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Preface

Nanoscale materials have been investigated extensively for optoelectronic applications.
Transition metal doping adds additional advantage in designing quantum dots (QDs) for
various optoelectronic applications. In the era that is driven by quest for energy efficiency,
understanding of the photo physics is very essential. In this thesis, we study the mechanism

of Mn excitation and emission in 11-V1 semiconductor QDs and perovskite QDs.

Chapter 1 provides an overview of the existing literature about the opportunities and
challenges of quantum dots for various optoelectronic applications. I1-VI semiconductor
QDs and perovskite QDs have shown great promise for optoelectronic applications like,
photovoltaics, light emitting diodes, display and lasing. Due to large stokes shift minimizing
the self-absorption, Mn doping have been explored extensively for lighting. Several

challenges and opportunities related to Mn emission is discussed in this chapter.

Chapter 2 describes several synthesis methodologies used in this thesis to obtain Mn doped
I1-VI semiconductor QDs and perovskite QDs. This chapter also discusses the principles of
various advanced techniques used to study the dopant host interactions like gated
photoluminescence (PL), low temperature PL, transient absorption spectroscopy (TA),
extended x-ray absorption fine structure (EXAFS) various other characterization techniques

and their experimental details.

Part 1 elaborates the mechanism of Mn Emission in 11-VI Semiconductor Quantum Dots.
The mechanism of an intense emission from a spin and orbital forbidden transition in Mn
(“T1>%A1) have remained elusive for over two decades. The debate and the various proofs
in favour of the energy transfer and charge transfer mechanisms are discussed in Chapter 3
and transient species mediated energy transfer in Mn doped I1-VI semiconductor QDs is

discussed in Chapter 4.

Chapter 3 focuses on energy transfer and charge transfer mechanism leading to Mn

emission in 11-V1 semiconductor QDs. Here in this chapter, we provide a detailed overview



of the two mechanisms, bringing together the experiments in favour and against the two
mechanisms to understand the origin of this excitation and emission. This chapter provides
a fundamental overview of a problem that has remained elusive for several decades even

though it has been extensively studied.

Chapter 4 involves the study of Mn excitation mechanism in 11-VI semiconductor QDs.
Based on various optical characterization techniques like gated excitation and emission with
temperature dependent photoluminescence and ultrafast spectroscopy, this chapter provides
a timeline of Mn excitation and emission process in 11-VI semiconductor nanocrystals as

well as an identification of the various transient species consistent with the selection rules.

Part 2 discusses Mn doping in Perovskite Quantum Dots for Harvesting Delayed
Fluorescence. Metal halide perovskite QDs have emerged as promising contenders for next
generation low cost high efficiency optoelectronic materials. Chapter 5 and 6 discusses about
the structural aspects and doping in perovskites to enhance the functionalities of perovskite
QDs for lighting. The last three chapters discusses about the mechanism of Mn emission and
harvesting delayed fluorescence through vibrational coupling and the effect host bandgap on

the dopant host interactions.

Chapter 5 provides an overview about the structural aspects of mixed halide perovskite
QDs. In-depth understanding in the structure of perovskite QDs is essential to have a control
on commonly faced issues like anion migration and light induced phase segregation. This
chapter looks at the mixed halide perovskite QDs from various length scales using x-ray
crystallography, Raman spectroscopy and EXAFS to study the structure property relations

which will lead to best use of these QDs with minimal losses.

Chapter 6 discusses about the successes and challenges in doping perovskite QDs. Direct
hot injection synthesis used for successful incorporation of dopants and various steps
involved in purification and stabilizing doped QDs are extensively discussed in this chapter.
This chapter also sheds light on local structure analysis confirming the successful
incorporation of Mn in the perovskite lattice.

Chapter 7 deals with the mechanism of dopant emission in perovskite QDs. By tuning the

halide composition, the host bandgap is brought closer to Mn emission energy. Detailed

Xi



analysis on delayed emission using gated PL and low temperature PL and density functional
theory unravels the drip-feeding mechanism of photoexcited carriers. This electron back
transfer from Mn to the host in the Mn doped perovskite QDs through vibrational coupling
is termed in this chapter as vibrationally assisted delayed fluorescence (VADF).

Chapter 8 studies the effect of composition modulation and quantum confinement in Mn
doped mixed halide perovskite NCs on delayed excitonic emission. The host bandgap is
tuned by composition modulation and by controlling the reaction temperature to obtain
various sizes with fixed halide ion concentration. This chapter also studies the temperature
dependent band edge vs Mn emission efficiencies in the gated PL which is defined by
entropy of VADF by looking at the rate of change of VADF with respect to temperature.
Gated PLE studies also proved that the back transfer of photoexcited electrons are assisted

by state specific higher excited levels.

Chapter 9 discusses the temperature and fluence dependent carrier dynamics in Mn doped
perovskite QDs. Transient absorption spectroscopy studies show that due to vibrational
coupling in perovskite QDs, the excited state carrier dynamics and mechanism of Mn
emission is different for perovskite QDs and I1-VI semiconductor QDs. Influence of Mn as
a dopant in drip-feeding the photo excited carriers back to the host through VADF is

validated through ultrafast carrier dynamics in this chapter.

Chapter 10 Provides a final summary of the complete thesis and also indicates future
perspectives in the topics discussed in the field of research and also their applicability

towards optoelectronic devices.
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Abbreviations

QDs-Quantum Dots

PCE-Power Conversion Efficiency
EQE-External Quantum Efficiency
QD-LEDs- Quantum Dot -Light Emitting Diodes
PL QY- Photoluminescence Quantum Yield
LED- Light Emitting Diode

ASE- Amplified Stimulated Emission

PL- Photoluminescence

ODE- Octadecene

OlAm- Oleylamine

TOP- Trioctylphosphine

VVADF- Vibrationally Assisted Delayed Fluorescence

XRD- X-Ray Diffraction

TEM- Transmission Electron Microscopy

TA- Transient Absorption

XAFS- X-ray Absorption Fine structure

PLE- Photoluminescence Excitation

TCSPC- Time-Correlated Single Photon Counting

ICP-OES- Inductively Coupled Plasma-Optical Emission Spectroscopy

XANES -X-ray absorption near edge structure
DFT - density functional theory
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1. Introduction

1.1. Abstract

Quantum dots (QDs) are typically semiconductor crystals in the size range of 2-20 nm. Due to
the quantum confinement effects arising from their small size, they exhibit composition, shape
and size-dependent electrical and optical properties. These highly tunable properties have
driven the research for several decades into their understanding and subsequent commercial
application in several fields especially for the optoelectronic devices and photovoltaics. 11-VI
QDs and more recently perovskite QDs have shown great promise as tunable light absorbing
and/or emitting layers in LED devices and displays, in photovoltaics and imaging. Although
research in this field has led to promising results, a better understanding of important factors
like robustness, stability, processability, toxicity and cost effectiveness are necessary before
implementing them for commercial purposes. In this chapter, the properties of QDs, studies
towards commercialization for optoelectronic applications, the recent advances and future

challenges are summarized.
1.2. Evolution of Quantum Dots for Optoelectronics

Quantum dots (QDs), with their unique properties have given rise to a variety of new
applications that have been very useful. These semiconductor nanoparticles have electronic
properties that are significantly different from their bulk counterparts as a consequence of
constrained electron and hole wavefunctions. This quantum size effect was first experimentally
discovered in a study of CuCl nanocrystals whose size was varied from 2 to 31 nm! and has
since demonstrated varied unexpected magnetic, optical and opto-electronic properties that can
be traced to their sizes.? 3 These properties are of interest both from a fundamental perspective

as well as from the perspective of many practical applications.

While the early 1990s were marked by the preparation of quantum dots starting from
complicated and expensive molecular beam epitaxy* to the development of colloidal synthesis,>
the research in the past decade has been driven by practical applications. For example, most
recently, the all inorganic cesium and organic hybrid lead halide perovskite QDs have
dominated the field with their high quantum yields and high photo-voltaic efficiency.® In fact,
the broad range of applications of QDs driven by their unique properties include functional
nanomaterials for photovoltaics, light emitting diodes, backlit displays, lasers, photodetectors,
sensing and bioimaging. Development in the synthesis of various type of heterostructures with
an increasing complexity and integrating multiple functionalities in QDs offers new

applications in the field of magnetism and spintronics. However, challenges remain in reducing

3



1. Introduction

the toxicity of these QDs by bringing in more green chemistry in the synthesis techniques and
the quest for a stable and improved performance of devices is keeping this area active. This
chapter will focus on the properties driving the various applications of QDs of 1I-VI
semiconductors and the newly emerging perovskite QDs in the area of optical and magnetic
applications. The chapter concludes with a brief discussion on challenges and future
perspectives of QD devices. Though a number of interesting but more specific and specialized
topics have not been addressed here, we hope that this chapter provides an introduction to the
field of exciting applications of QDs.

1.3. Synthesis of Colloidal Quantum Dots

S
( Cation V

Doped QDs
Precursor ped Q

Ligands Growth at Metal QDS
# ] High T Lower T Ay,
Anion ‘-’%rso
Precursor QD - QD Hybrid

-.©

Core/Shell and Alloyed QDs

Figure 1.1 A schematic showing the synthesis of nanocrystals starting from various precursors
leading to complex structures of core/shell or hybrid or doped nanocrystals.

The efficiency of applications based on colloidal QDs depends largely on the synthesis
of QDs that are highly monodisperse with a narrow size distribution. Initial synthesis
techniques of QDs ranged from complex, expensive methods like the molecular beam epitaxy
to obtain ultrapure arrays of QDs to the solution processed micellar, hydrothermal or
microwave assisted synthesis that gave rise to unstable QDs with a large size distribution.
Eventually, the middle ground is stuck by the use of high temperature colloidal synthesis
involving the rapid nucleation followed by the slow growth. In addition to the high quality of
the sample with a good size distribution, this high temperature synthesis is also accommodative
of the control over multiple reaction parameters like concentration of precursors and their
reactivity, surfactants and temperature of the reaction that is useful in the synthesis of different
heterostructures. A schematic showing a typical modern synthesis of colloidal QDs is shown
in Figure 1.1 It is important to note here that this methodology of synthesis caters to various

needs including core/shell QDs for surface passivation,” ® passivation tunability to alter the

4



1. Introduction

morphology and hence their optical properties as well as to dope transition metals into these
QDs for magneto-optical and opto-electronic applications. The two most important parameters,
namely the interface of the core/shell and the interface of the ligands with the QDs on the
surface, play an important role in determining the properties of the QDs and can be accurately
controlled within the high temperature synthesis route. While we discuss below the various
properties driven by surface ligands, we discuss the engineering of the QD interface and their

consequences on device efficiency in the later sections of this chapter.

Electron conductio

Hole conduction

Conductance (uS)
Quantum Yield (%)

4 6 8 10 12 14 16
S*/ Cd”
Figure 1.2 Schematic showing ligand exchanged QDs of Cu doped CdS and variation of
conductance and PL quantum yield for varying S* to Cd** ratio. Reproduced with permission
from Ref.° . Copyright 2014 American Chemical Society.

Purification of as-synthesized QDs is also a critical step in obtaining high quality QDs
as the presence of unreacted precursors or excess ligands can affect the carrier transport in
devices. However, sequential precipitation and dispersion in suitable solvents can give rise to
a reduced quantum yield due to the removal of ligands from the QD surface leading to trap
states. Multiple purification steps can also lead to a change in the phase transformation of
perovskite nanocrystals where the optically active cubic phase transforms in to an optically
inactive orthorhombic phase®. Even though the purification of QDs after synthesis leads to

complex degradation processes it is important in obtaining good performance in devices as the
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purification of QDs allows for obtaining good morphology by preparing pinhole free thin
films.!°

As synthesized QDs are typically capped with long insulating ligands (Oleic acid or
Oleylamine) as these ligands are important to obtain colloidally stable QDs. However, these
long chain ligands introduce spacing between QDs which in turn lead to low density in QD
films.!! To obtain an improved carrier transport, ligands can be exchanged from long ligands
to short as the interparticle spacing can be reduced by doing so. As shown in Figure 1.2 ligand
free or sulfide capped Cu-doped CdS QDs have been synthesized to assist the transport in these
QDs. These QDs are shown to be luminescent and exhibit significant conductivity.” To date,
the most efficient reported QD solar cell has employed a combination of partial fusing with
strong passivation of the remaining surface using MPA and chloride ligands.'? Recently high
performance CsPbX3 perovskite QD light emitting devices have been prepared via solid state
ligand exchange.'® Similarly targeted ligand exchange chemistry on cesium lead halide

perovskite QDs lead to high efficient photovoltaic devices.'*

1.4. Optical Applications

Colloidal 11-VI semiconductor QDs and inorganic perovskite QDs are emerging as promising
materials for optoelectronic devices by virtue of their optical properties. The size and
composition dependent bandgap tunability of QDs also make these materials practical for low
cost, large scale devices. Here, we try to address the major advances in the area of

optoelectronic applications of QDs.
1.4.1 Photovoltaics

The application of QDs in photovoltaic systems is one of the most important and promising
avenues of research. The critical parameters which influence the performance of the QD
photovoltaic devices are carrier mobility, doping density, trap density and diffusion length in
films. The power conversion efficiency (PCE) of quantum dot photovoltaic (QD-PV) devices
has increased rapidly up to 16.6 % in the past decade. The present QD-PV is currently
dominated by devices based on Pb chalcogenides (PbS,™ PbSe,'® PbS«Sei-x) which exhibit a
wide range of bandgap tunability in the range of NIR to visible region which is suitable for PV

application. However there are reports on Cd chalcogenides QD-PV as well.'’

Though QD-PV cells initially started as simple Schottky cells, heterojunction solar cells

were developed to overcome the limitations of Schottky QD solar cells. A typical
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heterojunction solar cell consists of a highly doped n-type metal oxide in a p-n heterojunction
with a p-type QD film. The typical substrate consists of a transparent base followed by a thin
transparent conductive oxide layer, namely indium tin oxide (ITO). The most commonly used
wide bandgap semiconductor as a n-doped junction layer is TiO.. The p-type QD film is coated
on top of metal oxide layer and the device is coated with a back reflective contact with a deep
work function metal such as gold and followed by silver or aluminum. Under this geometry,
the external quantum efficiency (EQE) typically ranges between 15-25 % for a high performing

device.1®

Q
o
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Figure 1.3 a) A schematic of a device structure and b) Energy level diagram of the CsPbls PV
cell. ¢) Current density—voltage curves of the device. Reproduced with permission from Ref. 9
Copyright 2018 The Nature Publishing Group.

However, these promising results are constrained by long term stability and spectral
tunability with an ideal bandgap to absorb the solar energy. Recent studies have shown that
these inorganic perovskite QDs synthesized by hot injection methods are capable of performing
well in the area of QD-PV.2° A schematic of a typical solar cell based on perovskite QDs are
shown in Figure 1.3 a) and b) respectively. Figure 1.3 c) shows the current density-voltage
curve for the CsPbls based device with PCE of 15.1%.%° To avoid thermal/moisture induced
QDs agglomeration which is well known in perovskite QDs Wang et al. used high mobility
micrometer sized graphene sheets to crosslink CsPblz QDs to achieve long term stability.?
CsPbBrxlsx based QDs are known to show improved stability under ambient conditions
compared to CsPbls.?2 The current record efficiency for a QD-PV is obtained by doing ligand
assisted cation exchange for Csi1.xFAxPbls QDs with photovoltaic efficiency as high as 16 %

with very high photostability.?3

However, the major drawback of these materials is the toxicity of Pb that hinders these
devices from commercialization. Despite, most of the first reports on quantum dot sensitized
solar cells (QDSSCs) were based on Pb or Cd containing materials (CdS, CdSe, or PbS),2* 2

7



1. Introduction

in contrast with other semiconductor solution processed photovoltaics, high performances have
been attained with Pb and Cd-free materials, as CulnS2,?® Zn—Cu-In—S (ZCIS),%’ or
Zn—Cu—In—Se (ZCISe).?"? While thin-film colloidal QDs have been developed first based on
PbS and PbSe QDs* and currently on lead halide perovskite QDs, with current performances
>16%,2% in QDSSCs Pb and Cd-free QDs play currently a major role since most recent PCE
records have been obtained with “green” QDs. TO conclude, QDSSCs are an excellent
examples of the power of a focused research, starting from a concept with practically negligible
photoconversion efficiency until achieve efficiencies beyond 13% in the same range as other
solution-processed solar cells such as DSSCs.3! In summary, the performance of CsPbX3 QD
based solar cells typically have greater than 10% PCE with a large Jsc and Vo of about 1 eV.
As seen from the progress shown by all inorganic perovskite QDs based solar cells, CsPbX3
based solar cells show promise as a strong contender for commercially available solar cells.

1.4.2 Quantum Dot Light Emitting Diodes (QD-LEDS)
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Figure 1.4 Energy level diagram for a typical QD-LED.

Electroluminescence (EL) is a phenomenon of light emission from a material excited by the
electric current. When charge carriers are injected into an emissive material, like QDs through
contact electrodes they recombine radiatively giving rise to EL. Similar to light emitting diodes
(LEDs) QD-LEDs typically have a p-i-n structure, which comprises of an anode, a hole
transporting layer, a QD active layer and an electron transport layer. Figure 1.4 shows the
energy level band diagram of a typical QD-LED. Electrons from a cathode and holes from an
anode are transported by the carrier transport layers and are injected to the active QD layer

where they radiatively recombine.

QD-LEDs were first prepared back in 199432 using cadmium selenide QDs. Since then,
the external quantum efficiency (EQE) of QD-LEDs, defined as the ratio of the number of

photons extracted from the device to the number of injected e-h pairs, has substantially
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improved. This is achieved by majorly focusing on high quantum yield active materials and
various device architectures. The reason for low EQE devices reported in the literature is
because of the low photoluminescence efficiencies (PL QY) of the QDs used as active
materials.®®* Another step to improve the performance is to choose the suitable hole and electron

transport materials with respect to the band alignment for smoother carrier transport.

(a) ) o ——PL(fim)]1.0 3
A Aluminium 7]
oL c
-0.5 £
N
Imo £
o
002

550 600 650 700 750
Wavelength (nm) i
q i e NE
(c) —_—5 Y iBOO mog (d) 800 O
~12000- E s g
= —45V| . v =
o —4 V| £ 600 >
~ 8000- asy| % E =
% " ' S | B T S -400 ‘é’
o vV =3
5 4000+ @ CdSe4/CdS 200 o
t | 9 CdSes8/CdS  § &
— o 3 CGSe-ﬁI v _ i ;
oo SETIVPOLL 0ot M SSTROROPCBN VTN POROTIRAS ) AIVIEOOA ST POTTINEE B0 PPSTECOORPTITYL PN APRON o 0
500 600 700 800 o0 2 4 6 8 10 O

Wavelength {nm) V (V)

Figure 1.5 a) A schematic of the device architecture. Inset shows photograph of QD-LED. b)
Spectra properties of the LED and comparison with PL. ¢) LED emission spectrum with various
driving voltages. d) J-V characteristics of the device obtained from the QD-LEDs. Reproduced

with permission from Ref. 34 Copyright 2013 American Chemical Society.

Bulovic and co-workers have demonstrated QD-LEDs with an EL tunable over the
entire visible spectrum by choosing different organic charge transport layers and various QDs
with different bandgaps to tune the LEDs over a visible spectrum.3® However, the device
performance and EQE is limited by the PL QY of the active material. By carefully engineering

the crystal defects, near unity QY microstructures of CdSe/CdS QDs can be synthesized
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demonstrating the role of interfaces in QD solids for application.3* Simple unoptimized LEDs
obtained from these QDs as their active layer demonstrate performances in excess of 7000
Cd/m?with a power conversion efficiency of 1.5 % Im/W. The device architecture used in the
device is shown in Figure 1.5 a) This device is constructed without an electron transport layer
and the hole transport layer used here is poly (3-hexyl thiophene) (P3HT). The equivalence of
PL and EL indicates a common excitonic origin with the QD layer as the emission source as
seen from Figure 1.5 b). As the bias voltage increases the emission intensity also increases and
the emission wavelength remains unchanged as shown in Figure 1.5c). The current voltage
characteristics shown in Figure 1.5 d) exhibit typical diode like features. It is also important
to note here that the efficiency of the device is non-linearly proportional to the absolute PL QY

emphasizing the importance of high quality QDs.

Recently all inorganic perovskite CsPbXs QDs have emerged as a new class of
optoelectronic materials with PL QY up to 90%.°% Unlike hybrid organic inorganic halide
perovskite materials inorganic perovskite QDs are highly stable at ambient conditions making
them excellent candidates for high performance LEDs.*® In 2015 Song et al.3’ for the first time
reported CsPbXz QDs based LEDs with a typical device structure composed of
ITO/PEDOT:PSS/PVK/CsPbXs QDs/TPBI/LiF/Al. Here, the CsPbX3 QDs were synthesized
through the hot-injection method discussed earlier and the bandgap is tuned by the halide
composition. The luminance and EQE values were reported to be 742,946, and 528 cd/m?and
0.07%, 0.12 %, and 0.09% respectively for blue, green and orange CsPbXsz QD-LEDs.
However, besides the toxicity, one needs to consider crucial contribution from ligands to obtain
high quality QD-LEDs with perovskite QDs as active layers. While a high concentration of
ligands are needed for better passivation and hence high PL QY, environmental and phase
stability, their presence hinders electric conductivity due to their long hydrophobic tail.*® Hence
it is essential to obtain optimal balance between surface passivation and charge carrier injection
by the ligand density control as well as the ligand exchange by shorter ligands on CsPbX3
QDs.* Yet another way of improving the electro/photoluminescence efficiency of perovskite
QDs is the doping of transition metals. Yao et al.*° proposed a high-performance LED by Ce®**
doping into the CsPbX3 QDs. QD-LED based on these samples showed an improvement in
EQE clocking up to 4.5% with almost a 100% increase compared to their undoped counterparts.

Along with the optimizations of the active layer, the HTL and ETL also play an
important role in improving the performance of QD-LEDs. Subramanian et al.*! reported a
CsPbBr3 QDs based LED with inverted LED architecture where ETL is Li doped TiO». Li
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doping facilitates the charge carrier balance between ETL and HTL leading to superior green
emitting LED with enhanced EQE. Although CsPbls based LED showed promising results,
the stability of these QDs in an ambient environment still remains as a challenge. In fact, several
challenges remain in the path for the LED application of perovskite QDs based LEDs, more
efforts need to be put to tackle the challenges and exciting developments are expected to

continue in the upcoming decade.
1.4.3 Quantum Dots for Display Applications

One very important application of LEDs with excellent color purity is in display applications
wherein mixed proportions of sources of primary colors (RGB) are required. The most
economical and efficient structure for displays available in the market is constructed by the
blue InGaN LED with a yellow phosphor (Ce-doped YAG). But the lack of color purity makes
it inefficient to express the natural colours.*? Hence currently, white LEDs are attracting a
great deal of interest in the commercialization of displays, especially for backlights in liquid-
crystal displays. There have been many efforts to develop QD color converters for LEDs for
general purposes after Bawendi’s report on QD-polymer composites.*® Y. Kim and co-workers
have synthesized highly luminescent multi-shell structured green CdSe//ZnS/CdzZnS QDs and
red CdSe/CdS/ZnS/CdZnS QDs which showed almost 100% quantum efficiency.** White
LEDs for the display backlights were prepared by combining the above QDs with blue LEDs.
The EQEs of green and red QD-LEDs reached up to 72 % and 34 % respectively and the QD-

LED maintained a high efficiency and stability over a long period of time up

to 2500 hrs.

Figure 1.6 Schematic illustration of spin casting different QDs on to donor substrate and
electroluminescence image of a 4-inch full colour QD-display using a TFT backplane with a
320*240-pixel array. Reproduced with permission from Ref. 36 Copyright 2011 Nature
Publishing Group.
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Figure 1.6 shows a schematic of the process of fabrication of spin cast QD LED display
device and electroluminescence image of a prototype 4-inch full colour QD-display on a
320*240-pixel array of TFT backplane.*® The development of these EL devices strongly relies
on the precise band engineering of multi core/shell QDs. Alternative materials with a simple
synthesis would be valuable for future development. Recent developments in the EL properties
of perovskite QDs make them excellent contenders for 11-V1 semiconductors based EL devices
for display applications. With all the advantages of wide colour tunability, inherent narrow
band emission, high PLQY, and low-cost production, perovskite QDs are very promising
candidates for display applications.*® Recently H.C. Wang et al.*’ created mixed green and
red perovskite QDs in silicon resin and subjected them to excitation using a blue InGaN chip.
The green emitting CsPbBrz QDs were coated with mesoporous silica to avoid anion exchange
with red emitting CsPbls QDs. In the LED packaging, the red emitting CsPb(Br/I)s was mixed
with this coated green CsPbBrz and then dropped in the blue LED chip. The obtained spectra
were found to be pure with a NTSC value of 113 % which is more than 104 % NTSC value
reported by 11-VI semiconductor QDs earlier.** However the low stability and high toxicity
are still concerns for perovskite QDs from commercialization and far away from practical

applications for daily usage.
1.4.4 Quantum Dot Lasing

Lasing in QDs were observed in the early 90’s where QDs were grown by epitaxial techniques
using optical and electrical pumping.*® The difficulty in achieving lasing on colloidal QDs is
due to the high nonradiative carrier losses arising due to surface defects. An important
milestone in the area of QD lasing was when the researchers realized that the optical gain in
QDs mostly relies on emission not from single excitons but biexcitons and other multiexcitons
of higher orders.*® A simplified scheme of biexciton generation is depicted in Figure 1.7 a). In
order to obtain optical gain, one must excite two elections to the conduction band and generate
biexcitons as shown in the figure. But due to the highly efficient Auger recombination, the
optical gain depletes which in turn leads to more complication especially when QDs are in a
solution.*® The experiment that lead to the first successful demonstration of the amplified
stimulated emission (ASE) in QDs is in QD films and excited by femtosecond pulses.*® Since
then multiple efforts in improving the performance of QD lasers, mostly concentrating on
improving the sample emission and excitonic generation by reducing the surface defects and

improvisation by introducing thick shell and other architectures®® are underway. A typical
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series of PL spectra showing the first and second order laser emission in CdSe/CdS films
recorded as a function of pump intensity is shown in Figure 1.7b).>!

Recent advances and early research suggest that the perovskite QDs are emerging as a
new research paradigm in photonics and will compete favorably with both conventional CdSe-

based QDs and organic- inorganic hybrid halide perovskites as optical gain media.>? >3
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Figure 1.7 a) Simplified scheme illustrating biexciton generation leading to stimulated
emission. b) PL spectra showing first and second order laser emission in CdSe/CdS films
recorded as a function of pump intensity. Reproduced with permission from Ref. 42 Copyright

2013 American Chemical Society.
1.4.6 Biomedical Imaging and Drug Delivery

QDs, with their dimensional similarities with biomolecules such as proteins and nucleic acids,
size dependent optical properties and resistance against photo bleaching, make them potential
candidates for imaging and theranostic applications.>> Their improved signal brightness
compared to the conventional organic dyes has been used for bio imaging.>* However, their
major drawback in biological applications is the presence of heavy elements as well as blinking.
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Extensive research has been carried out to prepare heavy-metal free biocompatible QDs
possessing favorable fluorescent properties such as the long fluorescence lifetime, large stokes
shift and the narrow emission band.>® Recently, the synthesis and application of lead-free
ternary I-111-VI chalcogenide QDs (Cu-In-S, Cu-In-Se) have taken centre stage owing to the
multiple recombination channels present in their system.>® Also, coating QDs with a wide band
gap semiconductor shell like ZnS (~3.6 eV) forming a core-shell structure has been adapted
efficiently not only to enhance the stability of the core but also to encapsulate the heavy-metal
rich core like CdSe. In this aspect, Klimov et al (2017), reported a CulnS2/ZnS system
achieving narrow emission line widths up to 60 meV in NIR I and NIR |1 regions extending its
robustness, overcoming a serious limitation of a large photoluminescence (PL) line width
(typically >300 meV).%” Though CulnS; and CulnSe; systems have attracted notable attention,
they suffer from fairly low PL QY compared to other QDs. However, a quaternary QD system
ZnAgInSe®® is known to be heavy metal free with high PL QY (~70%). In fact, in 2017, Deng
et al, demonstrated ZnAgInSe/ZnS core-shell QD conjugated with sulfobetaine-
poly(isobutylene-altmaleic anhydride)—histimine (SPH) polymer and a cyclic RGD peptide for
its significant application in cancer imaging.>®
7500

| I
1h 2h 4h 8h 12h
Pt
500

Figure.1.9 Longitudinal distribution of RGD-SPH ZnAgInSe/ZnS QDs-clusters in nude mice

bearing A) glioblastoma B) breast cancer, detected using NIR QD imaging (A ex = 660 nm, A
em = 740 nm). Reproduced with permission from Ref. 49 Copyright 2017 American Chemical
Society.
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This was injected in glioblastoma or breast cancer tumor bearing mice; NIR images
were taken up to 72h post-injection as shown in Figure 1.9. QD cores providing a structural
scaffold for drug delivery is also well established in recent years. QDs possessing good
biocompatibility, inertness towards drugs, loading capacity with high in-vivo residence time
and a suitable particle size and shape with stability are excellent choices as successful drug
carriers. Thus, this wide possibility of tuning material characteristics opens up an interesting
platform to engineer the drug carrier materials with high selectivity and superior physical
properties such as size, cell transfection, charge etc.%

Utilization of QDs as drug carriers for therapeutics range from cancer, neurological
disorders, hypertension and also gene therapy.®* QDs with Lipofectamine ™2000 and small
interfering RNA (siRNA) as a gene therapeutic approach was discussed by Chen and his co-
workers.%? Another nano-vehicle for the anticancer drug was established in 2017, by L Zhang
et al® based on a self-assembled quantum dot DNA hydrogel system that exhibited both
enzyme-responsive drug delivery of doxorubicin and cell-specific targeting.

1.5. Quantum Dots: Present Status and Outlook for the Future

Despite its history of more than 30-years, the science of colloidal QDs still represents an
exciting area of research that appeals to scientists with a various range of backgrounds,
including inorganic and colloidal chemistry, condensed matter physics, optoelectronics,
biological and medical sciences. With the introduction of perovskite inorganic QDs the
possibility is further increased by a recent demonstration of their applications in different
technologies ranging from photovoltaics, QD-LEDS, lasers, bio-imaging etc. Colloidal QDs
are rapidly generating attention not only in the scientific community but also engineering and
entrepreneurial communities due to their potential in various applications.

QDs in real life applications are at developmental stages for some applications, some
applications like QD based down-converting displays have already become a commercial
reality. However, there are a lot of major issues and concerns that need to be addressed to make
these applications to become part of our daily lives.

The stability of colloidal QDs and thin films are some of the major issues here. A brief
exposure of QDs solid to oxygen or moisture may entirely modify the landscape of surface
trapping state thus affecting its conductivity as well as the optical properties. In case of
perovskite QDs a slight exposure to air, moisture, UV light can fasten the degradation of these

cubic crystals to orthorhombic phase which is an optical inactive phase leading to inefficiency
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in these devices. Even though the cell encapsulation can reduce the ill effects of oxygen and
water contamination, it is useless against thermodynamic instability.

The removal of long chain organic ligands accelerates degradation on densely packed
QDs and eventually causes aggregation and transformation to optically inactive and inefficient
stages. Stability issues are attended to an extent by the encapsulation of QDs in a polymer
matrix like PMMA, or silica coating air stable QDs with a high performance needs to be
engineered.

Additionally, the cost of manufacturing and the lack of scalability hinders some of these
materials to come out of the laboratory scale to an industrial large-scale production. A majority
of highly efficient colloidal QDs are synthesized either using heavy metals like Cd, Hg, Pb etc.
The social and environmental concerns regarding toxicity of these heavy metals are still a huge
concern in bringing these technologies to real life applications. Replacing heavy metals from
these QDs using lesser toxic elements like Sn and Cu have been partially successful, however
their optoelectronic performance compared to the native QDs have been really poor. For
example, all inorganic perovskite Sn based CsSnX3 are synthesized using high temperature
colloidal synthesis but these QDs are highly unstable and exhibit a negligible PL QY. Hence
for the commercialization of Cd or Pb based QD devices in the near future, efficient policies

in recycling have to be first formulated and followed.
1.6 Present Study

II-VI semiconductor QDs and perovskite QDs have been investigated extensively for
optoelectronic applications. Transition metal doping adds additional advantage in designing
quantum dots (QDs) for various optoelectronic applications. In the era that is driven by quest
for energy efficiency, understanding of the photo physics is very essential. The thesis is divided
into nine chapters along with methodology chapter where experimental techniques employed
throughout these chapters are discussed. Rest of the thesis is divided in to two parts. The first
part discusses about the decade long debate about mechanism of Mn emission in Mn doped II-
VI semiconductors and the second part of the thesis discusses about various issues related to
stability and structure of perovskite QDs and harvesting delayed fluorescence using Mn as a
dopant in mixed halide perovskite QDs.

Part 1 claborates the mechanism of Mn Emission in II-VI Semiconductor Quantum Dots.
Chapter 3 focuses on energy transfer and charge transfer mechanism leading to Mn emission
in II-VI semiconductor QDs. This chapter provides a fundamental overview of a problem that

has remained elusive for several decades even though it has been extensively studied. In
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Chapter 4 we study the Mn excitation mechanism in II-VI semiconductor QDs. This chapter
provides a timeline of Mn excitation and emission process in II-VI semiconductor nanocrystals
as well as an identification of the various transient species consistent with the selection rules.

Part 2 discusses Mn doping in Perovskite Quantum Dots for Harvesting Delayed Fluorescence.
Chapter 5 and 6 discusses about the structural aspects and doping in perovskites to enhance the
functionalities of perovskite QDs for lighting. The last three chapters discusses about the
mechanism of Mn emission and harvesting delayed fluorescence through vibrational coupling.
Chapter 5 provides an overview about the structural aspects of mixed halide perovskite QDs.
This chapter looks at the mixed halide perovskite QDs from various length scales using x-ray
crystallography, Raman spectroscopy and EXAFS to study the structure property relations
which will lead to best use of these QDs with minimal losses. Chapter 6 discusses about the
successes and challenges in doping perovskite QDs. This chapter also sheds light on local
structure analysis confirming the successful incorporation of Mn in the perovskite lattice.
Chapter 7 deals with the mechanism of dopant emission in perovskite QDs. By tuning the
halide composition, the host bandgap is brought closer to Mn emission energy. Detailed
analysis on delayed emission using gated PL and low temperature PL and density functional
theory unravels the drip-feeding mechanism of photoexcited carriers. Due to the strong
vibrational coupling between the dopant and the host, there exists a electron back transfer from
Mn to the host in the Mn doped perovskite QDs, leading to vibrationally assisted delayed
fluorescence (VADF). This chapter discusses about harvesting delayed fluorescence in detail
using VADF which helps to improve the emission efficiency of the perovskite QDS.
Chapter 8 studies the effect of composition modulation and quantum confinement in Mn
doped mixed halide perovskite NCs on delayed excitonic emission. This chapter also studies
the temperature dependent band edge vs Mn emission efficiencies in the gated PL which is
defined by entropy of VADF by looking at the rate of change of VADF with respect to
temperature. In Chapter 9 we study the temperature and fluence dependent carrier dynamics
in Mn doped perovskite QDs. Influence of Mn as a dopant in drip-feeding the photo excited
carriers back to the host through VADF is validated through ultrafast carrier dynamics in this
chapter. Chapter 10 Provides a final summary of the complete thesis and also indicates future
perspectives in the topics discussed in the field of research and also their applicability towards

optoelectronic devices.
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2. Methodology

There are several types of experimental set ups and characterization techniques, which have
been employed to study the various nanocrystal systems in present work: UV-VIS absorption
spectroscopy, Photoluminescence (PL) Spectroscopy, X-ray diffraction (XRD), transmission
electron microscopy (TEM), inductively coupled plasma-optical emission spectroscopy,
transient absorption (TA) spectroscopy and X-ray absorption of fine structure spectroscopy
(XAFS). In this chapter, the details of all these experimental techniques that were used in this

thesis are described in detail.
2.1. UV-VIS Absorption Spectroscopy

UV-VIS absorption spectroscopy is a powerful tool for the characterization of semiconductor
nanocrystals. This technique is also used to obtain the bandgap of the quantum dots (QDSs).
Absorption of ultraviolet and visible ray is associated with the excitation of electron from lower
to higher energy level, specifically from valence band to conduction band in case of
semiconductor. We have used Beer-Lamberts law to determine the concentration of sample

and it is given by
A=c¢cl

Where A = Absorbance, € = molar absorption co-efficient, ¢ = concentration of the sample, | =
sample thickness

When light passes through a sample the Absorbance can be measured by the photodetector

using formula
A =log (lo/l)
The molar absorptivity can be calculated using the Beer-Lambert law.

The energy of the radiation should be equal or more than the band gap of the
semiconductor QDs. The shift in the absorption edge is used to study the change in the band
gap in various samples. Additionally, due to the quantum confinement effect shown by QDs,
we observe a size dependent bandgap change which is also observed using UV-VIS absorption

spectroscopy.

In this work UV-VIS absorption spectroscopy has been used to monitor the band gap
and absorption characteristics of different QDs. The samples were dissolved in hexane and the

measurements were carried out in Agilent 8453 UV-visible spectrometer.
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2.2. Photoluminescence Spectroscopy

When a molecule or fluorophores absorbs a light, the molecule gets excited and creates exciton
(electron-hole pair). The radiative recombination of this exciton pairs results emission light
known as photoluminescence (PL). PL spectroscopy is extensively used in this thesis to study
the photo-physics of the semiconductor QDs.

2.2.1 Steady state PL spectroscopy

Photoluminescence is defined as the spontaneous emission of light from material under optical
excitation. The whole photophysical process occurs in three stages as described below in Figure
2.1.

®
o/

=

Deexcitation

Photo-absorption Photo-luminescence

Figure 2.1 Schematic of Photoluminescence process. Reprinted with permission from ref *

(Copyright 2010 American Chemical Society).

When external light with energy hvex> Eg (Egis the band gap) incident on QDs, the QDs
absorb the light generating excitons. The deexcitation process of the excited electron can occur
through either non-radiative recombination in the form of heat or by recombining with the hole
in the valance band giving rise to radiative recombination. The radiative recombination process
occurs in 10°-107 sec. As the excited electron dissipates some energy in form of heat, the
energy of the emitted photon (hvem) is always less than the excitation photon (hvex) creating a
difference in energy or wavelength which is called as Stokes’ shift. To identify the origin of
the multiple peak structures in PL spectra can be identified by PL excitation (PLE) spectra. In
PLE we fixed emission wavelength and measures emission at this wavelength from the sample

with varying excitation wavelength. This provides information on absorption properties but

26



2. Methodology

with improved signal-to-noise ratio compared to conventional absorption measurements in

transmission geometry.
2.2.2. Gated PL spectroscopy

The PL emission decay lifetime can vary for different emissions observed in a sample. To
identify the long-lived delayed PL emissions, a technique integrated to the PL emission
spectrometer can be used. The emission spectra are recorded with a time delay of few
microseconds to record only the long-lived emissions. Similarly, the origin of the long-lived
delayed emission is also obtained by gated PLE spectra. Gated PLE is performed by fixing the
emission wavelength and measures the delayed emission at the wavelength from the sample
with varying excitation wavelength. Gated PLE corresponds to the energy levels responsible

only for the delayed emission from the sample.
2.2.3. Time Resolved Photoluminescence (TrPL)

Time Resolved Photo-Luminescence (TrPL) is an experimental technique that provides the
relaxation dynamics of charge carrier as a function of time after excitation using a short laser
pulse. The time resolution can be attained in a number of ways which depends on the required
sensitivity and time resolution. TCSPC (Time-Correlated Single Photon Counting) is one of
them and it is a digital counting technique which counts photons that are time-correlated in
relation to a short excitation light pulse. This technique is used to find radiative and non-
radiative lifetimes of exciton pairs in semiconductor QDs. The average time in the exited state

<t> is obtained by averaging t over the intensity decay of the QDs,

Iy tI(H)at

<t>=
oo 1®at

For a single exponential decay, the average time in the excited state is equal to the lifetime 1.2
However, for a multiexponential decay, average time in the excited state can be a complex
function with several parameters from the above equation. We have quantified the average time
in the excited state across various QDs by considering the time taken by the intensity to reach

37 % of its original value upon the excitation of QDs.

450 W xenon lamp is used as the source on the FLSP920 spectrometer, Edinburgh
instrument, for the excitation of the QDs, while the photoluminescence decay dynamics (Time
resolved PL) measurements were carried out using the EPL-405 ps pulsed diode laser. The

micro flash lamp is used to record the long-lived delayed emission lifetime.

27



2. Methodology

All the solution-based measurements were performed by dissolving the QDs in hexane
collected using 450 W xenon lamp as the excitation source on the FLSP920 spectrometer,

Edinburgh Instruments.
2.2.4 Temperature dependent PL spectroscopy

Here, the PL spectra and the lifetime are measured as a function of temperature. As the electron
phonon interaction usually decreases at low temperature. This leads to lesser non radiative

recombination at low temperature resulting in enhanced PL intensity and average lifetime.

The QDs dispersed in hexane were drop casted on a glass substrate and the solvent were
allowed to evaporate leaving behind the QDs on the thin film. Low temperature PL emission,
gated PL emission, TrPL, PLE and gated PLE measurements were done using ARS cryostat
with liquid helium cooling. NCs films were cooled down to 10K and measurements were done
at every 20K interval while increasing temperature to 290K. The subsequent chapters will

discuss this in detail.
2.2.5 PL quantum yield (PLQY)

The ratio of the number of photons emitted to the number of photons absorbed is known as the
PL QY. Unity QY will be obtained when there are no non radiative recombination losses and
all the excited electrons decay radiatively to the ground state. Accurate quantum yield for both
thin film and solution were obtained by using integrating sphere. The absolute determination
of the emission quantum yield of the QDs requires the precise measurement of the emission
spectrum of the sample and the measurement of the absorbed number of photons. The latter is
performed by two spectral (emission) scans, namely sample scatter and blank scatter, with the
emission monochromator scanning over the Rayleigh scattered light from the sample and from
a 100% diffuse reflecting reference. The intensity difference in the scattering spectra of the
solvent over sample gives the number of photons absorbed by the sample. The number of
photons emitted by the sample is obtained from the emission spectrum. Once the number of
photons absorbed and photons emitted are obtained, the absolute PL QY for the QDs is

calculated.
2.2.6. Jacobian Transformation

Conventional PL spectra is recorded and plotted with respect to wavelength units whereas in
the materials science the most preferred unit is in energy units and presentation of data as a

function of energy provides better physical insight. However, the bandpass in energy is not
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constant when the spectrum is recorded with constant wavelength resolution.? Direct
conversion of wavelength to energy will end up in improper interpretation of the data. To
correct this possible inclusion of error, the scaling factor hc/E? which is known as the Jacobian
transformation® to be used while converting a plot from wavelength scale to energy scale units.

This conversion is very important when the spectra are broad enough to cover a wide range of
energies compared to the ones which are having narrow full width half maximum (fwhm). In
case of QDs with broad dopant emission band along with the band edge PL, the transformation
significantly alters the spectrum with a slight redshift and intensity change. We have applied

this correction to all the PL spectra shown in the thesis.
2.3. X-ray diffraction

X-ray diffraction is most commonly used technique* for the determination of crystal structure
and symmetry. In addition, this technique also provides an estimate of nanocrystal size. X-ray
diffraction is based on constructive interference of monochromator radiation coming from
different diffraction planes of the crystalline sample. X-ray diffraction obeys Bragg’s law
which states that constructive interference would occur if the path difference between the x-
rays scattered from parallel planes is an integer number of the wavelength of radiation. If the
planes of atoms, separated by a distance ‘d’, make an angle 6 with incident beam as shown in
figure, then the path difference would be 2dsiné. So, for constructive interference, the Braggs
law must be satisfied

i.e. nA= 2dsing n=1,2,3,....
where A= wavelength of the x-ray radiation

We have carried out powder X-ray diffraction experiments on the samples using Bruker
D8 Advance diffractometer using Cu-Ko radiation having wavelength 1.5406 A. Powder or
precipitates of sample were placed on a glass plate sample holder during measurement. As the
diffraction peak intensity from the QDs is very weak, we have taken scan for sufficient intensity
with a slow scan rate to get a reasonable signal to noise ratio. The bulk XRD patterns were
obtained from the inorganic crystal structure database for the crystal structure analysis.

2.4. Transmission Electron Microscopy

The transmission electron microscopy (TEM) is one of the important tools in material science

for characterization of microscopic structure of nanomaterials. A TEM image represents a two-
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dimensional projection of a three-dimensional (3D) object. TEM is used to study the
monodispersity, shape, quality and size of the QDs. TEM works on the same principles as the
visible light microscope, however uses electrons instead of light, having much lower
wavelength, which makes it possible to get a resolution of about thousand times better than a
visible light microscope. When the electron beam passes through a thin specimen, it gets
absorbed or diffracted by the specimen. The variation of intensity of electron diffraction across
the specimen called the ‘diffraction constant’ is used in imaging of defects such as dislocation,
interfaces and secondary phase particles. An image is formed from the interaction of the
electrons transmitted through the specimen. The image is magnified and focused onto a
fluorescent screen or a photographic film. Now a days, CCD camera is used to record the TEM
images. TEM can be used in recording electron diffraction pattern. Although the XRD pattern
provides more quantitative information than electron diffraction pattern, TEM has a greater
advantage that the electron beam can be focused easily to any part of specimen. So, this electron
diffraction data from different area of specimen can give us more details about the accurate

local structure of the sample study.

Samples for TEM were prepared by drop casting very dilute solution of the QDs
dissolved in a solvent (hexane) onto a carbon-coated copper grid. The grids were then dried
under IR lamp for few hours. TEM was carried out using Technai F30 UHR version electron
microscope, using a field emission gun (FEG) operating at an acceleration voltage of 300 kV.

2.5. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

ICP-OES is widely used in analytical laboratories to determine the composition of elements
in a sample using plasma and a detector. It is based on Atomic Emission Spectroscopy in which
the sample is excited with high temperature plasma (up to 8000 K), generated at the end of a
quartz torch. When the excited electron returned to lower energy state, energy released as light
and the corresponding photon wavelength is measured. Every element has its own
characteristics emission spectrum. The element type is determined based on the wavelength of
the photon rays, and the concentration of each element is determined based on the rays'

intensity.

Here, we have used Perkin Elmer optima 7000 DV ICP-OES machine to determine the
elemental concentration in our samples. Samples were dissolved in 2-5% of HNOs solution,

and different elemental concentrations were measured against high purity known standards.
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2.6. Transient absorption spectroscopy

Transient absorption (TA) spectroscopy, is a pump-probe spectroscopic technique utilised to
measure the photogenerated excited state absorption energies and associated lifetimes of
molecules, materials, and devices. The pump-probe technique can be described by a sample
being photo-excited by an ultrafast light source (pump pulse), whereby a second light source
(probe pulse) is measured for changes in absorption as a function of wavelength and time. The
technique focuses on electron and energy transfer mechanisms.

Ultrafast transient absorption measurements were performed by an amplified
Ti:Sapphire laser (Coherent Libra) generating 100-fs pulses at 800 nm and 2 kHz repetition
rate. Pump pulses at 400 nm were generated by frequency doubling the fundamental
wavelength by a 2-mm-thick B-barium borate crystal; they were modulated at 1 kHz by a
mechanical chopper and focused in a spot of (400x180) um? on samples dispersed in hexane.
UV-visible probe pulses were produced by white light supercontinuum generation focusing a
part of the fundamental beam in a calcium fluoride plate. Chirp-free differential transmission
spectra AT/T = (Ton — Tofr)/ Totr, Ton and Tofr being the transmission of the probe through the
perturbed and unperturbed sample, were acquired at different pump-probe delays by a fast-
optical multichannel analyser operating at the full laser repetition rate. The temporal resolution

of the setup is =100 fs. Measurements were carried out at room temperature.

2.7. X-ray Absorption Fine Structure (XAFS) Spectroscopy

X-ray absorption fine structure spectroscopy®”’ is an important tool to characterize the local
structure of nanocrystals. This technique has been extensively used to probe the evolution of
the local structure of various undoped and doped QDs in this thesis. XAFS gives information
about how X-rays are absorbed by a specific element (atoms) of its near and above the core
binding energy through “photoelectric effect”. Usually, the energy range of X-ray used for the
XAFS covers from 500 eV to 50 keV. When high energy X-rays incident on the sample (X-ray
energy higher than the binding energy), the oscillating electric field of the electromagnetic
radiation interacts with bound electrons of the absorbing atom and remove from its quantum
level to the continuum. This results in absorption of X-ray energy and an emission of a
photoelectron, from the atom. In XAFS we study the probability of X-ray absorption co-
efficient (i) as a function of X-ray energy.
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X-ray diffraction (XRD), which relies on long range ordering of atomic planes to probe
crystalline structure at a length scale of approximately 50 A or more. X-ray absorption

spectroscopy probes the immediate environment of the selected element, within about 6 A.

The number of X-rays transmitted (I) through a sample is given by the intensity of X-
rays impinging on the sample (lo) decreased exponentially by the thickness of the sample (t)

and the absorption coefficient of the sample (p)
According to Beer-Lambert law the energy absorption,
I=lp e
Where lo and I are incident and transmitted x-ray intensity respectively, t is sample thickness

Usually the absorption co-efficient 1 is can be expressed as,

4

iy
AE?

Y2

Where p = sample density, z = atomic number, A= atomic mass and E = energy of X-ray

The probability for absorption increases sharply when the incident X-ray energy equals
the energy required to excite an electron to an unoccupied electron orbital. These steps in the

absorption coefficient are termed absorption edges.
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Figure 2.2 XAFS spectrum of Mn edge for Mn doped CsPbCls showing different region of
energy.
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A typical XAFS spectrum is shown in figure 2.2. It is generally divided into two
sections (i) X-ray absorption near edge structure (XANES) which extend from just below the
edge to about 30 eV and (ii) extended X-ray absorption fine structure spectroscopy (EXAFS)
which starts after XANES and continues up to 1000 eV above the edge. As, XANES occurs at
lower energy, when the transition happens, it provides information about electronic properties,
oxidation states, the density of available states etc. However, the EXAFS provides information
about the neighbours and the local structure around the absorbing atom. Moreover, it also gives
the information about local defects and can extract site specific structural information.

EXAFS can be represented as primary quantity y(k), the oscillatory variation of
photoelectron wavenumber. To emphasize the oscillation, at early/late length scales, depending
on the requirement of the problem, (k) is often represented as k?or k®.

Scattering from different surrounding neighbouring atoms give rise to different
frequencies and the EXAFS oscillation y(k) can be expressed as

N, f (k)e ™
() =3 'Jf(sz Sin[2K(R, +8,(K)]

j

where (k) and J(k) are scattering properties of the neighbouring atoms, R is the distance of the
interacting neighbor, N is the coordination number and o is the Debye-Waller factor. By
appropriate modeling of EXAFS spectra one can determine N, R, o2 from this equation

knowing the scattering amplitude f(k) and phase shift (k).

XAFS data processing: The obtained data from synchrotron beamline represent the variation
of u as a function of energy which can be transformed in wavevector in k-space by changing
energy to photoelectron wavenumber k [ k= (2m(E-Eo)/h?)Y?]. This spectrum has more physical
consequence than when it represents in terms of radial function (R) i.e. in R-space by applying

Fourier transformation on the k-space EXAFS.
In this thesis we followed the following steps to process our data-

1. Pre-edge background correction. Due to intensity of the incident x-ray and detector
efficiency there always exist some background intensity before the absorption edge. This
pre-edge background should be removed before processing the data. The pre-edge spectrum
should be fitted with some functional form and extrapolating this function into the post

edge.
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2. Deglitching.? The post absorption edge or the EXAFS region of the raw spectrum often
consist of some sharp spikes due to reflection (Bragg scatter) from crystalline
monochromator or the diffraction from the sample. These sharp spikes contribute a lot in
Fourier transformed R-space spectrum and hence it is necessary to remove or deglitch them
before processing further. These glitches can be removed by removing those defecting

points carefully and fitting with a polynomial to interpolate the region of glitch.

3. Normalization. The EXAFS spectra recorded is contribution from multiple absorbing
atoms. To obtain the contribution from a single atom and more quantitative information the

data should be normalized.

4. Conversion to k-space. To convert the E-space spectrum to k-space y(E) need to convert

into (k). It can be changed by changing the x-axis using the relation k= [(2m(E-Eo)/h?)*?].

5. Conversion to R-space. The k-space spectrum can be converted to R-space by Fourier
transformation. The R-space spectrum represents the radial position of the neighbouring
atom. It should be noted that the peak position does not give exactly the bond length due to
the phase shift term d(k) in EXAFS equation. Typically, the bond length is 0.3-0.5 A shorter
than the peak position.

6. Fitting. Finally the R-space data is modeled by providing known crystal structure
information using known crystal structure information as well as the various paths using

abinitio calculation of FEFF code.’
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3.1. Abstract

In a quest for new functional materials, transition metal doping in semiconductors has attracted
significant attention wherein introduction of dopant atoms alters a range of physical properties
of the host like its optical, magnetic and electronic properties. Hence the choice of appropriate
dopants to meet the current challenges makes semiconductor doping highly versatile field. In
the past, Mn doping in II-VI semiconductors has been extensively studied. The interest in these
systems arises from a prominent orange emission from an optically forbidden state. An
extended debate in literature spanning last three decades has so far shed light on various
anomalous properties of Mn emission, specifically in quantum-confined systems leading to
more questions. In this chapter, we review the literature with specific emphasis on the
mechanism of Mn emission and an understanding of the electron-hole pathway during the
excitation and de-excitation process in doped quantum dots. We explore various phenomena
of energy and charge transfer mechanisms along with experiments in support of these

phenomena which can eventually lead to a better understanding of spin driven optoelectronics.

3.2. Introduction

Transition metal-doped semiconductor quantum dots have attracted significant attention as a
new class of materials, where the interaction of the dopant with the host leads to unique ways
of tuning the electronic, optical and magnetic properties.}® Enhancement of dopant related
material properties, as well as the observation of new properties in doped quantum dots (QDs)
that is not observed in their bulk counterparts due to a strong interaction of the dopant ions with
quantum confined host is an established phenomena.> 7 For instance, Mn-doped colloidal
quantum dots exhibit high photoluminescence (PL) quantum yield (QY) with an intense Mn d-
d emission centred around 585 nm unlike the conventional bulk dilute magnetic
semiconductors (DMSs)® despite the d-d transition being spin forbidden.®® Mn?* ions doped
in 11-VI or perovskite semiconductor host QDs can function as a highly efficient energy
acceptor and act as a storehouse for the excitons generated in the semiconductor host.*® The
long lifetime of the excited state of the dopant also provides excellent opportunities either for
extracting the excitonic energy for use as energy storehouse for various other light emitting
applications®® or its use as charge carriers for photonic applications.’'° For this purpose, it is
important to know the nature of the transition, specifically if it is an energy transfer or a charge
transfer process. The violation of selection rules for this intense transition has given rise to

various challenges in understanding the nature of this emission and has been the subject of
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intense research in the last few decades. Despite this, many questions remain unanswered and
connections to the missing links do not allow for unleashing the full potential of this emission
as an active tool in optoelectronic applications. Few of the questions include complete absence
of band edge emission in Mn-doped 11-VI semiconductors QDs,® anomalous polarization of
Mn d-d emission in presence of magnetic field,?® magnetic polaron formation in Mn?* doped
CdSe QDs,?" 22 light-induced spontaneous magnetization in Mn-doped CdSe QDs at zero
external magnetic field,?® tunable Mn emission from epitaxial strain,?* ultra-narrow and widely
tunable Mn emission from ZnS-CdS alloy QDs.?® More recently, Mn-doped perovskite QDs™®
have shown the absence of Mn emission at room temperature. Lack of comprehensive
understanding in the mechanism of excitation and emission is the core reason behind such large

number of unanswered anomalies.

In this chapter, we give a brief overview of the Mn doping in nanocrystals, followed by
a detailed discussion on the physics behind this excitation and emission process. The Mn
excitation is proposed to occur through one of the two mechanisms, namely direct energy
transfer or the charge transfer by the host or the organic ligand from the surface.?® We discuss
the physics behind these two pathways, the selection rules and thermodynamics pertaining to
energy and charge transfer processes. We then review recent developments focusing on the
dynamics of the energy and charge transfer processes in Mn-doped 11-VI semiconductor QDs
and Mn-doped perovskite QDs. We look at various experiments that are well explained by the
process of energy transfer and a few, wherein energy transfer mechanism is unable to provide
an understanding. We also probe the charge transfer mechanism which involves a transient
change in the oxidation state of Mn?* ion and its energetics to understand the viability of these
processes followed by a discussion on the so-far unexplained properties of Mn-doped QDs to
provide better understanding of the spin driven optoelectronics. We then discuss and present
Mn doping in perovskites which is known to behave differently than their 11-VI QD
counterparts and has been widely studied in the last two to three years. The physics behind the
Mn doping in perovskite is further intriguing and gives rise to various unsolved challenges that

will be elucidated in this article.

3.3. Discussion

3.3.1. Nature of Mn emission

Mn?" doped semiconductor QDs leads to high luminescence efficiencies with dopant associated
yellow-orange emission typically centred within 580 - 600 nm as shown by a typical spectra in

Figure 3.1 a).>” The decay life-time of Mn emission, unlike excitonic and/or surface state
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emission, is quite long-lived (~ us to ms) as shown in Figure 3.1 b). It is widely accepted in
literature that the presence of this long-lived 585 nm emission is a signature of successful Mn
doping in QDs. Extensive studies have assigned this peak to arise from the *T; — %A, d-d
transition, the two lowest energy multiplets of Mn*" ions within a tetrahedral crystal field
splitting. It should be noted that in accordance with the selection rules, an allowed transition
should have a change in the orbital quantum number, Al of +1 while it is zero in this case.
Similarly, the change in spin quantum number As is expected to be zero for the spin
conservation rules while this transition demonstrates a non-zero change of spin. Hence this
transition is both orbital and spin forbidden and the long emission lifetime is as per the selection
rules. However, while the emission lifetime can be understood relatively easily, the excitation
of Mn** ions is not yet understood. Remarkably, the Mn d-states cannot be directly excited
and these states are only sensitized through the excitation of the host QDs. Hence the presence
of photo-excited electron and hole pair within the host matrix is known to play a role in the
excitation of the Mn d-states. The detailed photo-absorption process is described extensively
in ref.!” Briefly, the total energy of ground state is shown by state <1> in Figure 3.1 ¢) which
contains the ground state of the host QDs along with the ground state multiplet configuration
of the Mn?" states. During the photo-absorption phase, generation of excitons occurs and
subsequently, they decay non-radiatively to the lowest energy. This process of excitation is
very rapid. However, an understanding of the excitation of the Mn d- states that is also
forbidden by the selection rules has intrigued researchers for several decades. Recent results
have shown that in presence of Mn** ions, the photo-excited electron-hole pair within the host
is known to decay very quickly, in the order of a few hundred femtoseconds (fs) suggesting an
extremely quick transfer to Mn?* ions. ?*2° It should be noted here that the excited states have
two possible states at two different energies, namely the electron-hole excited host along with
the Mn in the ®A; state, which are shown as the continuum of energies, marked by <2>, and
another lower energy excited state wherein Mn?" state is sensitized to the “T; state with a non-
radiative recombination of any excited electron-hole pair in the host as marked by <3> in the
figure. A high energy photon primarily causes electron-hole excitations within the host, as
shown in Figure 3.1 c¢) which trickles down quickly to <2> as shown in Figure. 1 d) and is
incapable of directly reaching state <3> even though that is lower in energy as the Mn state
cannot be directly sensitized. However, this state is known to be populated in literature and the
probable mechanisms of population of this state will be discussed below. Eventually, the

excited Mn?" *T state decays radiatively to the ground state configuration of the ®A; state (<3>
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- <1>), as shown by the vertical orange arrow in Figure 3.1 d), giving rise to the 580 nm

orange dopant emission.
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Figure 3.1 a) PL spectra of Mn-doped ZnSe QDs.(Ref. 27) (red spectra show PL after adding
ZnSe shells) b) PL lifetime decay plot of Mn-doped ZnSe ODs.(Ref. 30) c¢) and d) Schematic of
total energy diagram of excitation and de-excitation process in Mn-doped QDs.(Ref. 10)
Schematic of the e) energy transfer processes (Ref. 28) and f) charge transfer processes.
Reproduced with permission from the American Chemical Society and Wiley VCH.

The two probable mechanisms that leads to a population in state <3> from state <2>
include an energy transfer or a charge transfer. In the case of an energy transfer, the photo-
excited electron-hole pair of the host follows non-radiative Auger-like recombination,
transferring the energy from the host to Mn for exciting the Mn?* ground state °A; to its excited
“T) state. A schematic of the various photophysical processes involved in the process of energy
transfer after the generation of excitons in Mn-doped QDs is shown in Figure 3.1 e). The first
process is radiative recombination giving rise to excitonic PL, and second and third process
involves trapping of carriers which leads to losses followed by energy transfer from the host to
Mn states. This energy transfer process should be very rapid and typically expected to occur
within a timescale of a few femtoseconds (fs). In the case of charge transfer, the photoexcited
hole can quickly relocate to the Mn site giving it a transient Mn®" nature. Since the Mn** ions
have a ground state of °E and the first excited state corresponds to °T state, spin is conserved
and we observe a selection rules allowed absorption from °E to °T> state, wherein the photo-
excited electron is later captured to reach a more stable Mn** state as shown in Figure 3.1 f).

This process is known as charge transfer and it is well known that while the population in the
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excited *T; state is driven by selection rules in case of charge transfer, the same may not be
true for energy transfer. Recently, it has been observed that the excitonic absorption survives
for about a few picoseconds (ps) before transferring energy/charge to the dopant.?® As this is
on higher end of a normal energy transfer process and the lower end of the charge transfer
process, it is necessary to probe further about the nature of the transition. Even though
historically researchers have assumed this transition to be an energy transfer, in this chapter we
present various experimental details, mostly in the last decade and discuss their consequences

in terms of energy transfer or charge transfer to understand the mechanism.
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Figure 3.2 PL spectra of a) nanocrystalline and b) bulk Mn-doped ZnS (Ref. §). Reproduced
with permission from the American Physical Society.

Historically, Mn-doping was mostly explored in systems grown using molecular beam
epitaxy until development in colloidal synthesis of QDs gained lot of attention. The whole
process of colloidally synthesizing Mn-doped QDs has evolved over time with various
modifications adapted from new methods to synthesize colloidal undoped II-VI semiconductor
QDs. One of the earliest reports on Mn-doped ZnS QDs exhibiting 18 % PL QY was from
Bhargava et al.>! and few years later colloidally synthesized ZnSe with Mn as a dopant gave
PL QY of 22 % reported by Norris et al.>?> Advances over the years in the colloidal synthesis
strategies have led to high quality Mn-doped QDs with QY above 50 %.2”33 Some of the
landmark techniques that led to a change in the design strategy include hot-injection method
by injecting the dopant precursor and the host precursors to pre-heated solvent at high
temperature to form Mn-doped QDs, but it suffered from low doping yield due to the expulsion

of the dopant ions to the surface of the QDs leading to poor dopant related features.” To tackle
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these problems, lowering the reaction temperature, step by step separation of crystal growth
and doping process were employed.** Mn ions were diffused by taking a core of MnSe in a
shell of ZnSe to elevated temperature which is termed as “ nucleation doping” and is developed
by Peng’s group.®* By taking high concentration of Mn*" in the core, higher dopant
concentration was achieved despite the loss of dopant during the diffusion of Mn?** ions.
Recently, the layer by layer growth of Mn-doped QDs evolved sufficiently to achieve the
required control over the size, dopant concentration, location of dopant.’> 3¢ Structural tuning
of the QDs and dopant location in the QDs plays important role in giving rise to remarkable
dopant related features and is important in understanding the energy and/or charge transfer
dynamics from the host to dopant.

Mn emission in QDs is known to be substantially different than their bulk counterparts.
For example, complete absence of band-edge emission in Mn-doped QDs is observed (Figure
3.2 a) unlike that in the bulk wherein both the band edge emission and the Mn emission are
observed as seen from Figure 3.2 b).® Initially this led Bhargava et. al*! to propose that the
reported intense Mn d-d emission from the host excitation on Mn doped ZnS nanocrystals
arises as a result of strong sp-d mixing due to localization of electron and hole in the Mn** ion
in the quantum confined regime?! and hence leading to a substantial shortening of lifetime of
Mn. However, this elucidation was later confirmed to be wrong.?” Bol et. al showed that the
emission and PLE spectra for Mn doped ZnS synthesized by two different methods such as
organometallic synthesis and inorganic synthesis are not different from previous reports and
the characteristic 590 nm emission was attributed to “T1-°A; transition of the Mn dopant.
Lifetime studies from time resolved spectroscopy revealed that the decay lifetime of the Mn d-
d emission is indeed long and in the range of 1-3 ms range like Mn d-d emission in the bulk
Mn-doped ZnS. Hence it was deemed necessary to probe further to understand the nature of
Mn emission.

One of the major arguments in literature in favor of energy transfer apart from the
selection rules is the lack of sensitivity of Mn emission to the nature of the host except for the
lattice strain. The insensitivity of the energy of Mn emission as a function of host energy gap
suggests a possible energy transfer to the Mn levels wherein the atomic-like states of Mn are
unaffected by the size and band gap of the host. However, for a given anion, local lattice strain
resulting from the heterointerface of Mn ions as well as the hydrostatic pressure alters the Mn
d-d splitting energy. It has since been proved by Hazarika et al. that by modifying the lattice
strain on purpose by providing a hetero-interface, and locating the Mn ions at different radial

)_24

positions, it is possible to achieve the entire rainbow emission (Figure 3.3 a)).©" Other groups
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have also shown limited tunability between 560 nm to 610 nm on addition of thiolate ligands
to Mn doped ZnS QDs’ even though they have not explicitly correlated the tunability to lattice
strain. This is not surprising as the energy of the ligand field transition is determined by the
strength of the ligand field that is normally dictated by the coordination structure around the
Mn?" ions.*® The strength of ligand field, spin-orbit coupling and the inter-dopant exchange
interactions® have been the guiding factors in determining the energy of the Mn d-d transition.
However, the relatively broad spectral width of these transitions from an atomic-like state have
boggled researchers for several years. Strikingly, even in the case of rainbow emission from
Mn doping, not only the peak position, but also the peak width of the Mn emission is very
different. This wide transition has since been attributed to a convolution of several spectra,
each having full width at half maximum of approximately 60-70 meV by performing single
QD spectroscopy® as shown in Figure 3.3 b). This opened up the possibility to not only tune
the position of the Mn spectra but also that this emission indeed carries information about the
host lattice.

The second factor in favor of energy transfer is the high quantum yield of the Mn
emission indicating an extremely efficient energy/charge transfer in spite of several competing
charge trapping processes. If this transition is indeed an energy transfer process, it should be
mediated through the exchange interaction between Mn?" d electrons and the excitons as a
dipole coupled energy transfer, which would give rise to a weak overlap between the donor
and the acceptor. Also since the exchange interactions depend on wavefunction overlap
between the two states, the rate of energy transfer should be strongly dependent on the relative
location of the dopant with the QD as well as the doping concentration.?® The rate of transfer
of energy/charge from the exciton to the Mn states was originally assumed to be in sub-
femtoseconds and was calculated earlier from the radiative and non-radiative rate constants.*”
' However, in a heterogeneous environment, wherein the position of the Mn** ion cannot be
precisely controlled, this is not very reliable. In the past, location and features of the dopant
Mn were generally characterized using electron paramagnetic resonance (EPR) spectroscopy
and inductive coupled plasma (ICP) techniques to quantify the dopant concentration. However,
this widely used techniques can only distinguish between a tetrahedral and octahedral
environment from the EPR line-splitting along with the prediction of Mn-Mn interactions from
the broad linewidths.*> This information is insufficient to determine the nature of Mn atomic-
like states excitation. Hence the use of optical and magneto-optical spectroscopy along with
some local probe like extended x-ray absorption spectroscopy (EXAFS) are necessary to obtain

detailed information on the location of the Mn ion in the host lattice. However, one of the
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factors that came out of this study was the order of magnitude of the transition lifetimes. It
was found that these transition times were not in the sub-fs regime as originally assumed but

rather in a few picoseconds (ps).
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Figure 3.3 a) Mn emission spectra from doped QDs showing Mn emission tunability by
doping Mn at various radial positions. (The numbers 1—9 indicate emission patterns from
samples with Mn located at different distances from the ZnSe/CdSe interface. In samples 1—4,
Mn is situated exactly at the interface. The CdSe thickness is different in each case. Samples
5—8 have Mn doped at different positions. Sample 9 is a Mn-doped ZnSe QD (zero CdSe
thickness)). (Ref- 24). b) Comparison of PL spectra of single QD (thick line) with the ensemble
(Ref. 25) ¢) Dynamics of band-edge bleach recovery of undoped and Mn-doped CdS/ZnS QDs
with different doping locations at ny,= ~6. (Ref. 28) Reproduced with permission from
American Physical Society and American Chemical Society respectively.

Direct measure of transition time ranging from a few hundred fs to a few ps can be
probed through pump-probe techniques such as transient absorption wherein direct information
regarding ultra-fast processes can help in resolving the fast process of excitation and emission.
Son’s group has probed both the band edge and intra-band electron absorption, for Mn doped
CdS/ZnS using transient absorption spectroscopy.’® ** By comparing the dynamic bleach

recovery of the undoped and Mn doped QDs at the band edge, energy transfer rate can be
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estimated. To understand the energy transfer in Mn doped QDs, various modifications in the
parameters which directly depends on the optical performance can be made, such as studying
the bleach recovery for samples with various doping location, host with varying sizes and
structures, intentional introduction of various hole traps are some of them. Figure 3.3 ¢) shows
the dynamic bleach recovery for the Mn doped and undoped QDs where the location of dopant
is varied. By moving the dopant location closer to the core of the QDs, better overlap of the
Mn wavefunction is expected and that would increase the energy transfer rate. It also to be
noted here that rate of energy transfer is directly correlated to the quantum yield of the
photoemission in these doped systems. Linear dependence in the doping location dependent
energy transfer rate with the time scale of transfer between a single pair of exciton and Mn?"
was determined to be ~60 ps.?” While this does give a better understanding of the transfer rate,
this data is equally valid for either an energy transfer or a charge transfer. Though the original
paper reports it as an energy transfer, it should be noted that the transfer time in the order of 4-
80 ps is much longer than the normal energy transfer processes, especially considering such an
efficient transfer. In fact, trap states would easily be able to compete with this transfer rate as
was also found in this work wherein the hole traps occurred at 50-100 ps time scale.

The third argument in favour of energy transfer is that it is believed that doped Mn?* ions in
CdS/ZnS host function as energy acceptors rather than charge carrier acceptors because the
charge transfer between a Mn?* ion and valence or conduction band is energetically more
expensive than the bandgap transition.** However, we show that in chapter 4 that the first
principle density functional theory calculations in excited state to verify the probability of
transformation of the Mn?" ion to the Mn>" ion by the removal of a relatively tightly bound 3d
electron. We estimated the exciton formation energy, i.e., the energy required to remove the
electron from the valence band forming an electron-hole pair, in ZnSe and Mn-doped ZnSe
QDs (not equivalent to the exciton binding energy), of excitons in ZnSe QDs and Mn-doped
ZnSe QDs to be respectively 1.8 eV and 885 meV suggesting an active involvement of the Mn
ion in the excited state formation, thus favoring a charge transfer state. Hence so far, even
though it has largely been assumed in literature as an energy transfer, there has been no
convincing evidence in its favor.

7,21, 44 wherein

It should be noted here that there have been several reports in literature
the bandgap is same or lower than the Mn emission energy, for example in Mn doped CdSe.
These reports have discussed the formation of excitonic magnetic polarons,” wherein the

charge carrier photoexcitation initiates formation of magnetic polaron formation as well as the
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non-standard excitonic behavior in these materials. However, due to the spectral overlap of
the Mn emission as well as the excitonic feature, it is non-trivial to obtain the origin of the

observed spectral peak. Hence, we have refrained from commenting on these aspects.
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Figure 3.4 a) Gated PLE and time integrated PLE spectra for doped QDs taken at Mn d-d
emission wavelength. b) differential transmission dynamics for the Mn doped and undoped
ODs and c) differential transmission dynamics for the Mn doped and undoped QDs in the 0.2
ps region. Reproduced from Ref. 26 with permission from American Chemical Society.
However, light induced polaron formation was not just the work that challenged
existing explanations for understanding the dopant related emission mechanism compared to
bulk DMS systems, undoped and Mn doped studies. Recent reports have explored Mn emission
mechanism in hosts whose band gaps are in resonance with the Mn emission energy. We
demonstrated direct observation of the Mn excited state for the first time using gated
photoluminescence excitation (PLE) and ultra-fast transient absorption techniques on QDs of
bandgap closer to the Mn emission energy as discussed in chapter 4. Studies of PLE and gated
PLE measurements as shown in Figure 3.4 a) gives important evidence towards the presence
of a transient species. For samples with bandgap lower than 2.5 eV, the gated PLE goes to zero
around 2.5 eV indicating the minimum energy required to excite the Mn which could be arising

due to the presence of a transient species. Figure 3.4 b) compares the transient absorption
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spectra (0.2 ps after the excitation) with the undoped QDs, (PB-a band) and the newly formed
band in Mn doped QDs (PB-b band). Figure 3.4 c) reveals the early time of the species
suggesting the growth of PB-b band at the cost of decay of PB-a species. Further, in a typical
semiconductor QDs, addition of charge carrier traps like surface states leads to quenching of
luminescence. For instance, it has been seen in literature that the transfer to Mn is most efficient
and quick when the location of Mn is in the centre of the QD as seen in Figure 3.3 c), both due
to a better wavefunction overlap as well as a low influence of trap states.

However, the most direct evidence of charge transfer state is when information coded
in the excitonic charge carriers is transferred to the Mn emission. Two ways the information
can be coded into the photo-excited electrons are by the spin polarization of the excitons and
the transfer of long-lived photoexcited electron to sensitize the active layer and hence improve
the power conversion efficiency of QD based solar cells. The concept of spin polarization is
rather straight forward in doped semiconductors which are known to produce large Zeeman
effect with g values of the order of 1000, demonstrating high excitonic polarisation. In Mn
doped bulk semiconductors, wherein both Mn and excitonic emission are observed, application
of magnetic field lead to the decay of Mn emission in both directions while the excitonic
emission is highly polarised as shown in Figure 3.5 a). This is widely observed in the reports
studied on bulk DMS and was considered as universal characteristic of DMS based materials.*:
46 This led researchers to conclude that excitonic emission was assisting the Mn emission with
an overall conservation of spin. As soon as the excitonic spin is polarised and hence unable to
compensate for the change of Mn spin, the transition becomes forbidden and hence decays
quickly. However, later work on Mn doped semiconductor quantum dots have shown
qualitatively different results even though the reason for these differing results have not been
covered in these papers.”® 4’ The interaction strength between the dopant ions and excitons
depends on the spatial overlap of the two wavefunctions. In comparison to bulk, QDs provide
more probability of overlap between the dopant and exciton wavefunctions which can lead to
stronger interactions that provides more opportunities for tuning or enhancing the properties
by structural variations.? 248

In the case of Mn doped ZnSe/CdSe core-shell QDs, at zero field, only Mn d-d emission
is observed even though the dopant percentage is less than 1 % demonstrating an efficient
transfer from host to the dopant. In presence of external magnetic field, the Mn luminescence
develops a sizable circular polarization.?’ Mn emission shows polarization both in intensity as
well as energy of the peak position, and the PL is not suppressed as seen from Figure 3.5 b).

Interestingly, as seen from Figure 3.5 c) the circular polarization of the Mn** follows Brillouin-
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like paramagnetic magnetization behavior as measured from magnetic circular dichroism
(MCD) data suggesting a transfer of excitonic spin polarization on to the Mn energy levels.
The circular polarisation has been shown to scale with the independently measured MCD data
as a function of temperature and magnetic field. Later work by a different group on Mn doped
QDs in high Mn?* concentration have shown a ferromagnetic alignment of the Mn?*-Mn?*
dimers, with a 100% circular polarization as observed from time resolved magnetic circularly
polarized PL arising from the polarization of the photo-excited charge carriers.*’ These data
point direct evidence towards the charge transfer mechanism of electrons during the Mn

emission.
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Figure 3.5 a) Magnetic field dependence of the Zeeman components of the free exciton and Mn
d-d transitions in bulk Zno72Mno2sTe at 1.3 K (Solid triangles and open circles denote the
transitions for o and o' polarization, respectively.) (Ref. *°) b) Magneto PL from Mn doped
ZnSe/CdSe QODs (Ref. 20). c) The circular polarization of the Mn’* PL from Mn doped
ZnSe/CdSe QDs versus field and temperature (lines; left axis). Circular polarization tracks the
Brillouin-like Mn’* magnetization (independently measured by MCD; points, right axis). (Ref.

20) Reproduced with permission from American Physical Society.
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Figure 3.6 a) Schematic diagram of illustrating the electron transfer. b) The incident-photon-
to-carrier conversion-efficiency (IPCE) spectra for undoped and Mn doped QD sensitized
solar cells. Reproduced from Ref. °° with permission from American Chemical Society.
Finally, the use of Mn doped QDs in QD sensitized solar cells have demonstrated an
improvement of power conversion efficiency by 20% compared to its undoped counterpart due
to the long-lived nature of the Mn emission as well as a probable electron and/or hole
acceptor.’? If it was indeed an energy transfer, it would not have been able to transfer the charge
to the TiO; (as per the schematic in Figure 3.6 a)) and hence show an improvement in the
charge conversion efficiency as shown in Figure 3.6 b). Similarly in a study by Ghosh and co-
workers, Mn center has been used as an electron storage tank.’! While these studies have
existed in the past, reviews on this topic have claimed these studies as inconclusive evidence.*®
However, the capability of Mn to retain the spin information in presence of magnetic field in
addition to these data as well as the observation of transient species in near resonant band gap
materials suggest the involvement of charge carriers in the signature Mn emission peak.
3.3.2 Is the 580 nm peak really the signature of successful Mn emission?
Recently, a new class of materials aka inorganic perovskite QDs with high PL QY and narrow

emission with wide tunability of bandgap over entire visible region by composition modulation
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have gained lots of attention.’? > Due to their ease of solution processability, perovskite QDs
are one of the ideal systems for Mn doping to testify energy or charge transfer mechanism. Mn

doping in high bandgap CsPbClz QDs show intense Mn emission having the potential to open

up new era of research in the field of light emitting materials.'> 3
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Figure 3.7 a) Decreasing Mn emission upon Br incorporation in Mn doped mixed halide
perovskite ODs. (Ref. 15) b) PL spectra for Mn doped CdS/ZnS QDs at high excitation fluence
of 60 mJ cm™with the inset showing the same spectra at 0.10 mJ cm™. (Ref. >°) ¢) Transient
absorption for the undoped and Mn doped perovskite CsPbCl3 ODs. (Ref. 6) d) Gated PL
spectra and e) PL lifetime at band edge for Mn doped CsPb(Cl/Br)s. Reproduced with
permission from American Chemical Society and Wiley VCH.

However, the major difference observed between II-VI semiconductor QDs and
perovskite QDs as a host for Mn doping is the presence of small band edge emission in spite
of improvements in the synthesis techniques. It is to be noted here that while hosts like CsPbCl3
have shown a dominant Mn emission, as the band gap approaches closer to the Mn emission
energy, we see a decrease in the Mn emission with a complete absence of Mn d-d emission in
lower bandgap hosts like CsPbBr3 as shown in Figure 3.7 a).!> Itis also noteworthy here that
even II-VI semiconductors have shown the presence of band edge emission at high fluence as
observed in Figure 3.7 b) even though they show an efficient Mn emission at low fluence

(Inset to Figure 3.7 b)).>> Hence even though the signature of successful Mn doping in QDs is
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classified by typical orange emission peak at 580 nm, by varying the fluence it has been
possible to suppress this emission.>® There are also various cases in 1I-VI semiconductor QDs
wherein the band gap is smaller than the Mn emission energy and has demonstrated thermally
assisted back transfer at low temperature leading to the presence of strong band edge emission.*
However, the absence of Mn d-d emission in perovskite systems, even at single
excitonic excitation and at room temperature wherein the host band gap is larger than the Mn
emission energy, can arise either due to inefficient doping or lack of proper pathways to excite
Mn levels. Detailed understanding of the excitation mechanism of Mn in perovskite hosts is
necessary to understand the complex process involved in the field of doped QDs. Compared to
Mn doped CdS/ZnS QDs, CsPbCl; shows weaker exchange coupling due to lack of strong
confinement effects in perovskite QDs.® Transient absorption studies on undoped and Mn
doped perovskite QDs as seen from Figure 3.7 ¢) show similar charge carrier dynamics in
undoped and Mn doped perovskite QDs with a notable absence of the fast decay component in
doped perovskites unlike II-VI semiconductor QDs. Even more surprisingly, gated PL
measurements on these Mn doped perovskite QDs within the mixed halide composition and a
gating time of several microseconds (200 ps) show the presence of a band-edge emission even
though the lifetime of the band edge emission is observed to be a few nanoseconds (~20-100
ns)°? as shown respectively in Figure 3.7 d) and Figure 3.7 ). This has been shown to arise due
to drip-feeding of photoexcited electrons from Mn?* to the host conduction band through
vibrational coupling as vibrationally assisted delayed fluorescence (VADF) as discussed later
in this thesis. This state specific presence of band edge emission in Mn doped perovskite QDs
opens up new challenges in understanding the complex photophysical properties involved in
transition metal doped QDs with the prominent unanswered question being is the 580 nm
emission the signature peak of successful Mn incorporation as well as the mechanism of the
emission.
3.4. Conclusions
In summary, here we have discussed the physics behind Mn emission, selection rules and
thermodynamics of photons and charge carriers associated with dopants in photoexcited
colloidal QDs. We have then discussed the pathways of energy or charge flow in the excited
states. While the interest in doped QDs has been focused largely on the efficiency of dopant
emission and on the spectral tunability of the luminescence, little emphasis has been given in
literature to understand the physics behind these transitions even though these transitions

provide a useful platform for exploring the nature and strength of the sp-d coupling between
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the host and the dopant ions. Additionally, magnetism carried by the dopant and its ability to
provide large magneto-optical signatures could be used as a useful tool to understand the nature
of these transitions. The progress made in the understanding of the photons and charge carriers
involved is the combined efforts of developing synthetic methodologies as well as designing
new novel experiments to pin down the processes involved. Just as we were reaching a
conclusion on the mechanism of Mn emission and excitation after decades of research, the
advent of Mn doped perovskites has thrown fresh challenges in the field. An understanding of
the underlying principles at the nanoscopic level will continue to be crucial for future research

in this field.
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Chapter 4

Transient Species Mediated Energy Transfer
In Mn Doped I1-VI Semiconductor Quantum
Dots
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4.1. Abstract

The nature of the transient species leading to emission from the spin/orbital forbidden Mn d-d
transition in doped semiconductor quantum dots has intrigued scientists for a long time. This
understanding is important in the quest for energy efficiency as the energy from the conduction
band is transferred efficiently to Mn in femtosecond timescale overcoming other non-radiative
recombination pathways. In this chapter, we have shown the presence of the transient species
using materials with band gaps in resonance with the energy of the Mn emission to understand
the nature of the absorbing, transient and emitting species. Detailed studies lead to the
emergence of transient Mn3* state that is further corroborated with spin dependent density
functional theory calculations. This opens up a unique opportunity to realize a reversible photo-
chemical reaction and high radiative efficiency in a semiconductor nanostructure by controlling

the spin state of the magnetic ion by external illumination.
4.2. Introduction

Luminescent materials are characterized by the emission of light with energy beyond thermal
equilibrium. In spite of the great strides made in this field, specifically using quantum dots
(QDs), optimization of emission energy efficiency has been the driving force for the still
challenging research in this field. In this context, the presence of spin forbidden transitions,
like the Mn d-d emission, has long been recognized as a hindrance to energy efficiency.
Remarkably, Mn doped semiconductors, specifically three-dimensionally confined colloidal
QDs, present high photoluminescence (PL) quantum yield (QY) in spite of the spin forbidden
nature of the Mn d-d emission.'® Mn emission has an intense orange-yellow color, apparently
invariant at around 2.15 eV (585 nm) with limited tunability (<150 meV).”!® However among
the many questions that remain unanswered for more than a decade, are the QDs specific
properties like complete absence of band edge emission,* anomalous polarization in magnetic

12,13

fields,!! wave-function engineering of exchange constants,'? !* excitonic magnetic polarons,'*

15" light-induced spontaneous magnetization,'¢ epitaxial strain and crystal field induced broad
tunability of the Mn emission.!” 13

Central to such a large number of unexpected anomalous properties, is the excitation and
emission mechanism. Despite the spin and orbital forbidden nature of both Mn excitation and
emission, this emission at 2.15 eV has been universally considered as a signature of Mn doping
in [I-VI semiconductors. The excitation dynamics of Mn can happen by two competing parallel

pathways which can either be energy transfer or charge transfer by the host or the organic
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ligand on the surface. It has been widely argued in literature that the Mn emission occurs by
the energy transfer processes rather than the charge transfer.!® 2° One of the first proposed
explanations for this intense emission, enhanced in QDs, was the strong sp-d mixing due to
localization of the electron and hole in the Mn?" ion leading to a shortening of the lifetime of
Mn emission;?! this assumption was however later proven to be wrong.® Since then various
explanations including Auger-like energy transfer to Mn?? and total spin conservation through
the excitonic emission®> 2* have been put forward. However, although theories like non-
radiative Auger-like energy transfer to Mn d states explain properties of bulk materials,? %*
they fail to explain QDs specific properties like polarization of Mn emission in presence of
magnetic fields.!! Even though there have been several anomalous observations that are not
explained by the process of energy transfer, there has been no direct observation of the charge
transferred state in literature until now. Recently a few studies?>? have shown that the exciton-
dopant transfer time decreases in presence of Mn doping, effectively competing with both
radiative and nonradiative relaxation of exciton and opening an ultrafast (< 100 fs) one-way
channel for the localization of the photo-excited electron into the Mn d-states. Though indirect
evidences for the presence of such a species have been presented and probable pathways are
predicted?’, this transient species has neither been observed nor are its properties understood.
Hence it is believed that the charge transfer is energetically unfavourable as it involves
changing of the oxidation state of the metal. However, similar transfer of charge from
nanomaterial core to surface with electron transfer has been discussed in literature.*!: 3> Many
of these open questions can be addressed by understanding the nature of the transient species
mediating this transfer. Further, this efficient extraction can be utilized to channel the electrons
into energy efficient pathways, possibly back towards the radiative pathways of the host. This
understanding of the mechanism of Mn emission has an immediate consequence in overcoming
internal energy losses and spin driven opto-electronics may be a new strategy for designing
optimal devices for photo-emissive and photo-voltaic applications.?>¥

In this chapter, we demonstrate for the first-time direct observation of the charge transfer
state using transient absorption spectroscopy when the band gap is in resonance with the
atomic-like Mn d-states. We address this long-standing puzzle by spectroscopic studies on Mn-
doped CdxZnixSe QDs, prepared by slow addition of Cd precursor at high temperature to Mn-
doped ZnSe.* Detailed characterization is shown in Figure 4.1. Steady-state and gated PL and
ultrafast transient absorption (TA) spectroscopy were used to study the QDs. QDs with band
gaps (Eg) in the range of 2.3- 2.9 eV, tuned by varying the Cd concentration, showed a dual

wavelength emission, which we interpret in terms of a transient species mediating energy
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transfer to the Mn d states. Additionally, in QDs with bandgap comparable to the Mn emission
the lifetime of the transient species was increased and its growth and decay were resolved using
ultrafast TA spectroscopy. This work substantiates the characteristic point that tuning the band
gap of host nanocrystals in proximity to Mn levels leads to the excitation of Mn by transfer of
electron within tens of ps. We use low temperature PL spectra to demonstrate the population
transfer kinetics and the activation barrier as a function of temperature. These results provide
new insights into the Mn absorption and emission mechanism in doped semiconductor QDs.
A mechanism involving transient charge transfer was proposed and its possibility was verified
using first-principles calculations based on spin dependent density functional theory (DFT).
Further, when the excitonic gap is in complete resonance with the Mn emission energy or
lower, we observed greater than 10-fold increase in absolute QY of the material even though
the signature Mn peak was absent. We show possibly for the first time a slow and state specific
back transfer to the excitonic states providing a new pathway for energy efficiency. It is also
important to note that the long-lived nature of Mn states has potential applications in storing

and extracting electronic states as separated charge carriers.

4.3. Experimental Methods

Briefly, Mn-doped ZnSe QDs was prepared using modified literature methods.* Initially, Mn
precursor with octadecene (ODE) was taken in a three necked round bottom flask and degassed
for an hour at 100 °C and followed by purging of Ar and then the temperature is raised to 280
°C . TOP-Se was then added instantly and the reaction mixture was kept for an hour at 260 °C.
Later, Zn precursor was added dropwise and after 4 min, 1:1 mixture of ODE and Oleylamine
was added. The temperature was brought down to 140 °C and appearance of bright orange
emission under UV light confirms Mn doping. Host bandgap tuning was achieved by the
addition of cadmium precursor using a syringe pump for an hour at constant rate and the
collection of aliquots at different time intervals. These samples were thoroughly washed,
characterized using x-ray diffraction to determine the crystal structure, as shown in Figure 4.1
a). Peak shift in the X-ray diffraction (XRD) pattern confirms Cd-doping in the zinc blend
structure of ZnSe. Transmission electron microscopy (TEM) is used to determine the size of
the Mn doped QDs as shown in Figure 4.1 b) and c¢). The average size of the Mn doped QDs
are 4.7 nm as seen from the size distribution histogram. and inductively coupled plasma optical

emission spectroscopy (ICP-OES) was employed to determine the percentage of Mn and Cd
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with respect to Zn. Mn in all the doped samples was found to be about 1% of the cation
concentration.

To determine the electronic and atomic structure of ZnSe and Mn-doped ZnSe nano-clusters,
we have used first-principles calculations based on density functional theory (DFT) as
implemented in Quantum Espresso code®’, modeling the interaction between ionic cores and
valence electrons with norm-conserving pseudopotentials.®® ** We treated the exchange-
correlation energy of electrons within a local density approximation (LDA) using a functional
form parametrized by Perdew, and Zunger®’. In the self-consistent field (SCF) calculations, we
truncated the plane wave basis with cut-off energies of 70 Ry and 280 Ry in representations of
Kohn-Sham wave functions and charge density, respectively. We relaxed the geometry of each
structure fully until atomic forces converged within 0.03 eVA™! are obtained. To simulate an
isolated (free) cluster, we used a 20 A x 20 A x 20 A periodic cubic cell, and only the
wavefunctions at I' point (Bloch vector = (0,0,0)). We simulated ZnSe cluster of diameters is
about 10 A made of 20 atoms (10 Zn atoms and 10 Se atoms) (refer Figure 4.2 a)). We replaced
one Zn atom in ZnSe nanocluster by a Mn atom to construct Mn-doped ZnSe nanocluster (NC)

(see Figure 4.2 b)), and simulated it with spin dependent DFT.
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Figure 4.1 (a) XRD pattern for Mn doped CdxZn1xSe QDs. (b) TEM image of Mn doped
CdxZn1xSe QDs (x = 0.05, Scale bar — 10 nm) (c) Size distribution histogram of the same

showing average size to be 4.7 nm.
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We determined the exciton formation energy of ZnSe and Mn-doped ZnSe nanoclusters
starting with a N-particle ground state, where all the electrons occupy valence states at zero
temperature. We have used constrained occupation number method to model an exciton, in
which we excite an electron from the highest occupied molecular orbital (HOMO) to lowest
unoccupied molecular orbital (LUMO) creating a pair of hole and an electron. The exciton
formation energy (Efm) can be estimated using:

EForm=Ees'Egs

where Ees and Egs are the energies of N particle excited and ground states respectively.

The supernatant comprising the QDs was then stored under refrigeration.

4.4. Results and Discussion

In order to understand the nature of Mn emission, we use four samples with Eg4 ranging from
2.3-2.9 eV (obtained from maxima of the first derivative of the absorption spectrum) as shown
by the absorption spectra of doped and undoped CdxZn1xSe QDs as shown Figure 4.2. Figure
4.3 a) shows the room temperature steady state PL spectra of Mn-doped (thin solid lines) and
undoped (dotted lines) CdxZn1xSe QDs for Eg ranging from 2.3 t0 2.9 eV.

Wavelength (nm)

600 550 500 450 400
T T T T T L T

Doped 1
- =+ Undoped

Absorbance (a.u.)

20 22 24 26 28 30 32 34
Energy (eV)

Figure 4.2 Optical absorption spectrum of Mn doped CdxZnixSe and CdxZni1«Se QDs for x

values ranging from 0 to 0.2
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From this data, it is evident that Mn doped higher Eg materials (> 2.8 eV) are
characterized by an intense single peak at 2.15 eV. However smaller Eq materials show the
presence of a second peak at higher energy (Peak Il). Earlier literature reports have assigned
this new peak to the band edge emission from the undoped fraction of the QDs.*! However, the
band edge emission occurs at much higher photon energy for materials with similar Eq (dotted
lines in Figure 4.3 b)) negating the previous assignment. Observation of this peak Il in
homogenous systems like CdSe 143 and the absence of lattice strain required to tune the Mn
emission to 2.5 eV1" 18 excludes the possibility of the emission from the fraction of strained
QDs.
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Figure 4.3 (a) Steady state and gated PL of doped QDs (thin lines and thick lines respectively).

dotted lines show steady state PL of the undoped QDs. (b) Gated PLE with a delay of 100 ps

and time-integrated PLE spectra of doped QDs taken at 2.15 eV. (c) Temperature dependence

of steady state PL measurements for doped QDs with Eg of 2.45 eV (x = 0.06). Inset shows the
plot of T, as a function of Eg of the host material. Solid line is a guide to the eye.
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In order to understand the nature of this peak Il, we measured PL of Mn-doped samples
collected after 100 us (gated emission) and the results are shown as thick lines in Figure 4.3 a).
We note here that there exist two peaks even in the gated PL emission at relatively invariant
positions (~2.15 and ~2.5 eV) indicating two species, one long lived and another that is either
long lived or is electronically coupled to the long-lived Mn emission. The variable energy peak
Il observed in steady state PL could be a convolution of peak | with the ~2.5 eV peak, with the
actual position and intensity depending on the relative ratios of the two peaks. We tentatively
assign the peak at ~2.5 eV to a short-lived transient species that is electronically coupled to the

long-lived Mn emission peak.

PL excitation (PLE) and gated PLE spectra measured at a PL emission of 2.15 eV have
been used to understand the origin of the Mn excitation and the nature of this new transient
species. Interestingly, for Eg lower than 2.5 eV (brown and dark grey curves in Figure 4.3 b)),
we observe that, irrespective of the value of Eg, the gated PLE intensity goes to zero at around
2.5 eV, demonstrating that there is a minimum energy required to excite Mn, possibly arising
from the excitation of the transient species. This transient species would then be responsible
for the excitation of the spin forbidden 2.15 eV Mn d-d transition. It should be noted that for
Eg higher than 2.5 eV both the time integrated and gated PLE spectra match with the absorption
spectra as expected (green curve in Figure 4.3 b)).

The observation of this peak Il, only in similar Eq materials suggests a thermally
activated pathway for energy transfer, further confirmed by low temperature PL spectroscopy
experiments shown in Figure 4.3 ¢).%® From the figure, it is evident that in the intermediate Eq
materials the intensity ratio of Peak Il to Peak | decreases substantially with decreasing
temperature. We interpret these changes and hence lifetime of the transient species, in terms
of a thermally driven back-transfer process from the transient Mn species to the host material
which is quenched by reducing the temperature and is more relevant for lower bandgaps. At
lower temperature the intensity of peak-1 emission increases due to the reduction of back
transfer and the two-peak structure of the PL spectrum is recovered. In fact, the critical
temperature T¢, determined as the minimum temperature above which we observe the onset of
the back-transfer process, leading to the two peak structure in PL for materials with Eq ranging
from 2.3 t0 2.8 eV, is shown to increase with increasing Eq as seen in the inset to Figure 4.3 ¢),
demonstrating the increase of lifetime of transient species in mid E4 materials. This trend is
further confirmed by the observation of only one peak at room temperature for lower Eg

materials (~2.35 eV), that can be deconvoluted into the peak Il and a tiny peak-l emission
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(Figure 4.4). High Eq materials (Figure 4.5) only show an increase in absolute PL intensity with
decreasing temperature due to decrease in the non-radiative pathways.** It is interesting to note
that this quasi-thermal equilibrium through low temperature PL and time-resolved PL will
provide better insight into the energetics and rate of thermally activated pathway for energy

transfer. However, that is not the emphasis of this work but rather to find the nature of this

transient species.
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Figure 4.4 Temperature dependent PL spectra of the doped QDs with band gap ~ 2.35 eV (x
= 0.15).
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Figure 4.5 Temperature dependent PL spectra of the doped QDs with band gap ~ 2.7 eV (x=
0.01).
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Figure 4.6 (a) and (b) AT/T maps as a function of probe wavelength and time delay for ZnSe
and Mn doped ZnSe QDs respectively. (c) Decay profile at the band edge absorption near 3.1

eV (400 nm) with multiexponential fit of the curves (dashed lines).

Ultrafast optical spectroscopy has the capability to observe and trace the origin of this,
so far elusive, transient species and its role in energy transfer, paving the way to the
understanding of the mechanism of Mn emission. Ultrafast TA measurements on doped and
undoped ZnSe QDs as a function of pump-probe delay are shown in Figure 4.6. Similar to
earlier reported literature on Mn-doped CdS/ZnS structures 2> 2 and Mn-doped ZnS QDs,?’-%0
we observe a single positive peak assigned to photo-bleaching (PB) of the ZnSe with no
evidence of the transient species. The fast decay in doped QDs has been explained by the
presence of an additional transfer channel from the exciton to the dopant, possibly a spin
allowed relaxation as the transfer occurs in sub-picosecond timescales. Surprisingly, as the host
bandgap decreases, the TA spectra on the Mn-doped and undoped CdxZni-xSe samples look
completely different. As a representative example, AT/T spectra at various pump-probe delays
for the case of undoped and Mn-doped CdxZn1xSe for a bandgap of 2.65 eV (x = 0.02) are
shown in the Figure 4.7 a) and 4.7 b) respectively. The TA spectra of both samples consist of
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all the regular salient features observed in QDs like the Stark effect, %> correspondence of the
PB peaks with the absorption peaks 2® as shown by the second derivative peaks of the linear
absorption (grey regions in Figure 4.7 a) and 4.7 b)), long lived photo-induced absorption
denoting the lack of defects and the good quality of the samples. The AT/T dynamics are

independent of the pump fluence, suggesting the suppression of Auger recombination. %
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Figure 4.7 Differential transmission spectra at different delay times for the (a) undoped and
(b) doped QDs with Eg of 2.65 eV (x=0.02), pumping at 3.1 eV, <N> = 1. (c) Differential
transmission dynamics for doped and undoped QDs and (d) the zoom in 2 ps region of (c).

Grey area shows the second order derivative of the linear absorption of the same sample.
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Figure 4.8 (a) AT/T dynamics for un-doped (black line) and Mn doped QDs (red and blue
lines) with a band gap of 2.75 eV (x = 0.005) at the photobleaching peaks (b) the zoomed 2ps
region of (a).

Additionally, while the PB band centered at ~ 2.75 eV (PB-a) in both the undoped and
doped cases can be assigned to the band-edge absorption of CdxZni-xSe, we observe the
evolution of a second PB band at ~ 2.45 eV (PB-b) in doped QDs (see Figure 4.7 b)) similar to
gated PL results shown in Figure 4.2 a). The temporal evolution of the PB peaks shown in
Figure 4.7 c) reveals that the PB-a band in undoped QDs could be fitted with a multi-
exponential function with an instantaneous rise time and a three-exponential decay. However,
doped QDs required the inclusion of a further decay component, with a time constant, Ttrans =
210 fs, in addition to the previous ones (which remained unchanged). This suggests the
presence of a new decay channel in the doped QDs. Interestingly, upon zooming the AT/T
dynamics at initial time scales (Figure 4.7 d)), it can be observed that the build-up time of the
PB-b band is longer than the instrumental response function (IRF) and can be fitted by an
exponential function with a rise time trise = 210 fs. The observation of similar time constants
for the decay of the PB-a band, ttrans, and the rise time of the PB-b band trise SUggests an ultrafast
transfer of excitonic energy from one species to the other. Secondly, the decay of the PB-b
band could be fitted to three exponential decay with an average time constant of 750 ps. It is
evident that the transient species is unstable in larger Eg materials and is possibly
instantaneously converted back as this species is not observed in these cases. Hence this
lifetime should be entirely compensated due to thermally allowed back transfer to the host as

also observed from the temperature dependent Mn d-d excitation and emission study.
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Upon increasing Eq from 2.65 eV to 2.75 eV (see Figure 4.8) the time constant of both
the decay of the PB-a band and the rise of the PB-b band decreases to t = 160 fs. This lifetime
further decreases below the IRF upon increasing the Eq to 2.9 eV in Mn-doped ZnSe and all
the other host materials. Similarly, the average decay time of the transient species at 2.5 eV
decreases from 750 ps to 330 ps upon increasing Eq from 2.65 eV to 2.75 eV and could not be

observed within the time resolution for Mn doped ZnSe at about 3 eV.
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Figure 4.9 AT/T maps as a function of probe wavelength (nm) and time delay (ps) for (a) un-
doped and (b) Mn doped QDs (x = 0.2) respectively.

Decrease in Eg below the Mn excitation energy of 2.5 eV resulted in similar spectra for both
undoped and doped counterparts as shown in Figure 4.9 with a 10 fold increase in the quantum
yield in presence of Mn doping. A weak Mn emission observed under gated emission at this Egq
as shown in Figure 4.2 a) is the only direct confirmation for the presence of uniformly doped
Mn in the QDs. However, it is interesting to note that when we achieve resonance between
the Mn excitation energy and the band gap, this spin allowed species mediates the transfer of
energy between the host and the spin-forbidden Mn?* species reversibly and exclusively
coupled to the conduction band of the host. This spin driven opto-electronics could play an
important role in overcoming energy losses such as non-radiative recombination losses as well
as overpotential losses in photovoltaic applications. Hence it is imperative to understand the

nature of this transient species.

It should be noted here that the involvement of a transient species which leads to the
excitation of Mn is first such claim to the best of our knowledge. The emergence of a new
peak under spectral projection is remarkable mainly because of the transient nature of the
phenomena. It is possible to observe a peak only when the peak is long lived. However, it has

been observed that when the states are not in resonance, the transient peak is so short lived that
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it is unable to detect them even in femto-second timescales. Similarly, it can be predicted that
when the back electron transfer is efficient, we would again not observe the transient species
as the back electron transfer has to be efficient on a similar time frame. Hence observation of
this species is limited to the resonance of the states but not enough to have a back electron
transfer. Hence observation of this species is indeed very remarkable. Taken together, these
data suggest the presence of transient species with a spin allowed transition around 2.5 eV that
can be excited by energy transfer from the photoexcited electron-hole pair of the host
semiconductor. Study of various Mn transitions in literature #*-*6 shows that the Mn3* gives rise
to a spin allowed d-d transition °E = T, around 20000 cm™ or 2.50 eV. However, our steady
state dopant has been unmistakably identified to be Mn?* and not Mn®*.4! Both cases are only
consistent with a two-step energy transfer process. The photo-excited hole decays on the sub-
picosecond timescale from the host valence band to the Mn?* ions creating a transient Mn**
state, which is then responsible for the PB-b band at 2.5 eV observed in Figure 4.7 b). This
transient Mn®* species absorbs energy to form the spin allowed °T state (visible in TA) which
upon the capture of photo-excited electron returns to the spin forbidden excited *T; state of
Mn?*. Further decay to the ground state has been extensively studied * > and will not be

discussed in this chapter. A schematic picture of the process is shown in Figure 4.10.
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Figure 4.10 Schematic of the energy levels involved in the two-step process leading to Mn?*

emission.
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Figure 4.11 Temperature dependent gated PL measurement for sample with band gap of 2.7
eV (x =0.01).
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Figure 4.12 (a) Spin dependent Partial DOS of Mn doped ZnSe in the ground state. (b) Spin
dependent total and partial DOS of Mn doped ZnSe in the excited state.
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Two questions arise out of the proposed mechanism: (i) the observed long lifetime of
transient species at 2.5 eV in PL spectra contradicts the spin-allowed nature of this transition;
(i) what is the probability of transformation of the Mn?* ion to the Mn®* ion by the removal of
a relatively tightly bound 3d electron? The observed long-life time of the 2.5 eV peak can be
assigned to a slow temperature-activated feed-back of electrons from the long-lived Mn?* d-d
transition and is hence limited to low Eq materials as well as high temperatures, as shown by
the decreased intensity of 2.5 eV peak in Figure 4.11. To estimate the probability of Mn?*/Mn3*
transformation due to the Mn 3d orbital interaction with a valence band hole, we performed
first-principles calculations based on DFT to estimate the exciton formation energy, i.e. the
energy required to remove the electron from the valence band forming an electron-hole pair, in
ZnSe and Mn-doped ZnSe QDs (note that this is different from the commonly used exciton
binding energy). Our estimates of formation energies of excitons in ZnSe QDs and Mn-doped
ZnSe QDs are 1.8 eV and 885 meV respectively, demonstrating a substantial reduction in the
exciton formation energy with Mn substitution in ZnSe and suggesting an active involvement
of the Mn ion in the excited state formation. This is consistent with the additional fast decay
component observed in the TA spectra of doped samples (Figure 4.7 c)). From the spin
resolved projected electronic density of states (DOS) (Figure 4.12 a)) of excited state and
analysis of its charge density in Mn doped ZnSe clusters (Figure 4.13) it is evident that there
is a strong coupling between the Mn d states and the bands of the host semiconductor. While
the spin forbidden nature of the direct Mn d-d emission can be deduced from DOS of the ground
state (Figure 4.12 a)) and excited state (Figure 4.12 b)), it is important to note the weaker Mn
d contribution to the state at the Fermi energy of the excited state, confirming the proposed

mechanism discussed in Figure 4.10.

[
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Figure 4.13 Highest occupied molecular orbital (HOMO) and Lowest unoccupied molecular

orbital (LUMO) charge density maps for the excited state.
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4.5. Conclusions

In conclusion, the short-lived transient Mn species responsible for the excitation of the spin
forbidden Mn d-d transition in 11-V1 semiconductor QDs has been observed by increasing its
lifetime by tuning the host Eg energy to be in thermal equilibrium with the transient species.
The growth and decay of this species is resolved by ultrafast TA spectroscopy. Based on these
observations, we propose the formation of transient Mn®* species with a spin-allowed transition
into the °T state as the source of excitation of the Mn dopant ions. An important consequence
of this understanding is the requirement of 2.5 eV excitation energy for the Mn emission
previously believed to be 2.15 eV. Furthermore, the transfer of the photo-excited hole to the
Mn atom is more efficient in QDs compared to bulk or nanowires due to the stronger overlap
of wave functions, leading to incompletely suppressed band edge emission in these bulk
materials. This understanding of the mechanism of Mn emission has an immediate consequence
in overcoming internal energy losses like Auger recombination, overpotential losses and so on.
Spin driven opto-electronics may be a new strategy for designing optimal devices for photo-

emissive and photo-voltaic applications utilizing the fundamental spin conservation laws.
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5.1. Abstract

Lead halide perovskite quantum dots (QDs) are interesting semiconductors for photovoltaic
and optoelectronic applications due to their low cost, efficient external quantum efficiencies
and bandgap tunability. Clear understanding of the internal structure and bonding of the mixed
halide perovskite QDs is necessary to design stable materials for applications. Using a
combination of optical absorption and emission spectroscopy, X-ray diffraction (XRD),
Extended X-ray absorption fine structure (EXAFS), and Raman spectroscopy, we probe the
extent of alloying and phase segregations in these mixed halide perovskites at three different
length scales. The internal structure of mixed halide perovskite QDs are identified as domain-
free mixed halide solid solutions with randomly distributed halide ions about the Pb centre with
up to seven possible distinct but dynamically changing [PbCIxBrs—]* environments with only
Pb-Cl and Pb-Br bonds which are also sensitive to the changes in the unit cell dimensions
resulting from the substitution of Br by Cl, obeying Vegard’s law. However, it has been
observed that the weak bonding within the octahedra is responsible for the dynamic nature of
this environment. Better optoelectronic devices with enhanced stability and performance may

be realized through careful manipulation of the different phases present in these materials.

5.2. Introduction

Colloidally synthesized QDs of cesium lead halides (CsPbX3 X: ClI, Br, 1) are highly promising
for light emitting applications. Since the discovery of lead halide perovskite QDs by using thin
films for optoelectronic!- and photovoltaic applications®® there have been great deal of interest
in studying the structure-property correlations. Colloidal synthesis of perovskite QDs have
utilized the ability of solution processability and cost effectiveness to gain enormous interest
among the scientific community. As an additional advantage these systems exhibit extremely
high photoluminescence and sharp absorption edges. The bandgap tunability in the entire
visible range for perovskite QDs are obtained by the variation in the halide composition.®
However, stability of these QDs in the ambient environment due to light induced phase
segregation,'® 1! and inability to maintain optically active cubic phase® is still a major concern

in the well-studied area of perovskite QDs.

Apart from the structural issues, mixed halide perovskite materials are known to
undergo anion exchange in solution,'? 13 photo induced phase separation* and other unusual

properties largely due to, fast rate of diffusion and high mobility of the halide ions through the
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crystalline lattice of lead halides.™ ® More research is needed to understand whether mixed
halide perovskites form alloys, and if so their stability and other factors that trigger phase
segregation. and how it has influence on the optoelectronic properties. Additionally, clear
understanding about lead halide octahedra for the pure and mixed halides which are the

building blocks of the perovskite QDs are important to design high performance devices.

Conflicting reports in the literature regarding the crystal structure of CsPbBrs QDs as
cubic® and orthorhombic!’ 8 still exists and benchtop XRD to determine the accurate crystal
structure is limited due to the peak broadening arising from smaller nanocrystal size, and high
background due to the presence of ligands. The unanswered questions in phase segregation
include recognizing the channels that facilitate ion migration and phase segregation dynamics
of the lead halide octahedra, differentiating between alloys and solid solutions with several
possibilities of individual halide compositions.

To date, most of the mixed halide hybrid perovskite structural studies have relied
broadly on diffraction-based methods.'® Recently, Rosales et.al have used solid state nuclear
magnetic resonance (NMR) spectroscopy to investigate phase segregation and alloying nature
of organolead mixed halide perovskite, but the understanding of the microstructure and extend
of alloying in the mixed halides remains incomplete.?® However, Karmakar et. al identified
seven distinct Pb octahedral environments in the Br/Cl mixed halide perovskites using one and
two-dimensional NMR spectroscopy.?! Even though solid state NMR spectroscopy is a
powerful tool to probe the local chemical environment of NMR active nuclei’, it cannot give
detailed local structural environment around the atoms including lead-halide bond distances

and octahedral arrangements.

In this chapter, we investigate the structural properties of perovskite QDs at a macro,
micro and atomic level length scale with the help of XRD, Raman spectroscopy, and local
structure analysis (EXAFS). X-ray diffraction approaches are excellent for the determination
of the long-range crystal structure, while EXAFS is one of the few characterization tools
capable of measuring atomic level nearest neighbour environment providing direct information
regarding the local structure of mixed halide perovskites. But EXAFS is limited to the nearest
neighbour environment and not a suitable tool to provide the extent of mixing in the octahedra
of mixed halide perovskites. Raman spectroscopy is an excellent tool to understand the nature
of octahedral coordination in the mixed halide perovskites and can shed light on to the extent

of mixing of various halides within the octahedra in mixed halide perovskite QDs. Here we
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discuss a detailed analysis on the local structure of mixed halide perovskite QDs and correlate
the findings from the X-ray crystallography, with Raman spectroscopy results providing a
detailed understanding on the structure of mixed halide perovskites at various length scales
with suitable experimental probes at each length scales.

5.3. Experimental Methods
Chemicals used in the experiments include Cs2COs (99.99%), octadecene (ODE, 90%), oleic
acid (OA, 90%), oleylamine (OLAm, 70%), PbBr> (99.999%), PbCl> (99.999%), n-hexane
(>97.0%), trioctylphosphine (TOP), and are used straight after purchasing from Sigma Aldrich.
All solvents and reagents were of analytical grade and directly used without further
purification.

Cesium oleate was prepared using standard literature methods® using Cs2COs and OA
in presence of ODE at high temperature of 150 °C until all Cs,COs reacted with OA forming a
clear solution of Cs-oleate.
5.3.1 Synthesis of CsPb(Br/Cl)s perovskite quantum dots (QDs): Perovskite QDs were
prepared according to the method described by Protesescu et al.® Stoichiometric mixtures of
PbCl, and PbBr,, were taken for the synthesis of both size and composition modulation of
CsPb(Br/Cl)s perovskite QDs. ODE (5mL) and the required Pb salts were loaded into a 3-neck
flask and dried under vacuum for 1 hour at 120°C. Dried OIAm (1.5 mL), dried OA (1.5 mL)
and TOP (1 mL) were injected at 120°C under Argon flow. After the complete solubilization
of the precursors added and obtaining a clear solution, the temperature was raised up to 180°C
for composition modulation and Cs-oleate solution (0.4mL preheated to 100°C) was quickly
injected and 5 seconds later the reaction mixture was cooled down by ice water bath. For the
sized variation sample Cs-oleate is injected at lower temperature (120-180 °C). The QDs were
purified by centrifuging the crude solution for 10 minutes at 5000 rpm. The precipitated QDs
were redispersed in hexane and centrifuged for 5min at 10000 rpm. Following this the
precipitate, containing unreacted precursors, larger QDs and agglomerates, was discarded. The

supernatant comprising the QDs was then stored under refrigeration.

5.4. Results and Discussion

We have first synthesized a series of pure and mixed halide perovskite QDs (P0-P100)
following the hot injection method adapted from the literature® by taking stoichiometric
mixture lead halide salts. Figure 5.1 displays the absorption and photoluminescence spectra of
the perovskite QDs. Pristine CsPbCls (PO) QDs emit near UV-blue PL at wavelength of 404
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nm whereas pristine CsPbBrs (P100) emits bright green PL at a wavelength of 512 nm. PL
emission of the mixed halide perovskites ranges between 404 to 512 periodically red shifting

in accordance with the composition modulation.
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Figure 5.1 Absorption and steady state PL emission spectra for mixed halide perovskite QDs.
PO is CsPbClz and P100 is CsPbBrsz and P0-P100 shows various combination of mixed halide

composition.

To investigate the internal structure of the mixed halide perovskite QDs for different
compositions we employed local structure analysis using XAFS spectroscopy. To accomplish
this goal, we studied XANES and EXAFS as a probe to study the variation of co-ordination
number and different bond contribution between the halides. A series of XAFS fluorescence

spectra were collected at Pb-Li-edges for various samples starting from CsPbCls to CsPbBrs.
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Figure 5.2 QDs. a) Pb-Liu-edge XANES spectra for CsPb(CI/Br)s. Inset shows the comparison
of the stoichiometric variation in the bromide ion content to the variation obtained from the
linear combination fit of the XANES spectra for the mixed halide CsPb(CI/Br)z QDs. b) Zoomed
XANES spectra for mixed halide CsPb(CI/Br)s (P0-P100).

The data were processed using ATHENA software?? and the Pb-LIIl edge XANES spectra
are shown in Figure 5.2 a). In order to get the quantitative values for the same, we perform a

linear combination fit of the experimental XANES data for the mixed halide perovskite by
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comparing with the same from pure lead halide perovskite QDs. The analysis gives rise to the
actual variation in the halide composition with respect to the stoichiometric mixture of lead
halides taken during the synthesis. Inset of Figure 5.2 a) shows that difference between the
halide content in the mixed halide systems taken during the synthesis and the results obtained
from the linear combination fit between CsPbCls and CsPbBrz.The red line shows a linear fit
to the data and it is evident that the shift from the ideal behaviour is minimal suggesting
formation of mixed halide systems in the desired range. The results obtained from linear
combination fit of XANES is used as the accurate halide compositions for the further analysis.
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Figure 5.3 a) XRD patterns for pure and mixed halide perovskite QDs. Experimental data is
compared to the bulk cubic structure of CsPbClz and cubic and orthorhombic structure of
CsPbBrs. b) Shift in the XRD peaks for CsPb(CI/Br)s QDs. c) shift in the XRD peak vs Br ion
content in the CsPb(CI/Br)3 QDs.

A close look at the XANES spectra as shown in the Figure 5.2 a), for the mixed halide
(Figure 5.2 b)) shows several isosbestic points. Presence of isosbestic points in the spectra
indicates that the mixture constitutes a combination only two paths namely, Pb-Cl or Pb-Br
bonds and in a single environment. Isosbestic points in the mixed halide perovskite also

confirms that there are no other environments present in the mixed halide perovskite structure.
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To understand the crystal structure of the mixed halide perovskite QDs in comparison
to the bulk lead halide perovskites, powder XRD measurements were performed at room
temperature of the drop casted films of samples PO to P100. Even though conflicting literature
on the crystal structure of CsPbBr3 (P100) are available, our results show that the orthorhombic
structure provides a better match than the cubic structure for CsPbBrs. XRD patterns for all the
samples are shown in Figure 5.3 a). The XRD pattern for the pristine CsPbClz (P0) shows the
same characteristic peaks as the cubic CsPbCls bulk structure and the mixed halide perovskite
QDs (P25 -P86) shows a periodic shift in the peaks which is due to change of halide
composition. Figure 5.3 b) shows the observed 20 shift in the XRD peak for the QDs and
plotted against the Br ion content in the mixed halide CsPb(CI/Br)s; QDs. Absence of mixture
of peaks originating from the respective individual CsPbClz and CsPbBrs structures in the
mixed halide systems indicates the formation of alloyed structure with an effective lattice
parameter ranging between CsPbCls and CsPbBr; following Vegard’s law.2® Cubic CsPbCls
and orthorhombic CsPbBrs can alloy due to the smaller lattice mismatch (4.5 %)?° and are not
going to phase-segregate in spite orthorhombic structure of CsPbBr3 as it arises due to slight
rotation of octahedra and is unlikely to disrupt the perovskite structure in the mixed halides.
The solid solution behaviours of the mixed halide perovskite QDs can be observed from the
linear behaviour of the peak positions observed for QDs from PO to P100 as shown in Figure
5.3¢).

While detailed analysis on the XRD provided information on crystal structure of mixed
halide perovskites, XRD techniques are limited to macroscopic scale. Minor changes locally
in the systems cannot be understood by a global technique like XRD. However, Pb-Cl and Pb-
Br bonds within the mixed halide CsPb(CI/Br)z lattice can be studied using the quantitative
EXAFS analysis of the nearest neighbours. While the XANES region is known to give
information about the oxidation state of the Pb ion, the information regarding the local first and
second shell structure around the absorbing atom (Pb) can be obtained from analysing the
EXAFS region of the data. The evolution of the local structure around Pb with the addition of
PbBres octahedra is thus studied for the series of CsPb(CI/Br)s samples. Pb-Lii-edge y(k) data
for all the samples have been shown in Figure 5.4 a). From the plot it is evident that the as the
Br content increases, the k-space oscillations periodically shift towards Br-rich environment
eventually matching the k-space oscillations of pure CsPbBrs. This confirms that there are
indeed 2 paths, Pb-Cl and Pb-Br bonding. For further confirmation, the data from these samples
were Fourier transformed and plotted in R-space as shown by open circles in Figure 5.5 a —e).

Visual inspection of these real (R) space EXAFS plots signals that the local structure around

89



5. Structure of Mixed Halide Perovskite Quantum Dots

Pb is gradually converting from CsPbCls to CsPbBrs through different stages of halide
incorporation. However, in order to obtain more quantitative information on the bonds
involved, we modelled the EXAFS spectra with a theoretical standard and generated the
relevant paths using FEFF6 within the ARTEMIS program.?* The theoretical model consisted
of CsPbClz in its cubic form with space group pm3m and CsPbBr3 in the orthorhombic crystal
structure with space group Pnma. The solid lines represent the best fit obtained from this
procedure, whereas the thin lines depict the component paths necessary to achieve this fit.
Figure 5.5 a—e) shows the experimental data and the fit for mixed halide CsPb(CI/Br)3
QDs. It is evident from the plots that the dominant contributions are coming from only Pb-CI

and Pb-Br path and there exists no intermediate bond in the mixed halide perovskites.
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Figure 5.4 k2-Weighted y(k) oscillations for Pb-Lui-edge for different samples of CsPb(CI/Br)s
(PO-P100).

The EXAFS fitting is performed over a R range of 1-4 A for all the samples to study
the gradual changes observed going from pure CsPbCls structure to CsPbBra. It evident from
figure that gradual evolution of Pb-Br path is seen as we go from CsPbCls and there are four
parameters in the model: the coordination number (CN), the energy shift (AE0), the adjustment
of the half-path length (AR), and the mean-square relative displacement of absorber and
backscatter atoms (62).2* The related fitting results of the EXAFS spectra are summarized in
Table 5.1. The R factors of both samples are far less than 0.02, corroborating the accuracy of
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fittings. From the Table 1 it is seen that the coordination number (CN) for CsPbBr3 is 5.93
which is close to optimum value of 6 for the perovskite structure. In contrast for Cl rich systems
the CN is lesser than the optimum value. This demonstrates that CsPbClz based systems have
halide vacancies whereas CsPbBr3 have minimal defects and halide vacancies. Taken on whole
the EXAFS data provides a strong evidence that the mixed halide perovskite systems are built
on only Pb-CI and Pb-Br bonds. In addition to that, EXAFS also provides more information
regarding halide deficiencies in Cl rich QDs and are directly correlated to the halide ion
migration in mixed halide QDs resulting in low quantum yield.
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Figure 5.5 a-e) Magnitude of Fourier-transformed Pb-Lii-edge EXAFS spectra (open
symbols) and their best fit (solid line) for PO-P100 (CsPb(CI/Br)3). Thin lines show their
component fitting paths.

Structural analysis of mixed halide perovskite QDs of various halide composition using
both XRD studies and EXAFS reveal several information about the internal chemical bonding
and the long-range order of the chloride and bromide perovskite QDs, but the key information
about the arrangement of the octahedra in the mixed halide perovskites cannot be understood
using the above-mentioned techniques. As both XRD and EXAFS average out the result and
give a global perspective about the overall lattice arrangements and local environment around
Pb atom, both the techniques fails to explain the nature of mixing of the halide octahedra and

how it changes as more and more Br atoms are introduced.
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Sample R (A) N (6?) AE (eV) R -

factor

PO 2.25+0.03 4.33 0.01+001 | -1.71+0.86 0.021

P25 | 2.19+0.05 | 3.50+0.87=4.37 | 0.06+0.001 | -2.49+1.84 0.012
2.69+0.03 0.01+0.03 | 4.89+0.58

P51 | 2.23+0.06 | 2.34+2.47=4.81 | 0.01+0.002 | -3.25+1.78 0.022
2.59+0.04 0.02+0.005 | 1.98+1.76

P72 | 2.16+0.07 | 1.38+3.66=5.04 | 0.01+0.002 | -4.37+0.87 0.021
2.68+0.04 0.02+0.001 | 1.10+1.55

P86 | 2.17+0.07 | 0.72+4.50=5.22 | 0.01+0.004 | -4.80+0.14 0.019
2.65+0.05 0.01+0.001 | 0.11+1.26

P100 | 2.68+0.04 5.93 0.01+0002 | 0.73+0.907 | 0.020

Table 5.1 Main fitting results of the fits performed on the Pb Lii-Edge k?-weighted EXAFS

spectra for CsPb(CI/Br)s QDs.
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Figure 5.6 Room temperature Raman spectra for CsPbBr3 (P100).
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Figure 5.7 Temperature dependent XRD patterns for CsPbCls (PO) and mixed halide
CsPDb(CI/Br)s (P51) QDs.
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Figure 5.8 a) and b) Raman spectra for CsPbClz (P0) and CsPbBrs (P100) QDs at 77 K.

Raman spectroscopy, is used to study the chemical environment around octahedra in
mixed halide QDs. Figure 5.6 shows typical Raman spectra for CsPbBrs (P100) at room
temperature. As the octahedral modes are not observable at room temperature due to thermal
effects, the Raman spectroscopy is performed at 77 K. In addition to the reduction of thermal
effects, laser induced anion migration is also reduced at 77 K. We perform temperature
dependent XRD is performed for mixed halide perovskite QDs as shown in Figure 5.7 a) and
b) to confirm that there is no phase change going from room temperature to 77 K. As seen from

the figure, there is no phase change or new phases arising at low temperature, suggesting that
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the Raman spectra collected at 77 K is indeed for the same QDs with no change in octahedral
environment. Figure 5.8 a) and b) shows Raman spectra for CsPbCl3z (P0) and CsPbBr3; (P100)
QDs at 77 K. From the resonant Raman studies, the sharp peaks arising at 72 and 90 cm™ is
assigned to PbClg octahedral rotations matching the literature.?> The Raman modes observed
at 110, 121 and 200 cm* are assigned to the Cs-motion. Similarly, Raman peak corresponding

to PbBrs octahedra is assigned at 78 cm™ as seen from Figure 5.8 b).
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Figure 5.9 a)- d) Raman spectra for CsPb(CI/Br)s (P25-P86) QDs at 77 K. Raman spectra for
(PO and P100) are shown in a) and d) as thin dotted lines for comparison.

The results summarized in Figure 5.9 are those for a material with very fluid properties
with dynamic octahedra whose chemical structure can readily be altered to randomly
accommodate any combination of halide anions. Even at relatively lower level halide
substitutions (i.e., <25%), the halide ion transitions into the lattice replacing a Br for CI (or CI
for Br) immediately affect the lattice parameters of the solid-solution and the corresponding
octahedral modes of [PbBrs]*~ or [PbCls]*", reflecting the sensitivity of Raman spectroscopy
as seen from Figure 5.9 a) and d). As Br replaces Cl, the Raman spectra gets broader due to
the formation of new Pb-X bonds as seen from the Figure 5.9 a). As the halide substitution
increases up to 50%, the Raman peaks get broader where the octahedral modes can be

identified. This observation of broad peaks as seen in Figure 5.9 b) and c) in QDs confirms that
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the sample is a solid solution, since neither phase-separated materials nor micro/nano domains
could be identified. It also can create a highly disordered local [PbXxX's—]*" octahedral
environment due to rearrangements of bond lengths and angles about the Pb centre. These
assignments correspond to probable mixtures of individual lead coordination environments
comprised of [PbClsBr]*", [PbCl4Br2]*, [PbClsBrs]*", [PbCl2Brs]*", and [PbBrsCI]* octahedra,
respectively, which are bound by weak chemical bonds that can be easily altered by exposure

to light.
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Figure 5.10 Cs motion obtained from Raman spectra for CsPb(CI/Br)s (P0-P100) QDs at 77
K.

However, effect on Cs-motion as seen in Figure 5.10 can be correlated with the effect
caused by the changing composition. The observed shifts reveal a linear relationship,
decreasing systematically as Cl anions are replaced by Br anions from [PbCls]* to [PbBre]*
(Figure 5.10). The linear shift observed in the Cs-motion for the mixed halide perovskites upon
composition modulation also is in well agreement with the linear increase in the actual
composition tuning that is obtained from the XANES fit as seen from Figure 5.2.

To summarize, we have shown using systematic analysis of structure property
correlations in perovskite QDs by using different characterization techniques of various length
scales such as XRD and EXAFS and Raman spectroscopy. In particular, we have demonstrated
that XAFS can provide valuable information on the internal local structure in perovskite QDs
from an elemental perspective. These findings concerning the local structure environment
around the Pb octahedra have important consequences regarding their photoluminescence
properties. Also, systematic shift in the bandgap and lattice parameter as halide replacement

occurs supporting the assumption that these materials exhibit alloy behaviour, readily adjusting
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their local ([PbXxX’sx]*") octahedra. The relative ease of rotation of the dynamically changing
octahedral environment explains why slight external trigger such as external light exposure that
can hasten the anion migrations and eventually lead to phase segregation. We expect that this
idea can be used to probe the internal structure of the nanostructures and can provide new

insight to designing new and improved optoelectronic devices.

5.5. Conclusions

These findings further support our conclusion that mixed halide perovskite QDs produces a
homogeneous halide mixture. A periodic shift in the bandgap as halide substitution occurs
supports the conclusion that these materials exhibit solid solution behaviour, readily adjusting
their local ([PbXxX’6x]*) as evident from Raman spectra and long-range (lattice constant)
structure as Cl is replaced by Br. To determine that these materials are not phase-separated or
located as micro scale domains, we investigated these materials using local structure EXAFS
and Raman spectroscopy method. While ongoing development of mixed halide perovskite QDs
will require careful characterization, our study has shown that the combination of both X-ray
diffraction, EXAFS and Raman spectroscopy, are vital to properly characterize these

intrinsically simple yet complex materials.
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Chapter 6

Doping in Perovskite Quantum Dots:

Synthesis, Stability and Local Environment
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6.1. Abstract

Metal halide perovskite crystal structures have emerged as a class of optoelectronic materials,
which combine the ease of solution processability with excellent optical absorption and
emission qualities. However, even though the optical and crystal structure stability in some of
the inorganic perovskites leaves much room for improvement, so far there has been no studies
on the structure property correlation. Further the most promising perovskite structures rely on
lead as a cationic species, thereby hindering commercial application. The replacement of lead
with non-toxic alternatives such as tin has been studied in bulk but not in quantum dots. Also
doing with transition metals such as manganese adds additional functionality to tune their
optical properties. In this chapter, we first obtain the structure property correlation in CsPbls
and CsPbBrs perovskite structures. We then use these correlations to study the stability of Sn
doped perovskites. We synthesize Sn and Pb based alloy perovskite quantum dots by direct
synthesis method by of taking mixture of Pb and Sn precursors in the desired ratio leading to
quantum dots (QDs) of CsPb1.xSnxBryls.y with successful Sn incorporation into the host lattice.
As colloidal stability of these QDs is a crucial factor for device applications, we have studied
the stability of the QDs under different conditions for these Sn based QDs and have found them
to degrade faster upon using anti-solvents during washing process. In order to stabilize them,
we have devised a purification method that is discussed in this chapter. We then study their
structural purity and their optical stability which was found to be extremely stable across the
series of compounds for up to three months. Once the Purification strategy is developed and
stability is obtained, the same method is employed to obtain Mn doped QDs. Transition metal
doping of semiconductor QDs can generate new optical, magnetic, properties through dopant-
host interaction. Although Mn?* doping in semiconducting QDs has been studied for decades,
Mn doped perovskite QDs have opened up new avenues for optoelectronic applications due to
signature Mn d-d emission. However, Mn doping in bromide-based perovskite QDs have not
shown this signature peak sowing doubts about the efficient doping in these systems. Here, we
demonstrate that the chemical bonding and local environment of Mn obtained using electron
paramagnetic resonance (EPR) and X-ray absorption fine structure (XAFS) is similar to that of

chloride-based perovskites.
6.2. Introduction

Intense development of organometallic and inorganic lead halide systems have led to a

dramatic surge in the efficiency of the opto-electronic applications including photovoltaics,* 2
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light emitting diodes (LEDs)® and lasers.* This is largely powered by sustained research
interest to produce cost-competitive, facile, and environmentally friendly technologies.
Among these, the perovskite systems exhibit numerous advantages like abundance of materials,
flexibility, and simple processing leading to low production cost which directly contributes to
the competitiveness with other commercial technologies like indium tin oxide. Additionally,
doping lead halide perovskite QDs with transition metals is also explored improve the stability
and optical properties.®>® In this context, aiming for the retention of optoelectronic properties,
tin based perovskites and transition metal doped perovskites have attracted most attention due
to its similar ionic radii. And in terms of transition metal doping, Mn is most studied due to the

stoke shifted intense Mn d-d emission at 580 nm.”°

The success of Mn doping in 11-VI semiconductors made it a natural extension to address a
similar doping strategy to modify the spectroscopic properties of highly emissive perovskite
QDs as well.5 1% 11 However, although doping with Mn in inorganic perovskite QDs have also
shown improved PLQY,*> 1 structural stability,’* 1> and improved size distribution®®, it is
plagued with the presence of band edge emission leading researchers to believe that there exists
a small percentage of undoped QDs population in spite of best efforts to overcome the same.!!
Additionally, Mn emission has not been observed in hosts with lower bandgaps such as
CsPb(CI/Br)s and CsPbBrs'’-? although doping in similar band gap 11-VI semiconductor QDs
have shown very promising results.?* This anomalous behaviour of retaining the advantages
of Mn doping but lack of the optical signatures of successful Mn doping in perovskite QDs
indicate that relying on optical signature to confirm successful incorporation of Mn as a dopant

may not be valid in the case of perovskite QDs as a host.

But there are several challenges in the synthesis of doped QDs due to the difficulties in
obtaining uniformly doped QDs. Primarily due to the fact that the dopant precursor needs to be
introduced in the initial stage of the reaction and its nearly impossible to replace lead with Mn
post synthesis unlike the synthesis strategies used for doping in 11-VI semiconductor QDs.
Secondly, high dopant to host precursor ratio need to be used for successful incorporation of
Mn into the perovskite structure which affects the reaction conditions. Drastically increasing
the dopant precursor amount in the reaction brings down the colloidal stability and reduced
emission with lots of unreacted precursors in the mixture. However, Mn doped QDs are
relatively stable compared to Sn doped perovskite QDs. Hence standardising the stabilizing
and purifying strategies with Sn as a dopant can help in improving the quality of Mn doped

QDs further and can obtain QDs with enhanced emission properties.
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Despite the impressive progress in lead-halide perovskites, several challenges related to
stability upon prolonged exposure to light, humidity, and high temperature as well as the
development of suitable large-scale manufacturing processes are yet to be addressed. In this
context, the most unsettling flaw of these perovskite materials, that is also a stumbling block
for the large-scale applications, is the toxicity of the dissolvable lead leading to environmental
concerns. This has led to a great deal of interest in replacing Pb with less toxic metals such as
Bi?2, Sn 23, Ge?* but the efforts have largely been unsuccessful due to the highly unstable nature
of these compounds under ambient conditions.

A quick inspection of fundamental physical properties of tin based perovskites lead to
remarkable similarities with their lead-based counterparts. Therefore, Pb substitution by Sn
should cause no obvious lattice distortion in perovskites®. Cesium tin iodide (CsSnls) has
direct bandgap of around 1.3 eV?%, which is even narrower and more attractive for NIR
applications than those of their Pb-based analogues. After exposure to ambient air, the Sn-
based perovskites degrade to Sn** becoming SnO2, which is an environment-friendly material.
Though, recently, Pb free CsSnX3 QDs have been reported to exhibit visible to NIR bandgap
tunability (2.8-1.8 eV) they failed to perform in the field of optoelectronic devices due to very
low PL QY and poor stability?’.

Hence though in principle we expect to reproduce similar efficiencies of these materials, the
tin based perovskites are known to be extremely unstable. While a lot of research has gone
into exploring how to stabilize and improve the efficiency of tin based perovskites, the
fundamental reason for this instability has not been explored. In this chapter we study the
structural correlation in a wide range of lead-based perovskites ranging from highly stable and
luminescent materials like CsPbBrs3 to the unstable CsPbls. We then dope tin in lead-based
perovskites to understand if similar structural features lead to decay of its optical properties.
Then, we look for stabilizing the Sn doped cesium lead halide systems by maintaining the
structural phases to study its optical properties. Once the purification strategy is developed and
stability is obtained, the same method is employed to obtain Mn doped QDs. Here, in this work
we compare various characterisation techniques used in Mn doped nanostructures to confirm
successful incorporation of Mn as a dopant and analyse their reliability in doped perovskite
QDs, in the absence of PL emission features from Mn doped QDs. The lack of clarity and
minimal information provided by structural characterisation and inefficiency of PL emission
spectroscopy to confirm the successful incorporation of dopant to perovskite QDs are

discussed. To confirm the presence of uniformly doped Mn in the QDs, one of the most
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extensively used techniques in early literature was the X-band electron paramagnetic resonance
(EPR) spectra. EPR spectra can also be used to determine the location of the dopant in the
QDs since the hyperfine splitting is strongly dependent on the local environment.?® However,
the expectation of an octahedral lattice for the Mn replacing Pb in the Pb-halide octahedra
further complicates the analysis of the local structure as the surface bound Mn ions are also
expected to have an octahedral geometry owing to O, geometry.?® Though local structure
analysis has been used in literature as an excellent tool to understand the environment around
the dopants, X-ray absorption fine structure (XAFS) has not been studied so far to realize the
local coordination environment around Mn. Insight into the local structure of Mn using XAFS
in Mn doped perovskite mixed halide perovskite QDs can address several of the open
challenges in this class of compounds. This knowledge can also facilitate the information to
unravel the missing links between the dopant emission mechanism and chemical bonding in

Mn doped perovskite mixed halide QDs.

6.3. Experimental Methods

Although optical properties of colloidal perovskite QDs can easily be tailored through halide
exchange reactions,® 3! cation exchange to obtain mixture of Pb and other metals have been
rarely attempted. Recently, replacing a small percentage of Pb with divalent atoms such as
Mn?*, has been tried by taking mixture of Pb and Mn precursors to achieve characteristic Mn
dopant emission.® Post synthetic cation exchange on CsPbBrs by Sn, Cd, Zn to replace Pb has
also been reported recently.® However, direct synthesis of perovskite QDs based on Sn/Pb
mixture has been attempted very rarely.32 Here, in this chapter, we take mixture of Pb and Sn
precursors in the desired ratio to replace Pb with Sn leading to QDs of CsPb1.xSnx(Br/I)z with

successful Sn incorporation into the host lattice.

6.3.1. Materials

Chemicals used in the experiments include Cs2COs (99.99%), octadecene (ODE, 90%), oleic
acid (OA, 90%), oleylamine (OLAm, 70%), Pbl> (99.999%), MnBr2 (99.9%), MnCl».4H>0 (99
%), n-hexane (> 97.0%), trioctylphosphine (TOP), and Snl» (99%) used directly after
purchasing from Sigma-Aldrich. SnBr> (99.999%) was purchased from Alfa-Aesar. All
solvents and reagents were of analytical grade and directly used without further purification.
6.3.2. Preparation of Cs-Oleate

Cesium oleate was synthesized using standard literature methods>® using Cs>CO3 and OA in
presence of ODE at high temperature of 150 °C until all Cs2COs reacted with OA forming Cs-

oleate.
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6.3.3. Synthesis of Undoped and Sn doped CsPb(Br/I); QDs.

Perovskite QDs were prepared according to the method described by Protesescu et al**.
Stoichiometric mixtures of Pbl, and PbBr, were used for the synthesis of undoped QDs,
whereas stoichiometric mixtures of Pbl; and PbBr> with Snl; and SnBr> were taken for the
synthesis of Sn doped CsPb(Br1/I)3 perovskite QDs. Tin precursor was prepared in a glove box
under Ar atmosphere by dissolving SnBr; in the mildly reducing solvent TOP and sonicated
for Smin for complete dissolution of SnBr; salts in I mL TOP. ODE (5mL) and the required
Pb/Sn salts were loaded into a 3-neck flask and dried under vacuum for 1 hour at 120°C. Dried
OlAm (1 mL), and dried OA (1 mL) were injected at 120°C under Argon flow. After complete
solubilisation of Pb/Sn salts, the temperature was raised up to 180°C and Cs-oleate solution
(0.4mL preheated to 100°C) was quickly injected and 5 seconds later the reaction mixture was
cooled down by ice water bath.

6.3.4. Synthesis of Mn-doped CsPb(Br/Cl)s perovskite quantum dots (QDs):
Stoichiometric mixtures of PbCl> and PbBr2, with MnCl2.4H>O and MnBr; were taken for the
synthesis of both size and composition modulation of Mn-doped CsPb(Br/Cl); perovskite QDs.
ODE (5mL) and the required Pb/Mn salts were loaded into a 3-neck flask and dried under
vacuum for 1 hour at 120°C. Dried OlAm (1.5 mL), dried OA (1.5 mL) and TOP (1 mL) were
injected at 120°C under Argon flow. After the complete solubilization of the precursors added
and obtaining a clear solution, the temperature was raised up to 180°C for composition
modulation and Cs-oleate solution (0.4mL preheated to 100°C) was quickly injected and 5
seconds later the reaction mixture was cooled down by ice water bath.

6.3.5. Isolation and purification of the Undoped and Sn doped CsPb(Br/I); QDs and Mn
doped CsPb(Cl1/Br)s QDs

The QDs were first washed by adding tert-butanol to the crude solution and centrifuging at
speed of 5000 rpm for 5 minutes. The supernatant was discarded and the particles were re-
dispersed in hexane. For obtaining colloidally stable QDs, the crude solution was cooled down
by water bath and QDs were separated by centrifuging for 10 minutes at 5000 rpm. The
precipitated QDs were dispersed in hexane and this suspension was centrifuged again for 5 min
at 10000 rpm, after which the precipitate, containing unreacted precursors, larger QDs and
agglomerates, was discarded. The supernatant containing the QDs was then stored under

refrigeration.
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6.4. Results and Discussion

Structure property correlation in lead halide perovskites are first studied to understand the
source of instability of optical properties. It has been well known in literature®® that among the
halides, iodides are known to be optical unstable when exposed to air and moisture. Hence,
we first characterized the CsPblz QDs as shown in Figure 6.1. Figure 6.1 a) shows the
absorbance and PL of CsPblz measured immediately after synthesis (red plots) and measured
after 10 days. It is clearly evident that not only the PL intensity died down within this period
but the absorption was heavily blue-shifted similar to available literature®> showing clear
transformation from optically active to inactive phase. This could possibly be due to a phase
transition during this period as CsPblz QDs are known to be stabilized in both cubic and
orthorhombic phases. This was further verified by XRD patterns of these two samples taken
over a period of 10 days that is shown in Figure 6.1 b) which shows structurally unstable CsPbl3
transforming from cubic to orthorhombic phase under ambient conditions matching the
available literature’. Hence even though stabilising the cubic phase is a challenging task, the
difference in structural information between both the crystal phases and PL features can be a
useful tool to study effect of Sn doping taking CsPbls as starting host QDs. The PL emission
peak at 695 nm for cubic CsPbl; which is dark brown in colour transforms to the yellow
orthorhombic phase that is PL inactive under continuous exposure to air, atmosphere and
moisture. However due to the speed of decomposition and the instability of cesium lead
iodides, doping Sn in CsPbls to study the structure property correlation is non-trivial, even
though CsSnl; is of higher relevance in applications.

In order to overcome this shortcoming, we started doping Sn in CsPbBr3 as it is well
known in literature that CsPbBr3 is more stable than the CsPbl; allowing a better chance to
correlate the properties with the structural information. Sn doped CsPbBr3 for varying Sn
concentrations were characterized by XRD as shown in Figure 6.2 a). From the figure, it is
evident that the Sn-doped CsPbBr3; shows same characteristic diffraction peaks as undoped
CsPbBr3 without the presence of any impurities. Similarly, the band gap of CsPbBr3 in both the
cubic and orthorhombic phases are very similar and optically active. Figure 6.2 b) shows the
optical absorption and PL data upon Sn incorporation which shows blueshift in both the
absorbance and steady state photoluminescence spectra. Undoped CsPbBr3 has a band gap of
509 nm (2.44 e¢V) which upon Sn doping up to 10%, blueshifts systematically up to 496 nm
(2.5 eV). Further increase in Sn percentage leads to severe shift in the band gap, possibly due

to phase segregation or due to the breakdown on the perovskite structure. In addition, it is
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evident that attempt to increase the Sn dopant in the host system leads to optically unstable
QDs. This is not surprising as partial replacement of Pb** by several isovalent ions like Sn**,
Cd**, and Zn*" is known to give rise to blueshift in the optical spectra which is attributed to the

lattice contractions.'®
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Figure 6.1 a) XRD patterns for freshly prepared cubic CsPbls QDs and orthorhombic QDs
after 10 days undergoing phase transformation. Reference XRD for the bulk CsPbls is also
shown for comparison. b) Absorbance and steady state PL spectra for cubic and orthorhombic

QDs taken during the span of 10 days showing degradation.
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However, in contrast to CsPbls wherein direct evidence about stable phase could be obtained
from XRD and optical absorption data, from the perspective of structure property correlation,
the XRD pattern and the band gap of this system does not prove to be very useful. The band
gap of CsPbBrs is not different for both cubic and orthorhombic phase unlike CsPbla.
Additionally, it is nearly impossible to differentiate between the cubic and orthorhombic phases
between QDs of CsPbBrz due to similarities in the XRD patterns of the bulk as also shown in

Figure 6.2 a). Hence direct correlation between structural stability and PL emission cannot be

studied.

Intensity (a.u.)

Absorbance (a.u.)

Figure 6.2 a) XRD patterns for Sn doped CsPbBrsin comparison with reference patterns for

cubic and orthorhombic phases of bulk CsPbBrs b) Absorption and PL emission for undoped

and Sn doped CsPbBrs.
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In order to overcome both these shortcomings, we studied stability of mixed halide
systems as a function of Sn doping with special emphasis on sample purification. In order to
achieve this, we used SnBr» as a cation precursor source in the synthesis such that in addition
to Sn incorporation, anionic mixing between Br and | can improve the structural stability and

optical stability.

Stoichiometric mixtures of SnBr, and Pbl> was used for synthesis of Sn-doped
CsPb(Br/1)s QDs. Normal purification techniques involve washing the as prepared samples
using 1:1 mixture of tert-butanol with crude solution and centrifuged at 5000 rpm for 10 min.
However, these antisolvents like tert-butanol not only precipitate the QDs and the excess
unreacted precursors®* but also facilitate removal of the surface ligands which can lead to
exposure of QDs to air and moisture, thus enhancing the rate of degradation. Presence of
unreacted precursors are favourable for well-known ion migrations giving rise to phase
segregated perovskite QDs reported earlier.®® Hence it is important to introduce an effective

way of purifying as synthesized QDs which can be both structurally and optically stable.
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Figure 6.3 Representative high resolution TEM images for 2.1 % Sn doped CsPb(Br/I)3 QDs

with average size of 11.7 nm.
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Figure 6.4 a) XRD patterns for Sn doped CsPb(Br/l)s QDs washed using tert-butanol. b)
modified purification method to obtain colloidally stable QDs. ¢) XRD for QDs purified using
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method shown in b) showing no impurity and highly crystalline cubic phases.

Representative TEM and HRTEM images for 2.1 % Sn doped CsPb(Br/l)3s QDs are
shown in Figure 6.3 with QDs showing average size of 11.7 £ 1.5 nm. Typical XRD patterns
of Sn doped CsPb(Br/l1)3 QDs for various Sn dopant percentages is shown in Figure 6.4 a). The
sizes as obtained from the broadening of the XRD peaks is estimated to be about 11.5 £ 1 nm
from the Scherrer formula in accordance with the sizes obtained from TEM images. From the
Figure 6.4 a) it is evident that upon Sn incorporation it is seen that orthorhombic peaks started

arising which, in turn, led to less intense PL emission compared to their cubic counterparts.
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Further presence of small mixture of orthorhombic phase led to faster degradation and ion
migrations of the QDs at ambient conditions. Hence, we developed a modified purification
strategy of the Sn-doped QDs for the conservation of the structural integrity. The as synthesized
QDs were centrifuged at high speed for around 10 min to precipitate the QDs and the
supernatant containing solvents like ODE was discarded. The precipitate contained both Sn
doped perovskite QDs and excess ligands and precursor complexes. To remove all the
unnecessary components that are known to hinder the QDs performance were removed by
dissolving the precipitate in hexane and centrifuging at high speed (10000 rpm) for 3 min. By
doing this, unreacted precursors precipitated out of hexane. Further the supernatant was
collected and the process was repeated multiple times to remove the unreacted precursors. The
schematic of the purification process is shown in Figure 6.4 b). These samples are referred as
purified samples in the rest of the chapter.
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Figure 6.5 a) PL spectra for 2.1 % Sn doped CsPb(Br/l)s QDs washed using tert-butanol
showing blueshift in emission and fluctuations in PL emission. b) PL spectra for purified QDs
of 2.1 % Sn doped CsPb(Br/1)s showing stable 588 nm emission peak over 10 days with high
colloidal stability. c) and d) shows variation of PL emission and its intensity over a period of

10 days demonstrating very high colloidal stability for Sn doped perovskite QDs.
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The purified samples were preserved in refrigerator for longer stability. XRD patterns
of Sn-doped QDs purified by above method is shown in Figure 6.4. ¢) which show that all the
samples retain cubic crystal structure and do not contain any of the impurity peaks. Hence by
selective and careful precipitation of the QDs after the reaction, cubic Sn doped CsPb(Br/I)3

QDs can be synthesized.

Optical stability of the QDs were studied over a period of 10 days kept under ambient
conditions and were compared with QDs washed using tert-butanol. The results are
summarized in Figure 6.5. Figure 6.5 a) shows the PL spectra for Sn-2.1% washed using tert-
butanol. Over a period of 10 days we see that the PL blueshifts in addition to reduced PL
intensity. The facile phase segregation in this group of systems are well known in literature®’-
40" and reduced ligands can further hasten this process. Hence this blueshift in the spectra could
possibly arise due to phase segregation of the QDs and phase transition of the iodine rich phase
into the optically inactive orthorhombic phase. Due to this phase segregation, the ratio of
optically active phase contains an increased Br/I ratio resulting in the blueshift of the spectra
in addition to deterioration of the PL intensity. In contrast to this highly unstable QDs,
purification using repeated centrifugations leads to more stable QDs with no shift in PL
emission spectra and minimal intensity fluctuations giving an emission peaked at 588 nm as
shown in Figure 6.5 b). Figure 6.5 c) shows variation in PL emission wavelength plotted over
a period of 10 days for the samples washed using tert-butanol as well as the purified samples.
As observed from the spectra, samples washed with tert-butanol showed a continuous blueshift
while the purified samples showed very high colloidal stability and the PL emission wavelength
was invariant for over 10 days. Similarly, PL intensity variation showed uniform emission
intensity for purified QDs while the samples washed by tert-butanol demonstrated a dramatic

variation in its intensity as also shown in Figure 6.5 c).

However, having good colloidal stability and optical emission quality over a period of
10 days are not sufficient for device application perspective. Hence it is important to know the
structural stability of these QDs over long term. As we have seen that PL emission is directly
correlated to structural properties, even presence of minor surface degradation and exposure
can lead to huge changes in emission quality and PL quantum yield (QY). Additionally, for
device applications, these QDs have to be spin coated to a film and once they are cast on a film,
the chances of reduction in PL QY and transformation from cubic (known as the black phase)

to orthorhombic phase (optically inactive yellow phase) transition are much higher.
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Figure 6.6 a) XRD spectra for 2.1 % Sn doped CsPb(Br/I); QDs showing long term structural
stability over 3 months. b) Normalised PL spectra taken after 3 months in comparison to freshly
prepared Sn-doped CsPb(Br/1)s QDs.

To understand the long-term stability of the Sn doped QDs, we performed XRD and PL
spectra after 3 months and the results are shown in Figure 6.6 a) and b) respectively. The films
exposed to air, moisture and ambient light kept at room temperature showed signatures of slight
degradation and showed presence of slow but definite phase transition. Prolonged exposure to
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ambient light and moisture and atmosphere is shown to degrade the structural features and
PLQY and it has been shown that the encapsulation of these QDs within polymer matrices
enhances the stability.*! The stability of these QDs is also enhanced by the use of various
methods like embedding the QDs in silica microsphere*?* or in PMMA polymer matrix. 3444
Interestingly, we observed ultra-high structural stability for these QDs preserved in glovebox
as seen from Figure 6.6 a). Hence it is recommended to preserve the QDs, especially films
under inert atmospheres for long term stability. Figure 6.6 b) shows normalised PL spectra for
all the Sn doped CsPb(Br/1)3 taken after 3 months showing no blueshift and maintain narrow
emission linewidth with high PLQY.

Once synthesis, purification methods are standardised for Sn based QDs and the reasons
for degradation is understood and long term colloidally stable QDs are obtained, it becomes
easier for preparing Mn doped mixed halide perovskite QDs. Mn doped perovskite QDs were
prepared via hot injection method by taking various ratios of Pb and Mn halides. Figure 6.7 (a)
shows a typical TEM image for Mn doped lead halide QDs showing uniform size distribution
of about 10 nm. XRD measurements were performed on various Mn concentrations to
understand the effect of Mn doping on the structure, with specific emphasis to the shift in the
XRD peaks as well as the probable presence of independent dopant clustering peaks. Figure
6.7 (b) and (c) shows the Mn doped CsPbClz (MP0) QDs for 0% Mn to 7.2 % Mn doped QDs
as obtained from inductively coupled plasma — optical emission spectroscopy (ICP-OES).
From the figure, it is evident that Mn doped QDs possess similar crystal structure as that of
cubic CsPbCls with small shifts arising from the successful doping of Mn with very small shift
for lesser Mn doping into the lattice. Figure 6.7 (d) shows the lattice contraction arising due to
the substitution of the larger Pb2* (133 pm) ions by smaller Mn?* (97 pm) ions further
demonstrating the successful incorporation of Mn into the perovskite lattice. Additionally, the
absence new impurity peaks indicate the absence of independent clusters of Mn impurity.
Further, we observe from Figure 6.7 (e) and (f) that this shift is consistent across the entire
mixed halide series suggesting that the Mn doping has crystallographically similar effect across
the entire series of halides from chlorides to bromides. However, the presence/absence of the
shift in these QDs is often not confirmatory test in QDs due to the broadness of the peak arising

from its small size especially for QDs with smaller concentration of Mn.
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Figure 6.7 (a) Representative high resolution TEM images of Mn doped CsPbCls QDs. (b)
XRD patterns for pure (CsPbCls) and Mn doped halide perovskite QDs with various Mn: Pb
precursor ratio. experimental data is compared to the bulk cubic structure of CsPbCls. (c)
expanded view of the (110) peak indicating the shift (d) Lattice contraction arising due to Mn
doping. () XRD patterns for Br-rich undoped and Mn doped CsPb(CI/Br)s perovskite QDs.
experimental data is compared to cubic CsPbCls and orthorhombic CSPbBr3. (f) expanded

view of the XRD patterns for the same indicating the shift.

Understanding the actual location of the dopant distribution in the QDs is critical to the
observation of the signature optical properties. Hence, we performed X-band EPR spectra for
MPO-MP100 (MPO - Mn doped CsPbCls and MP100 - Mn doped CsPbBr3) and the results are
shown in Figure 6.8. From the figure, we observe a clear signature of Mn at the prescribed
magnetic field of 3200 G. We observe a broad feature with small hyperfine splitting pattern of
an isolated Mn ion in its 2+ oxidation state in the case of all the NC ranging from MPO-MP100.
The presence of a broad feature corresponds to the presence of large Mn concentration within
the QDs and is identical for most of the cases from MPO to MP100. The hyperfine splitting
constant of 86G suggests the presence of an octahedral coordination consistent with previous
reports for an octahedral coordination for Mn in the system, suggesting an absence of clustering
and any other environment for the Mn?* ion. EPR spectra have been traditionally used in
systems that form a tetrahedral environment within the lattice and an octahedral environment

for the species lying outside. In these cases, hyperfine splitting constant has been used to detect
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Mn?* in tetrahedral lattice or the octahedral surface. 4 However, as both the internal lead
halide lattice as well as the surface lattices form an octahedral environment, EPR spectra is
unable to differentiate the exact location of Mn as a dopant and further analysis is required to

decode the local environment around Mn.
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Figure 6.8 Room temperature X band EPR spectra for Mn doped perovskite ODs (MP0-P100).

Thus, with the background that structurally MPO and MP100 show similar results
following the introduction of Mn into the lattice, we study the optical properties that yield
completely different results. So far, the broad Mn emission at ~580 nm has been considered
as a signature of doped Mn semiconductors. Figure 6.9 (a) shows the PL emission spectra for
MPO with various Mn: Pb ratios. The undoped QDs exhibit a PL centred at 404 nm. The 580
nm emission arising from the Mn doping increases in intensity when compared to the host
emission with increase in Mn concentration till 3.2 % Mn, following which we observe a
decrease due to Mn-Mn interactions. However, it is interesting to note that even though the
band edge emission decreases with increasing Mn percentage, it does not go down to zero
unlike other II-VI semiconductors. This behaviour is further exemplified with the introduction
of the bromide ions to substitute the chloride ions as shown in Figure 6.9 (b). Figure 6.9 (b)
shows the absorption and steady state PL spectra for Mn doped CsPb(CI/Br)s; mixed halide
perovskite QDs (MP0-MP100) at room temperature. The consistent redshift in the absorbance
is due to composition modulation obtained by Br incorporation in Mn doped mixed halide
perovskite QDs. Similar to earlier reports,'t #” decrease in intensities of Mn d-d emission is

also observed upon decreasing the host bandgap by Br incorporation. The inset shows a typical
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PL lifetime of Mn emission indicating long lived emission (t~ few ms) in all cases wherever
the signal exists. The dramatic reduction in the Mn emission with increasing Br content was
attributed to removal of Mn from the QDs, which was proven to be wrong as the Mn emission
recovered by doing reverse anion exchange eventually leading to Cl rich QDs.!! ICP-OES as
well as XRD shifts suggests substantial doping in MP100 confirming the presence on Mn in
the QDs. Clear differences in the mechanism of Mn emission in 11-VI semiconductor QDs as
host and mixed halide perovskite QDs*® suggest that presence of strong Mn emission

irrespective of host bandgap is no longer a clear signature of Mn doping.
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Figure 6.9 (a) PL emission spectra for Mn doped CsPbClz with various Mn: Pb precursor
ratio. (b) Optical absorption and steady state PL emission spectra for the Mn doped
CsPb(Cl/Br)s (MPO -MP100) QDs. Inset shows long lived emission lifetime of dopant emission
for MPO (Mn doped CsPbCls) QDs
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In order to understand these controversial structural and optical properties, we further
investigate the local environment around Mn in MP100 by measuring Mn k-edge XAFS. Figure
6.10 shows the XAFS region of k-edge spectra of Mn in R-space. The structural information
around Mn is obtained by performing a multi-shell fitting to the XAFS data. The XAFS fit over
a k-range of 1-11 A ! suggests that the Mn?* in the QDs reside in two sites in Pb-halide lattice.
One site is the interior Pb site replacing the Pb?* and the other being possibly a surface state of
octahedral geometry. The Mn k-edge XAFS fit suggests that significant number of Mn?* ions
in the QDs occupy Pb?* in the lattice. However, Mn?* lack full first shell coordination of Br,
which is an indication of the presence of Mn?* at the surface as well. An Mn-O path was later
added to better fit the data. Our XAFS fitting concludes that Mn is coordinated to six bromides,
with an average the Mn-Br bond length of 2.38 A which is substantially smaller than 2.67 A
observed for Mn-Br in MnBr2. This suggests that the Mn is well dispersed within the lattice
and the Mn-Br bond length is reduced to accommodate Mn within the perovskite structure.
Nevertheless, although this is significantly shorter than the Pb-Br bond length, we observe that

it fits the data well within the perovskite crystal structure.

o Mn_edge MP100
— Fit
= = Mn_Br
Mn_O

X (R)| A*

Figure 6.10 Fourier transform of Mn K-edge EXAFS spectra (circles) and
their fits (red solid line) for Mn doped CsPbCls. Orange and green dotted lines are different
fitting paths.
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Taken together, even in the absence of significant Mn emission from optical studies,
XAFS fit shows that a large percentage of Mn?* indeed replaces Pb?* but creates a locally
distorted environment around Mn with a shorter Mn-Br bond length even in MP100, although

optical signatures are not observed.

Gated PL
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R
[
Q
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T T T T T T
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Figure 6.11 Room temperature gated PL emission spectra for MPO-MP100.

To further confirm this from optical studies we perform gated emission spectra wherein
the emission persistent after a certain delay time is observed. This would be useful to
understand the nature of Mn emission as the Mn emission is well-known to have long lifetimes
(~ few ps) unlike band edge emission (few tens of ns). This could lead to an understanding of
the discrepancy between the local structure understanding and the optical property study.
Figure 6.11 shows room temperature gated PL emission spectra for Mn doped mixed halide
perovskite QDs clearly showing Mn emission even in MP100. Interestingly, this also shows
that although the band edge lifetime is significantly smaller, we observe a strong band edge
peak for MP 100 suggesting that there is a high possibility of transfer back to the band edge
emission. These transfer probabilities have been extensively studied in literature.3* However,
these studies clearly demonstrate that although Mn is efficiently doped in CsPbBr3 as observed
from structural characterization, signature Mn emission peak is not observed due to the new

back transfer probability. This suggests that due to a significantly different Mn emission
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mechanism compared to the 11-VI semiconductor QDs and the common notions followed to
identify the dopant strategies using optical signatures are no longer valid.*” ¢ Hence, even
though Mn emission is absent in MP100, various other structural characterisation tools could
identify the presence and exact location of dopants in MP100. As the PL lifetime for both the
excitonic emission and Mn emission are of different order, performing gated PL with a delay

time can also shed light on Mn emission features in MP100.

6.5. Conclusions

In summary, direct synthesis of Sn doped CsPb(Br/l1)3 and Mn doped CsPbCls by hot
injection method is demonstrated and fast degradation of cubic phase to orthorhombic phase is
systematically studied by directly correlating the structural information with PL emission
characteristics. Presence of unreacted precursors and removal of surface ligands are found to
be accelerators of structural transformation and modified purification of as synthesized QDs
were employed to obtain colloidal stability. Long term stability of these QDs over a period of
3 months were studied and it is found that continuous exposure to ambient air, moisture and
light can lead to partial degradation and it is preferred to store the films of QDs in inert
atmosphere. Colloidal stability study of these QDs under different conditions reveal their
stability under ambient conditions which is apt for various device applications such as LEDs,
photo detectors and lasers. By incorporating dopants like Sn, Mn into the lattice of Pb based

perovskite QDs, these new class of materials may prove beneficial for anumber of applications.
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7.1. Abstract

Opto-electronic devices based on all-inorganic perovskite systems are an energy efficient
source of lighting due to their high photoluminescence quantum yield (QY). However,
dominant surface trapping continues to plague the field, despite their high defect tolerance, as
evidenced by the several fold improvements in the external quantum efficiency of
perovskite quantum dots (QDs) upon appropriate surface passivation or physical confinement
between high band gap materials. Here, we introduce the concept of drip feeding of photo-
excited electrons from an impurity-induced spin-forbidden state to address this major
shortcoming. An increased and delayed (about several milliseconds) excitonic QY, Raman
spectroscopy demonstrating specific vibrational modes of the PbXe octahedra and density
functional theory establish the electron back-transfer signifying an efficient recombination.
We term this electron back-transfer from Mn?" to the host conduction band in this prototypical
example of Mn-doped CsPbX3 (X = Cl, Br) QDs through vibrational coupling as Vibrationally
Assisted Delayed Fluorescence (VADF).

7.2. Introduction

Smart electronic devices demand highly functional, cost and energy efficient solutions and
major strides in this direction can be achieved by the reduction of energy loss pathways. Non-
radiative recombination processes like Auger recombination' and surface defect trapping® *
contribute to the major source of energy loss in the field of lighting. Even the all-inorganic

47 show several fold

perovskite quantum dots (QDs), known for their energy-efficiency,
improvement in external quantum efficiency®’ upon surface processing, despite their high
defect tolerance. This indicates that the energy decay pathways are still dominated by surface
trapping.

One of the ways of avoiding trapping of photo-excited electrons on the surface is to
capture the photo-excited charges internally through a quick pathway and drip-feed the same
from within the QDs to radiative states of the host QDs. The realization of this concept involves
quick extraction of the photo-excited electrons into long-lived impurity levels, slow back-
transfer through finite vibrational coupling of the impurity levels with the host, followed by
radiative recombination of the electrons. However, so far this concept has not been realized in
any real extended solids though a similar path known as the thermally activated delayed

fluorescence (TADF) has shown high degree of success in organic molecules. The use of spin

in the pioneering work of Adaichi e al.'® led the way to harvesting the spin selective losses in
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organic molecules. Despite extensive use of TADF in organic molecules since then, harvesting
the non-radiative losses in solids has not been hitherto attempted in inorganic systems primarily
due to the lack of one single prominent pathway that is faster than other non-radiative losses,
unlike the spin selective (triplet) losses in organic molecules. In this chapter, we introduce the
concept of VADF in inorganic materials to harvest delayed fluorescence. Towards this end, it
is well known in the literature” ''"'* that Mn doping in QDs leads to fast transfer of
charge/energy from the excitonic excitation, typically within a few hundred femtoseconds, ' °
and is retained for several us to ms within the excited state of Mn. Based on the recent evidence
of the observation of the excited state,'! in this chapter we aim to deliberately play with excited
state dynamics to detrap these charges from the Mn and return them to the radiative excited
state of the host within the fluorescence lifetime of Mn to achieve our aim of VADF. It should
be noted that the thermally activated back and forth energy transfer from Mn levels lying above
the conduction band minimum has been demonstrated long back.!® However, two major
drawbacks of this technique are the absence of selection rules as well as the mandatory
requirement of low temperature, providing minor reduction of loss pathways (if at all) at room
temperature. Hence targeted hopping of electrons driven by internal selection rules, as well as
the creation and exploitation of an internal electron storeroom, are not only of fundamental
importance towards our understanding of Mn emission, but also offer a powerful strategy to
increase the efficiency of opto-electronic devices by reducing the overpotential and non-
radiative decay losses.

For the charge detrapping study with vibrational assistance we chose Mn-doped
perovskite QDs as a prototype due to the anomalous properties observed in this class of
materials.'?'* 17 For example, despite extensive efforts spanning over a hundred papers, Mn
emission has not been observed in hosts with lower band gaps (Eg), such as CsPb(Cl/Br)z and
CsPbBr; QDs* 7 13- 141719 and the complete absence of excitonic emission has been elusive in
all materials. This has been attributed to reasons like the disparity of M-Br (M = Pb, Mn) bond

O surface defects,’ and lattice instabilities

dissociation energies,” clustering of Mn atoms,”
arising from size mismatch of the anion and cation.!*> However, when the Eg of the QDs is
higher, for example, in nanoplatelets of CsPbBrs,!” irrespective of the composition, Mn
emission has been observed. Secondly, the absence of Mn emission occurs in perovskites with
E, that is in resonance or near resonance with the Mn excitation energy (500 nm).!! In this

chapter, we study the Mn excitation and emission mechanism for Mn-doped perovskite QDs

with specific emphasis on the coupling of Mn with the host, leading to back transfer of photo-
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excited electrons to the host and hence an improved QY giving rise to an intrinsically new class
of materials

7.3. Experimental Methods

Chemicals used in the experiments include Cs>COs3 (99.99%), octadecene (ODE, 90%), oleic
acid (OA, 90%), oleylamine (OLAm, 70%), PbBr> (99.999%), PbCl> (99.999%), MnBr>
(99.9%), MnCL.4H>O (99 %), n-hexane (>97.0%), trioctylphosphine (TOP), and are used
directly after purchasing from Sigma Aldrich. All solvents and reagents were of analytical
grade and directly used without further purification. Cesium oleate was synthesized using
standard literature methods?! using Cs2COs and OA in presence of ODE at high temperature
of 150 °C until all Cs>COs reacted with OA forming Cs-oleate.

7.3.1 Synthesis of Undoped and Mn-doped CsPb(Br/Cl)3 perovskite quantum dots (QDs)
Perovskite QDs were prepared according to the method described by Protesescu et al.?!
Stoichiometric mixtures of PbCl> and PbBr; were used for the synthesis of undoped QDs,
whereas stoichiometric mixtures of PbCl, and PbBr; with MnCl, or MnBr2 were taken for the
synthesis of Mn-doped CsPb(Br/Cl); perovskite QDs. ODE (5mL) and the required Pb/Mn
salts were loaded into a 3-neck flask and dried under vacuum for 1 hour at 120°C. Dried OlAm
(1.5 mL), dried OA (1.5 mL) and TOP (1 mL) were injected at 120°C under Argon flow. After
complete solubilisation of Pb/Mn salt, the temperature was raised up to 180°C and Cs-oleate
solution (0.4mL preheated to 100°C) was quickly injected and Sseconds later the reaction
mixture was cooled down by ice water bath. For the MP40-LT sample Cs-oleate is injected at
lower temperature (125 °C). The QDs were purified by centrifuging the crude solution for 10
minutes at 5000 rpm. The precipitated QDs were redispersed in hexane and centrifuged for
Smin at 10000 rpm. Following this the precipitate, containing unreacted precursors, larger QDs
and agglomerates, was discarded. The supernatant containing the QDs was then stored under
refrigeration.

7.3.2 Photoluminescence quantum yield (PLQY)

The QY was obtained on drop-casted thin films using an integrating sphere. It should be noted
here that the QY as obtained from the measurement ranged from 70-100% like earlier literature.
However, these uncorrected QY's showed an increase when doped with Mn leading to > 100%.
However, while they may be useful to perform a comparative study, they would not be relevant
for any other issue as they are not absolute numbers. Hence, we have used only corrected QY

to rid the spectra from instrumental artifacts in the entire paper.
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7.3.3 Computational Details

Our calculations have been performed using ab initio density functional theory (DFT)?> %, as
implemented in the Quantum ESPRESSO package.>* To describe the exchange-correlation
interactions a generalized gradient approximation of the PBE form was used.?® Electronic
wavefunctions were expanded using a plane wave basis set, with cutoffs of 40 Ry and 400 Ry
for the wavefunctions and charge density, respectively. The interactions between the ionic
cores and valence electrons were described using ultrasoft pseudopotentials.?® Structural
optimizations were performed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme
until the Hellmann-Feynman forces on all the atoms being relaxed were less than 0.001
Ry/bohr. Marzari-Vanderbilt cold smearing?” with a width of 0.001 Ry was used for better
convergence. It has been shown that for perovskite QDs larger than 7 nm, the state filling
happens similar to bulk.??  Further DFT calculations for QDs in real space are known to be
very compute intensive and are not fully reliable. Since the size of our QDs were about 12-16

nm, all DFT calculations were done for a bulk crystal. The Brillouin zone was sampled with a

Monkhorst-Pack mesh?® of 8X8X8 k-points for the primitive unit cell of CsPbBrs.

A large unit-cell where one of 8 Pb atoms was substituted by Mn, was constructed to
reduce the Mn concentration down to 12.5%, but we note that this concentration is still
substantially higher than < 5% Mn in the experimental samples, as determined from inductively
coupled plasma optical emission spectroscopy. Theoretical calculations were performed for
the cubic structure of bulk CsPbBr; and Mn doped CsPbBr;3 based on the experimental XRD
and TEM data. The lattice constant of CsPbBrs was obtained to be 6.01 A similar to earlier
literature.>® This discrepancy from an experimental value of 5.85 A is presumably due to the
use of the Generalized Gradient Approximation, which is known to underbind. The calculated
band gap of CsPbBr3is 1.79 eV. We note that the underestimation of the band gap is a well-
known shortcoming of standard DFT calculations. Phonon calculations were performed by
DFPT.’!

7.4. Results and Discussion

Undoped (P0-P100) and Mn-doped (MP0O-MP100) CsPb (CI/Br); QDs with varying Cl to Br
ratios were synthesized by direct hot injection method using a mixture of lead halide,
manganese halide and cesium oleate precursors according to literature reports.”! After
purification, QDs were characterized by TEM images of the Mn-doped QDs shown in Figure
7.1; these indicate the existence of a monodisperse highly crystalline and cubic morphology,

similar to that of the undoped perovskite QDs. X-ray diffraction (XRD) (Figure 7.2) shows
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high crystallinity along with retaining the cubic structure. Elemental analysis using inductively
coupled plasma optical emission spectroscopy (ICP-OES) shows less than 5% Mn within the

QDs. The Egs were obtained from the absorption spectra and are shown in Figure 7.3

Sample | Br (%) | Eq(eV) | Sample Br (%) | Eq(eV)
PO 0 3.08 MPO 0 3.10
P20 20 2.95 MP20 20 3.00
P40 40 2.78 MP40 40 2.87
P60 60 2.65 MP60 60 2.67
P80 80 2.48 MP80 80 2.56
P100 100 241 MP000 100 242
MP40 LT | 40 3.15

TABLE 7.1 Sample compositions for both undoped and Mn-doped CsPb(Cl/Br)s perovskite
ODs

Figure 7.1 a) TEM images of MP40 perovskite QDs. b) TEM images of MP40 LT perovskite
ODs with smaller size synthesized at 125 °C (Scale bar - 20 nm).
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Figure 7.2 XRD patterns of Mn-doped CsPb(Cl/Br)s perovskite OQDs with reference data for
cubic phase of bulk CsPbCl3.
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Figure 7.3 Absorption spectra for Undoped and Mn-doped CsPb(Cl/Br)3 perovskite QDs
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Figure 7.4 1 a) shows the steady-state photoluminescence (PL) spectra of undoped (P0O-
P100) and Mn-doped (MP0O-MP100) QDs of CsPb(Cl/Br); at room temperature; the
compositions are given in Table 7.1 and the corresponding absorption spectra are shown in
Figure 7.3. The absorbance spectra of the doped and undoped samples are very similar
suggesting no major electronic structure changes at the bottom of conduction band and top of
valence band. The presence of higher energy peaks in the absorbance spectra of the doped
QDs at higher energy could either be due to bidisperse size distribution or due to the higher
order excitonic absorption. Hence the most likely origin of the additional higher energy peaks
to be due to higher order excitations. Like earlier reports, Br-incorporation into the QDs shifts
the exciton PL towards lower energy both in undoped and Mn-doped QDs. In addition, Mn-
doped samples with larger E; show broad emission at 590 nm (2.1 eV), arising from the spin
forbidden *T; to ®A; transition. We further characterized the samples with other methods with
typical results being shown for P40 and MP40, wherein both excitonic and Mn emission peaks
are observed. Femtosecond transient absorption measurements on P40 and MP40, reported in
Figure 7.4 b), show similar photobleaching with a noticeable absence of the fast component
(~200 - 400 fs) that is characteristic of Mn doping,!! in spite of a Mn emission peak at 590 nm
(2.1 eV). This could be the signature of a very efficient fast transfer, taking place in less than
100 fs (resolution limit of the setup) followed by a back transfer on much longer timescales.
Further, the lifetimes of the excitonic emission in Mn-doped and undoped samples shown in
Figure 7.4 c) show that while the nanosecond components of P40 and MP40 are similar, MP40
also has a long-lived component for the excitonic emission, that is absent in the undoped
counterpart. We observe that the lifetime of the Mn emission, shown in the inset of Figure7.4
¢), exactly matches that of the long-lived excitonic emission.

In order to understand the coupling of the Mn states with the host, we calculate the
electronic band structure of 12.5% Mn-doped CsPbBr3 using ab initio DFT as shown in Figure
7.5 a). The orbital character is extracted based on a projection onto atomic wavefunctions of
Mn 3d (red), Pb 6p (green) and Br 4p (blue), and the intermediate colors indicate the degree of
hybridization between these three states. It is interesting to note that the bottom of the
conduction band is pulled considerably lower in energy due to spin-orbit coupling, resulting in
the Mn levels being buried deep within the conduction band, unlike the situation in II-VI
semiconductors. We also note that there are signatures of significant electronic coupling
between Mn 3d and Pb 6p states, especially in the vicinity of the R point in the Brillouin zone.
However, conservation of momentum (k) restricts the electron back transfer to the I' point in

the absence of vibrational assistance.
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Figure 7.4 a) Steady-state PL emission for undoped and Mn-doped CsPb(Cl/Br)s perovskite
ODs b) Differential transmission (AT/T) decay profiles for P40 and MP40 QDs at their
respective band edge absorption energies. Pump photon energy is at 400nm c) Lifetime of
excitonic emission for P40 and MP40; inset shows comparison of lifetime of long-lived band

edge emission (blue circles) with Mn emission (orange circles) for MP40. Excitation energy is

at 365 nm.

The vibrational coupling between the host and the Mn dopant atoms depends on the
phonon band structure, which is calculated from density functional perturbation theory (DFPT)
and is shown in Figure 7.5 b). The phonon branches are color coded according to the elemental
contributions to the relevant mode, in a way analogous to the projections performed for the
electronic band structure. Significant coupling of the Mn and Pb atoms (as observed from the
intermediate colors) is observed in the frequency range of 90 to 135 cm™!, corresponding to the
modes b; to by (marked in Fig. 2b) at the I' point. In contrast, similar phonon dispersion
calculations on Mn doped CsPbCl; shown in Figure 7.5 ¢), (look at the analogous modes c; to
cis in the range of 100 to 150 cm™') demonstrate a very weak coupling of the Mn modes with

the host, as shown by the predominantly blue color of the phonon modes at the I point.
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Figure 7.5 a) Electronic band structure of the conduction band, for Mn-doped CsPbBrs. Red,
green and blue colors indicate Mn 3d, Pb 6p and Br 4p like character, respectively, while
intermediate colors indicate the degree of hybridization between these states. The Fermi level
Er is taken as the top of the valence band. b) Part of the phonon spectrum, as calculated from
DFT, for 12.5% Mn-doped CsPbBrs. The branches are colored according to their weights on
the different atoms in the unit cell, as shown in the RGB color triangle. c) Part of the phonon
spectrum, as calculated from DFT, for 12.5% Mn-doped CsPbCls. The branches are colored
according to their weights on the different atoms in the unit cell, as shown in the RGB color

triangle.
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While it is evident that the interatomic vibrational interactions of Mn doped CsPbBr3
demonstrate the effect of Mn on the host phonon modes, it is important to see the coupling of
these phonon modes with the electronic states. In order to investigate this, atoms were
displaced along the eigenvectors of these modes, and the resulting effect on the electronic band
structure was observed. As an example, in Figure 7.6 we show the perturbed electronic band
structure after displacing the atoms according to the vibrational mode bs and standardizing with
respect to the Cs 5s core level. Perceptible changes in the band structure upon perturbation

confirm the existence of a strong electron-phonon coupling.
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Figure 7.6 Strong electron - phonon coupling shown from shift in the electronic bands under
atomic displacement of Mn atom (as obtained from the Eigen vector, b5 in accordance to

harmonic approximation) for Mn-doped CsPbBrs.

These theoretical predictions are further verified by Raman spectroscopy, wherein
similar modes were observed. Temperature dependent Raman studies on MP40 show a
sharpening of the 132 ¢cm™ [Pb-Br stretching mode (Transverse Optical phonon) in the

3233 and 365 cm™! (second order combination mode of Transverse Optical phonon

octahedron
and Longitudinal Optical phonon**) peaks on the Mn-doped samples compared to the undoped
counterpart, as shown in Figure 7.7 a). This 132 cm™ peak is strongly coupled to the Mn?*
states as shown by the Raman spectra in this range in Figure 7.7 b). The width of the Raman
peak is known to be inversely proportional to the phonon lifetime. A sharper peak as observed
from Figure 7.7 b) as a function of temperature implies a longer phonon lifetime and hence a

more efficient coupling between the Mn and the host. This non-monotonic change in the
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phonon lifetime as a function of temperature thus implies a non-monotonic coupling efficiency

and accordingly, the back-transfer efficiency.
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Figure 7.7 a) Temperature dependent Raman spectra for undoped (inset) and Mn doped
perovskite ODs (P40 and MP40). b) Temperature dependent Raman spectra for MP40
perovskite ODs.

It should be noted here that the vibrational coupling is not very efficient in higher Egq
hosts as compared to lower Eg materials, specifically at room temperature. However,
statistically there is always a finite probability of back transfer even for the high Eq materials
at room temperature. Once the electron reaches the excitonic states, due to its fast lifetime, it
will decay through this pathway giving rise to finite excitonic emission as observed from a
finite intensity of the excitonic emission in Figure 7.4 a). However, in a steady state emission
process, one could also observe excitonic emission from the un-doped counterparts and hence
the information regarding the back-transfer process may not be studied. Hence the most direct
evidence of the delayed excitonic fluorescence is quantified by measuring the gated emission
(schematic shown in Figure 7.8a), wherein excitonic luminescence obtained after a delay of
150 ps is measured. Typical gated emission spectra at room temperature for various halide ion
concentrations are shown in Figure 7.8 b). From the figure, it is apparent that irrespective of
the Eg, all the samples show Mn emission in the gated fluorescence. Additionally, there is a
substantial excitonic emission along with the Mn emission, specifically in low E; materials like
MP80. This delayed excitonic emission could either be due to delayed host excitation with
energy provided by the non-radiative Mn decay or due to electron back-transfer from Mn

leading to electron drip-feeding.
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While both mechanisms are interesting from a fundamental perspective, the electron
drip-feeding could lead to far-reaching consequences as it would couple selectively to the
radiative pathways leading to decrease in energy loss pathways. The presence of Mn-coupled
host phonon modes in the Raman spectra and the DFT calculations indeed suggests that there
is significant phonon assistance to mediate charge transfer between the Mn and the host.
Further, even though the Mn excitation is almost in resonance with the Eg of the sample P100,
the Mn emission is much lower in energy and hence is unlikely to be capable of affecting
delayed excitation. It is also evident that the back transfer is evident at room temperature for
QDs with lower bandgap and hence we do not observe a Mn emission in the steady state PL as
seen from Figure 7.4 a).

In order to provide convincing proof of the mechanism at play, we study the delayed
excitonic fluorescence using gated emission as a function of temperature as well as quantum
confinement. Typical spectra for Mn-doped sample (MP40) is shown in Figure 7.8 c), while
the ratio of the area under the gated excitonic emission to the total area for varying halide ion
concentrations as a function of temperature are shown in Figure 7.8 d). It should be noted here
that in the absence of Mn, this is observed to be a flat line with no gated excitonic intensity.
Though an increase in the area of the steady state excitonic feature as a function of temperature
can be observed due to trapping and detrapping of charge carriers by defect states, this does
not lead to an increase in the delayed excitonic feature. However, in the presence of Mn, due
to back transfer from Mn states, the area under the gated excitonic emission peak increases
with increasing temperature, possibly due to the low thermal energy, up to a certain maximum
temperature determined by the E; of the material. For temperatures above this maximum, we
see a decrease in the intensity of the delayed excitonic emission, with the intensity finally
becoming zero at sufficiently high temperatures. The detailed study of confinement effects are
discussed in chapter 8. The observation of state specific back transfer and activation barriers,
which is also supported by the Raman spectroscopy study in Figure 7.5, suggests the presence
of real population kinetics, like an electron transfer. In order to compare this with the phonon
lifetime as obtained from Raman spectra, we have also plotted the inverse of the full width at
half maximum (FWHM) for a typical sample MP40, within the same plot. We observe that the
phonon lifetime increases and reaches a maximum at the same temperature (123 K for MP40)
as that of the optical signature. Further, with increasing temperature, this temperature-driven
phonon assistance remains high until the gated excitonic emission reaches zero. This behavior

of the lifetime suggests that phonon assistance and gated excitonic emission could respectively
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be in a cause-effect relation in a thermally activated phonon assisted electron transfer, further
supporting the possible existence of an electron drip-feeding mechanism.

Additional confirmation of the mechanism is obtained by reducing the size of the QDs,
wherein the Eg increases due to quantum confinement which also allows a relaxation of the
phonon selection rules. Smaller MP40 LT QDs (12 nm as seen from TEM in Figure 7.1 a)
show a higher E; (3.15 eV) compared to the 16 nm MP40 (Eg = 2.87 ¢V) as shown in Figure
7.8 e). The absorption spectrum of MPO (Eg = 3.10 eV) is also shown in the figure for
comparison. The area ratios of the delayed excitonic emission as a function of temperature for
MP40, MP40 LT and MPO are compared in Figure 7.8 f). The similarity of the plots for MP40
and MP40 LT shows that the phonon assistance increases as expected in the smaller sized QDs,
due to the relaxation of the phonon selection rules. This is unlike in the earlier case of 1I-VI
semiconductors which, due to its thermally driven nature changed its nature as a function of
quantum confinement.'® Figure 7.9 shows in the solution PLQY of the undoped QDs with
lesser PLQY compared to the doped QDs providing a confirmatory proof for the back-transfer.
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Figure 7.9 Solution PLQY for the undoped perovskite QDs.
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Figure 7.10 Visual analogy of phonon coupling for Mn-doped CsPbBrs;, CsPbCls perovskite
ODs and for Mn doped CdSe quantum dots.

In summary, Figure 7.10 symbolically depicts the two key players of this mechanism,
vibrational coupling and the energy barrier for transfer to and from the Mn ion. The energy
barrier is largely controlled by spin-orbit coupling, as the Mn energy levels are pushed deeper
into the CB due to the spin-orbit coupling. However, the critical mechanism in these cases is
the vibrational coupling. For CsPbBr3, at room temperature, the coupling is efficient and hence
we observe photons arising out of the back transfer. This coupling is further strengthened at
low temperatures, leading to more efficient back transfer as shown in the visual analogy in
Figure 7.10. In contrast, materials like mixed halides and chlorides show progressively weaker
coupling, leading to back transfer only at lower temperature. This selective back transfer is
favored when the lifetimes of the relevant phonon modes have increased, as observed from
Raman spectroscopy and DFT calculations. However, in the case of most II-VI quantum dots
(including quantum confined CdSe'® wherein thermally driven energy back transfer has been
shown only in cases where the E; is lower than the Mn transition energy), the coupling is not
possible at any temperature and we do not observe back transfer from the Mn atom.
Additionally, quantum confinement is not expected to change the coupling between the Mn
and the host which is consistent with our experimental observations. This is fundamentally
different than the case of CdSe'® which is driven by the thermal back transfer as well as
quantum confinement and does not provide the additional advantage of selective drip-feeding

to the radiative states.
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7.5. Conclusions

Finally, from a device perspective, Mn doping has been acknowledged to be superior due to

36-39 a5 well as for air stable LED

the lack of self-absorption,* and improved colloidal stability
devices. *° However, the major shortfall of Mn doping in devices is the presence of a single
broad non-tunable emission at 590 nm (2.1 eV). By using Mn as a storehouse of excited
electrons, all these advantages will be transferred to the excitonic features in addition to the
tunability and the sharpness of the excitonic emission peak. This shutdown of the non-radiative
channels increases the QY of the sharp tunable excitonic feature in the doped samples. In
addition, the absence of self-absorption, due to electron drip-feeding, should retain high QY
even on highly concentrated NC films. It should be noted that even though the solution QY's
of the undoped QDs is about 30% for P80 (Figure 7.9), the same is reduced substantially in NC
films (< 10%) due to self-absorption as shown in Figure 7.8 g) (green circles). However, the
excitonic emission in Mn doped QDs is substantially greater (> 50% for MP80, MP100) due
to absence of self-absorption. In conclusion, electron drip-feed leading to delayed excitonic
emission adds an additional handle to increase and maintain a high QY with low losses. The
immediate fallout of this is the reduction of overpotential losses and/or non-radiative loss

leading to more efficient devices with Mn doping. Additionally, the formation of a

magnetically coupled excitonic state also enables optical control of magnetism.
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8.1. Abstract

The bandgap of perovskite quantum dots (QDs) can be tuned by halide composition modulation
or by varying the size. In this chapter, we have studied the effect of composition modulation
and quantum confinement in Mn doped mixed halide perovskite QDs on delayed excitonic
emission. The delayed excitonic emission arises due to strong vibrational coupling between Pb
and Mn levels leading to back-transfer of photo-excited carriers known as vibrationally assisted
delayed fluorescence (VADF). The delayed excitonic emission intensities are strongly
dependent on host bandgap. The host bandgap is tuned by composition modulation and by size
modulation using halide ion ratio and temperature modulation respectively. The delayed band
edge vs Mn emission efficiencies in the gated photoluminescence (PL) which is defined by
entropy of VADF is studied by looking at the rate of change of VADF with respect to
temperature. Gated photoluminescence excitation PLE studies also proved that the back
transfer of photoexcited electrons are assisted by state specific higher excited levels, that cannot

be changed by size variation as per quantum confinement effects.

8.2. Introduction

Inorganic lead halide perovskite QDs are in high favour among recent energy materials due to
their efficient light emitting and photovoltaic applications.}'! Capabilities of promising
perovskite QDs are enhanced via chemical and structural modification. Recent works have
shown bandgap tuning by anion exchange!?** resulting in high photoluminescence quantum
yield (PLQY). Multi-colour emission was also strategically obtained by doping the inorganic
perovskite QDs expanding their functionality.'>-2° Mn doping in perovskite QDs is explored as
the most common strategy to modify the spectroscopic properties recently.?! The uniqueness
of this dopant is the spin forbidden long lived Mn d-d emission around 585 nm. Doping with
Mn in inorganic perovskite QDs have also shown improved PLQY,?% 23 structural stability,?*
25 and improved size distribution?® as an added advantage. However, Mn emission has not been
observed in hosts with high Br content such as CsPb(CI/Br)s and CsPbBrs™> 1621 27 due to
lattice instabilities arising from size mismatch between anion and cation,*® disparity of bond
dissociation energies of the metal and halide,'® and back energy transfer from Mn?* states to
the host band states.? 2" However, strong dopant emission is observed when the host bandgap
is increased by introducing quantum confinement in to the QDs irrespective of the halide

composition.?> 2 Such quantum confinement of charge carriers enhances the sp-d exchange
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8. Composition Modulation vs Quantum Confinement

interactions between the host and dopant ion yielding high orange emission from Mn d
electrons.?® Apart from the changes observed in the intensities of Mn d-d emission in mixed
halide perovskites, presence of high band edge emission with a lifetime as long as milli seconds
were under scrutiny. It was found that due to the drip feeding of photoexcited electron arising
due to VADF from the dopant back to hosts radiative levels lead to the increased PLQY and
lifetime of the excitonic emission in the Mn doped mixed halide perovskite QDs.??> However,
it is not clear if photophysical properties, specifically VADF is a function of bandgap and/or
electronic band structure. Hence, the photo-physics of PL features in mixed halide Mn doped
perovskite QDs is rather interesting when there is opportunity of tuning the host bandgap by
halide ion composition modulation and by size variation by introducing quantum confinement
in the QDs makes the inorganic mixed halide perovskite QDs perfect candidate to study the
consequences on both delayed Mn emission and delayed band edge emission.

Introducing controlled quantum confinement and doping Mn in to the perovskite QDs
have been significantly more challenging than achieving the goals individually. Here in this
chapter we study the effect of band gap tuning arising from quantum confinement as well as
composition variation on dopant related delayed emission in Mn doped perovskite mixed halide
QDs. Mn doped mixed halide perovskite QDs were synthesized by modifying the hot injection
procedure followed by Protesescu et al.®® Briefly, stoichiometric mixture of Pb-halides and
Mn-halides were used for the synthesis in 1-octadecene (ODE) solvent as well as, 1.5 ml of
oleic acid (OA), 1.5 ml of oleylamine (OLA). The size tuning of the doped QDs were achieved
by carefully controlling the Cs-OA injection temperature. Synthesis, purification and isolation

of the QDs are described in the experimental section in detail.

Gamelin and co-workers reported striking observation in the dopant emission in Mn
doped CsPhCls perovskite QDs at low temperature.®* Anomalous quenching of Mn emission
was observed at low temperature unlike observed in Mn doped 11-VI semiconductor quantum
dot counterparts. Similar quenching of Mn emission effect is also observed in Br-incorporated
QDs at low temperature.®> The reduction in Mn emission intensity at low temperature
specifically in perovskite as a host is due to faster radiative decay of excitonic emission at
cryogenic temperature?” 333 and also due to effective back transfer of photoexcited electron
from Mn to host because of VADF.?? The competition of these recombination rates as a
function of temperature, host band gap variation by composition modulation and quantum
confinement can give raise to the efficiency of back transfer and vibrational coupling between

host and dopant at varying conditions. Quantification of the delayed emission for the
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8. Composition Modulation vs Quantum Confinement

composition modulated QDs and quantum confined QDs is required to gain in-depth
understanding in the back-transfer processes by eliminating the thermal vibrations at cryogenic
temperature. Hence, this chapter discusses about the efficiency of VADF as a function of
temperature using the spectroscopic delayed emission tools such as gated PL and gated PL

excitation.

8.3. Experimental Methods
Chemicals used in the experiments include Cs>COs3 (99.99%), octadecene (ODE, 90%), oleic
acid (OA, 90%), oleylamine (OLAm, 70%), PbBr2 (99.999%), PbCl> (99.999%), MnBr»
(99.9%), MnCL.4H>O (99 %), n-hexane (>97.0%), trioctylphosphine (TOP), and are used
straight after purchasing from Sigma Aldrich. All solvents and reagents were of analytical
grade and directly used without further purification.

Cesium oleate was prepared using standard literature methods*® using Cs2CO3 and OA
in presence of ODE at high temperature of 150 °C until all Cs2COs reacted with OA forming a
clear solution of Cs-oleate.
8.3.1. Synthesis of Mn-doped CsPb(Br/Cl); perovskite quantum dots (QDs): Perovskite
QDs were prepared according to the method described by Protesescu et al.’’ Stoichiometric
mixtures of PbCl, and PbBr, with MnCl2.4H>O and MnBr, were taken for the synthesis of
both size and composition modulation of Mn-doped CsPb(Br/Cl)3 perovskite QDs. ODE (5mL)
and the required Pb/Mn salts were loaded into a 3-neck flask and dried under vacuum for 1
hour at 120°C. Dried OlAm (1.5 mL), dried OA (1.5 mL) and TOP (1 mL) were injected at
120°C under Argon flow. After the complete solubilization of the precursors added and
obtaining a clear solution, the temperature was raised up to 180°C for composition modulation
and Cs-oleate solution (0.4mL preheated to 100°C) was quickly injected and cooled down by
ice water bath within a few seconds. The Cs-oleate injection temperature decides the final size
of the QDs formed. Hence, for the size variation sample Cs-oleate is injected at lower
temperature (120-180 ‘C). The QDs were purified by centrifuging the crude solution for 10
minutes at 5000 rpm. The precipitated QDs were redispersed in hexane and centrifuged for 5
min at 10000 rpm. Following this the precipitate, containing unreacted precursors, larger QDs
and agglomerates, was discarded. The sequential centrifugation and discarding the precipitate
containing unreacted precursors and larger size QDs is repeated to obtain monodisperse and

stable QDs. The supernatant comprising the QDs was then stored under refrigeration.
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8.4. Results and Discussion

Figure 8.1 shows the X-ray diffraction (XRD) pattern for quantum confined MP50-7 to MP50-
13. The XRD peaks gets broad as the size of QDs decreases as seen from the figure. And Figure

8.2 a) and b) shows the corresponding size from TEM images for quantum confined Mn doped
CsPb(CI/Br)s.
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Figure 8.1 XRD patterns of Mn doped CsPb(CI/Br)z QDs.

Figure 8.2 a) and b) TEM images for quantum confined QDs of Mn doped CsPb(CI/Br)s.

152



8. Composition Modulation vs Quantum Confinement

Figure 8.3 a) shows the absorption and steady state PL spectra for Mn doped CsPb(CI/Br)3
mixed halide perovskite QDs (MP0O-MP80) at room temperature. The consistent redshift in the
absorbance is due to composition modulation obtained by Br incorporation in Mn doped mixed
halide perovskite QDs. Like earlier reports, decrease in intensities of Mn d-d emission is also
observed upon decreasing the host bandgap by Br incorporation. Upon composition modulation

the film PLQY of excitonic emission increases and Mn emission decreases as shown in Table

8.1.

Sample Composition Bandgap | PLQY PLQY PLQY
(% of Br in Mn doped (eV) BE Mn Total
CsPb(Cl/Br)3 (%) (%) (%)
MPO 0 3.1 0.5 10.3 10.8
MP20 20 297 2 8.7 10.7
MP40 40 2.8 2.3 0.2 3.8
MP50 50 2.71 27.5 24 29.9
MP60 60 2.67 11.2 4.9 16.1
MP80 80 2.56 16.4 0.5 16.9

TABLE 8.1 Sample composition, bandgap and PL QY for composition modulated Mn doped
CsPb(Cl/Br)s mixed halide perovskite QD:s.

Sample Size Bandgap | PLQY PLQY PLQY
(nm) (eV) BE Mn Total
(o) (o) (o)
MP50-7 7 2.85 26.4 0.2 26.6
MP50-8 8 2.81 343 0.5 34.8
MP50-11 11 2.78 29.1 4.2 333
MP50-13 13 2.71 27.5 24 29.9

TABLE 8.2 Sample size, bandgap and PL QY for size variation of Mn doped CsPb(Cl/Br);

mixed halide perovskite QDs with 50 % Br content.
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Figure 8.3 a) Absorption and steady state PL emission spectra for mixed halide perovskite
QDs. b) Absorption and PL emission spectra for various sizes of Mn doped CsPb(ClysBris
(MP-50) c) The bandgap tuning in Mn doped perovskite QDs as a function of composition

modulation and size variation.

Figure 8.3 b) shows the absorption and steady state PL spectra for quantum confined
sized modulated Mn doped CsPb(CI/Br)s mixed halide perovskite QDs (MP50-7 to MP50-13)
with 50 % of Br incorporation at room temperature. MP50-13 is synthesized at Cs-OA

injection temperature of 180 °C before ice-cooling. By decreasing the hot-injection temperature
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the bandgap is blue shifted subsequently to increase the host bandgap from 2.71 to 2.85 eV.
The blue shift along with the sharp excitonic features in the absorption spectra shows clear
evidence of quantum confinement of charge carriers in Mn doped QDs. Substantial decrease
in Mn emission intensities upon increasing the host bandgap is observed from the Figure 8.3.
b). Attempt to increase the bandgap further by reducing the Cs-OA injection temperature were
made but the obtained samples where highly unstable. The bandgap of MP50-7 (2.85 eV) is
comparable to the bandgap of MP40 (2.8 eV), However, the intensities of Mn d-d emission in
both the QDs are very different showing clear difference in the energy transfer efficiencies of
QDs of similar bandgap. Mn doped perovskites QDs with similar bandgap synthesised at a
higher temperature have very intense Mn emission. Figure 8.3 c¢) shows the tunability of
bandgap in perovskite QDs by size variation and composition modulation. The bandgap
tunability and corresponding changes in the film PLQY of excitonic PL and Mn emission is
tabulated in Table 8.2.
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Figure 8.4 a)-d) Temperature dependent steady state PL spectra of Mn doped perovskite QDs

with size ranging from 7 nm to 13 nm (MP50-7 to mp50-13).
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To investigate optical properties of these QDs in more detail, low temperature (ranging
from 10 K to 290 K) steady state PL measurements were performed. Figure 8.4 a) to d) shows
the temperature dependent steady state PL spectra for QDs of various sizes ranging from 7 nm
to 13 nm (MP50-7 to MP50-13). While the decrease in PL intensities of band edge emission
with increase in temperature is due to thermal quenching, the anomalous increase in the Mn
emission with increasing temperature as seen in recent studies are consistent with mixed halide
perovskite QDs as well. In order to quantify the data, the area under the curves for band edge
PL as function of temperature and Mn emission for a typical sample of MP50-13 are
summarized in Figure 8.5. The inverse correlation of these temperature dependence in the area
under the curve for band edge emission and Mn emission for the MP50 shows the competition
between the radiative recombination rate, energy transfer from host to dopant and back transfer

at various temperatures and are consistent with studies.®!
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Figure 8.5 Temperature dependent PL area of excitonic and Mn emission peak for MP50-13

normalized at room temperature.
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Figure 8.6 Time resolved PL decay of excitonic emission for size variation of Mn doped QDs

(MP50-7 to MP50-13).

Figure 8.6 plots PL decay curves for the band edge PL for MP50-7 to MP50-13 QDs at
room temperature. The decay lifetime of the band edge increases as the size of the QDs
decreases due to the confinement effects and shows signatures of lesser non radiative emission
pathways. These results are similar to the band edge lifetimes of lead halide perovskite QDs
reported earlier.3> ** However, although the band edge emission seems to decay within a few
ns, there is a non-negligible intensity in the ps regime as observed from the lifetime obtained
from micro-flash lamp. The temperature dependent lifetime measured for excitonic emission

of MP50-8 over a range of milli seconds using micro flash lamp is shown in Figure 8.7 a).

As seen from the figure, the band edge emission also has a long-lived component which
is similar to the lifetime of Mn emission due to VADF as also seen from quantum confined
MP50-8. Interestingly, extremely fast component in (substantially slower than the IRF, also
shown in the Figure) PL lifetime at lower temperature is observed from Figure 8.7 a) and b)

and their respective inset is showing the same in a smaller time frame.
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Figure 8.7 a) Decay curves of Mn doped QDs of size 8 nm at excitonic emission at 445 nm. b)

decay curve for Mn-PL (585 nm) for the same sample.

To understand this change in decay better, we have integrated over the entire region
from 0.2 ms to 2 ms to study the effect of delayed emission characteristics as a function of
temperature using gated PL emission and gated PL excitation. Figure 8.8 shows the room
temperature gated PL after a delay of 150 ps for both compositions modulated (MP20-MP80)
and quantum confined (MP50-7 to MP50-13) perovskite QDs. From the figure it is apparent

that irrespective of the host bandgap there is intense Mn emission in the gated fluorescence.
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However, it is also seen that irrespective of the host bandgap or size, there is substantial
excitonic emission in the gated emission spectra. Presence of excitonic emission in the delayed
gated PL studies are attributed to VADF in Mn doped perovskite QDs.?
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Figure 8.8 Room temperature gated PL emission for Mn doped mixed halide perovskite QDs
with composition modulation (MP20 -MP80) and size modulation (MP50-7 to MP50-13)

The direct consequence of composition modulation and confinement effects on the
delayed emission and drip-feeding rates were studied using gated PL emission as a function of
temperature. Temperature dependant gated PL spectrum for the quantum confined samples
MP50-7 to MP50-13 are shown in the Figure 8.9 a) to d). All the samples show delayed band
edge emission at low temperatures and is persistent over the entire temperature range with

varying intensity. Figure 8.10 shows area of excitonic delayed emission over total area in the
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gated PL spectra at various temperature for various QDs with bandgap tuned by quantum
confinement (Thick lines). Figure 8.10 also shows the area of band edge delayed emission over
total area in the gated PL spectra at various temperature for QDs with composition modulation
(dotted lines).
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Figure 8.9 a) to d) Temperature dependent gated PL spectra for quantum confined QDs of Mn

doped CsPb(CI/Br)3 of size 7 nm (MP50-7) , 8 nm (MP50 - 8), 11 nm (MP50 — 11) and 13 nm
(MP50-13) respectively.
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Figure 8.10 Temperature dependent gated PL area ratio of band edge emission vs total
emission for Mn doped CsPb(CI/Br)s QDs with quantum confinement (thick lines) and

composition modulation (thin dashed lines) in the background for comparison.

As seen from the Figure 8.9 and 8.10, we observe a rise in the intensities of the band
edge emission at lower temperatures for both the smaller QDs (MP50-8) with strong
confinement and larger QDs (MP50-13) with same halide ion composition. The CI rich hosts
shows weaker band edge delayed emission at higher temperatures compared to Br rich hosts
are due to the stronger vibrational coupling that is observed for Mn doped CsPbBrs compared
to weaker vibrational coupling in the case of Mn doped CsPBCl3z.22 However, the scenario is
quite different in the case of size variation of QDs with same halide composition. Thick line
and scattered plots in Figure 8.10 b) also compare the ratio of the area under the band edge
emission to the total area for various sizes (MP50-7 to MP50-13) of same halide composition
of 50 % Br with mixed halides with composition modulation (MPO-MP60).
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Figure 8.11 The entropy of VADF (Svapr) as a function of temperature for Mn doped mixed
halide QDs MP0-MP60 (blue line) and MP50-7 to MP50-13 (red solid line with closed circles)
and also MP20-6 to MP20-14 (orange lines with open circles).
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Figure 8.12 a) and b) Room temperature gated PL excitation spectra for samples with

composition modulation (MP0O-MP60) and size variation (MP50-7to MP50-13) respectively.
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Hence, we plotted the change in VADF as a function of temperature defined as VADF
driven entropy (Svapor) for both compositions modulated (MPO-MP60) and sized varied
quantum confined (MP50-7 to MP50-13). As shown in Figure 8.11 the Svapr is lesser for ClI
rich hosts compared to mixed halide Br rich hosts, (blue line in figure) but when the bandgap
of the host is tuned by varying the size (both MP50-7 to MP50-13 (red line with closed circles)
and MP20-6 to MP20-14 (orange line with open circles)) the entropy of VADF (Svabr)
remained almost the same. As seen from the gated PL studies for both quantum confined and
mixed halide composition tuned Mn doped QDs, host bandgap is not the only parameter
deciding the efficiency of Mn emission and back transfer to the host radiative channels. In fact,
the effective coupling between the host and Mn levels at various temperatures decide the rate
of VADF.

In addition to the vibrational coupling between Mn and host which results in room
temperature delayed band edge emission feature, due to quantum confinement, increased
phonon assistance is also playing a role as expected due to the relaxation of phonon selection

rules.
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Figure 8.13 Comparison of 11" excited state energy obtained from gated PLE for MPO-MP60

with composition modulation (red line) and MP50-7 to MP50-13 with quantum confinement

(red line with open squares).
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More specific proof of this hypothesis for state specific photoexcited charge transfer is
obtained from gated PL excitation (PLE) measurement. Figure 8.12 a) and b) shows gated PLE
spectra for composition modulated mixed halide QDs (MP0-MP60) and for quantum confined
QDs (MP50-7 to MP50-13). A similar trend in 11" excited state energy of PL excitation plot is
also observed as shown in Figure 8.13. As bandgap increases by synthesizing Cl rich hosts the
higher excited state peaks also gets blue shifted (red line). Whereas, irrespective of the host
bandgap, for the size tuned QDs (MP50-7 to MP50-13) with fixed halide composition the 11
excited state energy remained the same (red line with open squares). Comparing the higher
excited state contributing for the delayed emission through gated PLE shows well defined peak
positions indicating the drip feed mechanism of photoexcited carriers channelized through state

specific levels of dopant and the host.
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Figure 8.14 a) and b) Temperature dependent PL excitation and gated PL excitation spectra
for Mn doped CsPb(CI/Br)z QDs (MP50-13) with quantum confinement.

It is also interesting to study the effect of temperature on the PLE spectra and variation of
11" excitation energy in the gated PLE spectra for QDs as seen from Figure 8.14 a) and b).
However, temperature dependent PLE and gated PLE studies on a typical sample shows very
similar peaks with no peak shift showing the state specific coupling levels are fixed between
Mn and host and purely dependent on the nature of the host levels.
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8.5. Conclusions

We have studied the effect of composition modulation and quantum confinement in Mn doped
mixed halide perovskite QDs on delayed excitonic emission. The host bandgap is tuned by
composition modulation and by controlling the reaction temperature to obtain various sizes
with fixed halide ion concentration. Room temperature gated PL studies showed that even
though the bandgap is blue shifted by decreasing the average size of the nano cube, QDs still
showed substantial delayed band edge fluorescence with high PLQY due to VADF.
Temperature dependent studies of band edge vs Mn emission efficiencies in the gated PL is
defined by entropy of VADF by looking at the rate of change of VADF with respect to
temperature clarified and quantified the difference between the photoexcited carrier back
transfer efficiency. Gated PLE studies also proved that the back transfer of photoexcited
electrons are assisted by state specific higher excited levels. The results and analyses presented
here aid to elucidate the underlying factors contributing to the photo-physical properties of this
new class of Mn doped perovskite mixed halide QDs and should help in further development
of these materials for potential optoelectronic applications.
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9.1. Abstract

Manganese (I1) doped perovskite quantum dots (QDs) because of their unique dual colour
emission property are promising materials for various optoelectronic applications. To date,
light emitting applications based on these materials have shown great promise. However, there
is plenty of room for improvement especially in the device performances despite showing great
promise in solution. One of many limiting factors is fast non radiative multiexciton Auger
recombination. Using time resolved photoluminescence (PL) spectroscopy and ultrafast
spectroscopic techniques we investigate multicarrier interactions in Mn doped perovskite QDs.
We observe that compared to undoped perovskite QDs, Mn doped counterparts show lesser
multiexciton lifetime suggesting the involvement of Mn as a dopant in excited state carrier
dynamics. This understanding in the dopant host interactions could beneficially be applied to
design new doped perovskite QDs with the goal of increasing their potential in light emitting

applications.
9.2. Introduction

Semiconductor QDs doped with transition metal ions have attracted great attention for their
exceptional optical, electronic magnetic properties.® For example, Mn?* and Cu* in 11-VI
semiconductor QDs can introduce dopant emission with high PL quantum yield with large
stoke shift and better colloidal stability.>® Recently, Pb based organic/inorganic perovskite
QDs have emerged as promising materials for photovoltaics, light emitting diodes and lasers
and other optoelectronic applications.®** The potential of perovskite QDs for optoelectronic
applications in the various fields have triggered many research focusing on modifying the
optical properties of this class of materials through transition metal doping.*>-*8 Recently, many
reports have demonstrated successful doping of Mn?* in lead halide perovskite QDs leading to

dual colour emission from host and dopant Mn d-d states.'®-%

The Mn d-d emission arises from doped perovskite QDs is due to the spin forbidden
Ty to A; state of Mn?*. Thus, the PL lifetime of the dopant emission is in milliseconds
timescales which is few orders of magnitude longer than host exciton lifetime.? 2 However,
due to strong vibrational coupling between the Mn and Pb levels, there exists a possibility of
back transfer of photoexcited carriers from Mn to the host leading to longer excitonic lifetime
for the host emission. In addition to the increased PL quantum yield it is shown that the lifetime
of the excitonic emission increases by sever order of magnitude due to continuous and slow

back transfer of photoexcited carriers from Mn to Pb levels due to vibrationally assisted

171



9. Carrier Dynamics in Min Doped Perovskite Quantum Dots

delayed fluorescence (VADF) as discussed in chapter 7. Additionally, upon photoexcitation, it
is shown that the capture of photoexcited electrons by Mn from the hosts are quicker than
capture of photoelectron by trap states showing efficient energy transfer dynamics at the
excited state.?® While the conducted studies indicate considerable promise of these novel QDs
for applications that rely on light emission, their practical utilization in light-emitting devices
would benefit from a more complete understanding of spectral and dynamical properties of
electronic excitations in these materials. Particularly for perovskite-based light emitting diodes
(LED), the low external quantum efficiency and poorer device performance despite showing
great promise in solution is due to generation of multiexciton interaction causing non radiative
decay due to Auger recombination. In addition, trion formation can also lead to low EQE in
perovskite-based LEDs.?° The carrier dynamics and the exciton dopant interaction due to
vibrational coupling can be varied by change of several factors such as chemical composition,
bandgap and excitation fluence. Recently Marakov et al.*® reported the strong multi exciton

interaction in perovskite QDs.

To seek clearer understanding of how the vibrational coupling due to Mn doping in
perovskite QDs influences the multiexciton interactions in this particular class of QDs, we
investigate, in the present work, excitation fluence dependent carrier dynamics for a series of
undoped and Mn doped QDs having various halide composition. Also, the exciton Mn electron
transfer dynamics for hosts with various halide composition are also analysed using
temperature dependent time resolved photoluminescence spectroscopy giving complete
understanding about the carrier recombination pathways. Thus, this work provides a novel

foundation for understanding the photo-physics of Mn doped perovskite QDs.

9.3. Experimental Methods
Chemicals used in the experiments include Cs2CO3 (99.99 %), octadecene (ODE, 90 %), oleic
acid (OA, 90 %), oleylamine (OLAm, 70 %), PbBr2 (99.999 %), PbCl> (99.999 %), MnBr:
(99.9 %), MnCL.4H>0 (99 %), n-hexane (>97.0 %), trioctylphosphine (TOP), and are used
straight after purchasing from Sigma Aldrich. All solvents and reagents were of analytical
grade and directly used without further purification.

Cesium oleate was prepared using standard literature methods*! using Cs2COs3 and OA
in presence of ODE at high temperature of 150 °C until all Cs2COs reacted with OA forming a
clear solution of Cs-oleate. Mn doped CsPb(Cl/Br); perovskite QDs were synthesized and

purified by following the same method discussed in the previous chapters.
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9.4. Results and Discussion

Figure 9.1 a) shows the absorption and b) steady state PL spectra for Mn doped CsPb(CI/Br)3
mixed halide perovskite QDs (MP0-MP100) at room temperature. The consistent redshift in
the absorbance is due to composition modulation obtained by Br incorporation in Mn doped
mixed halide perovskite QDs. Decrease in intensity of Mn d-d emission is also observed upon

decreasing the host bandgap by Br incorporation.
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Figure 9.1 a) Absorption and b) steady state PL emission for Mn doped mixed halide perovskite

QDs (MP0-MPZ100).
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Figure 9.2 (a) Time resolved PL decay of excitonic emission and b) Time resolved PL decay

of Mn emission for Mn doped mixed halide perovskite QDs (MPO to MP100).
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To further study the change in the PL decay upon Br incorporation for both the excitonic
emission and dopant emission fluorescent lifetimes of Mn doped CsPb(CI/Br); QDs were
investigated and are shown in Figure 9.2 a) and b). The average PL lifetime of the band edge
emission tend to increase with increasing Br percentage and Mn emission lifetime decreases.
The absence of Mn emission in Br rich perovskite hosts has been intriguing and study on
delayed emission using gated PL studies have shown that the absence of Mn emission is due
to VADF as shown in chapter 7. Delayed excitonic emission observed in the Br rich hosts due
to VADF is also observed in the excitonic lifetime studies done for prolonged time up to
milliseconds as seen from Figure 9.3 a). As seen from the figure, the lifetime of the Mn doped
QDs at band edge have a long component which is similar to the lifetime of Mn emission. The
state selective back transfer of photoexcited electrons from Mn is understood by the
temperature dependent lifetime studies. Figure 9.3 a) shows the temperature dependant lifetime
data and the corresponding change in the long-lived component of the emission lifetime is
plotted against temperature and shown in Figure 9.3 b) as well. The observation of host
bandgap, excitonic back transfer from Mn levels to the host again confirms the VADF driven

photoexcited carrier dynamics.

Lifetime at BE emission (uF)
a) MP40 . 50K

0.1

o
o
=

0.001

Intenisty

=
o

Norm. Lifetime (ms)
o
~

1E-4 0.5

0.4

0.0 0.5 1.0 1.5 0 50 100 150 200 250 300
Time (ms) Temperature (K)

Figure 9.3 a) Temperature dependent PL decay at excitonic emission (excited at 365 nm using
micro flash lamp (uF)) for MP40 with PL decay of Mn emission at 585 nm (red) and b) Change
in temperature dependent lifetime of the long-lived component of excitonic emission for MP20

and MP40. (Red and black lines are guide to eye)
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Figure 9.4 Differential transmission spectra at different delay times for the a) undoped and c)
Mn doped mixed halide perovskite QDs. Differential transmission spectra at different delay

times for the b) undoped and d) Mn doped I1-VI semiconductor QDs.

Figure 9.4 a) and b) shows the TA spectra for a typical undoped and Mn doped 11-VI
semiconductor QDs clearly showing the transfer of photoexcited electron from host to dopant.
However, in the case of perovskite as a host signature of quick transfer is not observed through
any such depletion pathways. That doesn’t directly imply that there is no such transfer of
photoexcited electrons to the dopant because there is a strong Mn emission observed for these
set of QDs. Figure 9.4 ¢) and d) shows the TA spectra of the undoped (P20) and Mn doped
(MP20) perovskite QDs probed at different delay times at 5 pJ/cm?. As seen from the figure
the TA spectra are dominated by the exciton bleach feature due to the state filling effect by the
band edge electrons and holes. Surprisingly the TA spectra are very identical for undoped and
perovskite QDs. As we notice that the TA kinetics for both the undoped and Mn doped QDs
exhibit a similar decay, it is possible only if there exist a continuous back transfer of
photoexcited electron back to the host levels always maintaining high population at the host
levels which is evident from the similarity observed between undoped and Mn doped QDs.

This further confirms that the identical wavelength dependence observed for undoped and Mn
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doped perovskite QDs even when there is a strong Mn emission for these QDs under study
(unlike 11-VI semiconductor QDs scenario) is indeed due to the back transfer assisted by the

strong vibrational coupling between Mn and Pb levels.

Further evidence for the absence of Mn emission in Br rich hosts and the presence of
delayed excitonic emission due to vibrational coupling can be observed using ultrafast transient
absorption (TA) spectroscopy. It is interesting to note that there exists a similarity in the
differential transmission decay profiles for undoped and Mn doped perovskite QDs as shown
in Figure 9.5. It is seen that the characteristic of Mn doping in QDs is a presence of a faster
decay component especially where there is a strong Mn emission as seen from chapter 4.2 As
the dopant species is known to capture the photoexcited carriers at very early times as shown
in chapter 4, the TA spectra at early times is expected to show exciton to dopant energy transfer
providing an additional depletion pathway. Such a feature is absent in the case of Mn doped
perovskite QDs. However, the absence of such a decay shows that there exists an efficient and
fast transfer of photoexcited carriers from the host to dopant and followed by slow and
continuous back transfer from Mn to host levels. Figure 9.5 also shows that the resemblance in
the differential transmission decay profiles are very close for P100 and MP100 as there exists
a strong back transfer at room temperature whereas for P20 and MP20 there is a slight

difference in the longer times scales due to weak back transfer.
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Figure 9.4 Differential transmission decay profiles for undoped (P20 and P100) and Mn doped (MP20

and MP100) at their respective band edge absorption energies.
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Figure 9.6 Fluence dependent differential transmission decay profiles for undoped (P20 and
P100) and Mn doped (MP20 and MP100) mixed halide perovskite QDs. The data is normalized

to match their long-term decay values.

In order to understand the difference between the doped and undoped perovskites in the
excited state, it was necessary to track the excess carriers. Hence, we performed fluence
dependent ultrafast transient absorption spectroscopy to study the multiexcitonic dynamic
behaviour of carriers in undoped and Mn doped perovskite QDs. At very low excitation
fluences, when the photoexcited QDs are dominated by single exciton states, the signal is
generally long lived. With increase in excitation fluence, the amplitude of the new fast decay
component becomes progressively larger, consistent with Auger recombination of multiple
exciton states. Figure 9.6 a) to d) shows fluence dependent transient absorption decay profiles
for undoped perovskite QDs with ClI rich (P20) and Br rich (P100) halide composition and Mn
doped perovskite QDs with CI rich (MP20) and Br rich (MP100) halide composition
respectively. In order to estimate the multiexciton lifetime for both undoped and Mn doped
perovskite QDs, it is essential to calculate the average number of excitons per QD per exciton
pulse (<N>). Average number of photons absorbed per QD per exciton pulse were calculated
by using the expression
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<N> = jpoa,
where jp is the pump photon fluence, and o is the QD absorption cross section.
The absorption cross section of the undoped and Mn doped QDs were determined by elemental
analysis method. Firstly, the absorption coefficient of the QDs were determined using Beer’s
law from the measured absorption spectrum and molar concentration of the QDs. Absorption
cross section was then calculated from molar absorption coefficient using the conversion factor
of 2303/Na where Na is Avogadro’s number.

For low pump fluences where (N) « 1, excited NCs only contain a single exciton and
the resulting transient absorption spectra are well described by mono-exponential decay
function which corresponds to the lifetime of single band edge excitons. To estimate the
biexciton lifetime, Klimov et.al*? developed a simple subtractive procedure to extract single
exponential dynamics that are characteristic of the decay of different multiple-pair QD states
from the measured <N(t)> time transients for various sizes of CdSe QDs. According to this
method, to extract single exponential multiparticle dynamics, firstly the data is normalized at
long time after the photoexcitation as shown in Figure 9.6. Secondly, low pump intensity trace
(<N> = <<1) is subtracted from traces with <N> >0.1 which yields dynamics due to relaxation

of multiple pair states and the data is fit to single exponential decay giving rise to biexciton

lifetime (12).
Sample T2 (ps) Trion Sample T2 (ps) Trion
lifetime (ps) lifetime (ps)
P20 4.76 33.61 MP20 3.19 20.38
P40 7.06 38.87 MP40 4.57 19.87
P80 37.81 293.45 MP80 13.28 204.18
P100 33.41 204.83 MP100 28.70 157.26
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Figure 9.7 a) Biexciton lifetime and b) trion lifetime as a function of halide composition for

undoped and Mn doped mixed halide perovskite QDs.

We have adapted the above-mentioned method of estimating the biexciton lifetime by
subtracting the single exciton contribution from the lowest intensity scan and fitted data to
single exponential decay for both undoped and Mn doped perovskite QDs. The fits obtained
were not accurate as there was an additional long-lived component to be added to the fit (data
not shown). To obtain more accurate results, the data is fit by considering the long-lived
component present in the data which shows presence of trions. It is also seen from the study
on emission properties and ultrafast carrier dynamics of CsPbCls perovskite QDs, that more
accurate values of biexction lifetime (20 ps) by fitting the data with additional long lived
component.® Similarly, for CsPbBrs QDs (P100), trion decay component with a lifetime of ~
200 ps in addition to a biexction decay component with a 40 ps lifetime, has been previously

observed.®* As seen from Table 9.1 and Figure 9.7, The biexciton lifetime (3-35 ps) with trion
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contribution (20-300 ps) increases from P20 to P100 and MP20 to MP100. Biexciton lifetime
and trion lifetime of the undoped perovskites are in agreement with the available literature on
perovskite QDs.>% 3334 Interestingly, the biexciton lifetime is lesser for Mn doped samples
compared to their undoped counterparts as seen from Figure. 9.7. The lesser biexciton lifetime
for the Mn doped perovskite QDs suggests that the excess population of photoexcited carriers
at high fluence decays quickly through the radiative decay rather than Auger recombination
when compared to undoped perovskite QDs. This fluence dependent carrier dynamics
comparative study between undoped and Mn doped perovskite QDs establishes the influence
of Mn as a dopant in drip-feeding the photo excited carriers back to the host through VADF
and sheds light on to ultrafast processes involved perovskite QDs which is essential to design

promising materials for light emission.

9.5. Conclusions

In summary, we have performed a systematic investigation on the photoinduced carrier
dynamics in Mn-doped perovskite NCs by using temperature dependent time resolved PL
spectroscopy and ultrafast transient absorption spectroscopy. From the temperature dependent
delayed exciton lifetime studies, we observe that there exists a host bandgap dependent state
specific back transfer from Mn levels to the host through vibrational coupling suggesting
complex photoexcited carrier dynamics. We also observed huge differences between the TA
spectra of Mn doped perovskite QDs and I1-VI semiconductor confirming the differences
photoexcited electron transfer mechanisms between these materials. We then observed strong
fluence dependent biexciton generation and difference between the multiexciton lifetimes
between undoped and Mn doped perovskite QDs. Also, the role of Mn as a dopant in drip-
feeding the photo excited carriers back to the host through VADF is validated through ultrafast

carrier dynamics studies in undoped and Mn doped perovskite QDs.
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10.1. Quantum Dots for Optoelectronics

Quantum dots (QDs), with their unique properties have given rise to a variety of new
applications that have been very useful. These semiconductor nanoparticles have electronic
properties that are significantly different from their bulk counterparts as a consequence of
constrained electron and hole wavefunctions. These properties are of interest both from a

fundamental perspective as well as from the perspective of many optoelectronic applications.

Despite its history of more than 30-years, the science of colloidal QDs still represents
an exciting area of research that appeals to scientists with a various range of backgrounds,
including inorganic and colloidal chemistry, condensed matter physics, optoelectronics,
biological and medical sciences. With the introduction of perovskite inorganic QDs the
possibility is further increased by a recent demonstration of their applications in different
technologies ranging from photovoltaics, QD-LEDS, lasers, bio-imaging etc. Colloidal QDs
are rapidly generating attention not only in the scientific community but also engineering and

entrepreneurial communities due to their potential in various applications.

10.2 Present Study

II-VI semiconductor QDs and perovskite QDs have been investigated extensively for
optoelectronic applications. Transition metal doping adds additional advantage in designing
quantum dots (QDs) for various optoelectronic applications. In the era that is driven by quest
for energy efficiency, understanding of the photo physics is very essential. The thesis is divided
into nine chapters along with methodology chapter where experimental techniques employed
throughout these chapters are discussed. Rest of the thesis is divided in to two parts. The first
part discusses about the decade long debate about mechanism of Mn emission in Mn doped II-
VI semiconductors and the second part of the thesis discusses about various issues related to
stability and structure of perovskite QDs and harvesting delayed fluorescence using Mn as a
dopant in mixed halide perovskite QDs.

Chapter 1 highlights various applications of the semiconductors QDs of the II-V1
elements and perovskites and provides an outline of the chapter-wise organization of the thesis.
Chapter 2 describes the procedures for synthesis of Mn-doped group II-VI semiconductor QDs
and perovskite QDs, their characterization techniques and details of spectroscopic tools used
in this study. Chapter 3 and 4 constitute the first part of the thesis and deal with the mechanism
of Mn emission in Mn doped II-VI semiconductor QDs. Chapter 5 to 9 form the second part
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of the thesis and are devoted to the Mn-doped perovskite QDs. While Chapter 5 and 6 focus
on the structural aspects and doping in perovskites. Chapter 7-9 are devoted mainly to the

mechanism of Mn emission and harvesting delayed fluorescence Mn doped perovskites.

10.3. Mn Doped Quantum Dots: Present Status and Outlook for the Future

Mn as an optically active dopant in QDs, it has been studied for 30 years and achieved
several milestones due to their unique feature of spin forbidden Mn d-d emission. The doping
was first performed with different chalcogenide materials, and it has also been extended to
recently emerged perovskite nanocrystals. The large absorption cross section and long lifetime
of Mn doped semiconductors made them a particular curiosity during the early years of
development. The large stokes shift in Mn emission reduces self-absorption as an added
advantage. Understanding the Mn excitation and emission mechanism provides a fundamental
viewpoint about the potential of these excellent materials for optoelectronic applications.
understanding of the mechanism of Mn emission has an immediate consequence in overcoming
internal energy losses and spin driven opto-electronics may be a new strategy for designing
optimal devices for photo-emissive and photo-voltaic applications.

The enigma over the mechanism of Mn excitation and emission around Mn doped II-
VI semiconductor QDs and perovskite QDs are clarified using various extensive optical
spectroscopic techniques. However, there are several anomalies and unanswered missing links
present in this field. The presence of excitonic emission in the low bandgap perovskite hosts in
gated PL, the presence of a 2.5 eV emission in Mn doped II-VI QDs can be well resolved and
understood using single molecule spectroscopy where the origin of such peaks can be
understood and can eliminate the possibility of the presence of any fraction of undoped
counterparts. In addition to that, understanding in the reason behind the non-zero excitonic
emission even in Mn doped CsPbCls is essential to obtain major differences between the
mechanism of Mn emission in II-VI QDs and perovskite QDs as hosts. Hence, there is still
more rooms for understanding and investigating the fundamentals of the emission properties
of these materials.

Additionally, even though perovskite nanocrystals synthesis is widely established,
slowing down the growth process could not be achieved yet. Precise control over the synthesis
process and dopant insertion needs to be deeply investigated. Also, the doping can be extended

to a wide variety of shapes, though cubes and platelets are already reported. Beyond Mn, other
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optically active dopants (for example, Ni, Cu) and also dual doping systems need to be
developed to understand the process of VADF in perovskite QDs.

The emergence of perovskite QDs in the recent years keeps the applicability of QDs for
various optoelectronics at a high scale. From a device perspective Mn doping has been
acknowledged to be superior due to the lack of self-absorption, and improved colloidal stability
as well as for air stable LED devices. However, the major shortfall of Mn doping in devices is
the presence of a single broad non-tunable emission at 590 nm (2.1 eV). By using Mn as a
storehouse of excited electrons, all these advantages will be transferred to the excitonic features
in addition to the tunability and the sharpness of the excitonic emission peak. However, there
are still many challenges to overcome before Mn doped QDs can be used in consumer devices.
The additional advantage of using Mn as a dopant apart from using as a store house of
photoexcited carriers for VADF, the formation of a magnetically coupled excitonic state also
enables optical control of magnetism.

One of the main problems with perovskite QDs is that they contain lead, which is an
extremely toxic metal. Due to the highly polar nature of perovskites, they can be easily
dissolved in polar solvents (like water), leading to serious health and safety issues. So far, no
feasible alternatives have been found for replacing lead in these QDs, as most replacements
lead to stability issues, decreases in the PLQY, large stokes shifts, and a significant broadening
of the PL. Thus, future work on perovskite QDs will mainly focus on finding sufficient

replacements for lead.
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