cesium lead halide perovskite NCs (CsPbX3, X= Cl, Br, and 1).! In this method,
highly mono-dispersed cubic shape NCs, having 4-15 nm edge length, can be prepared by
arrested precipitation of Cs-oleate and Pb (Il)-halide precursors in octadecene (see Figure
2.1). The size of the NCs decreases with the decrease of temperature (140-200 °C), and the
NCs are crystallized mainly in cubic phase rather than orthorhombic or tetragonal phase.
Interestingly, the emission band of the NCs tunes throughout the whole visible spectral region

(400-700 nm) by varying halide precursors and the temperature of the NCs (Figure 2.2).

CsPbX, (X=ClI, Br, |) nanocrystals

Figure 2.2. Photograph of colloidal CsPbX3; NCs (X=CI, Br, and 1) by hot-injection synthesis
methods." Reproduced with permission from reference 1 (Copyright 2015 American

Chemical Society).

% Synthesis of different shaped CsPbBr; NCs

CsPbBr3; NCs are synthesized by the hot-injection method as described by Protesescu et
al.!

e Preparation of Cs-Oleate
Briefly, 0.163g cesium carbonate is taken into a 25 mL 2-neck flask along with 8mL
octadecene and 0.5 mL oleic acid (OA). The solution is dried for 1 h at 120°C and then
heated to 150°C under N, atmosphere.
In a separate 25 mL 2-neck flask, PbBr, (0.188 mmol, 0.069¢g) along with 1-octadecene (5
mL, ODE) are loaded and dried under vacuum for 1h at 120°C. Dried oleic acid (0.5 mL, OA)
and dried oleylamine (0.5 mL, OLAM) were injected into the solution at 120°C under an N,
atmosphere. After complete solubilization of PbBr; salt, the temperature is raised to 170°C,

and Cs-oleate solution (0.4 mL, 0.125 M in ODE, prepared as described above) is quickly
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injected. The ice-water bath immediately cools the reaction mixture. The crude solution is
precipitated out by methyl acetate (MeOAC). Aggregated NCs are divided into two equal
volumes and separated by centrifuging at 7000 r.p.m. for 10 minutes. After discarding the
supernatants, the residues are re-dispersed into two different solvents, namely toluene and
dichloromethane (DCM), having polarity index values 2.4 and 3.1, respectively. The NCs
dissolved in toluene show cubic shape and the NCs in DCM exhibit rod-shaped NCs.

% Synthesis of different compositions of CsPbBrylsx (where, x=0, 1 and 1.5)

Synthesis of CsPbBryls.x (Where, x= 0, 1 and 1.5) NCs with variable halide compositions
are synthesized by the hot-injection method described earlier.*? Briefly, a mixture of 34.49
mg PbBr, and 43.33 mg Pbl, for CsPbBry sl; 5, mixture of 23 mg PbBr, and 58 mg Pbl, for
CsPbBrl, and 87 mg Pbl, for CsPbl; are loaded in a 2 neck flask with 5 mL ODE at 120°C
under vacuum for 1 hour. Dried OA (0.5 mL) and dried OAM (0.5 mL) are injected into the
flask under an N, atmosphere. After complete solubilization of lead halide precursors, the
temperature is raised to 170°C, and Cs-oleate solution (0.4 mL, 0.125 M in ODE, prepared as
described above) is quickly injected. The ice-water bath immediately cools the reaction
mixture to obtain the desired NCs. The crude solution is precipitated out by adding ethyl
acetate or methyl acetate (for CsPbl3) and finally separated by centrifuging at 7000 r.p.m for
10 minutes. After discarding the supernatants, the residues are re-dispersed in toluene for
further characterizations.
2.1.1.2. Ligand-assisted re-precipitation methods

In 2015, Huang et al. initially proposed room temperature synthesis of organic-
inorganic hybrid lead halide perovskite NCs by ligand assisted re-precipitation method
(Figure 2.1).% Later on, this method was also extended for all-inorganic cesium lead halide
perovskite NCs by Li et al.* Typically, a mixture of 0.16 mmol CH3NH3Br and 0.2 mmol
PbBr; was dissolved in 5 mL of DMF with 20 pL of n-oleylamine and 0.5 mL of oleic acid to
form a precursor solution. After that, 2 mL of precursor solution was injected into 10 mL of
toluene with vigorous stirring. Strong green PL emission was observed along with the
mixing. The solution was centrifuged at 7000 rpm for 10 min, and the precipitates were
discarded. The supernatant shows a bright yellow green colloidal solution of CH3NH3;PbBr3
quantum dots (QDs).
2.1.1.3. Halide-ion exchange reactions

A unique route of preparation of perovskite NCs using post-preparative halide-ion
exchange reactions was almost simultaneously discovered by Kovalenko et al. and Manna et

al, where emission color of CsPbX3 NCs can be tuned via their halide ion composition.>®
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Such anion exchange reactions are feasible in the liquid phase, although halide ion exchange
reactions through solid-solid contact between NCs were also reported.” In the case of the
liquid phase, control of emission color is done by adding a solution of a chosen halide
compound to CsPbX3 NCs dispersion. Anion exchanges reactions including CI'—Br’, Br’
—CI, Br—I, and I'>Br can be achieved using various halide compounds, such as Grignard
reagents (CHsMgX), oleyl-ammonium halides, or PbX (Figure 2.3).> The exchange between
CI" and I' is difficult due to the significant difference in their ionic radii. Parobek et al.
monitored the anion exchange reactions by light irradiation in the presence of a
dihalomethane solvent.® Later, such anion exchange reactions were also reported for hybrid

organic-inorganic MAPbBr; NCs to prepare mixed halide perovskite NCs.®

. ODA-Br . Pbl,, .
0ODA-| TBA-Br \
ODA-8f % PbBLw
PbBI,
ODAI TBA-
Pbl,,

OLAM-CI OLAM-|

D oy

OLAM-Br OLAM-Br

pgr. 05 TBA-CI % ODA-Cl
2(s)
PbCl, TBABT  opa-gr i
. PbBr, . ODA-CI .

Figure 2.3. Different routes and precursors for CsPbX3 (X=CI, Br and 1) NCs by halide ion

exchange reactions.® Reproduced with permission from reference 8 (Copyright 2017
American Chemical Society).

2.1.1.4. Amine free methods

It is worth noting that CsPbX3 NCs capped with long chain aliphatic acids and amine like
oleic acid and oleylamine show poor dispersion stability, i.e., they readily undergo
aggregation and sedimentation degradation. This can be attributed to facile proton transfer
from oleic acid to oleylamine, leading to detachment of oleylamine from the surface of the
nanocrystals.'°

Yassitepe et al. proposed an amine-free method for synthesizing CsPbX3 NCs which is
different from the conventional strategy of LHP synthesis.™* Typically, a mixture of cesium
acetate, lead acetate, oleic acid, and 1-octadecene was heated to 100°C in a vacuum to form a

Cs-Pb precursor solution. Then, tetraoctylammonium bromide dissolved in anhydrous toluene
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was swiftly injected into the Cs-Pb precursor solution at 75 °C to synthesize CsPbBr; NCs.
The heating source was then removed, and the sample was allowed to cool naturally.
2.1.2. Synthesis of two dimensional (2D) CdSe Nanoplatelets (NPLS)
We have synthesized 4 monolayers (ML) CdSe NPLs by following the previous solution-
phase colloidal method with some modifications.***3
e Preparation of Cadmium myristate [Cd(Myr),]

Firstly, we have synthesized cadmium myristate [Cd (Myr),] by following previously
published procedures with some modifications.** In brief, a solution of sodium myristate was
prepared by dissolving 0.43 g of sodium hydroxide and 3.42 g of myristic acid in anhydrous
methanol (300 mL). In another beaker, 1.106g of cadmium nitrate tetrahydrate was dissolved
in 40 mL methanol. Then, the cadmium nitrate solution was added dropwise into the sodium
myristate solution with vigorous stirring at room temperature, and a white precipitate of
cadmium myristate started to appear. After the complete addition of cadmium nitrate
solution, the reaction was allowed to stir for another 1 hr to complete the reaction. The
residue was washed with dried methanol several times to remove unreacted precursors,
followed by drying at 600C under vacuum overnight.

In a separate two-neck flask, Cd(Myr), (170 mg), Se powder (12 mg), and 15 mL
ODE are degassed at 90 °C for 30 minutes. Then, the temperature of the flask is raised to 240
°C under continuous argon flow. Cd(OAc), (40 mg) are immediately added to the reaction
flask when the color of the solution becomes yellowish-orange at 195 °C. The solution
temperature is maintained at 240 °C for 10 minutes, and then the reaction is stopped. Oleic
acid (2 mL) is added when the temperature is 80 °C. Finally, the mixtures are dissolved in
hexane, and quantum dots are removed from the mixture by size-selective precipitation. The
precipitates contain the desired 4 ML CdSe NPLs and are re-dispersed in toluene for further
characterizations.
2.1.3. Synthesis of CsPbBr;-TpyP NCs by surface modifications
A simple ligand exchange procedure is used to prepare CsPbBr3-TpyP NCs.?® Surface
modified CsPbBr; NCs by porphyrin ligand (TpyP) is schematically represented in Figure
2.4, First of all, we have prepared a stock solution (2.5 mg/ 5 mL) of TpyP in chloroform.
Then, we have prepared a series of set solutions by mixing fixed concentration pristine
CsPbBr; NCs (100 nM) with the desired volume of TpyP from the above stock solution. The

final mixture of the solution was kept under mild stirring conditions for 5 minutes.
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Figure 2.4. Schematic representation of porphyrin ligand (TpyP) modified CsPbBr; NCs.™
Reproduced with permission from reference 15 (Copyright 2021 American Chemical

Society).

2.1.4. Synthesis of CdSe-CsPbX3; composites

Three different composite structures, namely CdSe-CsPbBry 51y 5, CdSe-CsPbBrl, and CdSe-
CsPbl; are prepared by mixing fixed volume of CdSe NPLs from the stock solution with
desired amount CsPbBryslys, CsPbBrl, and CsPbls NCs, respectively.’® Concentration of
CdSe NPLs for each composite structure is the same. All the samples are kept for at least 2
hours under mild stirring conditions before any spectroscopic investigations. Figure 2.5

shows a schematic representation of the CdSe-CsPbX3 hybrid.

Figure 2.5. Schematic representation of CdSe-CsPbX; composites with variable halide
compositions.'® Reproduced with permission from reference 15 (Copyright 2020 American

Chemical Society).
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2.2 Characterization Techniques: Fundamentals and Instrumentation

To study the structural and spectroscopic properties of the synthesized NCs and analyze the
scope of practical application, several microscopic, spectroscopic and spectrometric
techniques were employed. The next section discusses the working principle and

instrumentation of these techniques.

2.2.1. Transmission electron microscopy (TEM)

In transmission electron microscopy (TEM), a beam of electrons is transmitted
through an ultra-thin specimen, interacting with the sample as it passes through it.}” Image
appears on an imaging screen from the collection of the magnified and focused transmitted
electron through the specimen. High-resolution TEM (HRTEM) provides the size, shape, and
lattice-fringes of the NCs. Often advanced techniques like the first Fourier transformation
pattern (FFT), selected area electron diffraction patterns (SAED), high angle annular dark-
field scanning transmission electron microscope image (HAADF-STEM), and energy-
dispersive X-ray spectroscopy (EDS) provides information about crystalline phases and
chemical composition of the NCs.

The basic principles are similar to the light microscope but use electrons instead of
light. The wavelength of light limits a light microscope. TEM uses electrons as a "light
source," and their much lower wavelength makes it possible to get a resolution of a thousand
times better than with a light microscope to the order of a few angstroms. TEM instrument is
composed of several components (a series of electromagnetic lenses and electrostatic
plates).'® Magnetic lenses at the microscope's top guide the emitted electrons are traveling
through the vacuum system. Instead of glass lenses for focusing the light in the light
microscope, magnetic lenses are also used to focus the electrons into a very thin beam. After
this, the electron beam promptly passes through, observing the specimen. Depending on the
density of the material present, some of the electrons are scattered and disappear from the
beam. The remaining electrons hit a fluorescence screen, which gives rise to a “shadow
image" of the specimen with its different parts displayed in varied darkness according to their
density. The image can be studied by the operator or photographed with a camera. A

schematic representation of the components of the TEM instrument is shown in Figure 2.6.
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Specimen

- Projection lens

Imaging plate

Figure 2.6. Schematic representation of the transmission electron microscopy (the image is
adapted from http://www.hk-phy.org/atomic_world/tem/tem02_e.html)

In the present thesis, the HRTEM measurements were carried out with a JEOL model
2100 instruments operated at an accelerating voltage of 200 kV. All the TEM images (which
are provided in this thesis) are taken using JEOL-JEM-2100F transmission electron
microscope.

2.2.2. X-ray diffraction (XRD)

XRD is a non-destructive analytical technique that reveals information about
materials and thin films' crystallographic structure, chemical composition, and physical
properties.'® This technique is based on observing the scattered intensity of an X-ray beam
hitting a sample as a function of incident and scattered angle, polarization, and wavelength or
energy. The intensity of diffracted X-rays is measured as a function of the diffraction angle
260. In the first decade of this century, it was realized that X-rays are really light waves of
very short wavelength, probably 10® ~10°cm. X-rays are electromagnetic radiations with
typical photon energies in the range of 100eV-100keV. For diffraction applications, only
short-wavelength X-rays (hard X-rays) in the range of a few angstroms to 0.1 angstroms (1
keV-120keV) are used. As the X-ray wavelength is comparable to the size of the atoms, they
are ideally suited for probing the structural arrangement of atoms and molecules in a wide
range of materials. When crystals are irradiated with X-rays, crystal atoms scatter X-ray
waves, primarily through the atomic electrons. Just as an ocean wave striking a lighthouse

produces secondary circular waves emanating from the lighthouse, an X-ray striking an
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electron produces secondary spherical waves emanating from the electron. This phenomenon
is known as scattering, and the electron (or lighthouse) is known as the scatter.

Bragg's law
Figure 2.7. X-ray Reflections from a Crystal

A regular array of scatters produces a regular array of spherical waves. Although
these waves cancel one another out in most directions (destructive interference), they add
constructively in a few specific directions, determined by Bragg's law (Figure 2.7).

2d sin 6 = nA (2.1)

where n is an integer representing the order of the X-ray, 0 is the scattering angle, A is the
wavelength of the X-ray. These specific directions appear as diffraction patterns, often called
reflections. Thus, x-ray diffraction results from an electromagnetic wave (the X-ray)
impinging on a regular array of scatters (the repeating arrangement of atoms within the
crystal). Generally, the broadenings of the diffraction peaks depend upon crystallite size and
strain. The crystallite size of the nanoparticles is obtained from the broadened XRD pattern.

The crystallite sizes are calculated using Scherrer's equation
D=KAMA/Bcos0 (2.2)

where K = 0.9 and related to shape factor, D represents crystallite size (A), A is the
wavelength of Cu ka radiation, and B is the corrected half-width of the diffraction peak. The
volume fraction of a particular crystal phase can also be obtained from the integrated peak
intensity of the diffraction peak. Besides this, we can calculate the lattice parameters by

putting the value of 2( and their corresponding (hkl) values. Bruker D8 advanced powder X-
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ray diffractometer having CuKo source (1.5418 A radiation) was used for XRD

measurement.
2.2.2.1. Rietveld Analysis

Rietveld powder structure refinement method is globally recognized as one of the
best-known methods for obtaining different (micro) structure parameters of a multiphase
material.”> The essence of this method remains in the minimization of the difference between
observed (lp) and structurally calculated (Ic) X-ray diffraction (XRD) spectra by refining
different model parameters using the Marquardt least-squares procedure. The evolution of
refinement is reflected by Goodness of Fit (GoF), which is the ratio of Ry, (weighted R-
factor) to Rex, (expected R-factor).The pseudo-Voigt function is employed for peak shape
analysis since it accounts for broadening resulting from the combined effect of crystallite size
and microstrain.”* The angular dependence of full-width-at-half-maximum (FWHM) is taken
care of using the Caglioti function. Quantification of the amorphous (glassy) phase in mixed
crystalline and amorphous phases is achieved by using a poorly crystalline phase in the line
shape calculation. For materials possessing some geometric shape, it is often noticed that
relative intensities of Bragg reflections alter due to the presence of preferred orientation
(PO).2> March-Dollase function is incorporated into the calculation to resolve and quantify
the amount of PO in terms of texturing coefficient (r), where r>0 and r=1 signifies random
orientation distribution. In the present study, Rietveld software MAUD (V. 2.80) is utilized to

refine different (micro) structural parameters simultaneously.
2.2.3. Fourier Transform Infrared Spectroscopy

Fourier transforms infrared (FTIR) spectroscopy is a technique to investigate the
nature of chemical bonds in any molecule or materials using absorbance or transmittance
spectra. It deals with the infrared (IR) region of the electromagnetic spectrum.?* The
investigation can be carried out in liquid, powder or films of the samples. The molecules do
not remain in a fixed relative position and vibrate with a particular frequency about a mean
position. If there is a periodic alternation in the dipole moment due to this vibrational motion,
then such a vibration mode is IR active. The IR region of the electromagnetic spectrum is 100
um-1um wavelengths. The IR region of the electromagnetic spectrum is divided into three
regions; the near-, mid and far- IR, named for their relation to the visible spectrum. The far-

IR, approximately 400—10 cm™ (1000-30 pm), lying adjacent to the microwave region, has
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low energy and is used for rotational spectroscopy. The mid-IR, approximately 4000—400 cm’
! (30-1.4 um) is used to study the fundamental vibrations and associated rotational-
vibrational structure. The higher energy near-IR, around 14000—-4000 cm™ (1.4-0.8 pm) can
excite overtone or harmonic vibrations. However, these classifications of sub-regions are

merely conventions.

N=C=N
N=C=5S
N=C=0 c-Cl  C-
CONH c=N C=N CF C-Br
N-H O-H c=C =C halogenated
4000 00 2800 2300 2100 1800 1500 C-0-C
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!\|\|\|\|!|\|\| |\!\|\|\| |!\|\|\|\ o
4000 3000 2000 1000 0

Figure 2.8. Signature peaks in a FTIR region (The image is adapted from

https://en.wikipedia.org/wiki/Infrared spectroscopy).

They are neither strict division nor based on exact molecular or electromagnetic
properties. The classification of the IR region with signature peaks is indicative in Figure 2.8.
There are several types of vibrational and rotational modes, depending upon the geometry
and symmetry of molecules. The vibrational modes can be stretching (symmetric and
asymmetric), scissoring, rocking, wagging, and twisting, while the rotational modes are

symmetric and asymmetric rotations.
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Figure 2.9. Block diagram of FTIR spectrophotometer.

The vibrating molecule absorbs energy only from radiation with which it can coherently

interact such that the radiation of its oscillation frequency. The appearance or non-appearance
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of specific vibration frequencies gives valuable information about the structure of a particular
molecule. Each functional group has a specific range of vibration frequencies and is very
sensitive to the chemical environment and the neighboring. It provides valuable information
regarding certain functional groups in the specific sample for further characterization and

identification. The relation gives the frequency of vibration,

1|k (2.3)

27 \\ p

where, K is the force constant and p is the reduced mass.

The collection modes associated with FTIR are transmission, diffuse reflectance IR
Fourier transform (DRIFT), and attenuated total reflectance (ATR). In this thesis, all FTIR
spectra were collected in transmittance mode. The detector gives the data in absorbance vs.
wavenumber showing peaks at specific wavenumbers corresponding to particular bond
vibrations in the sample. Figure 2.9 gives a schematic representation of the line diagram of
the FTIR instrument. FTIR spectra of the powdered samples were recorded in the range of

400-4000 cm™ on a Nicolet-380 FTIR spectrophotometer.
2.2.4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive, quantitative
spectroscopic technique based on the photoelectric effect, which provides information about
elemental composition, chemical states of elements and overall electronic structure of a
material. The XPS signal tells which elements are present and can shed light on the binding
nature of each component. XPS spectra are collected by irradiating a solid surface with a
beam of X-rays and measuring the kinetic energy of electrons emitted from 1-10 nm of target
material being analyzed. The experiment is carried out in a high vacuum (Residual gas
pressure, p ~ 107 Pa) or ultra-high vacuum (p ~ 10" Pa) chamber. Generally, 20-500 pm
diameter beam of monochromatic Al K, X-rays or a broad 10-30 mm diameter beam of non-
monochromatic (polychromatic) Al K, X-rays or Mg K, X-rays are used in commercial XPS
instruments.® The working principle and instrumentation are depicted in Figure 2.10. An
electron may be ejected when a molecule or material absorbs an X-ray photon of a specific
frequency (Al Ka X-ray, Epnoton = 1486.7 €V). The ejected electron's kinetic energy (Ecinetic)
depends on the electron's photon energy and binding energy (EBinding). Measuring the

Exinetic, electron BE is calculated by an equation based on Ernest Rutherford's work.
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Eginding = Ephoton — (Exkinetic + $) (2.4)

where ¢ is the work function depends on the spectrometer and the material.
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Figure 2.10. Schematic energy level diagram of XPS working principle and instrumentation

(Image is adapted from https://www.slideshare.net, photoelectron spectroscopy for functional
oxides).

This term can be described as an adjustable instrumental correction factor that accounts for
the few eV of Kkinetic energy given up by the photoelectron as it gets emitted from the bulk
and absorbed by the detector. In practice, it is a constant that rarely needs to be adjusted. The
equation is essentially an energy conservation equation. By measuring the Ecgineic it IS
possible to gain information about the elements near the materials' surface. The Eginging
depends on several factors, such as the element from which the electron is ejected, the orbital
of the ejected electron and the chemical environment of the atom. The quantification of the
chemical states of atoms can be possible from XPS because the cross-section of the emission
of a photoelectron is independent of the chemical environment of an atom. In this thesis, XPS
is employed to determine the oxidation states of metals in NCs, and an XPS survey spectrum
of Cu NCs is given in Figure 2.11. The measurements were carried out with an Omicron

Nanotechnology instrument.
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Figure 2.11. XPS survey spectrum of a Cu NC.
2.2.5. UV-Vis Absorption spectroscopy

The transition of a light-absorbing molecule from the ground state to the excited state
can be measured by Ultraviolet-Visible (UV-Vis) spectroscopy. It fundamentally measures
the amount of optical absorption/transmittance/reflectance in a material as a function of
wavelength. The absorbance of a solution increases with increasing the attenuation of the
incident beam. According to Lambert-Beer law, the absorbance of a solution is directly
proportional to the concentration of the absorbing species in the solution and the path length.
According to Beer's Law.?

A =log , (I_OW =e.cl (2.5)

LY/

where A is the measured absorbance, lp is the intensity of the incident light at a given
wavelength, I is the transmitted intensity, | is the path length through the sample, and c is the
concentration of the absorbing species. For each species and wavelength, € is a constant
known as the molar absorptivity or extinction coefficient. It defines the fundamental
molecular property in a given solvent at a particular temperature and pressure and has units of
M™cm™. The Lambert-Beer law (Equation 2.5) is helpful for quantitatively determining the
absorber concentration in a solution.

A number of absorption bands can be found in an absorption spectrum corresponding
to different structural groups within the molecule. After absorbing energy, electrons are
promoted from their ground state to an excited state. In a molecule, the atoms can rotate and
vibrate with respect to each other. The absorption spectra are relatively broad compared to

the atomic and molecular spectra as in solids, large degeneracy of the atomic levels is split by
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interactions into quasi-continuous conduction and valence bands. The energy difference
between the highest lying valence (The highest occupied molecular orbital, HOMO) and the
lowest-lying conduction (the lowest unoccupied molecular orbital, LUMO) bands can be

defined as the fundamental bandgap.
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Figure 2.12. Schematic Representation of UV-Vis Spectrophotometer®’

Figure 2.12 describes the working diagram of the UV-vis spectrophotometer. In this thesis,
UV-visible spectroscopy is used to study the absorption spectra of different synthesized
nanoparticles. The required concentrations of samples s are prepared from Lambert-Beers law
(Equation 2.5) by putting the OD values obtained from UV-visible spectrophotometer.
Optical spectra of the samples are recorded at room temperature using a UV-2401 PC
SHIMADZU spectrophotometer.
2.2.6. Photoluminescence (PL) spectroscopy

Photoluminescence/Fluorescence spectroscopy is a dominant methodology of probing
the electronic structure of materials, used extensively in biotechnology, medical diagnostics,
DNA sequencing, forensics, genetic analysis, cellular imaging, and energy transfer studies. It
measures the fluorescence from a sample upon excitation with a beam of light.
Photoluminescence is the emission of light from any substance due to electronic transition
from an excited state to a ground state. The photoluminescence intensity and their spectral
signatures directly measure various important material properties. The undergoing
fundamental processes are usually illustrated by the Jablonski diagram (Figure 2.13).® By
absorbing a photon, a fluorophore molecule is excited from its ground electronic state (Sp) to
one of the various vibrational states in either the first or second excited electronic states (S; or
S,). After a collision with other molecules, the excited molecule reaches the lowest vibration

state of S; by releasing its vibrational energy. It is assigned as internal conversion. The
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molecule then drops down to one of the various vibration levels of the ground electronic state

again, emitting a photon in the process (fluorescence).
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Figure 2.13. Schematic Representation of Jablonski Diagram?®’
As molecules drop down into several vibration levels in the ground state, the emitted photons
will have different energies and thus frequencies. The emission spectrum is typically a mirror
image of the absorption spectrum of the Sp—S; transition because electronic excitation does
not significantly alter the nuclear geometry. Hence the spacing of the vibration levels of
excited states is similar to that of the ground state, and identical vibration structures are seen
in the absorption and emission spectra. Molecules in the S; state can undergo a spin
conversion to the first triplet state T, (intersystem crossing). Emission from T; is termed as
phosphorescence and is shifted to longer wavelengths (lower energy) relative to fluorescence.
The transition from T, to Sy is forbidden, and therefore, the phosphorescence (103-10° s)
rate is several orders of magnitude smaller than those for fluorescence (10% s?). A
fluorescence spectrum represents the fluorescence intensity versus wavelength (nm) plot.
Examination of the diagram reveals that the energy of the emission is less than that of
absorption. Fluorescence occurs at a longer wavelength. This phenomenon is called the
Stokes shift. It occurs due to the rapid decay from higher vibrational levels of S; to the lowest
vibrational level of S; and from that to higher vibrational levels of Sy resulting in further loss
of excitation energy by thermalization of excess vibrational energy. Fluorophores can display
additional Stokes shifts due to solvent effects, excited state reactions, complex formation, and

energy transfer. Figure 2.14 describes the functional diagram of the PL spectrophotometer.
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Xenc?n Lamp

Figure 2.14. Schematic Representation of PL Spectrophotometer *
The quantum yield (QY) of samples are obtained by comparison with reference dye

using the following equation:*®

QYs = (Fs x Ar xns? x QYs) / (Fr x As x 1) (2.6)

Fs and F, are the integrated fluorescence emission of the sample and the reference. A and A,
are the absorbance at the excitation wavelength of the sample and the reference. QY and QY
are the quantum yields of the sample and the reference. The refractive indices of the solvents
used to prepare the sample and reference are given by n and n; respectively.? In this thesis,
fluorescence spectroscopy has been undertaken to investigate the photophysical properties of
different semiconductors and hybrids systems. All samples' emission and excitation spectra
are recorded in a Fluoro-Max-P (Horiba Jobin Yvon) luminescence spectrophotometer.

2.2.7. Time correlated single photon counting (TCSPC)

Time-resolved spectroscopy is used to understand different dynamical processes, e. g.
solvation dynamics, interactions of other molecules, etc., during the relaxation of an excited
state fluorescent irradiation. Presently, most of the time-domain measurements are primarily
performed using Time correlated single photon counting (TCSPC) measurement.?® It
fundamentally records fluorescence intensity decays with picosecond time resolution. Photon
counting, which is basically a light measurement technique and it takes the advantage of the
quantum nature of the light. To measure the intensity of a light source, one needs to count the
number of photons emitted in a given unit of Time. The analyzed light pulse starts out bright
and then rapidly decays in intensity. The working principle of TCSPC is unique. Figure 2.15
describes the working diagram of the TCSPC setup.
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Figure 2.15. Schematic Representation of TCSPC setup®’

The sample is excited with a pulse of laser light, resulting in the waveform shown at the top
of Figure 2.16. TCSPC is based on detecting single photons of a periodical light signal, the
measurement of the detection times of the individual photons, and the reconstruction of the
waveform from the individual time measurements. The method uses the fact that for low
level, high repetition rate signals, the light intensity is usually so low that the probability of
detecting one photon in one signal period is much less than one. In TCSPC measurement, per
laser pulse can detect less than one photon. The observed detection rate is 1 photon per 100
laser pulses. Therefore, the detection of several photons can be neglected. The detector signal
consists of a train of randomly distributed pulses due to the detection of the individual
photons. There are many signal periods without photons; other signal periods contain one
photon pulse. Periods with more than one photon are very rare. Furthermore, all detected
photons contribute to the result of the measurement. These moderately complex data obtained
from TCSPC are analyzed by nonlinear least squares (NLLS). The goodness of fitting of a
decay spectrum depends on the value of y2 which is the sum of the squares deviations
between the measured and expected values, each divided by squared standard deviations
expected for the number of detected photons. For a good fitting, the value of y?is expected to
be close to unity. Experimental time-resolved luminescence decays are analyzed by using the
following equation:?®
1(t) = Zn: a,ep (-t/z))

~ (2.7)
Here, n is the number of discrete emissive species i.e. no. of decay components, z; are the
excited-state fluorescence lifetimes, and « are the amplitudes associated with the i"
components. For multi-exponential decays (n), the average lifetime,(z), is calculated by using

the equation
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<T>: .Zn:l B, (28)

Where g, = a, 1> «, and @ is the contribution of the decay component.
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Figure 2.16. Schematic Representation of Basic Mechanism of TCSPC?’

Time-resolved study gives essential information over standard steady-state
photoluminescence spectroscopy. It is noteworthy that both static and dynamic quenching can
be quantitatively estimated using Time-resolved spectroscopy. Furthermore, resonance
energy transfer can also be well studied using lifetime measurements. The donor decays are
highly informative about the purity of the sample whether the donors are completely
quenched or partially quenched by the nearby acceptors and the donor to acceptor distance. In
the present thesis, the Time correlated single photon counting (TCSPC) measurements are
performed various times to study the decay kinetics of different semiconducting polymeric
and inorganic nanomaterials and their hybrid system. The fluorescence decays are collected
on a Hamamatsu MCP photomultiplier (C487802). The fluorescence decays are analyzed
using IBH DAS6 software.
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2.2.8. Ultrafast Spectroscopy

Ultrafast spectroscopy is being used to understand the photochemical and
photophysical processes, which are accompanied during the first few picoseconds after
excitation by various relaxation processes of the nuclear degrees of freedom. In most cases,
these relaxation processes are much faster, which was proposed by Kasha and Vavilov. In
ultrafast photochemical reactions, the reactants start to propagate along the coordinate of
response before the nuclear coordinates have relaxed to the equilibrium configuration of the
excited state.

For instance, measurements in nanosecond to picosecond time regime, a fast
photomultiplier (PMT) or photodetector in conjunction with fast electronics, photocathode-
based techniques such as time-correlated single-photon counting and streak camera give
susceptible results. However, meticulous deconvolution procedures are needed to detect in
picosecond time resolution using TCSPC with a fast PMT. Based on these techniques at
subpicosecond resolution level, much attention should be needed because of their expensive
and unstable natures. The photodetectors with quick response time (<5 ps) may also restrict
their use to detect strong signals from lasers due to low sensitivity and small active area
(needed to keep RC low). This problem can be avoided by using "single-shot" streak cameras
having a better resolution up to 1 ps with the wide spectral response (200- 1600 nm). The
new challenges are the system maintenance for day-to-day reproducibility of sensitive sample
measurements and high expensiveness makes the use of streak cameras often impossible.

But in recent years, the event was deemed a great success by prospects for several
advanced, stable, and commercially available ultrafast lasers (primarily Ti:sapphire-based
lasers with ~ 100-fs or shorter pulse widths) and associated with optoelectronic instruments.
In practice, the best choice is nonlinear optical (NLO) laser sampling techniques based on
optical shutter by optical Kerr (OK) effect. An ultrafast shutter could be created by using
transient birefringence (third-order nonlinear effect) induced in a nonlinear medium with high
nonlinear susceptibility by an intense laser pulse (like a Pockels cell driven by light instead of
high voltage). Interestingly, the demanding very narrow instrument response function as fast
as ~ 200 fs was demonstrated by employing the gate with liquids (CS2, benzene, and toluene)
or solid-state materials (glasses, fused silica doped with gold nanoparticles, etc.). However,
the birefringence relaxation component with a long recovery time makes poor Kerr shutter
contrast and needs meticulous spectral, temporal correction. Furthermore, low sensitivity and

spectral restriction to a visible range limit the applications of this technique. Other
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intrinsically high-resolution spectroscopic technique-based nonlinear sampling technique
may be helpful to overcome this problem.

Achieving better results, many different techniques have been developed to obtain
picosecond to femtosecond time resolution. Commonly used techniques to study ultrafast
photochemical processes are transient absorption and fluorescence upconversion, which
monitor the population of excited states and the evolution of their spectral signatures as a
function of Time. However, the obtained data from fluorescence upconversion measurement
are often easier to interpret as only the population of the emitting state is probed. In contrast,
the sum of excited-state emission, excited-state absorption, and ground-state bleaching is
recorded with transient absorption.

2.2.8.1 Ultrafast fluorescence up-conversion spectroscopy

The fluorescence upconversion method, of course, can be applied only to fluorescing
species. Fluorescence is highly sensitive to small environmental changes of chromophores.
Thus, fluorescence measurements can reveal spectral changes in nanomaterials, the origins of
charge transfer reactions, solvent relaxation phenomena, and local photochemical changes in
and around the chromophore. As most fluorescence decays occur in the time window of ~
100 fs to nanoseconds, short light pulses and high temporal resolution instrumentation are
required for measurements.

The phenomenon is based on the sum or difference frequency generation of light
(second-order nonlinear effect) in a nonlinear crystal [potassium dihydrogen phosphate or
KH,PO,, LiNbO3, b-barium borate (BBO) etc.]. This technique is called fluorescence
‘upconversion' or ‘downconversion' for sum or difference frequency generation. The signals
are generated at the emission and gate pulse's sum or difference frequencies (higher or lower
photon energies). Since this mixing process takes place only during the presence of the
second laser pulse, it provides time resolution comparable to the pulse width; delaying the
gate pulses with a mechanical stage leads to an "optical boxcar approach.” Fluorescence
downconversion is less common and needs significant modification before wide use in
determining ultrafast spectral signature. On the other hand, fluorescence upconversion is
mainly used superior technigque about time resolution, measurement sensitivity, and accuracy.
This technique has been adopted for investigations in the UV, visible, and near-IR spectral
regions and has been used to study many diverse phenomena, such as solvation dynamics,
intramolecular coherent vibrations, ultrafast photoisomerization reaction dynamics, charge

transfer reactions.
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The time resolution mechanism underlying the fluorescence upconversion technique is
illustrated in Figure 2.17. The upconversion is a cross-correlation between the fluorescence
and a probe laser pulse. As stated earlier, the fluorescence upconversion relies on the sum
frequency signal generated from the sample fluorescence and the gate pulse in a birefringent
material with a non-zero second-order polarisation susceptibility. Furthermore, the phase-
matching condition is necessary for sum-frequency generation. The intensity of the sum
frequency signal (Is) at some delay time (z), is given by the convolution integral of the sample
fluorescence (I5) and the gate pulse (l) according to the following equation

I (z) = Ilf(t)lg(t—r)dt (2.9)

-

At Time t = 0, the sample is excited by second harmonics of an ultrafast laser pulse with
frequency, 2mp. The collected incoherent fluorescence frequency (mf) and the probe laser
pulse frequency, o, arriving at different Time are co-focused in BBO crystal oriented at an
appropriate angle with respect to the fluorescence and laser beams. Sum frequency photons
(Upconversion frequency, os= of + wp) are generated only when the probe laser pulse is
present in the crystal, acting as a 'gate’, thus keeping the time resolution within the laser pulse
width. The time evolution of the fluorescence may then be traced by varying the delay of the
probe laser beam. It is easy to show that the intensity of the signal beam at sum frequency
and at a given delay time is proportional to the correlation function of the fluorescence with

the probe laser pulse.
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Figure 2.17. Schematic diagram of generation of upconversion signal®

Ultrafast spectroscopic data are acquired using a commercially available femtosecond

fluorescence upconversion spectrophotometer with a Halcyone ultrafast setup (Figure 2.18).
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A Ti:sapphire laser system (Chameleon; Coherent) is employed as a light source (140 fs, 80
MHz, at 800 nm) to pump the sample and gate excited state lifetime simultaneously. The
second harmonic (at 400 nm) is generated in a thin BBO (type I) crystal and focused onto the
sample containing a 2-mm light path lengths cuvette to generate the fluorescence. The
fluorescence is collected with the help of a pair of parabolic mirrors and focused, together
with the gate beam (at 800 nm), on a BBO type Il crystal to generate the upconverted signal.
After passing through a grating monochromator (CM112 Compact 1/8 Meter Double
Monochromator, Spectral products), the fluorescence is detected with photosensor modules
containing a metal package PMT and a high-voltage power supply circuit (Hamamatsu
H10721P-110). The FWHM of the instrument response function (determined using Raman
scattering in water) is about 288 fs. The femtosecond time-resolved decay traces are fitted

using Surface Xplorer 4 fitting software.
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Figure 2.18. Schematic diagram of fluorescence upconversion setup®

2.2.8.2 Transient absorption spectroscopy

Transient absorption is another essential time-resolved spectroscopic technique
applied in order to study energy and charge transfer processes. In transient absorption, firstly,
the sample is excited by the pump pulse. Afterward, a relatively low intense (compared to the
pump pulse) white-light continuum probe pulse measures the absorption of that excited
sample after some delay. The pump pulse is synchronized so that every alternative pump
pulse and probe pulse coincide at the sample. Therefore, the difference in the absorbance of
the sample with the pump pulse (Ayump on) and absorbance without the pump pulse (Apump off) 1S

measured in different delay time.
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AA4 = Apump on — Apump off (2.10)
Excitation by the pump pulse followed by absorption of white light continuum leads to
different electronic transitions in the sample (Figure 2.19). The probe intensity must be low
enough to inhibit further sample excitation by the probe pulse. Thus, the excited state

population is not significantly altered by the probe.
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Figure 2.19. (A) Possible quantum transitions by the probe pulse in a transient absorption
measurement. The pump and probe pulses are indicated by solid and dotted line
respectively.*!(B) The corresponding transient absorption spectrum and with separated
contributions from ground state bleaching (GSB), excited state absorption (ESA) and
stimulated emission (SE) with green, blue and red-marked area respectively. (The image is

adapted from http://web.vu.lt/ff/m.vengris)

The ground state bleach has been found when the probe wavelength is resonant with the
electronic transition of the sample. Thus, reducing the ground state population occurs as the
fractions of the absorbing units of the samples are promoted to the excited state by the pump
pulse. Consequently, a negative signal in the AA spectrum is observed in the wavelength
region of ground-state absorption. Again, absorbing units, which reside in the sample's
excited state, may further promote to the higher excited state if the probe's energy is resonant
with the transition from the first excited state to a higher excited state. This photoinduced
absorption leads to a positive signal in transient absorption. It is also noted that the intensity
of the probe pulse is so weak that the excited-state population is not affected appreciably by
the excited-state absorption process. Another transition can be induced by the probe pulse
i.e., stimulated emission. In this process, a probe photon induces to return an excited state
molecule to the ground state by emitting an additional photon of equal energy. The probe and
emitted photons are identical and share the same direction of propagation. Both photons will

be measured by the detector producing a negative transient absorption signal, as there is no
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stimulated emission and therefore fewer photons detected when the pump is absent.
Generally, stimulated emission mirrors the fluorescence profile and thus provides the same
information as fluorescence upconversion with more fantastic practical inappropriate
convenience samples when using a broadband probe.

In our experiment, shown in Figure 2.20, the output from a Ti:sapphire oscillator ~220 mW
of the oscillator (Spectra Physics,Mai-Tai-HP) is used as the seed laser for the Ti: sapphire
regenerative amplifier (Spectra Physics, Spitfire ACE). The amplifier is pumped with an
intracavity doubled, Q-switched, diode-pumped Nd: YLF laser (Spectra-Physics,
Ascend) producing 5000 ns pulses with a repetition rate of 1 kHz at 527 nm. Ultimately,
amplified pulses centered at 800 nm are 100 fs in duration with a repetition rate of 1 kHz
having ~5mJ energy. A portion of this output is used to generate the pump beam (285-2680

nm) using an optical parametric amplifier (Light Conversion Topas Prime).

Regenerative
Amplifier d
Monochromator

+ CCD detector

Figure 2.20. Diagram of transient absorption setup (adapted with permission from ref %

Ultrafast transient absorption data have been collected using Transient Absorption
Spectrometer (TAS), Newport. Inside the spectrometer, the pump beam (coming from Topas)
is mechanically chopped at 500 Hz and focussed onto the sample with pulse energy of
5pd/cm?. While another light beam is passing through a beam splitter from which 95% is
dumped, and 5% is delayed relative to the pump pulsed using a motorized translation stage to
generate probe pulse by passing through a CaF; crystal (330 nm — 750 nm) or Ti-Sapphire
crystal (470 nm — 1000 nm).
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Further, a beam splitter divides the white light continuum into sample and reference
beams. The pump beam diameter is slightly larger than the probe beam size to ensure that the
probe samples only within the excitation volume. The sample and reference beams are then
directed into complementary CCD detectors. Surface Xplorer 4.1.0 has been used for the
chirp correction of TA data before single wavelength kinetic fitting analysis.

2.2.9. Global & target analysis
The measured time-resolved spectrum y can be represented as a superposition of the

contribution of ncemp different components:

Ap(6,2) = 2,5 c@©a@) (2.12)
Where c(t) and () denote, respectively, the concentration and spectrum of component I.
Or, in matrix notation:
Y = CET (2.12)
Here ¥ represents the m x n data matrix denoting the Time-resolved spectrum, measured at n
time instants and m wavelengths. Each column of the m X ncmp matrix C represents a
concentration profile ¢, of component | as a function of the independent variable t. Likewise,
each column of the n X neomp Matrix E represents a spectrum g of component | as a function of
a second independent variable like A. Here it is assumed that the spectroscopic properties of a
mixture of components are a superposition of the spectroscopic properties of the individual
components, weighted by their respective concentrations.*

In global and target analysis, three different types of models exists: a) kinetic model
[in this case, a parameterized model for the concentrations of the components (ci(t)) is used];
b) spectral model [in this case a parameterized model for the spectra of the components
(ei(2)) is used] and c) spectrotemporal model [in this case knowledge about kinetic and
spectral properties of the components is combined].
2.2.9.1 Kinetic models

A kinetic model describes the concentrations of components in measurement over
time. It directly models the dynamics of the sample. Typically, first-order kinetics describe
measures, meaning that linear first-order differential equations describe the concentrations.*
The solution for a system of linear differential equations is given by a sum of exponentially
decaying functions convolved with the function describing the initial condition, which in
spectroscopy termed as Instrument Response Function. The basic form of a kinetic model
describing the measured data ¥ as a function of Time and the independent spectral variable 4

can then be represented as
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W(t,A) = 2,59 (exp (—kqt) ° (1)) (D) (2.13)
Where k; is the exponential decay rate of component | and the symbol "' indicates the
convolution with the IRF i(t). The amplitudes of the concentration profiles are described by
the spectra (). In matrix notation, Equation 2.13 can be formulated as follows:
Y = C(8)ET (2.14)
Here C(6)) is the matrix of concentration profiles as determined by the vector of nonlinear
parameters 6. E is the matrix of spectral amplitudes for which the entries are estimated as so-
called conditionally linear parameters.
2.2.9.2 Global analysis

A unified separable nonlinear model describes all measurements collected over
multiple independent variables in global analysis. Kinetic models fit the data with a sufficient
number of exponential decays and their amplitudes (i.e. the lifetimes of the components). The
number of components can be estimated based on the data matrix's singular value
decomposition (SVD). The SVD theorem states that any m x n matrix has a singular value
decomposition of the form:
Ymxn = UmxmSmxnWnxn (2.15)
Where U and W are orthogonal matrices, containing respectively the left and the right
singular vectors and S is a matrix which is zero expect for its diagonal, which holds the
singular values or eigenvalues. The singular values indicate the number of components in the
data. This is best visualized in the form of a screeplot where the singular values are plotted on

a logarithmic range axis, see Figure 2.21.
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Figure 2.21. Screeplot of the first 20 singular values of the SVD of typical data with noise *
We start with as little components as possible and then look at the SVD of the residual matrix
for more significant values. The structure of the left and right singular vectors reflects the

physical aspects of a particular component. In this case the matrix of left singular vectors
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represents the time-dependence of the particular components, (see Figure 2.22A). Inspection
of the right singular vectors can also be helpful; here they represent the particular
components' spectral dependence (see Figure 2.22B). By visualizing only the first few
components it is easier to qualitatively evaluate the individual contribution of the components
to the dataset as a whole. Usually the number of visualized traces is incremented by one until
the structure is no longer clearly distinct from noise. Typically this value is plus or minus one

around the value estimated from the screeplot.
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Figure 2.22. The first three (A) left singular vectors representing the time dependence and
(B) right singular vectors representing the spectral dependence of the components
2.2.9.2.1 Parallel model

As mentioned before, the first part of global analysis using a kinetic scheme is to fit
the data with a sufficient number of exponential decays and amplitudes. This is the most
straightforward kinetic scheme where every component decays independently (or in parallel),
resulting in decay-associated spectra, one for every component, the collection of which is
referred to as the Decay Associated Spectra (DAS). In the case of difference absorption
spectroscopy, the amplitudes associated with the exponential decays are termed Decay
Associated Difference Spectra (DADS).
2.2.9.2.2 Sequential model

Apart from global analysis with independent decays, the simplest analysis uses a
kinetic scheme where the components decay sequentially (most often with increasing
lifetimes), this is termed the unbranched, unidirectional model (I — 2 — ... — ncomp). The
individual components are referred to as compartments. In this scenario the first compartment
gets populated by an input excitation pulse and subsequently forms the second component.
The second component decays into the third compartment and so on until finally, the nth
component decays to the ground state. The unbranched, unidirectional model is also termed a

sequential model. The estimated spectra are called Evolution Associated Spectra (EAS) or
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Evolution Associated Difference Spectra (EADS) in the case of difference absorption
spectroscopy; the spectra reflect the spectral evolution, e.g. the third EAS or EADS rises with
the lifetime of the second component and decays with the third lifetime. In the sequential
model, any back-reactions are ignored on the assumption that the energy losses are large
enough that the reverse reaction rates are negligible. In the same way, it is assumed that there
are no losses in the chain 1 — 2 — ... — n¢omp t0 the ground state.
2.2.9.3 Target analysis

Combining global analysis with testing a specific photophysical or photochemical
model is called target analysis. For target analysis, a more complicated scheme can be used
that is a combination of the parallel and sequential model and involves branching, back-
reaction or multiple compartment excitations. In target analysis linear time-invariant
compartmental model is used, where transitions between compartments are described by
microscopic rate constants, which constitute the off-diagonal elements of the transfer matrix
K. Each compartment is represented by a column in this K-matrix. The lifetimes of the
components are the reciprocals of the eigenvalues of this matrix. The concentration of each
compartment is described by a vector c(t) = [C1(t) ... cncomp(t)]". Thus a linear compartmental
model with nemp compartments is described by a differential equation for these

concentrations:
LCO=Kc(t)+j(®) (2.16)

Where the input to the system is described by a vector j(t) = i(t) [1 X2... x/]", where the IRF
and xI describe me (t) represent possible extra input to compartment |I. The solution for
Equation 2.16 is an exponential function convolved with the IRF, which can be used to
calculate the concentration matrix.

Figure 2.23 shows a diagram in which the dynamics are more easily represented. In
this compartmental model the first compartment is populated as a direct result excitation, as
represented by the IRF multiplied with j;. This compartment then evolves into the second and
third compartment, with kinetic rate k; multiplied by branching ratios b; and b, respectively.
The second and third component shares the same spectrum from 10 nm to 1000 nm. Both
compartment then evolves into the final compartment with rates k, and ks. This compartment

then finally decays to the ground state with rate k.
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Figure 2.23. Example of compartmental model **

In this thesis, pump-probe spectroscopic data were globally analyzed®? *** by using a
kinetic model consisting of sequentially interconverting EADS,eg9.,1 »2 >3 -4 - 5—
..... in which the arrows indicate successive monoexponential decays of increasing time
constants, which can be regarded as the lifetime of each EADS. The minimum required
numbers of kinetic components signify the elimination of extra correlated structures in the
residuals. This procedure enables a clear depiction of the evolution of the (excited) states of
the system. To obtain the contributions from these molecular species (because the EADS may
reflect mixtures of molecular species), a target analysis was performed in which a specific
kinetic scheme was applied. We obtained the spectrum signature of the "pure” excited and the
product state intermediates (the so-called species-associated difference spectra, SADS). Each
of these states can be ascribed to a distinct intermediate of the relaxation process. Ultrafast
processes (energy and electron transfer) are assessed based on these species, along with a
specific assignment of time scale for each process.
2.2.10. Computational Methodology

In this thesis, the state-of-the-art first-principles calculations have been carried out
using density-functional theory (DFT)***" as encoded in the Vienna Ab-initio Simulation
Package (VASP).*** The interaction among electrons and nuclei has been accounted for

4142 method. The Perdew has

using the plane-wave projector augmented-wave (PAW)
parameterized the exchange-correlation functional within generalized gradient approximation
(GGA)-Burke—Ernzerhof (PBE)*® formalism. To investigate the electronic interaction
between the porphyrin molecule and the perovskite CsPbBr3, the system has been modeled by

interfacing (001) surface of 3x3x5 supercell of CsPbBr; slab with the porphyrin molecule.
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Structural relaxation for this designed structure was performed at first to obtain the optimized
geometry. Structural optimizations were continued until the forces on the atoms had
converged to less than 0.01 eV/A. A vacuum spacing larger than 15 A along the z-direction
was used to decouple the adjacent periodic images to avoid spurious interactions. For the
interlayer vdW interactions, the DFT-D3 method* of Grimme has been employed. For
structural optimization, electronic density of states (DOS), and charge density calculations, a
kinetic energy cutoff of 500 eV was used, and the Brillouin zone was sampled with a 6x6x1
k-point mesh* of Monkhorst-Pack and an energy cutoff of 500 eV. To calculate the partial
charge density of a specific energy state, previously converged wave function file has been

used.

VBM —-1.1eV VBM —-1.6eV VBM —-2.1eV

CBM +1.1eV CBM +1.6eV CBM +2.1eV

Figure 2.24. Partial charge density at different energy states in CsPbBrs@TpyP system™.
Reproduced with permission from reference 15 (Copyright 2021 American Chemical
Society).

Moreover, the computational studies of CsPbBr3;, CsPbBrs/PbSe heterostructure were
conducted considering all-electron projector augmented plane wave (PAW) method* in

conjunction with the Perdew-Burke-Ernserhof (PBE)*™

and generalized gradient
approximation (GGA)*’ for the exchange-correlation functional, as implemented in the
Quantum Espresso package. Initially, we consider the cubic phase of CsPbBr; and PbSe

cubic lattice with space groups Pm-3m and Fm-3m, respectively (Figure 2.24).
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CsPbBr, PbSe

Figure 2.25. The optimized crystal structure of (A) CsPbBr3; (Space group: Pm-3m). (B) PbSe
(Space group: Fm-3m). Here, Cs, Pb, Br, Se atoms are shown by cyan, red, brown and green,

respectively.

Calculations for structure optimizations were carried out by using the 8 x 8 x 8
Monkhorst—Pack grid of k-points for Brillouin zone integrations. Due to the cubic symmetry
of the crystal structure, the optimized unit cell of CsPbBr; is found to be
59A 5.9A%x59A.% While performing optimizations of these cubic systems, we consider
electronic wave function and charge density cutoff on a plane-wave basis to be 70 Ry and 280
Ry, respectively. Brillouin zone integration of cubic crystal structure is sampled on the
uniform grid of 8 x 8 x 8 k-points. The sharp discontinuity of the electronic states near the
bandgap is smeared out with the Fermi-Dirac distribution function with a broadening of 0.003
Ry. After the crystal structure optimization, we used the density functional perturbation
theory (DFPT) approach to obtain phonon dispersion spectra of CsPbBr3 which agrees well
with previously reported results.“**® The force constants were constructed based on the
density functional perturbation theory methods. Using those force constants, we obtained a
phonon band structure along the high-symmetry direction (R— M— I'> X— M) over the
Brillouin zone (BZ) for CsPbBrs.
2.2.10.1. Formation of CsPbBr3/PbSe heterostructures

We considered a cubic crystal structure consisting of CsPbBr; (Pm-3m) with the optimized
lattice parameter a=b=c=5.9 A>* and PbSe with the space group, Fm-3m (see Figure 2.25). To
construct the heterostructure, we created a cell where the CsPbBr3 cubic lattice was placed on
top of the PbSe cubic lattice. To incorporate inter-layer interaction between the CsPbBr; and
PbSe cubic lattice, we considered PBE-D2(3) van der Waal (vdW) corrections along the

stacking direction. Structure optimization calculations were carried out by using the 8 x 8 x 4
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Monkhorst—Pack grid of k-points for Brillouin zone integration of the heterostructure. The
optimized lattice parameter of the CsPbBrs;-PbSe heterostructure was calculated to be
a=b=5.96 A in the in-plane direction, and the inter-layer distance between CsPbBr; and PbSe
lattice turns out to be around 3.05 A. This distance essentially signifies van der Waals scale
interactions as the dominating interactions within the interface region of the heterostructure.
Phonon dispersion spectra for heterostructure are plotted along the high-symmetry direction
(R— X— I'-> M— X) over the Brillouin zone (Table 2.1).

Table 2.1. Coordinate of high symmetry g-points for phonons over the Brillouin zone.

r 0.0 0.0 0.0
R 0.5 0.5 0.5
X 0.5 0.0 0.0
r 0.0 0.0 0.0
M 0.5 0.5 0.0
X 0.5 0.0 0.0

2.2.11. Photovoltaics measurement
2.2.11.1. Device fabrication

For device fabrication: First, the ITO coated glass was washed by soap solution and
then ethanol (3 times) and 2-butanol (3 times) alternatively step by step and dried at 100°C
under vacuum. A very thin layer of PEDOT: PSS was given on this dried ITO glass by spin
coating at 2000 rpm and dried at 120° C under vacuum for 2 hours. Here PEDOT: PSS acts as
a hole acceptor and ensures a good interface between the active layer and electrode. Then, a
layer of pure or composite systems that is photoactive layer was spin-coated on this modified
ITO surface at 2500 rpm for 30 seconds. Then this ITO carefully was baked at 90° C under
Ar atmosphere for 5 min. The completion of device fabrication was done by depositing Al on
the active layer of ITO, which acts as a cathode. This fabricated device was used for
photocurrent measurement.>?>3
2.2.11.2. Photocurrent measurement

Photovoltaics is the process of converting sunlight directly into electricity using solar
cells devices.> In solar cell devices, the generation of current is known as the light-generated

current. It involves two key processes during light irradiation. The first process is the
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absorption of incident photons to create electron-hole pairs. Electron-hole pairs will be
generated in the solar cell provided that the incident photon has energy greater than that of
the band gap. However, on average, electrons and holes will only exist for a length of time
equal to the minority carrier lifetime before they recombine. If the carrier recombines, then
the light-generated electron-hole pair is lost, and no current can be generated. Secondly, the
collection of these carriers by the p-n junction which prevents this recombination process by
using a p type and n type materials junction to separate the electron and the hole. The carriers
are separated by the action of the electric field existing at the p-n junction. Suppose the light-
generated minority carrier reaches the p-n junction. In that case, it is swept across the
junction by the electric field at the junction, where it is now a majority carrier. If the emitter
and base of the solar cell are connected, the light-generated carriers flow through the external
circuit.

For carrying out the experiments of this thesis, we have used Newport solar simulator
and Keithley electrometer (6517B). The Electrometer has the capabilities to measure DC
voltage from 1uV to 210 V, and DC current from 10 aA to 21 mA. A solar simulator is a
device that provides us with natural sunlight illumination using 1.5 G air mass filter. The
sample layers were deposited on ITO glass using a spin coater. Then counter electrode such
as 'Ag' or 'Al' was deposited on the device using a high vacuum depositor (Hind High
Vacuum CO. (P) Ltd., Model: 12A4D). In this thesis, we have measured the photocurrent i.e.
current-voltage characteristic curve of our sample using the system above. The schematic

diagram of the instruments is given in Figure 2.26.

(A) Mirror

f\ Lens
Xenon ARC

Lamp House

Power Supply

ARC Lamp Air mass Filter

Incident light

Computer 4 @ Electron

O Hole

— Film

Electrometer+
(Keithley 6517B)

Figure 2.26. Schematic Representation of I-V Measurement setup *°
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3.1. Introduction

Lead halide perovskite (LHP) nanocrystals (NCs) have emerged as an important class
of nanomaterials for light-harvesting applications for photovoltaics, light-emitting diodes
(LED), lasers, photodetector, and white phosphors. They exhibit extraordinary absorption
coefficients, narrow full width at half maximum (FWHM), high photoluminescence quantum
yield (PLQY), and defect tolerant nature, etc.'® Several strategies have been used for
designing various morphologies such as nanoparticles, nano-sheets, nano-wires (NWSs), nano-
platelets (NPLs) by altering the compositions (the ligand ratio and the anion/cation ratio) to
control the photophysical properties of LHP NCs.”™ Usually, the tuning of photophysical
properties of LHP NCs is done either changing halide precursors or anion exchange
reactions.*? The tuning of photophysical properties of LHP NCs in the presence of different
solvents has been often overlooked. Less importance has been given to tuning of structural
and optical properties of LHP NCs by changing solvent.***

On the other hand, the crystal phase and hot carrier cooling dynamics of perovskite
NCs are critical for designing efficient photo-driven devices. The orthorhombic, tetragonal,
and cubic crystal phases are found in CsPbBr; perovskites NCs, which influence the optical
properties.”>*® Minor crystal phases are sometimes missing in regular XRD analysis because
most of the Bragg reflections from each polymorph overlap in the nano-regime, which are
difficult to distinguish without Rietveld analysis.*” Therefore, analysis of the actual crystal
phase of LHP NCs by the Rietveld method is a very prudent choice.*®

It is reported that the charge recombination and charge separation of perovskites NCs
are essential steps for developing efficient photovoltaic devices.'®?* Kim et al. have studied
the hot carrier dynamics from CsPbBr; to CsPbls which varies from 310 fs to 580 fs with
changing the halide composition.?* Fu et al. have studied the fluence-dependent hot carrier
cooling mechanism of MAPbl; NCs.® Analysis of TA data by global and target kinetic
models is fundamental to understand the complex carrier relaxation pathways of LHP NCs
thoroughly. However, most studies regarding carrier relaxation dynamics of LHP NCs are
based on single wavelength kinetics analysis. Here, we analyze TA data globally by target
kinetics model to understand the complex carrier relaxation process. In the proposed model, it
is assumed that the generated hot excitons will simultaneously decay to the swallow trap state
(ST), deep trap state (DT), and band edge state after photoexcitation. To the best of our
knowledge, less emphasis has been given on the carrier relaxation dynamics of CsPbBr; NCs
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with changing the solvent polarity and shape of the NCs, which is an essential aspect for
light-harvesting devices.

Here, we highlight the preparation of different shapes of CsPbBr; NCs by changing
the solvent polarity and understanding their structural transformation and carrier relaxation
processes. Changing the solvent polarity from toluene to dichloromethane, the structural
transformation from cubic-shaped NCs to rod-shaped NCs is obtained. Rietveld analysis
suggests that the preferred orientation (PO) along<202> orthorhombic phase is responsible
for rod-shaped morphology. Furthermore, the influence of shape on carrier relaxation
dynamics of CsPbBrs; NCs by transient absorption spectroscopy is investigated. The
fundamental studies of the role of solvent for changing shape and exciton dynamics of

CsPbBr; NCs will be beneficial for device fabrication.

3.2. Results and Discussion

3.2.1. Structural Analysis

Morphological characterizations of the as-synthesized CsPbBrs; NCs are done by
Transmission electron microscopy (TEM). Figure 3.1A represents TEM image of CsPbBr;
NCs in toluene. A highly monodispersed cubic shape with an average edge length of 10+0.5
nm is obtained. The high-resolution transmission electron microscopy (HRTEM) image

confirms the lattice spacing of 0.291 nm (inset of Figure 3.1A).

0.290 nm

200nm. &
4

Figure 3.1. TEM images of CsPbBr; NCs in (A) toluene, and (B) DCM. Insets show the
HRTEM images.?® Reproduced with permission from reference 26 (Copyright 2019 Royal
Society of Chemistry).

Analysis reveals that this lattice spacing corresponds to (200) plane formation of cubic
CsPbBr3 NCs. Furthermore, (200) plane from the selected area diffraction (SAED) pattern
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(Figure 3.2A) confirms the appearance of the cubic phase. We have noticed a structural
transformation from cubic shape to rod shape with changing the solvent from toluene to
DCM. Figure 3.1B represents the TEM image of CsPbBrz NCs in DCM, which shows rod
shape morphology having a width of 110£5 nm. The HRTEM image (inset of Figure 3.1B)
and SAED pattern (Figure 3.2B) confirm the lattice spacing of 0.290 nm due to (202) plane
of orthorhombic CsPbBr3; NCs.

)

d;,,=0.154nm" * - d,;,=0.290 nm

-

..-._
. ..,

'd,,,=0.2070m ~  d,),=0.293 nm

51/nm 5 1/nm

Figure 3.2. SAED patterns of CsPbBr; NCs. (A) in toluene, (B) in DCM.?® Reproduced with
permission from reference 26 (Copyright 2019 Royal Society of Chemistry).

Again, we have investigated the influence of various solvents on the morphology of the
CsPbBr3; NCs. Here, we have used THF (polarity index- 4.0), CHCI; (polarity index- 4.1) and
ethyl acetate (polarity index- 4.4) also. The TEM images of CsPbBr; NCs for different
solvents are given in Figure 3.3.

Figure 3.3. TEM images of CsPbBr; NCs in (A) THF, (C) CHCI; and (E) ethyl acetate.?
Reproduced with permission from reference 26 (Copyright 2019 Royal Society of Chemistry).

Here, we discuss the probable mechanism for the structural transformation of CsPbBrz NCs
from cubic to rod shape with changing the solvent from toluene to DCM (Scheme 3.1). A

further detailed investigation is required to understand the mechanism for the formation of
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rod shape NCs from cubic-shaped NCs. Here, CsPbBr; NCs are tightly coordinated with
polar carboxylic (-COOH) and amino (-NH;) head groups of oleic acid and oleyl amine
capping ligands, and they are highly stable in non-polar toluene solvent.?” After adding polar
solvent (DCM), the polar head group (-COOH/-NH,) of capping ligands shows a strong
affinity towards the solvent and tends to come out from the surface of NCs. It results in the
diffusion of a few capping ligands from the surface of NCs to solvent and causes bare NCs to
surface. Thus, in a polar solvent (DCM), bare NCs facilitate to form of rod-shaped NCs by
attachment of neighboring cubic NCs with each other.?® It may be due to the less free energy
on (202) plane of the cubic phase, which facilities the unidirectional growth of crystals to
form rod shapes. This proposed mechanism is also supported by our Rietveld analysis which

shows the unidirectional growth of rod-like morphology in DCM.

Scheme 3.1. Schematic representation of the shape change mechanism from cubic CsPbBr3
NCs to rod-shaped NCs in DCM solvent.?®

DCM 3§ _~@ OA/OLAM v CsPbBr,NCs \/ CsPbBr,NRs

Rietveld powder structure refinement method is employed to analyze the XRD patterns of
CsPbBr3; NCs in two different solvents (i.e. in toluene and DCM). Figure 3.4(A-B) represents
Rietveld profiles of the XRD patterns of NCs in toluene and DCM, respectively. Rietveld
analysis of the XRD patterns of the CsPbBr; NCs in both toluene and DCM confirm the
simultaneous presence of (i) cubic (COD# 1533063, Sp. Gr. Pm3m) and (ii) orthorhombic
(COD# 4510745, Sp. Gr. Pnma) CsPbBrs in different forms and ratios. All the major
reflections from (100), (110), and (200) planes of cubic phase are severely overlapped with
that of (101), (002), and (202) planes of orthorhombic phase owing to similar dyg (inter-
planar spacing) values. This facilitates a coherent growth of the orthorhombic phase on the
cubic lattice. The fitted XRD pattern of CsPbBr; NCs in toluene is displayed in Figure 3.4 A.
Here, the primary (75 wt %) cubic phase remains well crystalline, whereas the minor (25
wt.%) orthorhombic phase remains in amorphous form. Interestingly, the intensity along

<200> direction of cubic CsPbBr3 is more significant than its bulk counterpart (shown inset).

102



Chapter 3

It signifies that (200) facet of the cube-shaped CsPbBr; is exposed more compared to the
other facets along the direction of the incident beam of X-rays. However, the presence of the
amorphous orthorhombic phase does not affect the gross cubic morphology. The
simultaneous presence of crystalline cubic and orthorhombic phases is noticed for the XRD
pattern of CsPbBr3; NCs in DCM (inset of Figure 3.4 B).
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Figure 3.4. Observed (red points) and calculated (black line) XRD patterns of CsPbBr3; NCs
in (A) toluene and (B) DCM. Green and purple represent cubic (C), orthorhombic (O)
CsPbBrj;, respectively. (Io—Ic), representing residue of Rietveld refinement is plotted (grey
colored line) below each fitted pattern. Bar sequences, denoting the peak positions of
individual phases, are plotted at the bottom. Modeling the atomic structures of (C) cubic and
(D) orthorhombic CsPbBrs. Different polyhedra formed by the constituent atoms of each
structure are displayed at the right hand side of each corresponding structure.?® Reproduced

with permission from reference 26 (Copyright 2019 Royal Society of Chemistry).

Detailed (micro) structural parameters obtained by refining the XRD patterns using Rietveld
are given in Table 3.1. Rietveld's analysis confirms that the XRD pattern is completely
devoid of any preferential growth for the cubic phase except for orthorhombic CsPbBr; along
<202> (shown inset). The coherent growth of the orthorhombic (202) plane on cubic (200)

lattice having preferential growth along <202> direction initiates the formation of rod shape
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morphology towards (202)orthorhombic!l(200)cunic direction. Therefore, the cubic phase with
preferred orientation (PO) is responsible for the cubic morphology of CsPbBr; NCs in
toluene. In contrast, the crystallinity and PO of the orthorhombic phase play a pivotal role in
providing the unidirectional growth of rod-shaped CsPbBr; NCs in DCM. Atomic
arrangements of constituent Cs, Pb, and Br atoms in cubic and orthorhombic CsPbBr;
perovskites are displayed in Figure 3.4 (C-D). In cubic CsPbBr; Cs, Pb, and Br atoms occupy
corner (0,0,0), body centred (1/2,1/2,1/2), and face centred (0,1/2,1/2) positions respectively.

Table 3.1. (Micro) structure parameters obtained by refining the XRD patterns using Rietveld
fitting method.?®

Phase(s) present Lattice parameters (A) PO
™
S -
Sp. Gr. Dir.  [Coef.(r

E% Chemical | Crystal P < )
o |s | " S a b c
7] ormula system o
O =

CsPbBr; | Cubic Pm3m 75 5.8308 (6) <200> | 0.33
[<B]
c
(<)
% CsPbBr; | Ortho Pnma 25
|_

CsPbBr; | Cubic Pm3m 60 5.8839 (8)
>
LDJ CsPbBr; | Ortho | Pnma 40 | 8.1652(7) | 12.0673(11) | 8.5522 (16) | <202> | 0.40

Here, each Pb atom remains entirely inside a regular octahedron constituted by six
surrounded Br atoms (forming PbBrg octahedron), where each Pb-Br bond's bond length (BL)
is 2.94 A. In orthorhombic CsPbBrs;, two different types of octahedra are noticed, (i) regular
PbBrg octahedron (Pb—Br, BL of 2.96 A), and (ii) irregular CsBrg octahedron where Cs atom
remains partially within the void. The XRD pattern of the residue of CsPbBr; NCs before

redisperse is provided in Figure 3.5.
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Figure 3.5. The profile of the Rietveld analysis (black line) of the XRD pattern (red points) of
the residue of the sample before redispersing in toluene and DCM. The inset of the pattern
shows the presence of preferred orientation along <200>. (Io—I¢), representing residue of
Rietveld refinement is plotted (grey colored line) below the fitted pattern. Bar sequence,
denoting the peak positions of cubic CsPbBr3 is plotted at the bottom.? Reproduced with
permission from reference 26 (Copyright 2019 Royal Society of Chemistry).

3.2.2. Steady-state and time-resolved spectroscopy

Figure 3.6A represents the UV-Vis absorption (solid balls) of CsPbBrz NCs along with PL
spectra (solid line) in toluene (a) and DCM (b), respectively. The emission of both the NCs
shows the green color under UV excitation (Ae=365 nm). For the NCs in toluene, the
absorption and PL bands are observed at 502 nm and 515 nm, respectively (Figure 3.6A, a).
In the case of the NCs in DCM, absorption and PL maxima are found at 507 nm and 521 nm,
respectively (Figure 3.6A, b). It is to be noticed that a small change in PL band is observed
with changing the shape from cubic to rod shape. The FWHM of the PL band decreases from
21 nm to 17 nm with changing the solvent from toluene to DCM. The PLQY of CsPbBr; NCs
is found to be decreased from 65% to 58% with changing the solvent from toluene to DCM.
This clearly indicates the modification of radiative relaxation with the transformation from
cubic-shaped (in toluene) to rod-shaped NCs (in DCM).
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Figure 3.6. (A) UV-Vis absorption (solid balls) and PL spectra (solid line) of CsPbBr; NCs
in toluene (a), in DCM (b); (B) Time-resolved PL decay time of CsPbBr; NCs in DCM (a), in
toluene (b). In Fig. B, Aex=375 nm and lem= 521 nm (a) and 515 nm (b). All the decay curves
are fitted in tri-exponential function.?® Reproduced with permission from reference 26

(Copyright 2019 Royal Society of Chemistry).

Time-resolved spectroscopic studies are performed to investigate the relaxation dynamics of
CsPbBr3 NCs. Figure 3.6B shows the PL decay profile of CsPbBr; NCs in DCM (a) and
toluene (b), respectively. It is seen that the lifetime of CsPbBrz NCs in DCM is longer than
that of NCs in toluene. All the samples are excited at 375 nm, and the emission decays are
monitored at 515 nm and 521 nm for CsPbBr3; NCs in toluene and DCM, respectively. All the
decay curves are fitted well with the tri-exponential function. For CsPbBr; NCs in toluene
(cubic shape), the values for 11, T2, and t3 with their contributions are 2.0 + 0.4 (63.4 + 3.5%),
9.3 £ 0.3 (33.7 £ 1.3%), 39.2 £ 0.6 (2.9 £ 0.8%), respectively and the average value of
lifetime is 5.6 £ 0.15 ns. In case of CsPbBr; NCs in DCM (rod shape), the corresponding
values for 11, T2, and t3 with their contributions are 1.2 + 0.2 ns (54.6 = 2.5%), 11.0 £ 0.2 ns
(28.5 £ 1.2%), 61.9 £ 0.7 ns (16.9 * 1%) respectively and the average decay time is 14.3+ 0.5
ns. The multi-exponential decay of perovskite NCs is due to excitonic recombination and
radiative recombination associated with trap states.?>* Interpretation of multi-exponential PL
decay kinetics is difficult without a well-defined kinetic model.” Here, 1 is assigned due to
excitonic recombination. The other two components are due to trap state mediated radiative
recombination.’® ® The charge trapping of the perovskite NCs is due to a halide deficient
surface. Alivisatos and coworkers have demonstrated that the surface halide vacancies of
perovskite NCs are responsible for charge trapping.®* Zeng and coworkers have developed a
new strategy to reduce the nonradiative recombination by an equivalent ligand to eliminate

the probability of charge trapping due to bromide vacancies.*** The radiative rate constants
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are found to be 0.116 ns™* and 0.040 ns™ for cubic and rod-shaped NCs, respectively. Hence,
the analysis of decay kinetics suggests that the shape has an important role that eventually
controls the relaxation dynamics of the LHP NCs.

3.2.3 Ultrafast transient absorption spectroscopy

Femtosecond transient absorption spectroscopy (fs-TAS) is employed to study the carrier
relaxation dynamics of CsPbBrs; NCs with changing the solvent polarity. The ultrafast
measurement is important to unfold the carrier relaxation processes.** Less emphasis has
been given on the exciton dynamics of LHP NCs by using global and targeted analysis.**®
All the samples are excited at 375 nm pump pulse with low pump power (< 5 pd/cm?) to
avoid multi-exciton generation. The fs-TAS data are fitted with a targeted Kinetic scheme to
estimate the individual rate constant and lifetime of respective relaxation channels of the
NCs. Figure 3.7(A, B) represents the conventional profile pictures of fs-TAS data for cubic
shaped CsPbBr; NCs (in toluene) and rod-shaped CsPbBr; NCs (in DCM), composed of TA
contour plots (Ai, Bi), Time-gated spectra at short (50-800 fs) delay time (Aii, Bii), long (5-
1000 ps) delay time (Aiii, Biii) and time traces at selected probe wavelengths (Aiv, Biv).
Interestingly, TA spectra of both cubic and rod-shaped NCs show derivative-like spectral
features, which consist of a short-lived (<700 fs) and a long-lived (>1 ns) PIA (named as

PIA; and PIA,, respectively) along with a strong negative exciton bleach (EB).

107



Ultrafast Carrier Relaxation Dynamics of CsPbBr3; Perovskite Nanocrystals: Influence of Shape

() mAOD 2
i - 17
.- 7 (E AN
-4 8
--15 5.20.
o - 1025 9
8 --36 S ol :;gg :
6 - .47 — 500fs
4 —— 800 fs
2 | I -57 604 ——1ps
04 T —— r T - .68 v r r v v
440 480 520 560 600 640 450 480 510 540 570 600
Wavelength (nm) Wavelength (nm)
151 .
oA (iii) iv)
____________ A& 9j
(@]
£-15;
—10ps (%)
—50ps 2 -301
— 100 ps i —— 470nm
— 500 ps -451 —— 485nm
—1ns —_—
v N Y A ——CL
450 480 510 540 570 600 0246810 5 500 5000
Wavelength (nm) Time (ps)
5000 — MAOD 20 —
(B) Q) | g o eay (if)
- 16 O RN ------ - et
500 . \
—~ 2.0 \
450/ --13 g 201
) --28 = —100fs
£ 104 n 0 —300fs
= g‘ 43 o 500 fs
4] - 58 i -60; — 800 fs
2 18 I -72 —1ps
0 R — - .87 80 ] . ; .
440 480 520 560 600 640 450 480 510 540 570 600
Wavelength (nm) Wavelength (nm)
20 25 : .
-~ (iv)
— a
[a)] 0] =/ O OHff -
Q £
\E/ ~.25
-20 (7))
g — 50 ps o
S0 — 100 ps 50 —— 475nm
— 500 ps —— 485nm
—1ns -75; ——507nm
601 . 4 . - ¢
450 480 510 540 570 600 0246810 50 500 5000
Wavelength (nm) Time (ps)

Figure 3.7. TA profile pictures of CsPbBr; NCs (A) in toluene and (B) in DCM after exciting
at 375 nm. Typical TA contour plots (Ai, Bi), Time-gated spectra at short (50-800 fs) delay
time (Aii, Bii), long (5-1000 ps) delay time (Aii, Bii) and time traces (Aiii, Biii) at selected
probe wavelength for NCs in toluene and DCM, respectively. The time axis is linear up to 10
ps and logarithmic thereafter.”® Reproduced with permission from reference 26 (Copyright
2019 Royal Society of Chemistry).

Short-lived PIA; vanishes after 600 fs and is dominated by strong exciton bleach (EB). EB
for CsPbBr; NCs is attributed for state-filling. In contrast, derivative like TA feature is due to

coulombic interaction between the hot-exciton and band edge exciton produced by the pump
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and probe laser, respectively (commonly known as biexciton effect).?*** To understand the
ongoing photoinduced processes, we first analyzed the time information at all wavelengths by
applying global analysis (parallel kinetic model). This procedure gives decay-associated
difference spectra (DADS), the spectra of the individual excited-state species with
corresponding lifetime. We observed that the four components are required for both the NCs
to describe the TA data adequately during the investigation. All species with their respective
decay-associated difference spectra (DADS) are shown in Figure 3.8 (as DADS1, DADS2,
DADS3, and DADS4).
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Figure 3.8. Decay-associated difference spectra (DADS) after performing global Analysis of
TA data of (A) cubic shaped CsPbBr3; NCs in toluene and (B) rod-shaped CsPbBr; NCs in
DCM, respectively, after using 375 nm excitation pulses.?® Reproduced with permission from

reference 26 (Copyright 2019 Royal Society of Chemistry).

The DADSLI is short-lived (838+0.05 fs and 823 +0.04 fs for NCs in toluene and DCM,
respectively), and it is due to the initial excitation to the hot exciton state. This consists of
exciton bleach (EB) nearly at 490 nm and photoinduced absorption (PIA) at 524 nm for
cubic-shaped NCs (in toluene). For rod-shaped NCs (in DCM) EB and PIA are found at 475
nm and at 512nm, respectively. DADS2 (shallow trap state) has a lifetime of 25+0.3 ps for
cubic-shaped NCs (in toluene) and 45+0.25 ps for rod-shaped NCs (in DCM). For DADS?2,
EB peak and PIA are observed at around 493 nm, and 514 nm for cubic shaped NCs in
toluene, whereas corresponding EB and PIA are found at 505 nm and 468 nm, respectively
for rod-shaped NCs in DCM. Similarly, DADS 3 (deep trap state) has a lifetime of 163+0.4
ps for cubic shaped NCs and 303+0.34 ps for rod shaped NCs. For DADS3, EB and PIA are
observed at around 513 nm and 487 nm for cubic-shaped NCs, whereas EB and PIA are at
501 nm and 483 nm, respectively for rod-shaped NCs. DADS4 (band-edge state) has a
lifetime of 5+0.5 ns for cubic-shaped NCs and 11+0.56 ns for rod-shaped NCs. For DADS4
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EB and PIA are monitored at around 509 nm and 491 nm, respectively, for cubic-shaped
NCs. For rod-shaped NCs, EB is observed at 495 nm, but PIA shows very negligible
intensity. It is worth noting that the measurement of the slowest nanosecond time component
is beyond our limitation since the maximum delay time available in our instrument is 8 ns. In
the global analysis, we have performed a Kinetic target model with spectro-temporal
parameters on TA data to get a clear physical insight of various processes through which
photogenerated excitons decay. Upon target analysis of TA data, we obtain individual
excited-state (compartment) species (species associated difference spectra, SADS), their
lifetimes, and decay rate constants. A four-state kinetics model is proposed to satisfy the

fitting of TA data for both cubic and rod-shaped NCs along with their global lifetime (Figure
3.9A, 0.
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Figure 3.9. The kinetic scheme used for target analysis of TA data and obtained species-
associated difference spectra (SADS) of CsPbBr3; NCs in toluene (A, B) and DCM (C D),
respectively after excitation at 375 nm. Inset shows population profiles of the corresponding
SADSs.? Reproduced with permission from reference 26 (Copyright 2019 Royal Society of
Chemistry).
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The model assumes the presence of hot exciton, shallow trap (ST), deep trap (DT), and band
edge states for relaxation processes. Here, we assume that the generated hot excitons will
simultaneously decay to the ST state, DT state, and the band edge state after photoexcitation.
Figure 3.9 (B, D) describes the obtained SADSs and the corresponding estimated population
time (shown in the insets of Figure 3.9 B, D) for cubic and rod-shaped NCs, respectively. It is
worth noting that the lifetime values associated with the four states (SADSSs) are found to be
same as those obtained from DADSs. The goodness of TA data for corresponding cubic and
rod-shaped NCs are shown in Figure 3.10.
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Figure 3.10. The goodness of fit TA data based on global and target analysis for (A) cubic
shaped (in toluene) and (B) rod-shaped (in DCM) NCs.?® Reproduced with permission from
reference 26 (Copyright 2019 Royal Society of Chemistry).

The SADSL1 is short-lived for both the NCs (838+0.04 fs and 823+0.05 fs for cubic and rod
shaped NCs, respectively) and is due to the initial excitation of the hot exciton state. The
SADS1 has a broad EB at 505 nm and PIA at 524 nm for cubic-shaped NCs, whereas the EB
and PIA are around at 503 nm and 517 nm, respectively for rod-shaped NCs. SADS2 with the
comparatively narrow profile is responsible for shallow trap (ST) states, having a lifetime of
25+0.25 ps and 45+0.31 ps for cubic and rod-shaped NCs, respectively. For SADS2, EB and
PIA peaks are at around 494 nm, and 513 nm, respectively for cubic shaped NCs, whereas
EB and PIA are observed at 507 nm, and 470 nm, respectively for rod-shaped NCs. Similarly,
the spectral signature of SADS3 arises due to the deep trap state, which has a lifetime of 163
ps+0.36 with EB and P1A at 512 nm and 486 nm, respectively for cubic shaped NCs.

In contrast, for rod-shaped NCs, SADS3 has a lifetime of 303+0.27 ps with EB and PIA at
502 nm and 483 nm, respectively. The evolution of SADS4 is assigned for the band-edge

state, which has a lifetime of 5£0.5 ns and 11+ 0.4 ns for cubic and rod-shaped NCs,
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respectively. For cubic-shaped NCs, the SADS4 has an EB and PIA at 510 nm and 491nm,
respectively, whereas the SADS4 has an EB at 495 nm and very weak PIA for rod-shaped
NCs. The obtained band edge lifetime (5 ns and 11 ns for cubic and rod-shaped NCs,
respectively) matches the TCSPC results. It is to be mentioned that measurement of the
slowest nanosecond time component is beyond our instrumental limitation since the
maximum delay time available in our instrument is 8 ns. analysis reveals that trap states play
a major role in determining the carrier relaxation pathways for cubic and rod-shaped NCs.
The significant increase of the lifetime of ST states from 25 ps (for cubic shaped NCs) to 45
ps (for cubic shaped NCs) and DT states from 163 ps (for cubic shaped NCs) to 303 ps (for
cubic shaped NCs) are responsible for the enhanced average lifetime from 5.6 ns (cubic
shaped) to 14.3 ns (rod-shaped) with changing the solvent from toluene to DCM.
Interestingly, we have observed the same relaxation pathways for both cubic and rod-shaped
NCs upon excitation at 400 nm pulse. However, the obtained lifetime of the corresponding
state (hot exciton state, ST state, DT state) differs slightly.

3.3. Conclusions

In summary, we describe the influence of the shape on carrier relaxation dynamics of
CsPbBr3 NCs. We have shown structural transformation from cubic form to rod shape by
changing the solvent from toluene to DCM. The detailed crystal phase analysis has been done
by Rietveld full profile method. The drastic increase in a lifetime (5.6 ns to 14.3 ns) is
observed with changing the solvent from toluene to DCM. Furthermore, the global target
kinetics model investigates the spectral signature of individual excited state species (i.e.
species associated difference spectra, SADS). Femtosecond transient absorption study reveals
that trap states play a vital role in the carrier relaxation dynamics of cubic and rod-shaped
NCs. The lifetime of deep trap (DT) states changed drastically from 163 ps to 303 ps,
respectively, changing the solvent from toluene to DCM. This solvent-controlled morphology
and photophysical properties of CsPbBr; NCs may be beneficial for designing efficient light-

harvesting systems.
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4.1. Introduction

The recent emergence of lead-based halide perovskite (LHP) materials has shown
great promise hot carrier solar cells (HCSCs),"® light-emitting diode (LED),*® photo-
detectors,”® scintillators,® and lasing devices'"! because of their exceptional photophysical
properties such as high absorption coefficient,*? long carrier diffusion length,"® and defect
tolerant nature.** A clear understanding of the hot carrier cooling dynamics is of fundamental
importance for enhancing the functionalities of optoelectronic devices. Photoexcitation with
excess energy than the bandgap of the semiconductor creates carriers above the conduction
band (CB) (for electrons) and below the valence band (VB) (for holes) and subsequent
formation of hot carriers (HCs), which have a temperature higher than the lattice temperature.
These HCs rapidly relax to the band edge by losing their excess energies to phonons via
carrier-phonon scattering.”° This rapid cooling of HCs is the major energy loss channel of
semiconductor materials that limits the efficiency of any single-junction solar cell.!’
Theoretical calculation shows that using the excess energy of non-thermalized photo-excited
HCs can extend the solar conversion efficiency up to 66% under one sun illumination,
beyond the Shockley-Queisser (SQ) limit 33%.%%° Thus, the efficient extraction of HCs is
significantly valuable for advancing next-generation optoelectronic devices and breaking the
so-called SQ limit.

However, HC cooling occurs very rapidly (typically within hundreds of
femtoseconds) for most semiconductor nano-materials, which makes the extraction of HCs
very difficult. A slow HC cooling is a key to the successful utilization of excess energy of
HCs. LHP NCs are suitable for slow hot-carrier cooling properties, which are essential for
enhancing the performance of optoelectronic devices.*> 2 Thus, significant emphasis has
been given to explaining the origins and the mechanism of HC cooling for LHP NCs, after
the first report of slow HC cooling (0.4 ps) in MAPbI; polycrystalline thin films."* The HC

cooling dynamics depend on several factors like the initial HC excess energy,®*?

2521 morphology®®, and quantum confinement

photoexcited carrier density,?* cation species,
effects.”” 2° Niesner et al. have described hot fluorescence emission of 100 ps lifetime for
CHsNH3PbBr3,*. In contrast, Huang et al. have shown the long-range transport of HCs up to
600 nm in methylammonium lead iodide (MAPI) thin films by direct visualization of HC
migration.®* Most of the previous reports reveal that hot-phonon bottleneck % and Auger

22, 33

heating effects are primarily responsible for the slow HC cooling of these NCs. At the

same time, some crucial factors are large polaron formation,**band-filling effects,***°, and
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dielectric screening®’. So far, investigations have been made on the hot carrier cooling
dynamics of LHP NCs, and less emphasis has been given on the extraction of hot carriers
from LHP NCs. Li et al. have reported the efficient extraction of hot electrons from
MAPDBr; NCs at room temperature using energy selective molecular semiconductor 4,7-
diphenyl-1,10-phenanthroline (Bphen),.

In contrast, Dursun et al. have shown the hot carrier extraction from MAPDbI; NCs
using spiro-OMeTAD (hole transporting layer) and TiO; (electron transporting layer).*® The
hot carrier transfer from the higher excited state of CH3;NH;Pbl; to bathophenanthroline has
been investigated by pump-push-probe spectroscopy.®**Shen et al. have shown the hot holes
transfer from CsPbl; to conjugated polymer (P3HT) within a few 100 fs.** Suitable acceptor
molecules are required to extract the hot carriers from the photo-excited perovskite NCs.

The significant developments of perovskite solar cells (PSCs) are evident due to the
high power conversion efficiency (PCE). The primary issue for the commercialization of
PSCs is the lack of stability due to the hygroscopic nature of dopants in hole transport
materials (HTMs).** Therefore, primary emphasis is given to the development of dopant-free
HTMs, and porphyrin derivatives are found to be the alternative HTMs that are extensively
used to overcome this issue in recent times.***® The significant reasons to choose porphyrin-
based derivatives as HTMs are suitable energy-level alignment with perovskite materials for
efficient extraction of holes and effective blocking of electrons. High mobility, good
solubility in a common solvent, and strong light-harvesting ability are other essential
properties.*® Therefore, a systematic study is required to understand the hot carrier extraction
from colloidal CsPbBr; NCs to porphyrin molecules. This has benefits for artificial light-
harvesting systems by exploiting the charge-transfer interactions.

In this study, we explicate the hot carrier dynamics of CsPbBr; NCs in the presence of
energetically aligned porphyrin molecules, namely 5,10,15,20- Tetra(4pyridyl)porphyrin
(TpyP) using transient absorption spectroscopy (TAS). Furthermore, we investigate the
carrier cooling Kinetics and the carrier temperature (T.) of CsPbBrs NCs in the presence of
TpyP molecule to provide fundamental insight into the carrier extraction ability of TpyP
molecules. Additionally, computational modeling using density-functional theory (DFT) is
used to understand their electronic interactions, further supporting the transfer of hot holes
from CsPbBr3; NCs.
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4.2. Results and Discussion

4.2.1. Steady-State and Time-Resolved Spectroscopy

Pristine CsPbBrs NCs are prepared by previously reported hot-injection method*® with
slight modifications. Transmission electron microscopy (TEM) images of pristine NCs show
a highly mono-dispersed cubic shape (Figure 4.1A) with an average edge length of 12+0.4
nm which is larger than the exciton Bohr radii of CsPbBrs NCs.? Figure 4.1B shows the UV-
Visible absorption (Red balls) and photoluminescence (PL) spectra (Green balls) of the
pristine NCs in CHClI3. The excitonic absorption band and the PL maxima are at 496 nm and
505 nm. The photoluminescence quantum vyield (PLQY) is 72%, and the corresponding
digital image of the solution under UV light (Ae=365 nm) is shown in the inset of Figure
4.1B. A simple ligand exchange procedure modifies the surface of pristine CsPbBr3 NCs in
the presence of 5,10,15,20-Tetra(4pyridyl)porphyrin (TpyP) which is confirmed by FTIR
spectroscopy (Figure 4.2A) and NMR spectroscopy (Figure 4.2B).
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Figure 4.1. (A) TEM image and (B) Normalized UV-Visible absorption (Red Balls) and PL
spectra (Green Balls) of pristine CsPbBr; NCs, (C) Schematic representation of the TpyP
modified CsPbBr; NCs, (D) PL quenching and (E) TCSPC decay profiles of pristine CsPbBr;
NCs with increasing concentration (up to 50 puM) of TpyP molecules, (F) Schematic of the

energy level alignment of CsPbBr; NCs and TpyP molecules. Inset of B shows a digital image
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of the solution under UV light excitation (Aex=365 nm and len=505 nm.)47 Reproduced with

permission from reference 47 (Copyright 2021 American Chemical Society)

Figure 4.2A shows the ATR-FTIR spectra of pristine CsPbBr; NCs with original surface
ligands (oleic acid/oleyl amine), CsPbBr; NCs after ligand exchange with TpyP (CsPbBrs;-
TpyP) and pure TpyP. Reduction of CH, stretching peaks (at 2926 and 2856 cm™) in
CsPbBrs-TpyP suggests the efficient removal of oleic acid and oleyl amine from the surface
of pristine NCs.? % Also, CsPbBrs-TpyP, which are partially ligand exchanged with
pyridine functionalized TpyP, has shown distinct peaks compared to that of pristine NCs.
Completely new peaks at 1732 cm™ and 1220-1400 cm™ arise due to C=N stretching,
aromatic C-C, and C=C vibration, respectively, consistent with the reference spectrum of
pure TpyP.*® Additionally, the disappearance of the wagging vibration of N-H at 780 cm™

supports the ligand exchange of TpyP with oleic acid and oleyl amine.
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Figure 4.2. (A) ATR-FTIR spectra (spectral window 650 to 4000 cm™) and (B) NMR spectra
of (a)pristine CsPbBr3 NCs, (b) CsPbBrs-TpyP and (c) TpyP.*” Reproduced with permission
from reference 47 (Copyright 2021 American Chemical Society)

Figure 4.2B shows *H NMR spectra of pristine CsPbBrs, CsPbBrs-TpyP, and pure TpyP in
CDCl; solvent. For pristine CsPbBr3 NCs, the peaks with a chemical shift of lower than 2.2
ppm are difficult to distinguish because there is an overlap of peaks arising from both oleic
acid (OA) and oleyl amine (OAm). However, the slightly shifted and broadened resonance
typically suggests a bounded ligand. Broad peaks at 7.0 and 3.5 ppm are corresponding to
alpha proton (of NH®*") and beta proton (of CH-2-N) of OAm* (oleyl ammonium),
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respectively. It suggests binding of OAM+ ion in the surface of CsPbBrs.** ! It is interesting
to note that the broadness of characteristic oleylammonium peaks at 3.5 and 7.0 ppm are
reduced in CsPbBrs-TpyP, indicating removal of OAm ligand from the surface.”* Again, the
characteristic peaks of pure TpyP at chemical shift value 3.65 ppm and above 8 ppm are
slightly shifted in CsPbBrs-TpyP, indicating the attachment of TpyP at the surface of
CsPbBr3 NCs. Figure 4.1C schematically represents the adsorption of the TpyP molecules on
the surface of the pristine CsPbBr; crystal structure. The TEM image of CsPbBr;-TpyP NCs
and the UV-Visible absorption spectra of CsPbBr; NCs with changing the concentration of
TpyP (0-50 uM) are shown in Figure 4.3.
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Figure 4.3. (A)TEM image CsPbBrs-TpyP NCs and (B) UV-Visible absorption spectra of
CsPbBr; NCs with increasing concentration TpyP molecules (0-50 pM) in chloroform.*
Reproduced with permission from reference 47 (Copyright 2021 American Chemical Society)

The absorption spectrum of only TpyP molecule in CHCI;3 shows a characteristics Soret band
(or B band) at around 416 nm with a shoulder at 400 nm due to Sp—S; transitions and two
components Q bands (Qx and Qy) due to S,—S; transitions with four clear peaks at 512 nm,

545 nm, 587 nm, and 643 nm, respectively (Figure 4.4).
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Figure 4.4. UV-Visible absorption of pure TpyP molecules in CHCIs. Inset shows a
magnified view of Q, bands from 500-700 nm.*” Reproduced with permission from reference

47 (Copyright 2021 American Chemical Society).

Interestingly, the PL intensity of pristine CsPbBrs; NCs is drastically quenched with
increasing concentration (0-50 uM) of TpyP molecules (Figure 4.1D) and the maximum PL
quenching is 79% for the highest concentration of TpyP molecules (i.e. 50 pM). A Time-
resolved fluorescence study (TCSPC) reveals that the PL decay time of pristine CsPbBr; NCs
becomes faster with increasing concentration of TpyP molecules (Figure 4.1E). The fitted
decay components of pristine NCs are (t1) 1.5 ns (63%), (12) 8.0 ns (31%), and (13) 36.5 ns
(6%) with an average lifetime of 5.6£0.30 ns (Table 4.1). The 1, is due to excitonic
recombination, and the other two components are radiative recombination processes
associated with trap states.>?>® The decay components of pristine CsPbBr; NCs in presence of
TpyP molecules (50 uM) are (11) 0.5 ns (90%), (t2) 2.7 ns (9%) and (t3) 14.7 ns (1%) with an
average lifetime of 0.89+0.12 ns (Table 4.1). Analysis reveals that faster component
decreases rapidly along with enhanced contribution with increasing the concentration of
TpyP molecules, suggesting additional deactivation pathways due to electronic interaction
between pristine CsPbBr; NCs and TpyP molecules. The band alignment of CsPbBr; NCs
and HOMO/LUMO positions of TpyP molecules suggest the hole transfer from photoexcited

CsPbBr; NCs to TpyP molecules (shown in Figure 4.1F).>*°
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Table 4.1. Fitted decay parameters of the PL decay curve of CsPbBrz NCs and CsPbBr3-

TpyP NCs with different concentrations.*’

Systems 7,2 (ns) (a1)° | T22(ns) (a2)° [ 732 (ns) (as)® | <t> (ns)

Pristine CsPbBr; | 15 (63%) | 8.0 (31%) | 36.5 (6%) 5.6+0.30

CsPbBryTpyP | 0.88 (84%) | 4.9 (14%) | 27.5 (2%) 1.9+0.21
(25uM)

CsPDBrTpyP | 0.56 (90%) | 2.7 (9%) | 14.79 (1%) | 0.89+0.12
(50puM)

3+4% and °+5%

4.2.2 Fluorescence Up-conversion Spectroscopy

Fluorescence up-conversion measurements have been employed to unravel the
ultrafast carrier dynamics of pristine CsPbBrsz NCs in the presence of TpyP molecules. We
used 400 nm laser pulses to generate HCs and examined the up-converted PL decay at band
edge emission of CsPbBr; NCs (505 nm). Figure 4.5A shows the decay kinetics of band-edge

PL for CsPbBr; NCs in the absence and presence of TpyP molecules on a short time scale.
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Figure 4.5. Comparison of decay kinetics of band-edge PL (at 505 nm) for CsPbBr3; NCs and
CsPbBrs-TpyP NCs in a short time scale (A) and long time scale (B) at 400 nm excitation.*’
Reproduced with permission from reference 47 (Copyright 2021 American Chemical

Society).
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The fitted time constant is 740 £ 30 fs for pristine CsPbBr; NCs, whereas a much shorter
time constant of 195+ 20 fs is obtained in the presence of TpyP (Table 4.2). The shortening
of time in the presence of TpyP indicates the ultrafast carrier transfer from pristine CsPbBr;
NCs to TpyP molecules.

Table 4.2. Fitted parameters of up-converted PL signal for CsPbBr; NCs and CsPbBr;-TpyP

NCs measured at corresponding band-edge emission (at 505 nm). Jex= 400 nm.*

Systems Tgrowth (Agrowth) 71 (a1) 72 (a2)
(fs) (ps) (ps)
Pristine CsPbBr3 740£30fs | - >50 ps
(100%) (100%)
CsPbBr3-TpyP 195420 fs 2.7+0.4ps 4515 ps
(50uM) (100%) (33.3%) (11.6%)

Figure 4.5 B shows the upconverted decay traces of CsPbBrs NCs in the absence and
presence of TpyP molecules on a long time scale. The decay traces of pristine CsPbBr; NCs
is fitted mono-exponentially with time constants 7> 50 ps (100%), whereas the decay is
fitted bi-exponentially with time constants 11=2.7+0.4 ps (33.3%) and 1,> 50 ps (66.7%) for
CsPbBrs-TpyP NCs (Table 4.2). The longer component is due to the band-edge
recombination, consistent with previous reports.”® Analysis suggests that the additional
component of 2.7+ 0.4 ps is due to the ultrafast carrier transfer from CsPbBr; NCs to TpyP
molecules which is comparable with previous reports of band edge hole transfer from
CsPbBr; NCs.”’

4.2.3 Computational Modelling

First-principles calculations have been carried out based on state-of-the-art density-
functional theory (DFT) to elucidate the underlying mechanism of charge extraction and the
HC transfer process in the CsPbBrs-TpyP system. A 3x3x5 slab of the perovskite cubic
phase of CsPbBr; followed by a vacuum spacing larger than 15 A along the z-direction
constitutes the supercell used in our systematic investigations. The electronic interaction
between the TpyP molecule and the pristine CsPbBrs NCs has been modeled by interfacing
the (001) surface of the CsPbBrs slab with the TpyP molecule depicted in Figure 4.6.
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Figure 4.6. Super-cell of modelled CsPbBrs@TpyP system (A) 3D view, (B) side view, and
(C) top view.*” Reproduced with permission from reference 47 (Copyright 2021 American
Chemical Society).

Charge density (p) distributions of the geometrically optimized structure, the CsPbBr; slab,
TpyP molecule, and CsPbBrs-TpyP system are shown in Figure 4.7 (A-C), respectively.
Charge transfer distribution of the CsPbBr3-TpyP system as shown in Figure 4.7 (D-G) is

calculated using the following formula:

Ap = PcsPbBr3@TpyP — PCsPbBr3 — PTpyp
(4.1)

The electronic charge is found to be transferred from the surface of CsPbBr; to the TpyP
molecule based on the electronic charge density difference plots, as shown in Figure 4.7. In
Figure 4.7 (D-F), the red (green) color represents spatial regions of charge accumulation
(depletion). In Figure 4.7G; charge accumulation (depletion) is indicated by a negative
(positive) sign on the color scale bar.
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Figure 4.7. Charge density distribution on (A) CsPbBrj3, (B) isolated TpyP molecule and (C)
CsPDbBr; slab/TpyP supercell. Distribution of charge transferred between CsPbBr; slab and
TpyP molecule: (D) 3D view, (E) top view, and (F) side view. Red (green) color represents
spatial regions of charge accumulation (depletion). (G) Charge transfer distribution
projected on (100) plane. The color map shows the magnitude of charge transfer and the
charge accumulation (depletion) is indicated by a negative (positive) sign.*” Reproduced with

permission from reference 47 (Copyright 2021 American Chemical Society).

To gain a deeper insight into the process of charge-carrier extraction in the CsPbBrs-TpyP
system, the electronic density of states (DOS) and partial charge density at a specific energy

state have been calculated as shown in Figure 4.8 (A-C) and Figure 4.8 (D-M), respectively.

128



Chapter 4

— O & ® 6 ¢

LA > | CsPbBr,
600F 2 I slab >
1 i i -
400 = i s
— ] s
200 i 8|08

(0]
o o

D
o

{ VBM-2.1eV VvBM CBM CBM+l.1eV CBM+2.1eV

() Q) K ML (M)
‘

N B
o O

Density of states, DOS (states/eV)

0
| (©) ]
600 > bz s
i — i - @
i 1 o -
or oM liziz: g
@> 1o z =
AN
4 321012 3 4 vBM-1lev VBM CBM CBM+0.91eVCBM+2.1eV
E-E.(eV) Partial charge density of a specific energy state

Figure 4.8. Electronic density of states of (A) CsPbBr; slab, (B) TpyP molecule and (C)
CsPDbBr3/TpyP supercell. Fermi level has been set to zero. (D-M): Partial charge density at a
specific energy state is indicated.”” Reproduced with permission from reference 47

(Copyright 2021 American Chemical Society).

Figure 4.9 shows the partial charge density at different energy states for the CsPbBr3/TpyP
system. The holes in the perovskite CsPbBr; NCs are delocalized through the whole slab
along with the top surface, as shown in Figure 4.8E. Figure 4F reveals that the electrons are
delocalized away from the top surface. Figure 4.8K indicates that the conduction band
minimum (CBM) state in the CsPbBr3s-TpyP system is localized on the TpyP molecule. In
contrast, the valence band maximum (VBM) state is delocalized/ distributed over the whole
CsPbBr3 slab, as evident from Figure 4.8J. Furthermore, the position of band edges calculated

using GGA-PBE exchange-correlation functional shows type-Il band alignment (Figure 4.9).
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Figure 4.9. Band edges (valence band maximum (VBM), conduction band minimum (CBM))
in an absolute vacuum scale, i.e., renormalized with respect to the absolute vacuum level of
independent CsPbBrs3 slab and TpyP molecule, in the Anderson limit, using GGA-PBE
functional. It shows type-1l band alignment in agreement with experimental results.*’
Reproduced with permission from reference 47 (Copyright 2021 American Chemical
Society).

It may be noted that the hot hole state at (VBM-1.1) eV as depicted in Figure 4.8l is localized
around the top surface of CsPbBrs, while the hot electron state at (CBM+2.1) eV is
delocalized away from its top surface, as shown by Figure 4.8M. As the hot holes are
localized around the top surface of the perovskite, they can be easily extracted from the

CsPbBr3; by TpyP molecules compared to the hot electrons.

4.2.4. Ultrafast Transient Absorption Spectroscopy

Femtosecond broadband transient absorption spectroscopy (TAS) was employed to
study the hot carriers cooling dynamics of CsPbBr; NCs in the presence of TpyP molecules.
We have performed the TA experiment with varying the excitation wavelength (at 370 nm,
400 nm, and 450 nm). In the TA study, all the measurements were carried out with
sufficiently low pump fluence (average number of excitons per NCs ~ 0.15) to avoid multi-
excitonic processes. Figure 4.10(A, B) represents a 2D pseudo-color TA spectrogram of
pristine CsPbBr; and CsPbBrs-TpyP NCs at 400 nm. A strong negative ground state bleach
(GSB) signal at around 496 nm (2.49 eV) is observed for the state filling effect.>® *® A short-
lived (<2.5 ps) positive photo-induced absorption (P1A) at the lower energy side of the first
excitonic band (521-575 nm) and a long-lived (>400 ps) PIA at the higher energy side of the
bleach (420-470 nm) are obtained. At early delay time, the initial intensity of the GSB signal

130



Chapter 4

increases and reaches a maximum (shown by the arrow in Figures 4.10A, B) because a short-
lived positive PIA signal is replaced by a strong GSB signal after the relaxation of hot
carriers to the lowest energy band edge states.?
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Figure 4.10. 2D Pseudo-color TA plots (A, B), of CsPbBr; NCs and CsPbBr3-TpyP NCs and
their bleach formation kinetics (C) and absolute bleach amplitude at early delay time (D) at
400 nm excitation.* Reproduced with permission from reference 47 (Copyright 2021

American Chemical Society).

The derivative-like spectral feature at early delay time (shift of GSB signal to PIA signal)
arises due to the columbic interaction between hot exciton and the band edge exciton, also
known as bi-exciton induced stark-effect.®**® The long-lived PIA appears due to the
absorption of carriers from band edge states.>>®° 2D pseudo-color TA plots of CsPbBr; and
CsPbBrs-TpyP NCs at 370 nm and 450 nm are given in Figure 4.11. It is to be noted that we
have used a very low concentration of TpyP molecules at which TA signals for TpyP is
negligible. Thus, we can eliminate the influence of Tpyp. Figure 4.12 shows the TA signal
for pure TpyP (the same concentration of TpyP used for CsPbBr;-TpyP NCs) at 370 nm and
400 nm excitation, respectively.
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Figure 4.11. 2D pseudo-color TA plots at (A) 370 nm and (B) 450 nm excitation for (i)
CsPbBr; NCs and (ii) CsPbBra-TpyP NCs.*’ Reproduced with permission from reference 47
(Copyright 2021 American Chemical Society).
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Figure 4.12. TA profiles of pure TpyP at excitation (A) 370 nm and (B) 400 nm, the same
concentration of TpyP is used for CsPbBrs-TpyP NCs.*’ Reproduced with permission

from reference 47 (Copyright 2021 American Chemical Society).

It is found that the PIA decay overlaps with GSB growth of pristine CsPbBr; NCs, suggesting

the carriers returning to band edge during initial thermalization (Figure 4.13).%°
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Figure 4.13. Early time TA dynamics at the position of GSB (at 496 nm) and PIA (at 525 nm)
for pristine CsPbBrs NCs at 400 nm.*” Reproduced with permission from reference 47

(Copyright 2021 American Chemical Society).

Hence, the HC cooling time is determined by global analysis (two-component sequential
decay model) of the TA spectra at early delay times, giving a more accurate fit of time
constants.? > ®* Global fitting produces the spectra of individual excited state species with
their corresponding lifetime, evolution associated difference spectra (EADS). TA spectra
with evolution-associated spectral (EAS) components at 400 nm are shown in Figure 4.14.
From the analysis, we have obtained a fast component (EADS1) and a slow component
(EADS?2) for both pristine CsPbBr; and CsPbBr3;-TpyP NCs and the lifetime values are 736 fs
and >> 10 ps for CsPbBr; NCs and 188 fs and >> 10 ps for CsPbBr3;-TpyP NCs.
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Figure 4.14. TA spectra with evolution associated spectral (EAS) component derived from
singular value decomposition (SVD) based global fitting for (A) CsPbBr; NCs and (B)
CsPbBrs-TpyP NCs at 400 nm excitation.*” Reproduced with permission from reference 47

(Copyright 2021 American Chemical Society).

The corresponding EAS spectra at 370 nm and 400 nm are given in Figure 4.15. At 370 nm
excitation, the obtained lifetime values are 900 fs (for pristine CsPbBr3) and 210 fs (for

CsPbBrs-TpyP NCs), whereas the lifetime values are 300 fs (for pristine CsPbBr3) and 180 fs
(for CsPbBr3-TpyP NCs) at 450 nm excitation.
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Figure 4.15. TA spectra with evolution associated spectral (EAS) component derived from
singular value decomposition (SVD) based global fitting at (A) 350 nm and (B) 450 excitation
for (i) CsPbBr; NCs and (ii) CsPbBrs-TpyP NCs at 370 nm excitation.*” Reproduced with

permission from reference 47 (Copyright 2021 American Chemical Society).
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Here, the slow component (EADS?2) is assigned to the band edge carrier.® *® The fast
component (EADS1, several hundred femtoseconds), with blue-shifted GSB, is due to the
hot-carrier relaxation, which is consistent with previous reports.” ** HC cooling times are
measured from the growth time of the GSB signal of TA spectra which exactly matches with
the global analysis. The estimated HC cooling times with varying excitation wavelengths are
summarized in Table 4.3.

Table 4.3. Bleach formation time for CsPbBrs; NCs and CsPbBrs-TpyP NCs at different
excitation wavelength.*

Excitation CsPbBr; CsPbBr;-TpyP

370 nm 90035 fs 210£25 fs

400 nm 736+30 fs 188+20 fs

450 nm 30020 fs 180+15 fs

The growth time of the bleach signal at 400 nm (Figure 4.10C), 370 nm (Figure 4.16A) and
450 nm (Figure 4.16B) clearly shows a faster HC cooling for CsPbBrs-TpyP NCs, suggesting
a competitive hot-carrier transfer process.
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Figure 4.16. Bleach formation kinetics for CsPbBr3; and CsPbBr;-TpyP NCs at (A) 370 nm
and (B) 450 nm excitation.*” Reproduced with permission from reference 47 (Copyright 2021

American Chemical Society).
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Thus, both hot electron and hot hole are generated with equal probability after the
photoexcitation. Considering the DFT calculation and the band alignment of the CsPbBr;
NCs and TpyP molecules, only hot hole transfer is thermodynamically feasible in the present
case. The drops of HC cooling time in the presence of porphyrin are due to hot hole transfer
from CsPbBr; NCs to TpyP molecules and fast heat dissipation through the ligand. We have
investigated the efficiency of hot hole transfer from CsPbBr; NCs to TpyP molecules by
monitoring the absolute bleach amplitude at early delay times. Figure 4.10D compares
absolute bleach amplitude at 400 nm, and Figure 4.17 (A, B) indicates the bleach amplitude

at 370 nm and 450 nm, respectively.
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Figure 4.17. Comparison of absolute bleach amplitude for CsPbBr; and CsPbBr3-TpyP NCs
at (A) 370 nm and (B) 450 nm excitation.*’ Reproduced with permission from reference 47

(Copyright 2021 American Chemical Society).

The considerably lower amplitude for CsPbBrs-TpyP NCs compared to pristine CsPbBrz NCs
confirms the transfer of hot holes to TpyP molecules. The efficiency of hot hole transfer is
excitation wavelength-dependent (Figure 4.18), and the measured efficiencies are 42 %, 33
%, and 20% at 370 nm (0.85 eV above band edge), 400 nm (0.6 eV above band edge) and
450 nm (0.25 eV above band edge), respectively.
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Figure 4.18. Variation of hot hole transfer efficiency with excitation energy.*’ Reproduced
with permission from reference 47 (Copyright 2021 American Chemical Society).

The rate of hot hole transfer is calculated using equation (4.2):

1 1
kHOt hole = “growth ~ Tgrowth (42)
CsPbBr3-TpyP  ‘CsPbBr3

The rate of hot hole transfer is 4.76 x 10' S™, 3.96 x 10" S™, and 2.22 x 10" S for 370 nm,
400 nm, and 450 nm, respectively. The dynamics of the band edge (‘cold’ hole) carrier
transfer from pristine CsPbBr; NCs to TpyP molecules are analyzed from the bleach recovery
dynamics of pristine CsPbBrs NCs and CsPbBrs-TpyP NCs. Figure 4.19(A, B) compares
bleach recovery for CsPbBr3 NCs and CsPbBrs-TpyP NCs upon 400 nm excitation, where the
faster recovery is observed for CsPbBrs-TpyP NCs. For pristine CsPbBrs NCs, the Kinetics is
fitted with two components with time constants 58.4+7 ps (42%) and >1 ns (36%), whereas
the kinetics of CsPbBr;-TpyP NCs is fitted with time constants 2.65+ 0.3 ps (75.7%), 45£5 ps
(11.6%) and >1 ns (12.7%) (Table 4.3).
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Figure 4.19. Bleach recovery dynamics (A) at shorter delay time (up to 50 ps), (B) at longer
delay time (up tol ns) for CsPbBr; NCs and CsPbBr3-TpyP NCs at 400 nm. Bleach recovery
dynamics are measured at corresponding excitonic absorption (at 496 nm) of the NCs.*

Reproduced with permission from reference 47 (Copyright 2021 American Chemical
Society).

The longer component is attributed to the radiative recombination process of electron and
hole while the intermediate component is due to trapping state mediated process.®® *® Our
analysis tells that the additional faster component for CsPbBrs-TpyP NCs arises due to the
band edge carrier (‘cold’ hole) transfer which matches with the up-conversion data (2.7+0.4
ps).

Table 4.4. Fitted parameters of bleach recovery kinetics for CsPbBr; NCs and CsPbBr;-TpyP
NCs measured at corresponding bleach position (at 496 nm).*” 2= 400 nm

Systems Tgrowth (Agrowth) 11 (a1) 2 (a1) 3 (as)
fs ps ps ns
Pristine CsPbBr; 736£30 | -eemm-- 58.4+7 >1
(100%) (42%) (36%)
CsPbBr3-TpyP 188+20 2.650.3 4515 >1
(100%) (75.7%) (11.6%) (12.7%)

We have analyzed the bleach recovery dynamics at 450 nm excitation, where the absorption
of TpyP is minimal (Figure 4.20).
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Figure 4.20. Bleach recovery kinetics of CsPbBr; NCs and CsPbBrs;-TpyP at 450 nm
excitation.”” Reproduced with permission from reference 47 (Copyright 2021 American
Chemical Society).

The kinetics of pristine CsPbBr; NCs are fitted with time constants 26.8 £ 5 ps (59%) and >1
ns (41%), whereas the kinetics of CsPbBr;-TpyP NCs is fitted with time constants 2.5 + 0.4
ps (89 %) and >1 ns (11%) (Table 4.5).

Table 4.5. Fitted parameters of bleach recovery kinetics for CsPbBr; NCs and CsPbBr;-TpyP

NCs measured at corresponding bleach position (at 496 nm). *” A= 450 nm

Systems Tgrowth (Agrowtn) TS | 71 (a1) ps T2 (a1) ps

Pristine CsPbBr; 300£20 26.815 >1 (41%)
(100%) (59%)

CsPbBry-TpyP 180=15 25104 | >1(11%)
(100%) (89%)

This faster component (2.5 £ 0.4 ps) with a more significant contribution is due to the band
edge carrier (‘cold’ hole) transfer from CsPbBrz NCs to TpyP. The band edge carrier (‘cold’
hole) transfer rate at 400 nm is 3.77x10* s™%. It is interesting to note that the rate of hot hole
transfer is 11 times faster than the rate of the band edge carrier transfer at 400 nm excitation.
The dynamics of hot hole transfer and the band edge carrier transfer at 400 nm from photo-
excited CsPbBr; NCs to the surface attached TpyP molecules are schematically illustrated in
Scheme 4.1.
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Scheme 4.1. Schematic representation of photo-induced hot hole and the band edge carrier

transfer from CsPbBr; NCs to TpyP molecules at 400 nm excitation.*’

4.2.5. Hot-Carrier (HC) Temperature Calculation

The cooling dynamics and extraction of HC at the interface before complete cooling
is significant for designing efficient perovskite solar cells by utilizing the excess energy of
HC. Hence, we have evaluated the temporal evolution of HC temperature (T.) for both
CsPbBr; and CsPbBr3-TpyP NCs from the respective TA spectra to understand HC cooling
dynamics. According to previous studies, HC temperature (T;) can be calculated from the
fitting of the high energy tail of the GSB signal by Maxwell-Boltzmann (MB) distribution

function that can be generalized as:?* 2* 2> 3. 62

AT (hw) = —T, exp (— kz(:c) (4.3)

Where AT stands for the amplitude of bleach at a particular probe wavelength, kg is the
Boltzmann constant, and T¢ is the HC temperature. It is worth noting that carrier temperature
(T¢) of the lead halide perovskite (LHP) NCs signifies the average temperature of electrons
and holes because of equal effective mass for electrons and holes.”> ®Again, the high energy
tail of the GSB signal originates from the rapid distribution of initially created non-
equilibrium carriers into quasi-equilibrium Fermi-Dirac distribution via carrier-carrier
scattering within 100 fs.? ?® This Fermi-Dirac distribution can be approximated to MB
distribution because the excess energy of HC is much greater than the quasi-Fermi energy of
the NCs.?* Figures 4.21 A, D show the normalized TA spectra for CsPbBr; and CsPbBrs-
TpyP NCs, respectively, at 400 nm.
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Figure 4.21. Normalized TA spectra with varying delay times (from 300 fs to 2.4 ps) (A, D),
Magnified view of high energy tail of GSB signal used for MB fitting for extraction of T¢ (B,
E), and Time-dependent carrier temperature profiles (C, F) for CsPbBr; NCs and CsPbBrs;-
TpyP NCs, respectively at 400 nm. The inset of (A, D) shows the corresponding 2D pseudo-
color plot, and the dashed boxes represent the region of high-energy tail used for MB
fitting*’. Reproduced with permission from reference 47 (Copyright 2021 American Chemical
Society).

We have calculated the HC temperature by MB fitting of the high-energy tail of the GSB
signal (marked by dotted area). Due to changes in carrier concentration, the difference in the
broadening of the high-energy tail of CsPbBr; NCs is evident in the presence of TpyP
molecules. For MB distribution function to extract the HC temperature (shown in Figures
4.21 B, E), we consider the high energy tail (2.57-2.70 eV) for CsPbBr; NCs and (2.54-2.64
eV) for CsPbBrs-TpyP NCs. In the present study, the hot carrier cooling dynamics are
examined only after 300 fs to ensure that the quasi-equilibrium state has been reached. Figure
4.21 (C, F) shows the time-dependent carrier temperature (T¢) profile for CsPbBr; and
CsPbBr3;-TpyP NCs, respectively under similar experimental conditions. The initial carrier
temperature (T¢") for pristine CsPbBrs NCs is 1140 K which significantly drops to 300 K
within 2.4 ps, suggesting that the excess energy of HCs is dissipated to crystal lattice through
non-radiative pathways. The cooling of HCs in LHP NCs occurs through the emission of
phonons.® 2° The initial carrier temperature (Tc%) of CsPbBrs-TpyP NCs is 638 K which

decreases to 300 K within 800 fs, indicating that the excess energy of hot holes is efficiently
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transferred to TpyP molecules before relaxing to the crystal lattice. Moreover, the broadening
of the quasi-equilibrium distribution of CsPbBr; NCs decreases in the presence of TpyP
molecules, which further confirms the extraction of hot holes from CsPbBr; NCs. It is noted
that HC cooling rates are dependent on initial HC excess energy, photoexcited carrier density,
the resolution of the instrument, and many other factors.’> We consider the high energy tail
(2.64 - 2.85 eV) for CsPbBr; NCs and (2.52 - 2.76 eV) for CsPbBrs-TpyP NCs to calculate
HC temperature at 370 nm and 450 nm excitation. At 370 nm, T¢° drops from 1202 K to 300
K after 2.6 ps for CsPbBr; NCs. In the case of CsPbBrs-TpyP NCs, T¢” drops from 451 K to
300 K after 800 fs, suggesting the efficient transfer of excess energy of hot holes to TpyP
molecules. At 450 nm, T¢° drops from 885 K to 330 K in 1.8 ps for pristine CsPbBr; NCs.
For CsPbBrs-TpyP NCs, T drops from 682 K to 330 K in 700fs, indicating that the excess
energy of hot holes is efficiently transferred to TpyP molecules before relaxing to the crystal
lattice. The variation of carrier temperature with varying excitation energy is shown in Figure
4.22. Li et al. have reported that the initial carrier temperature (Tc) of EDT treated MAPbBr;
NCs drops from 1300 K to 450 K after 200 fs under low pump excitation (2.1x10"" cm™)
when Bphen is used as a hot-electron extracting material.® Shen et al. have demonstrated a
significant decrease of T of CsPbla/Al,O3 from over 2000 K to 500 K after 0.3 ps under
excitation density of 1.3x10® cm™ by P3HT (hot hole extracting material).“> Dursun et al.
have reported that Tc” of MAPbI; films drops from 1500 K to 600 K within 2 ps, in the
presence of spiro-OMeTAD (hot hole extracting layer) and to 300k within 1 ps at 370 nm
excitation under the fluence of 3pJ/cm®3® These findings confirm that porphyrin (TpyP)

molecules are extracted hot hole efficiently from CsPbBr; NCs.
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Figure 4.22. Variation of carrier temperature for CsPbBr; and CsPbBrs-TpyP NCs with
excitation energy.’” Reproduced with permission from reference 47 (Copyright 2021

American Chemical Society).

4.3. Conclusions

In summary, we investigate the hot hole cooling dynamics of CsPbBr; NCs and their
transfer dynamics to porphyrin molecules using ultrafast transient absorption and
fluorescence up-conversion spectroscopy. The significant change in initial carrier temperature
(TY) reveals the efficient transfer of hot holes from CsPbBrz NCs to TpyP molecules. The
maximum hot hole transfer efficiency is 42% at 370 nm excitation. The experimental findings
have been well supported by DFT analysis. These findings not only pave the way for
fundamental understanding of HC cooling dynamics of perovskite NCs but also offer the
possibility for utilizing porphyrin molecules as an alternative source of hole-transporting

materials for next-generation optoelectronic devices.
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Chapter 5

5.1 Introduction

Understanding the fundamental physics of photoexcited hot carriers (HCs) in
semiconductors is essential for designing efficient next-generation photovoltaic devices.!
HCs are the high-energy charge carriers (electrons and holes) above the semiconductor
bandgap (s), not in thermal equilibrium with the lattice.?> Thermalization of photogenerated
HCs occurs by dissipating their excess energy as heat energy through phonons, and it is the
major intrinsic loss channel for solar cell devices. * Harnessing the excess energy of
photoexcited HCs will allow us to achieve maximum power conversion efficiency (PCE) up
to 67% for a single-junction solar cell under one sun illumination,* breaking the so-called
Shockley-Queisser (SQ) limit of 34%.> In addition, HCs can be used for photo-catalysis,
photodetection, and high-power optoelectronic devices to improve efficiency.® ” However,
HCs loss their additional energy in sub-picosecond timescale for the conventional
semiconductor nanomaterials (e.g., GaAs, PbSe, InN, and CdSe) which restrict the utilization
of non-thermalized excess energy of photo-excited HCs.2** Therefore, it is essential to

develop a solar absorber with retarded HC cooling rate.

Metal halide perovskite nanocrystals (NCs) have recently emerged as front-runner

materials *>

and understanding the HC cooling dynamics of lead halide perovskite is
essential for low-cost, high-performance solar cells.”>® Slow HC relaxation mechanisms in
perovskite materials are reported due to the hot-phonon bottleneck effect,® Auger-heating
effect,”* band-filling effects,? dielectric screening,”® and large polaron screening effects.?*
However, such slow HC cooling rate is achieved at high pump fluence with photo-excited
carrier densities of 10'%-10* cm™, which is not convenient for practical use.”® %° It is worth
noting that HC relaxation of lead halide perovskite occurs very rapidly (within hundreds of
femtoseconds) under weak carrier densities (comparable to sun illumination level,10'" cm’
%).%:27 Thus, slowing down the HC relaxation rate of halide-based perovskite materials under
low excitation power densities is a challenge for hot-carrier-based optoelectronic
applications. Tuning the HC cooling dynamics of metal halide perovskite is mainly limited to

2931 and doping impurity ions.*

reduction of dimensionality,”® changing cation/ halide ions,
Therefore, significant efforts are needed to be put in to develop new strategies for modulating
the HC cooling dynamics of lead halide perovskite NCs.

The ionic nature of the lead halide perovskite (LHP) NCs and the defect states

generated due to halide vacancies have severe detrimental effects on the device functionality
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and optical properties.®® 3* Surface modifications by silica, alumina, titanium dioxide,
polyhedral oligomeric silsesquioxane, and polymers are used to enhance the stability of such
materials.*** Most of these reported methods exhibit improved stability of perovskite NCs
but at the expense of their superior charge separation and charge transport properties. The
perovskite/lead chalcogenide heterojunction provided excellent stability and passivated the
trap states and efficient charges separation.***! In this context, Rogach et al. have reported
the improvement of solar cell efficiency of CsPbls/PbSe heterostructure due to the
enhancement of the carrier mobility and the extended excitons lifetime in the presence of the
PbSe component.® Sargent et al. have reported enhancing the external quantum efficiency up
to 8.1% in perovskite/PbS heterostructures.*? However, a clear picture of the HCs and their
subsequent relaxation dynamics at these heterojunctions is still lacking in the literature,
which is essential to improve the efficiency of such heterostructures-based devices. Now, it is
time to assess whether this type of hetero-structured material can be employed to slow down
the HC relaxation rate(s). Moreover, establishing a general mechanism of slow carrier
cooling in these hetero-structured materials is fundamentally exciting and essential for
practical purposes. To the best of our knowledge, there is no report on the HC cooling
properties of CsPbBr3/PbSe heterostructures.

This work aims to slow down the HC cooling rate of CsPbBr; perovskite NCs at a low
carrier density of 10" cm™ in the presence of PbSe. Ultrafast transient absorption (TA)
spectroscopic study has been carried out for a deep understanding of HC relaxation dynamics.
The HC lifetime of CsPbBr; NCs enhances up to 2 times upon forming the heterostructure
with PbSe. Moreover, the electron-phonon coupling model unveils the reduced decay of LO
phonons in the heterostructure. The first-principles calculations suggest that the finite energy
gap between longitudinal optical (LO) phonon and longitudinal acoustic (LA) phonon mode
in the CsPbBrs/PbSe heterostructure prohibits the decay of LO phonon through an efficient
Klemens's channel. The charge localization near the heterojunction leads to up-conversion of
LO modes to the higher energy scale, attributed to the retarded HC cooling in the
heterostructure. Our study will pave a new way for developing new generation photovoltaic
materials by controlling the HC cooling.

5.2. Results and Discussion
5.2.1. Structural and Optical Characterizations of the CsPbBrs/PbSe Heterostructure
Hot-injection methods have synthesized the pure CsPbBr3 NCs and CsPbBrs;/PbSe

heterostructure.®® ** We have characterized the samples by a combination of transmission
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electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), optical absorption, and PL spectroscopy. The TEM images of the as-synthesized pure
CsPbBr3; NCs and CsPbBr3/PbSe heterostructure are shown in Figure 5.1. The pure CsPbBr;

NCs show a highly mono-dispersed cubic shape with an average edge length of 12+0.3 nm.

F""'F' S AR = .
Figure 5.1. TEM images of (A) pure CsPbBr; NCs and (B) CsPbBrs/PbSe heterostructure.
Inset shows HRTEM images.

In contrast, the CsPbBrs/PbSe heterostructure exhibits a cubic shape with an additional dot
near the edge of every cube due to nucleation of PbSe, with an average edge length of 13+£0.5
nm. The high-resolution transmission electron microscopy (HRTEM) for both the samples is
depicted in the inset of Figure 5.1. For pure CsPbBr3; NCs, an inter-planar distance (d-value)
of 0.59 nm is observed corresponding to (100) plane of cubic CsPbBr; NCs. Interestingly, a
d-value of 0.59 nm due to (100) plane of cubic CsPbBr3; NCs in the central region and d-value
of 0.30 nm corresponding to (200) plane of PbSe component at the surface region is observed
for CsPbBrs/PbSe NCs, suggesting the formation of hetero-structured NCs. Additionally,
energy dispersive spectroscopy (EDS) data shows the elemental composition of Cs:Pb:Br: Se
is 1:1.02:2.21:0.12 and 1:1.10:2.48:0, for CsPbBrs/PbSe heterostructure and pure CsPbBrs
NCs, respectively, which indicate the passivation of undesired surface dangling bond of lead
by PbSe (Figure 5.2).
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Figure 5.2. EDS spectra of (A) pure CsPbBr; NCs and (B) CsPbBrs/PbSe heterostructure.

Inset shows corresponding elemental analysis.

XRD patterns for both the samples are shown in Figure 5.3, where strong peaks around the 20
value of 15° and 30° correspond to (100) and (200) planes of cubic CsPbBr; NCs,
respectively. The overlap between CsPbBr; and PbSe is confirmed from the enlarged XRD
pattern where the strongest peak corresponding to the (200) plane of CsPbBr3; NCs is shifted
by 0.12° towards a higher 20 angle for CsPbBrs/PbSe heterostructure (see right panel of
Figure 5.3).

(A) —— CsPbBr,/PbSe (A) —— CsPbBr,/PbSe

20=0.12°

(100)

1 (110)

(B)

Intensity
Intensity

(B) E E = CsPDbBr,

(100)

(110)

10 15 20 25 30 35 40 45 50 287 294 301 308 315 32.2
20 (in degree) 20 (in degree)

Figure 5.3. XRD patterns of (a) pure CsPbBr; NCs and (b) CsPbBrs/PbSe heterostructure.
The right panel shows the enlarged XRD patterns of the (200) planes.
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In the XPS study, we observed two additional peaks for Se-3d of the heterostructure, and no
Se peaks for pure NCs, suggesting the presence of Se? in these heterostructures (Figure 5.4).
Interestingly, the peaks for Cs 3d, Pb 4f, and Br 3d are shifted towards lower binding energy
in the heterostructure than pure NCs. This observation is found due to the strong interaction
between PbSe and CsPbBrs NCs.***

= CsPbBry/PbSe g 3dy, —— CsPbBr,/PbSe

M y \
Pbaty, — Pristine CsPbBr, Pb 4f .,

Cs 3dy, = Pristine CsPbBr; g 3d,,

Intensity (a.u.)
Intensity (a.u.)

740 735 730 725 720 146 144 142 140 138 136 134
Binding Energy (eV) Binding Energy (eV)
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(©) (D) se 304 YR

S B
S <
2 >
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Figure 5.4. High-resolution XPS spectrum of (a) Cs 3d, (b) Pb 4f, (c) Br 3d and (d) Se 3d for
the pure CsPbBr; NCs and CsPbBr3/PbSe heterostructure.

The first excitonic absorption band is observed at 505 nm (2.45 eV) for both CsPbBrs/PbSe
heterostructure and CsPbBr; NCs, and the PL maxima arise at 515 nm (Figure 5.5 A, B).
Interestingly, The PLQY is 87 % for CsPbBr3/PbSe hetero-structure, much higher than pure
CsPbBr3 NCs (65%). It suggests the reduction of the surface defects of the pure perovskite
NCs in the presence of the PbSe. The average PL lifetime of pure CsPbBr; NCs enhances
from 5.0 ns to 8.5 ns due to heterostructure formation (Figure 5.5C). The fitted decay
components associated with pure CsPbBr3 NCs are 1; (1.0 ns, 55%) 12 (6.0 ns, 38%) and 13
(3.2 ns, 7%), while the decay components for the hetero-structure are t; (1.8 ns, 20%) and 1,
(10.8 ns, 80%). According to previous literature, 1 iS due to excitonic recombination, and the
other two components arise due to trap state mediated processes.** Our analysis shows that
longer components due to trap states are completely absent for CsPbBrs/PbSe heterostructure.
This observation indicates that surface passivation by the PbSe layer helps to reduce the non-

radiative channels and enhance the exciton lifetime.
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Figure 5.5. (A) Normalized UV-visible absorption,(B) PL spectra and (C) TCSPC decay
curves of pure CsPbBr; NCs and CsPbBrs/PbSe heterostructure. Jex=375 nm and Jem=515

nm.

5.2.2. Slow HC cooling dynamics in CsPbBr3;/PbSe heterostructure

We have employed femtosecond (fs) transient absorption (TA) spectroscopy to investigate
the HC cooling dynamics of pure CsPbBr; NCs and CsPbBrs/PbSe heterostructure. Here, we
have used three different laser pulses [i.e., 3.64 eV (340 nm); 3.10 eV (400 nm); 2.75 eV
(450 nm)] as excitation sources and a white-light supercontinuum to probe the ultrafast
behavior of photogenerated carriers. The pump fluence varied from 5pd/cm? to 35uJ/cm? and
the average number of excitons per NCs, <Ny>, changes from 0.3 to 2.2, calculated from the
equation, <No>= j.o, where j is the photon fluence per pulse and o is the absorption cross-
section of the NCs. The absorption cross-section (o) value is 3.1x10™ cm? which is
consistent with the previous literature. The calculated average carrier density per volume of
the NCs (no) varies from 1.79x10"" cm™to 1.27x10* cm™ using the equation ng=<Ng>/Vc,
where V¢ is the volume of the NCs. Figure 5.6 (A, D) and Figure 5.6(B, E) show the
pseudo-color TA plots and normalized TA spectra of pure CsPbBr; NCs and CsPbBrs/PbSe
heterostructure, respectively, excited at 3.10 eV (400 nm) with an initial average carrier
density, no ~ 1.79x10*" cm™, corresponding to the average number of excitation per NCs,
<No>~0.3. We observed a strong negative ground state bleach (GSB) signal at the band gap
(2.45 eV) with a short-lived positive photo-induced absorption (PIA) at the lower energy side
(<2.40 eV) and a long-lived positive PIA signal at the higher energy side (>2.60 eV).
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Figure 5.6. (A, D) Pseudo-color TA spectra and (B, E) normalized TA spectra at carrier
density, np~1.79x10" cm™ (<Ny>~0.3) for pure CsPbBr; NCs and CsPbBrs/PbSe
heterostructure, respectively. The shaded area in b and e represents the data used for the
extraction of HC temperature. (C, F) HC temperature as a function of delay time under
different excitation fluences for both the samples. The samples are excited using a 3.1 eV

pump pulse.

The GSB signal appears due to the state filling effect of the photogenerated carriers to the
band-edge.*> *® The short-lived PIA arises due to the bandgap renormalization. The long-
lived PIA originates due to the band edge states.? *” *® The shift of GSB signal with that of
PIA signal (derivative like a spectral signature) is mainly due to the exciton-exciton
interactions, which is also known as the bi-exciton induced stark effect.®” % It is noted that a
strong GSB signal replaces the short-lived positive PIA signal during the relaxation of HC to
the lowest-energy band-edge states. Thus, the initial negative GSB intensity increases and
reaches a maximum at early delay time [shown by the arrow in Figure 5.6(A, D)]. Compared
to pure CsPbBr; NCs, we observed an additional high energy tail of GSB signal (at 2.5-2.7
eV) for CsPbBr3/PbSe heterostructure, representing the energy distribution of state fillings by
HC (shown in Figure 5.6 B, E). The high energy tail of the GSB signal originates due to the
rapid distribution of the initially created non-equilibrium carriers into quasi-equilibrium
Fermi-Dirac distribution via elastic scattering.”®

Such quasi-thermal Fermi-Dirac distribution is characterized by hot carrier temperature (Tc¢).

It can be approximated to Maxwell-Boltzmann (MB) distribution for excess energy of HC
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greater than quasi-Fermi energy (Eg). Thus, as soon as HC reaches the quasi-equilibrium
state, Tc is extracted by fitting the high energy tail of the GSB signal with the following MB

distribution function:?% 28 2948

AT (hw) = —Tyexp (EF_M) (5.1)

kgTc

Where AT stands for the amplitude of bleach at a particular probe wavelength, Ef is the
quasi-Fermi energy level, Kg is the Boltzmann constant, and T¢ is the HC temperature (see
supplementary note 3 for detailed fitting procedure). We extracted Tc from the TA spectra
after 400 fs time delay to ensure a quasi-equilibrium state has been reached by HCs, after the
initial fs-pulse excitation. T¢ represents the average temperature of electron and hole since the
average effective mass of electron and hole are almost equal in LHP NCs.* % we
investigated the HC cooling dynamics by monitoring the relaxation dynamics of hot carrier
temperature (T¢c), which signifies the cooling process of HCs. Figure 5.6(C, F) shows the
time-dependent relaxation of T¢ for pure CsPbBr; and CsPbBrs/PbSe hetero-structure,
respectively, with increasing the carrier densities (no) from 1.79x10*" cm™ to 1.27x10'® cm™
at 3.10 eV excitation. It is interesting to note that the evolution of initial T¢ and the relaxation
time of Tc¢ strongly depend on carrier density; i.e., the decay time of T¢ is enhanced
significantly with the increase of excitation fluence. Notably, initial hot T¢ (3223 K) for
CsPbBr3/PbSe heterostructure is much higher than that of pure CsPbBr; NCs (1620 K) at the
highest used carrier density (i.e., 1.27x10™ cm™). The decay time of hot T¢ at this carrier
density is found (up to 10 ps) for CsPbBrs/PbSe heterostructure than pure CsPbBrs NCs (up
to 4ps), which is much longer than the conventional semiconductor NCs (i.e., CdSe, PbSe,
GaAs, etc.). Interestingly, a second slow decay component increases the excitation fluence,
which de-accelerates the cooling process of HCs for the heterostructure. According to
previous reports, slow HC cooling of LHP NCs at higher carrier densities is due to the hot
phonon bottleneck and Auger heating effect.” 2! It is noted that the presence of a non-
equilibrium population of Longitudinal optical (LO) phonon and their slow conversion into
longitudinal acoustic (LA) phonon leads to a hot-phonon bottleneck at high carrier density.?
Again, the interplay of hot-phonon with Auger heating effect where the recombination energy
of electron-hole will transfer to another electron and re-heat HCs, further retard the HC

cooling at high carrier density.*

Further, we study the relaxation behavior of HC at low carrier density (~10'" cm™®) to
neglect the effect of hot-phonon bottleneck, Auger heating, and State-filling, which play a
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major role at higher carrier density. For comparison, we plotted the transient evolution of T¢
for both the samples, excited at 3.10 eV with initial carrier density (ng~1.79x10" cm™ and
<No>~ 0.31) in Figure 5.7A.
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Figure 5.7. Plots of carrier temperature with delay time (A, C) and energy loss rate as a
function of carrier temperature (B, D) for pure CsPbBr; NCs and CsPbBrs/PbSe
heterostructure at 3.10 eV and 3.64 eV excitation, respectively. The error bar in A and C
indicate the standard deviation. The solid lines in b and d represent the fitting using the LO-

phonon model.

The initial hot carrier temperature (corresponding to 0.65 eV excess energy of photo-excited
HC) reduces significantly for pure CsPbBrz NCs (~590 K after 400 fs delay time) compared
to CsPbBrs/PbSe heterostructure (~1452 K after 400 fs delay time) under 3.1 eV
photoexcitation with same initial carrier density (ng~1.79x10'" cm™). Additionally, the hot
Tc cools down to lattice temperature (i.e., 300 K) within 1.2 ps for pure CsPbBr; NCs. In
contrast, the relaxation time of hot T¢ for heterostructure is 3.2 ps, indicating the HC cooling
process is substantially slower for CsPbBr3s/PbSe heterostructure.

To further understand the cooling dynamics of HC, we have calculated the energy loss

rate per carrier (J;) from the extracted Tc by the following equation:*® *°
3 ar
Jr=—3Kg—= (5.2)
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Figure 5.7B represents the energy loss rate per carrier (J;) as a function of carrier
temperature (solid balls). The calculated J; for the pure CsPbBr; NCs is higher (from 0.26 to
0.01 eV ps™) than CsPbBrs/PbSe heterostructure (from 0.11 to 0.0006 eV ps™) until Tc
reaches 300 K. It is seen that the J, decreases more slowly in the CsPbBrs/PbSe
heterostructure than pure CsPbBr; NCs as the T approaches lattice temperature. This
observation suggests that the relaxation channel for HCs is significantly modified in the
heterostructure.

5.2.3. Electron-phonon coupling model of HC cooling
To obtain a clear understanding of the HC relaxation mechanism in the
heterostructure, we have first revisited the well-accepted three distinct carrier relaxation

stages of typical polar semiconductor,'® % #°

, which includes: (a) scattering between charge
carriers with optical modes through dominant Frohlich interactions, (b) optical phonon
thermalization to acoustic modes, and finally (c) acoustic phonons release their energy to heat
the semiconducting system. The first mechanism is unlikely in most cases as the spontaneous
interaction of the charge carriers with LO phonons controls the charge carrier relaxation
processes. Notably, the Frohlich interaction in LHP NCs mainly occurs between the charge
carriers and lead-halide bonds, controlling the HC relaxation pathways.'® °* Recently, it has
been reported in several inorganic semiconductor systems that the LO phonon mode decays
to LA modes through dominating symmetric Klemens channel and anti-symmetric Ridley
channel.>® The significant atomic mass differences in such complex systems and localized
asymmetric charge distribution lead to a large bandgap opening between optical and acoustic
branches.
Interestingly, such a bandgap formation does not allow LO phonons to decay to LA phonons,
which eventually enhances the HC relaxation time. In the third stage of scattering processes,
acoustic phonon thermalization occurs when the phonon dissipates heat energy to the
surroundings. Now, we have modeled the above method using electron-phonon interactions.
Notably, the energy loss rate (J;) can be modeled by the following equation in the

absence of the hot-phonon bottleneck effect;*® 23250

2 110 Npo(T) \ hw

3 ho (e O\ N (KeTe\? e
J,== —<eKBTa — eKBTC>M(ﬂ) eKBTc (53)

where hAw is the LO-phonon energy, 7, is the characteristics LO-phonon time, T, is the
temperature of acoustics phonon and N,,(T) is the LO-phonon occupation number for

specific temperature T. According to previous reports, the available LO-phonon energy for
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CsPbBr; NCs, corresponding to stretching of Pb-Br bonds, is 9 meV.>® The solid black curve
in Figure 5.7B displays the fitting (LO-phonon model) of the experimentally observed J,
(solid balls) for both the samples, where reasonably good fitting with experimental data
suggests the absence of hot-phonon bottleneck in the present case. We obtained characteristic
LO-phonon lifetime (7o) of 110+£10 fs and acoustic phonon temperature (T,) of 290+5 K for
pure CsPbBr; NCs, which is in good agreement with the reported values for LHP NCs.*
Interestingly, a much greater 7 o of 256+10 fs and the corresponding T, of 305+ 5 K is found
for CsPbBrs/PbSe heterostructure. In the present case, T, for both samples is close to lattice
temperature, indicating the absence of the hot-phonon bottleneck effect at such low carrier
density. Moreover, the enhancement of lifetime of the LO-phonon (almost 2.3 fold) for the
heterostructure than that of pure CsPbBr3 NCs, implies the retarded decay of hot LO-phonon,
which is also responsible for the observed slow J, and retarded relaxation of T¢. Our results
indicate the decrease of decay channel for hot phonons or the variation of LO-phonon modes
responsible for HC cooling in case CsPbBr3/PbSe heterostructure, which will be corroborated
through first principle calculations of phonon band structure in the subsequent section.

To see the effect of higher excitation energy on the HC cooling dynamics, we
examined the transient evolution of T¢ and J, for both the samples under photoexcitation of
3.64 eV with initial no~ 1.86x10"" cm™. Figure 5.7C represents the time-dependent relaxation
dynamics of extracted hot carrier temperature (at 3.64 eV excitation), which clearly shows
much slower decay dynamics of T¢ for CsPbBrs/PbSe heterostructure than pure CsPbBrs
NCs. The observed initial hot T¢ after 400 fs delay time is 900 K for pure CsPbBr; NCs,
whereas the corresponding initial hot T¢ is 1663 K for the heterostructure. It takes almost 2.3
times much longer time for cooling down the initial hot T¢ to lattice temperature for
CsPbBr3/PbSe heterostructure (relaxation time ~3.8 ps) than pure CsPbBr; NCs (relaxation
time ~1.6 ps). Figure 5.7D displays the carrier temperature-dependent J; (solid balls) for both
the samples at this higher excitation energy. It is seen that energy loss rate (J;) is much slower
(from 0.10 to 0.001 eV ps™) for CsPbBrs/PbSe hetero-structure than pure CsPbBrs; NCs (from
0.24 to 0.009 eV ps™) until Tc reaches 300 K. The LO-phonon fit (black line) of the observed
Jr gives 7o of 15045 fs and 303+10 fs for CsPbBr; and CsPbBrs/PbSe hetero-structure,
respectively. It is noted that the excess energy will lead to a larger population build of non-
equilibrium LO-phonons, which eventually increase the decay time of LO-phonons as
compared to the lower photoexcitation energy.? ** Thus, our results suggest that the HC

relaxation dynamics become substantially slower in the heterostructure of CsPbBr3/PbSe NCs
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compared to pure CsPbBr; NCs, which eventually increase the hot carrier temperature, the
relaxation time of HCs, and the decay time of LO-phonons compared.

Furthermore, we have plotted the HC energy loss rate of CsPbBrs/Pbse heterostructure
with the other relevant systems to get a quantitative picture of HC cooling properties (Figure
5.8). Notably, HC cooling strongly depends on the initial excess energies above the bandgap
(AE), where AE can be calculated from the difference of pump energy and the bandgap of the
materials. We have calculated the HC energy loss rate (dE/dt) for different systems using the

following equation:**

dE
—=AE/t (5.4)

where 7 is the HC relaxation time under very weak excitation fluence, we have taken the data

26, 29, 32, 54

reported in refs to calculate HC energy loss rate. Interestingly, it is seen that dE/dt

for CsPbBr3/PbSe heterostructure is much slower than the other systems.
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Figure 5.8. Comparison of hot carrier energy loss rates for different perovskite systems and
CdSe quantum dot with CsPbBrs/PbSe heterostructure. The data for other systems are
adapted from refs 26, 29, 32, and 54.

5.2.4. Theoretical understanding of slow HC cooling

We performed a comprehensive theoretical study using first-principles-based density
functional theory to understand the underlying effect of the observed slow HC cooling in the
heterostructure. Here, we have considered crystal structures of CsPbBr; with space group
Pm-3m and PbSe with space group Fm-3m. With this, we carefully constructed a supercell,

where the CsPbBr; cubic lattice was placed on top of the PbSe cubic lattice (Figure 5.9A).
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The subsequent van der Waals interactions between the CsPbBr; and PbSe lattice was
incorporated via PBE-D2(3) van der Waal (vdW) corrections along the stacking direction.
The density functional theory (DFT) predicted inter-layer distance around 3.05 A (Figure
5.9B), which came under the vdW regime. In this study, our main focus was to examine the
role of long-range interlayer interaction(s) on the lattice dynamics and phonon relaxations,

especially in the interface region.
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CSO :ﬁzs:as %0.12 1

~Q of JaCdlinge o0 | £ ol 7
\ f c 0.

" Q. o J.l!!!lll °| €004 |

“Of it | L

Frequency (c

Figure 5.9. (A) The optimized structure of the CsPbBr3/PbSe heterostructure, (B) Inter-layer
energy as a function of the interlayer distance between CsPbBr; and PbSe cubic lattice, (C)
Phonon dispersion spectra of CsPbBr; and (D) Phonon dispersion spectra of CsPbBrs/PbSe
heterostructure along R— M— I'— X— M over the Brillouin zone. All phonon modes are
blue, whereas longitudinal optical (LO) and acoustic (LA) phonon modes are highlighted in
magenta and red colors. Cs, Pb, Br, Se atoms are shown by cyan, red, brown, and green,

respectively.

Accordingly, we used first-principles-based density functional perturbation theory (DFPT) to
obtain the phonon dispersion of the CsPbBrs;/PbSe heterostructure. The phonon dispersion
spectra for both CsPbBr; and the CsPbBrs/PbSe heterostructure have been plotted along the

high-symmetry direction over the Brillouin zone and shown in Figure 5.9(C, D). All phonon
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modes are blue, whereas longitudinal optical (LO) and longitudinal acoustics (LA) phonon
modes are highlighted in magenta and red colors. From the phonon band dispersion of
CsPbBrs, we found that the low energy LO phonon mode (at ~27 cm™) has a significant band
overlapping with the LA phonon modes at the high symmetry M-point. Such a finite band
overlapping of the low energetic LO mode with especially LA phonon modes would
undoubtedly help to decay HC significantly and reduce the HC lifetime. Thus, this kind of
phonon band crossing between LO and LA modes, specifically at the high symmetry points,
would eventually be detrimental for solar cell applications. In contrast to phonon spectra of
CsPbBrs, we find an exciting feature in the phonon dispersion spectra of the heterostructure.
In this case, we observe the opening up of a large energy gap (AEgap) between the LO and LA
modes near the zone-center I"-point (Figure 5.9D). We notice three high energetic LO modes
appearing at the energy level around 68 cm™ (LO;), 81 cm™ (LO,), and 113 cm™ (LO3),
respectively, in the zone-center I'-point. Although we encounter the up-lifting of LO modes
in the phonon dispersion, the maximum of LA mode remains still unaltered in the case of
heterostructure and appears at ~ 27 cm™. As a result, the overall energy gap between the LO
and LA modes widens up to a greater extent. This fascinating hallmark in the phonon band
spectra certainly limits the HC decay and thus enhances the carrier lifetime. It is further
necessary to note here that the presence of the finite energy gap between the LO and LA
branches prohibits Klemens's channel for LO phonon decay (AEgp > 2Emax(LA)) where LO
phonon transfers their energy to a pair of acoustic modes (LO— LA+LA). This inhibition of
Klemens-type phonon decay through an efficient channel gives rise to the retarded HC

cooling mechanism in the heterostructure.

To understand the origin of such a high energy gap between LO and LA modes in the
case of the heterostructure, we have carefully analyzed the phonon eigenvectors associated
with three LO phonon at the particular high symmetry I'-point (Figure 5.10 A-C). Our
analysis exclusively reveals that the three LO phonon modes have significant contributions
from the Pb and Se atomic vibrations of the PbSe sublattice. However, the atomic vibration

associated with the CsPbBr; sublattice within the heterostructure is almost frozen.
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Figure 5.10. Phonon eigenvectors at I” point for (a) LO1 mode, (b) LO, mode, (¢) LO3; mode;
and (d) electron localization function (ELF) of CsPbBr3/PbSe hetero-structure. Here, Cs, Pb,
Br, Se atoms are indicated by cyan, red, brown, and green colors, respectively, while dark

magenta arrows represent the atomic vibration direction.

In contrast, it has been observed that the atoms vibrating in the phonon propagation direction
signify LA phonon mode. The LO phonon mode is mainly contributed by the Cs and Pb-Br

in-plane atomic vibrations in the opposite direction pure CsPbBr3 NCs (Figure 5.11).

(A) LA mode (B) LO mode

Phonon Eigenvectors of CsPbBr; at I" point

Figure 5.11. Phonon Eigenvectors of CsPbBr3 at I-point are represented for (A) LA mode
(B) LO mode. Here, Cs, Pb, Br atoms are shown by cyan, red and brown colors. All the
atoms vibrate along the phonon propagation direction in LA phonon mode, while Cs & Pb-Br
vibrate along the opposite direction for LO mode at I'-point. Dark magenta arrows represent

the atomic vibration direction.

Here, the important point to notice is that on one side, the LO phonon mode is mainly
originating from Cs & Pb-Br vibration(s) for CsPbBr; NC. In contrast, the LO phonon modes
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in the heterostructure have a significant contribution arising only from the PbSe sublattice.
Notably, the difference in the LO phonon eigenvectors is solely responsible for creating the
energy gap in the phonon spectra of the CsPbBrs/PbSe heterojunctions. We have investigated
the electron localization function (ELF) near the heterojunction regime to understand further
the reason behind the immense up-lifting of LO phonon mode. The ELF with the iso-surface
value ~ 0.9 has been demonstrated for heterostructure in Figure 5.10 D, where yellow lobes
represent the localization of charges. We observe that the spherically symmetric lone-pair
(65%) associated with Pb atoms is asymmetrically shifted and oriented towards the junction
from both CsPbBr; and PbSe sub-lattices (Figure 5.10 D).

Moreover, the ELF plot in the same figure also shows that the Se-p; orbital gets localized and
forms a dumbbell shape structure in the heterojunction (indicated by the box in blue color),
which helps to accumulate higher electronic charge density. Furthermore, we also analyzed
the charge density plot quite closely and found an appearance of weak bonding between Pb
from CsPbBr; and Se from PbSe in the interface region (Figure 5.12). Due to these weak
bonding effects and the redistribution of charge density near the heterojunction, the LO
phonon modes get perturbed in the heterostructure through increased values of the Born
effective charge and dielectric constant. This manifestation essentially leads to the up-
conversion of LO modes to the higher energy in the phonon dispersion spectra in the
heterostructure. In this way, we achieve a feasible mechanism to harness retarded HC cooling

via localizing charge density near the interfaces.

Charge Density of CsPbBrsy/PbSe

Figure 5.12. Charge density plot of CsPbBrs/PbSe heterostructure (isosurface value ~
0.028).
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5.2.5. Extraction of HC relaxation time by Global fitting of TA spectra

Finally, we have measured the HC cooling lifetime of the samples to further confirm the slow
relaxation rate in the case of the heterostructure. Generally, the HC cooling time of
semiconductor NCs has measured from the rise time of GSB signal probed at the band edge
position.*® The buildup (rise time) of the GSB signal and the PIA decay indicates the average
relaxation time of photo-excited HCs from the high energy level to the band-edge.” **® The
PIA decay overlaps with GSB growth dynamics for CsPbBr; and CsPbBrs/PbSe
heterostructure. We thus determine the time constants of the HC cooling process via global
fitting of the TA spectra using a two-component sequential decay model (where lifetimes are
set as global variables), yielding a more accurate fit of time constants.?® ** ** *® This process
generates the spectra of individual excited-state species (so-called evolution-associated
difference spectra, EADS) with their corresponding lifetime. Figure 5.13 A shows the Global
fitting of TA spectra produces a fast component (EADS1) and a slow component (EADS?2)
for both the samples at 3.10 eV excitation (ng~1.79 x10*" cm™).
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Figure 5.13. TA spectra with evolution associated spectral (EAS) component derived from
singular value decomposition (SVD) based global fitting at excitation (A) 3.1 eV, (B) 3.64 eV
and (C) 2.75 ev for (i) CsPbBr; NCs and (ii) CsPbBr3/PbSe NCs, respectively.
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The slow component (EADS2) arises due to the band edge-related spectral signature. In
contrast, the fast component (EADS1) with slightly blue-shifted GSB has been ascribed to the
relaxation of HCs.*> * Figure 5.13 (B-C) shows the global fitting of TA spectra with
corresponding evolution associated spectral (EAS) signature and their associated lifetimes at
3.64 and 2.75 eV excitation, respectively. The normalized GSB growth dynamics for both the
samples at 3.10 eV excitation shows faster rise time faster rise time for pure CsPbBr; NCs
(530+20 fs) as compared to CsPbBrs/PbSe heterostructure (1.1+0.03 ps), suggesting slow HC
cooling occurs upon formation of the heterostructure (Figure 5.14 A).
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Figure 5.14. Bleach formation kinetics of TA signal for CsPbBr; and CsPbBrs/PbSe Heteo-
structure at the band edge positions (i.e. 505 nm) upon excitation of (a) 3.10 eV (ng~
1.79 x10* cm3), (b) 3.64 eV (no~ 1.86 x10'" cm™) and (c) 2.75 eV (np~ 1.5x10% cm™),
respectively.

It is known that HC relaxation time strongly influences the initial excitation energy and
carrier density.?® We thus examined the HC cooling dynamics at 3.64 eV (corresponding to
excess energy of 1.19 eV) and 2.75 eV photoexcitation (corresponding to excess energy of
0.3 eV) with initial ny of 1.86x10*" and 1.5x 10" cm™, respectively, to study the effect of the
initial excess energy of HCs (Figure 5.14 B, C). Interestingly HC lifetime increases from
77040 fs (for pure CsPbBr; NCs) to 1.4+0.06 (for CsPbBrs/PbSe heterostructure) at 3.64 eV
excitation (Figure 5.14 B). Also, the HC lifetime is slower for the heterostructure (310£30 fs)
than pure perovskite NCs (140x20 fs) at 2.75 eV excitation (Figure 5.14 C). Notably, The
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enhancement of HC cooling time with increasing the excess energy of HCs is consistent with
the previous reports for other LHP NCs.* ** Figure 5.15 shows the effect of pump fluence

(from 3.58x 10" to 1.27x10"® cm™) on the HC relaxation time at 3.10 eV excitation.
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Figure 5.15. Normalized GSB dynamics probed at band edge (2.45 eV) for (a) CsPbBr3; NCs
and (B) CsPbBrs/PbSe NCs with excitation 3.10 eV (400 nm) with varying the carrier density

from 3.58 x10%" cm™ to 1.27 x10'® cm™

Interestingly, HC cooling time is significantly enhanced with increasing the exciton fluence

for both the NCs (Table 5.1).

Table 5.1. Variation of HC cooling time of CsPbBr3; NCs and CsPbBr3/PbSe heterostructures

with an increase of pump fluence

Carrier Density (no) CsPbBr; CsPbBr3/PbSe
1.79x10" cm 530+20 fs 110030 fs
3.58x10* cm™ 750+ 35 fs 1280%20 fs
5.38x10" cm™ 1120+ 40 fs 1670240 fs
7.23x10" cm™ 1400+ 50 fs 1930260 fs
1.27x10" cm™ 1750450 fs 2650250 fs

However, HC relaxation time is much slower for CsPbBr3;/PbSe heterostructure than pure

CsPbBr; NCs at comparable pump fluence. The above discussions reveal that the HC cooling

time of CsPbBr; NCs can be substantially retarded by the formation of CsPbBrs/PbSe

heterostructure.
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5.3. Conclusions

In conclusion, this study presents a deep understanding of ultrafast HC cooling dynamics of
metal halide perovskite using ultrafast transient absorption spectroscopy, carrier-phonon
scattering model, and the first-principles calculations. We have synthesized CsPbBrs/PbSe
heterostructure with the motive of tuning the HC cooling dynamics at low carrier density.
The transient absorption measurements reveal two times slower HC relaxation (from 770 fs
to 1.4 ps) and much higher initial HC temperature, T¢ (1663 K, compared to 900 K) for the
heterostructure compared to pure CsPbBr; at 3.64 eV excitation, under 1.86x 10" cm™ carrier
density. The fitting of HC energy loss rate in an electron- LO phonon coupling model also
suggests a much slower decay time of LO phonon through the Klemens channel after
heterostructure formation. The first-principles calculation confirms a large energy gap
between the LO and LA phonon modes in the heterostructure due to the localization of
charge density near the heterojunction. It is the main reason behind such retardation of HC
cooling. Our findings provide a new and logical insight to a relatively less explored way-out
to slow down the HC cooling in perovskites which will be helpful to boost the efficiency of
HC solar cells.
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6.1. Introduction

Hetero-structured materials such as semiconductor-metal, inorganic-organic, and
core-shell structures have been given significant attention for photo-catalysis and
photovoltaic applications due to efficient charge separation.”® Upon photo-excitation of such
heterostructures, the efficient charge separation occurs due to a slow recombination process
that enhances the lifetime of photo-generated carriers. Two-dimensional (2D) semiconductor
nanoplatelets (NPLs) are now up-and-coming alternatives because of unique properties such
as high electron-hole binding energy, giant oscillator strength, and enhanced absorption
cross-section.”® The efficient charge transfer happened in the CdSe-CdTe type-11 NPL
heterostructure where the electrons reside in CdSe and holes are in CdTe.® CdS NPLs/Pt
heterostructures produced hydrogen gas due to the ultrafast electron transfer from the CdS
conduction band to Pt.** The influence of various dimensions of CdS NCs on photocatalytic
properties is reported and the most efficient system is 2D CdS-2D rGO hybrid.*? An ultrafast
pump-probe transient spectroscopic study reveals that the hot electron and the ultrafast
electron transfer processes occur in the 2D-2D composite of CdSe NPLs and rGO.™ Thus,
the fundamental understanding of carrier relaxation dynamics of such heterostructures is
essential for light-driven photovoltaics or photo-catalysis applications.***® It is established
that the extraction of the hot carrier and the ultrafast electron transfer are crucial for
overcoming the Shockley-Quessier limit to enhance the solar energy conversion to electrical
energy.’”*® Theoretically, the efficiency of the solar cell can be improved to 67% by utilizing
the excess energy of hot carriers."® Thus, the efficient extraction of carriers is very important
for better performance of optoelectronic devices. It is found that the hot electron cooling
relaxation varies with temperature in CdSe quantum wells (QWSs) which plays a crucial role
in several potential optoelectronic applications.”

Perovskite NCs have found to be potential materials for solar cell applications
because of its extraordinary absorption coefficients, high photoluminescence quantum yield
(PLQY), defect tolerant nature, etc.’*”® Few strategies have been developed to design
efficient devices such as solar cells, light-emitting diodes (LED), photovoltaic and photo-
catalysis using perovskite NCs and 2D semiconductor NPLs hybrid structures.?* Schaller et
al. have investigated the influence of dimension of NCs on electron transfer rate in CsPbBrs;-
CdSe hybrid, and they found the most efficient electron transfer occurs in 2D CsPbBrs-
CdSeNPLs composites.® Kim et al. have reported the hot carrier dynamics varies from 310 fs

to 580 fs with changing the halide composition i.e. from CsPbBr; to CsPbls.* Fu et al. have

181



Halide Composition Dependent Ultrafast Electron Transfer in 2D CdSe Nanoplatelets-CsPbX;
Composites

reported the fluence-dependent hot carrier cooling mechanism of MAPbI; NCs.*® Thus, the
designing of composites of 2D semiconducting materials with perovskite NCs is emerging for
developing efficient optoelectronic applications. To our knowledge, there is no study on
halide composition-dependent ultrafast electron transfer in CdSe NPLs/CsPbX3 composites.
Herein, we have designed 2D layered CdSe NPLs - CsPbX3 perovskite composites to
understand the influence of halide composition of perovskite NCs on the electron transfer
rate. Fluorescent up-conversion measurements and transient absorption spectroscopy (TAS)
are being used to study composites' ultrafast electron transfer dynamics. Transient absorption
spectroscopic study reveals that the ultrafast electron transfer from CdSe NPLs to perovskite
NCs with increasing iodide composition of CsPbX3 NCs is studied. Ultrafast electron transfer
from CdSe NPLs to CsPbX3 NCs confirms the enhancement of growth time of perovskite
NCs in composites. Finally, we measured the photocurrent measurement of these composites
CdSe NPLs-perovskite devices under visible light illumination to open up a new avenue in
solar energy conversion. Such study is vital for the fundamental understanding of charge

transfer dynamics and for designing efficient light-harvesting systems.

6.2. Results and Discussion
6.2.1. Structural analysis

Figure 6.1A shows the TEM images of CdSe NPLs, CsPbBrisl;5, CsPbBrl, and
CsPbl; NCs, respectively, and the corresponding high-resolution transmission electron
microscopy (HRTEM) images are shown in the inset. The average lateral dimensions and the
thickness of the 4 ML CdSe NPLs are 200+40 nm and 1.3 nm, respectively (inset of Figure.
6.1A-a). All the perovskite NCs exhibit a highly monodispersed cubic shape. The average
edge length is found to be 9+ 0.8 nm for CsPbBry sl; 5 (inset of Figure. 6.1A-b), 12+0.5 nm is
for CsPbBrl; (inset of Figure. 6.1A-c) and 22+1 nm is for CsPbl; (inset of Figure 6.1A-d)

which are consistent with previous results.** *
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Figure 6.1. (A) TEM and HRTEM (inset) images,(B) X-ray diffraction patterns and (C)
normalized UV-Visible absorption spectra (dashed lines) and normalized PL spectra (solid
lines) of (a) CdSe NPLs, (b) CsPbBryslis, (c) CsPbBrl,, and (d) CsPbl; NCs.*” Reproduced

with permission from reference 37 (Copyright 2020 American Chemical Society).

The compositions of the perovskite NCs are investigated by energy-dispersive X-ray

spectroscopy (EDS) (Figure 6.2).
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Figure 6.2. EDS spectra and corresponding elemental analysis table (inset) of (A)
CsPbBrislis, (B) CsPbBrl, and (C) CsPbl; NCs.*” Reproduced with permission
from reference 37 (Copyright 2020 American Chemical Society).

The formation of composites is confirmed from the TEM images of composites of CdSe-

CsPbXj3 (Figure 6.3).

Figure 6.3. TEM images of composites (A) CdSe-CsPbBryslis, (B) CdSe-CsPbBrl, and (C)
CdSe-CsPbls.*" Reproduced with permission from reference 37 (Copyright 2020 American

Chemical Society).

Figure 6.1B-a shows the diffraction pattern of CdSe NPLs and Figure 6.1B (b-d) represents
diffraction patterns of CsPbBr;sli5, CsPbBrl, and CsPbls NCs respectively. Analysis reveals
that the crystal phase of CdSe NPLs is zinc blend, and the crystal phase of perovskite NCs is
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cubic. A systematic shift of (200) plane towards lower angel (20) with increasing iodide

composition of CsPbX3NCs indicates the change of lattice parameters.

6.2.2. Steady-state and time-resolved spectroscopy

The steady-state spectroscopic study of CdSe NPLs and all CsPbX3 NCs is carried out
at room temperature. The UV-visible absorption spectra are shown in dotted line, and the
photoluminescence spectra are shown in solid line (Figure 6.1C). Insets show emission color
under UV-light excitation (A&=365 nm). Two absorption bands at 482 nm and 513 nm are
observed for CdSe NPLs, which are due to the light hole (LH) and heavy hole (HH) excitonic
transition to the conduction band, respectively (Figure 6.1C-a).® The PL band of CdSe NPLs
is observed at 515 nm with a photoluminescence quantum yield (PLQY) of 12%. Figure 6.1C
(b-d) shows the UV-visible absorption along with PL spectra of CsPbBrysl; 5, CsPbBrl, and
CsPbl; NCs respectively. The excitonic absorption band at 569 nm and the emission band at
580 nm are observed for CsPbBry 5115 NCs. For CsPbBrl; NCs, the excitonic absorption and
emission bands are found at 620 nm and 635 nm, respectively. The absorption and emission
bands are at 678 nm and 688 nm for CsPbl; NCs. The red shifting of emission band with
varying halide composition indicates that the bandgap of perovskite NCs changes with
changing the composition.38 The PLQY of CsPbBrysl; 5, CsPbBrl, and CsPbl; NCs are found
to be 58%, 62% and 67%, respectively. In the case of composites, the PL quenching of CdSe
NPLs (at 515 nm peak) is observed with increasing concentration (0-40 nM) of CsPbX3NCs.
To compare the PL quenching of CdSe NPLs in the presence of different perovskite NCs, we
added a fixed amount (10 nM) of CsPbX3 NCs with CdSe NPLs. The PL quenching of CdSe
NPLs is found to be 51%, 67% and 94% for 10 nM CsPbBry sl1 5, CsPbBrl; and CsPbl; NCs,
respectively which is composition dependent (Figure 6.4A). Stern-Volmer (SV) plot (inset of
Figure 6.4A) is used to understand the PL quenching mechanism and the Stern-Volmer
constants (Ksy) are found to be 1.06x10® M?, 1.46x10® M™and 5.18 x10® M™ for CdSe-
CsPbBrislis, CdSe-CsPbBrl, and CdSe-CsPbl; NCs, respectively; indicating strong
interaction between CdSe NPLs and perovskite NCs. A time-resolved emission spectroscopic
study has been carried out to understand the excited state dynamics of 2D CdSe NPLs in the

presence of perovskite NCs.
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Figure 6.4. (A) PL quenching and Stern-Volmer plots of PL quenching against various
concentration of CsPbX3 NCs (inset). (B)TCSPC decay curves of CdSe NPLs in absence (a)
and in presence of fixed concentration (10 nM) of CsPbBrysly 5 (b), CsPbBrl; (c), and CsPbl;
NCs (d)[2ex= 375 nm and Aem= 515 nm], (C) Schematic energy level positions of CdSe NPLs
and all three CsPbX3 NCs and (D) Femtosecond fluorescence up-conversion decay profiles of
CdSe NPLs in absence (a) and in presence of fixed concentration (10 nM) of CsPbBryslis
(b), CsPbBrl, (), and CsPbls NCs (d) [Aex= 400 nm and Jem= 515 nm].*” Reproduced with
permission from reference 37 (Copyright 2020 American Chemical Society).

Figure 6.4B represents PL decay traces of CdSe NPLs in the absence and presence of all
three CsPbX3 NCs. All of the PL decay traces are fitted well with tri-exponential functions.
The decay components of pure CdSe NPLs are (t1) 0.5 ns (85%), (12) 2.9 ns (12%), and (t3)
16.2 ns (3%) with an average decay time of 1.2+0.23 ns. Here, 1, corresponds to band-edge
recombination, and 1, and 13 are for trap state mediated non-radiative processes.** The
average decay time of CdSe NPLs is shortened to 0.71+0.13 ns, 0.55£0.11 ns and 0.37%0.08
ns in presence of CsPbBrysly 5, CsPbBrl, and CsPbl; NCs respectively (Table 6.1).
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Table 6.1. Time-resolved PL decay parameters of the pure CdSe NPLs and corresponding

composites.®’

Systems " (@)’ [ns] | t2°(@)’[ns] | 3" (@)’ [ns] | <a>[ns]
CdSe NPLs 05(0.85) |2.9(0.12) 16.2(0.03) [1.2+0.23
CdSe-CsPbBryslis | 0.35(0.91) |2.9(0.07) 9.8 (0.02) 0.710.13
CdSe-CsPbBrl; 0.30 (0.93) | 1.9 (0.05) 8.7(0.02) 0.55+0.11
CdSe-CsPbl; 0.26 (0.95) | 1.3 (0.04) 7.1(0.01) 0.37£0.08

*+4% and Y+5%

The PL quenching and the shortening of the decay time of CdSe NPLs in the presence of
CsPbX3 NCs are definitely due to the energy or charge transfer (electron or hole transfer)
process. Both steady-state and the decay time data confirm the dynamics quenching process.
The band positions of perovskite NCs are measured by cyclic voltammetry (CV)
measurements (Figure 6.5), consistent with previous results.** The band positions of CdSe
NPLs are taken from earlier reports.** Figure 6.4C shows the energy level positions of CdSe
NPLs with respect to all CsPbX3 NCs. The valence band (VB) position of all CsPbX3 NCs
lies below VB of CdSe NPLs, which rules out the possibility of hole transfer from
photoexcited NPLs to CsPbX3NCs. On the other hand, the conduction band (CB) position for
all three CsPbX3 NCs is lower than the CB of CdSe NPLs, indicating that the electron or
energy transfer process is thermodynamically feasible.
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Figure 6.5. Cyclic voltammetric (CV) curves of (A) CsPbBrislis, (B) CsPbBrl, and (C)
CsPbl; NCs with respect to Ag/Ag+ electrodes.®” Reproduced with permission from reference

37 (Copyright 2020 American Chemical Society).

The spectral overlap between the emission band of CdSe NPLs and the absorption spectra of
all CsPbX3 NCs indicates the possibility of an energy transfer process. We measured the
decay times of CsPbBryslis, CsPbBrl, and CsPbl; NCs in absence and presence of CdSe
NPLs (Figure 6.6). Analysis suggests that PL quenching in composites is not due to the
energy transfer from CdSe NPLs (donor) to perovskite NCs (acceptor).
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Figure 6.6. PL decay traces of (A) CsPbBr; 511 sNCs (i), CdSe-CsPbBry sly 5 (ii), (B) CsPbBrl,
(i), CdSe-CsPbBrl; (ii) and (C) CsPbls (i), CdSe-CsPbls (ii) [Aex = 371 nm, Aem = 580 nm for
(A), 635 nm for (B) and 688 nm for (C)].*” Reproduced with permission from reference 37
(Copyright 2020 American Chemical Society).

6.2.3. Ultrafast fluorescence up-conversion spectroscopy

A femtosecond fluorescence up-conversion study has been carried out to understand
the ultrafast dynamics of CdSe NPLs in the presence of perovskite NCs at 515 nm (PL
maxima of CdSe NPLs), exciting the samples with 400 nm laser pulse. Figure 6.4D shows the
up-conversion decay traces of CdSe NPLs in the absence and the presence of fixed
concentration (10 nM) of perovskite NCs. The decay traces of pure CdSe NPLs is fitted bi-
exponentially with time constants t3= 29.7+0.5 ps (56%) and t,= >100 ps (44%) (Table 6.2).
In presence of CsPbBrislis NCs, the decay traces of CdSe NPLs is fitted with the time
constants 1= 6.4+0.15 ps (36%), 1o= 17.9+0.35 ps (46%) and t3= > 100 ps (16%).

Table 6.2. Fluorescence up-conversion decay parameters of pure CdSe NPLs and

corresponding composites with CsPbX3 NCs.%’

Systems 71 (21%0) (ps) 2 (22%0) (ps) 73 (a3%0) (ps)
Cdse NPLs 20.7 + 0.5 (56%) >100 (44%) i
CdSe-CsPbBryshs | 6.4+0.15(36%) | 17.9+0.35(46%) | >100 (18%)
CdSe-CsPbBrl, 27+0.1(40%) | 152+0.26(45%) | >100 (15%)
CdSe-CsPbls 16+008 (48%) | 12.3+0.20(40%) | >100 (12%)
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For CsPbBrl; NCs, the time constants are t;= 2.7+0.1 ps (40%), t,= 15.2+0.26 ps (45%) and
13=>100 ps (15%), whereas t1= 1.6+0.08 ps (48%), .= 12.3+0.20 ps (40%) and 3= >100 ps
(12%) are found in case of CsPbl; NCs (Table 6.2). Analysis reveals that the fast component
[6.4 ps for CsPbBrislys, 2.7 ps for CsPbBrl,, and 1.6 ps for CsPbls] is due to the ultrafast
electron transfer process from CdSe NPLs to perovskite NCs which is eventually halide
composition dependent.
6.2.4. Ultrafast Transient Absorption Spectroscopy

Furthermore, a femtosecond transient absorption (fs-TA) spectroscopic study is used
to understand the charge carrier dynamics of both 2D CdSe NPLs and CsPbX3 NCs. The
samples are excited at 400 nm with very low fluence (< 5 pJ/cm?) to eliminate multi-

excitonic processes.
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Figure 6.7. (A) 2D heat map, (B) TA spectral profiles of (i) CdSe NPLs, (ii) CdSe-
CsPbBryslys, (iii)CdSe-CsPbBrl, and (iv) CdSe-CsPbl; composite and (C) TA dynamics of
(i) CdSe NPLs (at 513 nm) [in absence of (a) and in presence of CsPbBrisli5 (b), CsPbBrl,
(c), and CsPbI3NCs (d)], (ii) CsPbBrysl;5 at 569 nm, (iii) CsPbBrl, at 620 nm and (iv)
CsPbls at 678 nm, in absence and presence of CdSe NPLs. (J.ex= 400 nm).>” Reproduced with

permission from reference 37 (Copyright 2020 American Chemical Society).

Figure 6.7A (i-iv) shows the 2D heat map of TA data and Figure 6.7B (i-iv) shows TA
spectral profiles of CdSe NPLs, CdSe-CsPbBrislys, CdSe-CsPbBrl,, and CdSe-CsPbl;

composites, respectively. TA spectra of pure CdSe NPLs consist of two exciton bleach (EB)
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at 482 nm and 513 nm correspond to the transition of the light hole (LH) and heavy hole
(HH) to the conduction band, respectively. A weak photo-induced absorption (PIA) from
525-560 nm is observed at early delay times (1.5 ps) for CdSe NPLs. Figure 6.8 (A, B) shows
the heat map and TA spectra of pure CsPbX3 NCs with varying halide compositions. Here,
the exciton bleach (EB) bands at 569 nm, 620 nm, and 678 nm are observed for CsPbBry sl s,
CsPbBrl,, and CsPbls NCs, respectively; which are in good accordance with absorption
spectra. A short-lived (3 ps) and long-lived (>300 ps) PIA are observed for all CsPbX3 NCs,
which is consistent with previous results.*®
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Figure 6.8. (A) 2D heat map, (B) TA spectral profiles, and (C) TA dynamics (EB and PIA) of
pure (i) CsPbBryislis, (ii) CsPbBrl, and (iii) CsPbls NCs.*” Reproduced with permission
from reference 37 (Copyright 2020 American Chemical Society).

EB and PIA for both CdSe NPLs and perovskite NCs appear due to state filling and exciton-
induced absorption, respectively.*® * It is worth noting that EB of CdSe NPLs is dominated
by state filling of electrons only (because of VB's lower effective electron mass and higher
degeneracy). In contrast, both electrons and holes are responsible for EB of CsPbX3 NCs due
to comparable effective masses of electrons and holes.** TA spectra of CdSe-CsPbX;

composites show additive, spectral features of CdSe NPLs and individual CsPbX3; NCs
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(Figures 6.7A, B). Interestingly, the bleaching amplitude of CdSe NPLs decreases. The
bleach recovery kinetics of CdSe NPLs has fitted with time constants 9.3+0.2 ps (15%),
290+0.85 ps (40%), and >1 ns (45%) where the two shorter components and the longer
components are due to the non-radiative trapping and radiative electron-hole recombination
process, respectively (Table 6.3).** The bleach recovery kinetics for CdSe-CsPbBryslis
composite are fitted with time constants of 3.8+0.15 ps (30%), 197+0.72 ps (31%) and >1 ns
(39%), whereas 2.1+0.10 ps (41%), 179+0.55 ps (23%) and >1ns (36%) time constants are
found for CdSe-CsPbBrl, (Table 6.3).

Table 6.3. Fitted kinetics parameters of pure CdSe NPLs and CdSe-CsPbX; composites at
513 nm.*’

System T4 (a3%0) (fs) 71 (21%0) (PS) 1, (2,%0) (pS) 13(a3%0) (NS)
CdSe NPLs 800+0.5 (100%) | 9.3+0.2 (15%) | 290+0.85 (40%) | >1(45%)
Cdse-CsPbBryslis | <100 (100%) 3.8+ 0.15 (30%) | 197+0.72 (31%) | >1(39%)
CdSe-CsPbBrl, <100 (100%) 2.1+ 0.10 (41%) | 179+0.55 (23%) | >1(36%)
CdSe-CsPbls <100 (100%) 1.4+0.10 (48%) | 150+0.46 (19%) | >1(33%)

In case of CdSe-CsPblj the bleach recovery kinetics is fitted with time constants 1.4+0.10 ps
(48%), 150+0.46 ps (19%) and >1ns (33%). The shorter component (1) becomes faster with
increasing amplitude [from ~9.3 ps (15%) to ~1.4 ps (48%)] in composites which reflects the
ultrafast electron transfer. Additionally, the amplitude reduction of the longer component (t3)
suggests that electron-hole recombination decreases. We have monitored the growth
dynamics of all CsPbX3 NCs in the composites (at 569 for CsPbBry sly 5, 620 for CsPbBrl,,
678 nm for CsPbl;). Figure 6.7C (ii-iv) compares growth Kkinetics between pure and
composites at the corresponding bleach position of CsPbX3; NCs. Figure 6.8C (i, ii, iii)
represents the PIA decay profiles and EB growth time of all pure CsPbX3 NCs. The measured
growth times are 385+ 0.5 fs (for CsPbBrysly5), 450 £ 0.4 fs (CsPbBrl,) and 586+ 0.8 fs (for
CsPbls) which are consistent with previous reports.®® It is to be noted that these growth times
of perovskite NCs are associated with hot carrier relaxation. In composites, the hot carrier
relaxation timescale are 770+0.6 fs, 1.1+ 0.1 ps and 1.5 £0.08 ps for CsPbBr; sl 5, CsPbBrl;
and CsPbls, respectively. It is seen from the analysis that the growth time of CsPbX3 NCs

enhanced in CdSe-CsPbX3; composites compared to pure CsPbX3 NCs. The enhancement of
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the growth time at the bleaching position for all CsPbX3 NCs in the composites also supports
the ultrafast electron transfer from CdSe NPLs to CsPbX3 NCs. Thus, the shortening of the
faster component of bleach recovery kinetics of CdSe NPLs and the enhancement of the
growth time of CsPbX3 NCs in composites confirm the ultrafast electron transfer from CdSe
NPLs to CsPbX3 NCs, which is dependent on halide compositions. The dynamics of photo-
induced ultrafast electron transfer from the 2D quantum well (CdSe NPLs) to perovskite NCs

with a variation of halide composition are illustrated in Scheme 6.1.

Scheme 6.1. Schematic representation of photo-induced ultrafast electron transfer from CdSe

NPLs to CsPbX3 NCs with varying halide compositions®’

Conduction Band

Energy

CsPbBr, I, CsPbBrl,  CsPbL,

Valence Band

2D CdSe NPLs

6.2.5. Photocurrent measurement

Finally, photocurrent measurement of the CdSe NPLs-perovskite composites devices under
visible light illumination is investigated considering the efficient charge separation, an
essential aspect for converting light into electricity. We have measured the photocurrent of
the pure CdSe NPLs, pristine CsPbX3 NCs, and CdSe-CsPbX3 composites devices separately
under one sun illumination at 100 mW cm with a 300 W Newport Solar Simulator. Figure
6.9A shows the schematic representation of the device architecture which is fabricated by
using the loading of 25 mg/ml sample with the thickness of ~100 nm. Figure 6.9B provides
the mechanism of the fabricated devices. Based on the band alignment of the CdSe NPLs and

perovskite NCs, the photoexcited electrons of the NPLs are promptly injected into the CB of
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perovskite NCs then collected by the Al electrode. In contrast, holes of the NPLs are
transported in the reverse direction towards the ITO electrode via PEDOT.PSS. The photo-

response characteristics of devices are demonstrated in 1-V analysis under dark and light by
varying the scanning voltage up to 1.6 V.
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Figure 6.9. (A) Schematic representation of device architecture, (B) schematic diagram of
the charge separation mechanism of CdSe-perovskite composites at a fixed bias voltage of
1.6 V, (C) I-V characteristics curves CdSe-CsPbls; composite.>” Reproduced with permission
from reference 37 (Copyright 2020 American Chemical Society).

The typical I-V characteristics of the pure CdSe NPLs are shown in Figure 6.10.
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Figure 6.10. I-V curves of pure CdSe NPLs.*” Reproduced with permission from reference 37
(Copyright 2020 American Chemical Society).

The obtained dark current and photocurrent of pure CdSe NPLs are 0.5 nA and 10 nA,
respectively. We have received the ratio of I and Ip (I_ and Ip are the currents in the presence
of light and the absence of light, respectively) is 21 times for pure CdSe NPLs. Figure 6.11
represents the I-V features of all three pristine CsPbX3; NCs, and the measured ratio of I, and

Ip are 290 fold, 440 fold, and 930 fold for CsPbBry 5115, CsPbBrl,, and CsPbls, respectively.

(A) (B) (€)
20
8 " ?
Q ] Yo
-~ _ /7| @ g /
3 61 L 10 NV /s < ;i
bt s /a/ 2 2] ~ /°
§ é e 4 S /°
8 8 o _ /0/“ 8 10 P /o
s A — w
/ o o
/0/ o ﬁDar k °/0/ g Dar k 0 /D’O’O/ozu ﬁ
$=83=3=33 3238 104 ° 104 °/°/° Dal' k

15 10 05 00 05 10 15

Volatage (V)

Voltage (V)

15 -10 05 00 05 10 15

Voltage (V)

15 10 05 00 05 10 15

Figure 6.11. I-V curves of pure (A) CsPbBrislis NCs, (B) CsPbBrl, NCs and (C) CsPbl;
NCs.*” Reproduced with permission from reference 37 (Copyright 2020 American Chemical
Society).

Figure 6.9C shows the |-V features of CdSe-CsPbl; composites and the corresponding 1-V
characteristics for CdSe-CsPbBr; sl1 5, CdSe-CsPbBrl, are shown in Figure 6.12.
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Figure 6.12. 1-V curves of composites (A) CdSe-CsPbBryslis and (B) CdSe-CsPbBrl,.’
Reproduced with permission from reference 37 (Copyright 2020 American Chemical
Society).

Interestingly, the resistor-type behavior of pure CdSe NPLs has been greatly influenced by
changing the iodide compositions of the CsPbX; NCs under identical conditions. The
measured ratio of 1, and Ip are 5 x10%, 9 x10? and 1.5 x10° for the CdSe-CsPbBr; sl; 5, CdSe-
CsPbBrl, and CdSe-CsPbl; composites, respectively. Interestingly, all three heterostructures
exhibit a greater IL and ID ratio than pure CdSe NPLs and pure CsPbX3 NCs. Interestingly,
the high dark current and photocurrent are 0.04 pA and 62.4 pA in the CdSe-CsPbl;
composite. This improved photocurrent in the composites CdSe-CsPbls confirms the efficient
charge separation due to the ultrafast electron transfer process. The photocurrent of these
composites CdSe NPLs-perovskite devices is better than that of the CdSe NPLs or perovskite

only devices.

6.3. Conclusions

In summary, we have highlighted the influence of halide compositions on the ultrafast
electron transfer rate in CdSe NPLs/CsPbX3; composites. Time-resolved fluorescence up-
conversion and absorption spectroscopic studies confirm the ultrafast electron transfer
process from CdSe NPLs to perovskite NCs. The ultrafast electron transfer rate increases
with increasing iodide compositions perovskite NCs. The shortening of faster components of
bleach recovery kinetics of CdSe NPLs and the suppression of intra-band cooling rate of
perovskite NCs is helpful for optoelectronic devices. Due to efficient charge separation, the
maximum photocurrent to dark current is obtained for CdSe-CsPbl; composites. Our studies
would help design highly efficient optoelectronic devices based on CdSe/perovskite

composites.
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Chapter 7

7.1. Summary of the thesis

Lead halide perovskite (LHP) NCs are the most demanding nanomaterials nowadays for
optoelectronics and photovoltaics for their intriguing optical and electronic properties.
Although the scientific community has witnessed a surge of research progress within a short
period, there are many open questions and challenges to be addressed to move the field
forward. Ultrafast spectroscopy is a valuable tool to investigate the photophysics of these
novel materials, which will improve the scope of diverse applications. An overview of the
recent advances of lead-based halide perovskite nanocrystals is presented in this thesis.
Herein, we have addressed (a) how the shape of the LHP NCs influence the photophysics, (b)
efficient hot hole extraction using suitable molecules, (c) slow down the hot carrier (HC)
cooling rate, and (d) controlling the electron transfer in a heterostructure with 2D CdSe with
varying the composition. The ultrafast spectroscopic method is being used to understand
these fundamental processes.

The most important findings are summarized below:

% We highlight the influence of the shape of CsPbBrs; NCs on carrier relaxation
dynamics. Structural transformation from cubic shape to rod shape is achieved by
changing the solvent from toluene to DCM. We have analyzed the detailed crystal
phase by Rietveld method. A drastic increase in lifetime from 5.6 ns to 14.3 ns) is
obtained by changing the toluene solvent to DCM. Furthermore, the global target
kinetics model is employed to investigate individual excited state species (i.e. species
associated difference spectra, SADS). Our analysis reveals that trap states play a vital
role in the carrier relaxation dynamics of cubic and rod-shaped NCs. The lifetime of
deep trap (DT) states changed drastically from 163 ps to 303 ps, respectively,
changing the solvent from toluene to DCM. We believe that this solvent polarity-
dependent tuning of morphology and the subsequent change in photophysical
properties of CsPbBr; NCs may be beneficial for designing efficient light-harvesting

systems.

% Furthermore, we have studied the hot hole transfer dynamics from CsPbBr; NCs to
surface-attached porphyrin molecules by a combination of ultrafast transient
absorption and fluorescence up-conversion spectroscopy. The drastic change of the
initial carrier temperature of CsPbBr; NCs in the presence of porphyrin molecules

confirms the efficient transfer of hot holes from CsPbBr; NCs to TpyP molecules. The
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maximum hot hole transfer efficiency is 42% at 370 nm excitation. The experimental
findings have been well supported by DFT analysis. As the hot holes are localized
around the top surface of the perovskite, they can be easily extracted from the
CsPbBr; by TpyP molecules compared to the hot electrons. These findings offer the
possibility of utilizing porphyrin molecules as an alternative source of the hole-

extracting molecule for optoelectronic devices.

We have found a strategy to slow down the HC cooling rate of CsPbBr; perovskite
NCs at a low carrier density of 10" cm™ in the presence of PbSe. A deep
understanding of ultrafast HC cooling dynamics of metal halide perovskite is reported
using ultrafast transient absorption spectroscopy, carrier-phonon scattering model, and
the first-principles calculations. We have found two times slower HC relaxation (from
770 fs to 1.4 ps) and much higher initial HC temperature, T¢ (1663 K, compared to
900 K) for the heterostructure compared to pure CsPbBr; at 3.64 eV excitation, under
1.86x10"" cm™ carrier density. In addition, the fitting of HC energy loss rate in an
electron- LO phonon coupling model suggests a much slower decay time of LO
phonon through the Klemens channel after heterostructure formation. The first-
principle calculation confirms a large energy gap between the LO and LA phonon
modes in the heterostructure due to the localization of charge density near the
heterojunction, which leads to retardation of HC cooling. Our findings will help

design efficient HC solar cells.

Finally, we have successfully prepared a hybrid of 2D CdSe/CsPbX; by varying
halide compositions for solar light harvesting. Time-resolved fluorescence up-
conversion and absorption spectroscopic studies confirm the ultrafast electron transfer
process from CdSe NPLs to perovskite NCs and ultrafast electron transfer rate
increases with increasing iodide compositions of perovskite NCs. The shortening of
faster component of bleach recovery kinetics of CdSe NPLs in the presence of
CsPbX3 NCs and the suppression of intra-band cooling rate of perovskite NCs in the
presence of CdSe NPLs would be beneficial for designing efficient optoelectronic
devices. The maximum ratio of photocurrent to dark current is obtained for CdSe-
CsPblscomposites due to efficient charge separation. Further persuasive investigations
on CdSe/perovskite composites can offer exciting opportunities for device

technologies to provide a platform for solar light harvesting.
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In

summary, we have studied the excited-state dynamics, charge separation, and

relaxation process of perovskite nanocrystals in detail with the help of state-of-the-art

ultrafast spectroscopy. The emergence of semiconducting lead halide perovskite NCs in

materials science is advantageous for the prospect of next-generation optoelectronic

devices and many other potential applications.

7.2. Scope for the future work

The recent emergence of lead halide perovskite NCs is rapidly growing owing to their

outstanding advantages such as extraordinary absorption coefficients, narrow full width at

half maximum (FWHM), high photoluminescence quantum yield (PLQY), defect tolerant

nature, and color tunability. Although tremendous research efforts have been made within the

last few years, there are still several unanswered questions regarding their defect tolerant

nature, characteristics of dark excitons, and slow hot carrier cooling properties. The essential

concerns which need immediate research attention are the following:

7
°0

The harnessing of singlet fission from perovskite nanocrystals is a growing field of
research to sensitize photochemical reactions. Furthermore, the generation of triplet
exciton from the singlet fission with changing the size and different morphologies of
perovskite nanomaterials remains a challenge to the scientific community. In addition,
the metal halide perovskites as triplet sensitizers has generated new possibilities in
optoelectronic application, and fundamental understanding of the sensitization of
long-lived molecular triplets is required.

Perovskite NCs show considerably retarded hot carrier (HC) cooling properties than
other conventional semiconductors NCs. These unique properties provide strong
motivation and guidance for prototype perovskite hot carrier solar cells (HCSCs).
However, the HC cooling rate would be slowed down to realize practical perovskite-
based HCSCs. Perovskite NCs with Ruddlesden— Popper perovskite quantum wells
(QW) having low thermal conductivity, internal self-charge carrier separation, and
reduced charge recombination rate would be beneficial. Furthermore, the HC cooling
dynamics can be modulation by tuning the organic cations (e.g., PEA" =
phenethylammonium, BA*=benzylammonium, and CHMA" = cyclohexylammonium)
between the inorganic lattices to vary the dielectric constants, carrier—carrier, and

carrier phonon interactions, etc.
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Recently, 2D layered organic-inorganic hybrid perovskite consisting of long-chain or
functionalized organic cations have been gained significant attention. This interlayer
energy exchange can be leveraged for unique molecular photophysics, particularly
sensitized phosphorescence. We believe that gaining control over interlayer energy
exchange will ultimately open the door to many exciting new functions and

applications.

The toxicity of lead-based perovskite NCs is a severe concern for environmental
sustainability. In this concern, several lead-free perovskite materials have been
developed, including bismuth and tin-based perovskite, double perovskite, etc. These
lead-free perovskite nanomaterials can be adapted as photocatalysts for visible-light-
driven hydrogen production. Thus, designing hybrid nanostructures could pave us to
increase the yield of hydrogen fuel. Furthermore, perovskite NCs can also be used as

an efficient photocatalyst for CO, reduction.

+« Furthermore, doping of various metal ions into the perovskite crystals is an

intriguing research area for the modulation of optical and electronic properties.
Despite significant progress into the doping of perovskite NCs, several transitions
and inner transition metals remain unexplored. Additionally, while B-site doping is
largely explored, the progress of A-site doping is significantly less. Most

importantly, the exact location of the dopant is still unexplored.
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