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Halide perovskite is a class of semiconductors and is one of the most flourishing
scientific fields in the last decade due to its highly promising characteristics in
optoelectronics, solar cell, photocatalysis, and so on. Lead halide perovskites (LHP)
in the halide perovskite family remain at the field’s forefront as it has high
photoluminescence quantum vyield (PLQY), narrow PL bandwidth, easy PL
tunability, and highly defect-tolerant nature. Although the LHP research started with
its potential use as a solar cell, the nanocrystalline form of this material has already
shown its immense potential in light-emitting diodes (LED). Using these extremely
important and interesting properties of the LHPs, the potential use of these systems
has already reached beyond solar cells and LEDs. So far, the LHP nanocrystals
(NCs)/thin films have been studied in different applications like X-ray detectors,

lasers, and in photocatalysis.

Despite the significant advancements made in LHP materials, several technical and
scientific barriers still prevent their widespread commercial use. Among these,
employing LHP has a severe flaw: lead toxicity. Also, the inherent instability of the
LHP structure in an open atmosphere restricts its commercialization. Another

important but overlooked aspect of this research field is solvent-related toxicity. In
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perovskite NC synthesis we often use organic precursor solvents which may cause
severe problems to the human body, which indicates the essence of looking for a
new alternative green medium for perovskite NC synthesis. In the first part of this
thesis, | focused on the optical property modulation and on the stability boosting of
the LHP NCs upon heterovalent Bi* doping. The second part of the thesis deals with
solvent-related toxicity. In this part, | have tried to discard conventionally used
organic precursor solvents with environment-friendly so-called green solvents to
synthesize the LHP NC systems. In the final part of this thesis, an environment-
friendly green solvent is used lead-free copper halide perovskite NCs to discard lead
related as well as solvent-related toxicity to achieve environmental sustainability.
Also, the evidence of the presence of a high-energy emissive state in copper halide
perovskite remains in focus. In the journey, we will also see the suppression of the

nonradiative processes to achieve high PLQY.

Summary of the work done

(1) Reversible Ultra-Slow Crystal Growth of Mixed Lead Bismuth Perovskite

Nanocrystal — Presence of Dynamic Capping

In this work, | have synthesized Bi®*

@
1

doped CHsNHsPbls (MPBI) NCs via E,]
ligand  assisted method, which ée-’,
crystallizes in phase pure tetragonal §5’
structure. XPS analysis of MPBI 8:‘\'{ 1
confirms the presence of both lead and " e (h1°5ur>20 -

Dynamic

bismuth in the NC. Stable MPBI NC i omme 250 _ i o e
I\”"I T ;\’ ITL‘\ Free _g7

shows broad absorption and a strong == | St = {3

W oa/08° uncapped NC growth Large Large
MV 0Am uncapped NC capped NC

emission cantered at 579 nm with
photoluminescence quantum yield of 15%. The interesting feature of this study is

the time dependent red shift in the emission maximum by 37 nm starting from 542
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nm at 25°C in toluene. As the absorption spectra are found very broad, we have taken
the time-dependent excitation spectra where also a clear red shift of 45 nm in
excitation band edge maxima starting from 509 nm was be observed. The red shift
in both excitation band edges as well as in emission maxima is proposed to be due
to the change in the size of the NC. The average fluorescence lifetime of MPBI also
shows a similar trend as a function of time. The lifetime is found to be 5.3 ns at 1 hr,
which become 6.4 ns at 24 hr and remain unaltered henceforth. In a similar line, we
propose that the increase in the average lifetime is due to the increase in the size of
the MPBI NC with time. From the FCS measurement, | have calculated the capped
radius of the NC with time. The capped radius value is found to increase from 4.2
nm at 1 minto 7.7 nm at 24 hr. The trend of the increase in size is found to correlate
well with the shift in emission maxima and average lifetime indicating clearly that
the size modulation is the reason for the observed change in the steady state and
time-resolved emission measurements. The size increment is attributed to the
individual crystal growth and the possibility of stacking of NCs is ruled out as FCS
is done in nanomolar concentration. To confirm more we have taken TEM images
of the NC suspension at three different times (1 min, 1 hr and 24 hr). Here also we
have seen a clear increment in size distribution starting from 3 nm to ultimately 9.5
nm after 24 hr. The increment in the size of NC even after being capped with organic
ligands may be due to the presence of dynamic capping. To confirm this, we have
done the temperature-dependent emission and FCS studies, which shows high

reversibility, confirming the presence of the equilibrium in the medium.

(2) Potassium-Induced Passivation of Deep Traps in Bismuth-Doped Hybrid
Lead Bromide Perovskite Nanocrystal: Massive Amplification of

Photoluminescence Quantum Yield

Pure LHP NCs exhibit very high PLQY due to their defect-tolerant nature. However,

it suffers from quick degradation under the atmospheric condition that restricts its
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use in practical life. Bi** doping into Deep Trap MPBKBr
the LHP NCs has been found to be ‘ L

beneficial to boost its stability to a

-
o

¥
W
V.B.
PLQY = 64%

Count (x10°)

SN b O @

certain extent. But the incorporation of

heterovalent Bi3* into the LHP lattice il W

MPBBr
Toshoe NG

modulates its electronic properties to a

large extent and quenches the PLQY by

%01 ns§.§_
introducing additional trap states. In ve [
PLQY = 9%

this work, | have studied the nature of
these Bi**-induced trap states and their probable energy position through time-
resolved photoluminescence spectroscopic study. | have prepared CH3NH3PbBr3
NCs (MPBr) and Bi®* doped CH3NHsPbBrs NCs (MPBBFr) through the facile ligand-
assisted reprecipitation method. MPBBr NCs show a huge red-shifted PL centred at
510 nm from MPBr NCs (PL maxima 451 nm) along with the drop of PLQY from
72% to 9% which may be the result of electronic state modulation. The PL transient
of MPBr NCs exhibits bi-exponential decay kinetics arising from excitonic
recombination (2.3 ns) and surface trap-assisted recombination (~12 ns).
Interestingly, the PL transient of MPBBr NCs exhibits a four-component decay
Kinetics. Apart from excitonic recombination (~4.4 ns) and surface trap-assisted
recombination (~14 ns), the presence of two short-lived states having a lifetime of
0.1 ns and ~0.8 ns were observed. The 0.1 ns decay is proposed as the recombination
of charge carriers through the deep trap state induced by Bi®*. The PL transient at
different wavelengths of the PL spectrum further reveals that this short-lived state
(0.1 ns) density is higher in the red edge of the PL spectrum. The contribution of
these short-lived trap states remained unaltered upon surface ligand modulation,
further confirming that the origin of these trap states is not related to the surface.
Analyzing these results, it is proposed that the short-lived state is originating from
the deep traps within the lattice induced by uncoordinated bromine 4p orbitals. These

bromine 4p orbitals could not have a proper bonding interaction with bismuth 6s
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orbitals which remain inert due to higher spin-orbit coupling. Besides this, another
reason for the formation of deep traps may be charge mismatch that leads to the
formation of vacant sites in the NCs. Further, monovalent potassium was co-doped
into the MPBBr NCs to passivate the deep traps as K* ions have a similar size with
Pb2* and Bi®*. Upon co-doping, the PLQY of the system (MPBKBr NCs) showed a
massive seven-fold amplification from 9% to 64%. The passivation of deep traps
was further verified through the suppression of the short lifetime component in the
PL transient. The atmospheric stability of the developed MPBKBr NCs was found
to be much higher than MPBr and MPBBr NCs (observed up to 21 days). MPBKBr
NC also sustained its PL and its phase stability up to 100 °C.

(3) Massive Amplification of Photoluminescence and Exceptional Water
Stability of MAPDbBr3: Nanocrystals through Core-Shell Nanostructure

formation in a Self-Defense Mechanism

Vulnerability to the atmospheric

condition and associated lead- é a»
related toxicity limit perovskite’s - . | aﬁt—b&

esi ant

practical/industrial use despite its
tremendous promises in Sclf Defence I

optoelectronics.  Although  the

MAPbBr3

discarding of lead toxicity through

the synthesis of lead-free perovskite NCs remains at the forefront in this aspect, the
organic precursor solvent-related toxicity is mostly overlooked in this research field.
In perovskite NC synthesis we often use toxic organic solvents like
dimethylformamide (DMF), skin-penetrating dimethyl sulphoxide (DMSO), and
octadecene, which may cause severe problems to the human body upon exposure.
Also, the co-ordinating ability of these solvents to the perovskite NC surface was

found to be detrimental to the long-term colloidal stability. So, the search for a new
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alternative noncoordinating green medium is necessary for perovskite NC synthesis.
| used an ionic liquid like so-called green solvent composed of methylamine and
hydrophobic lauric acid to synthesize methylammonium lead bromide (MAPDBTr3)
nanocrystals (NCs). The NCs were synthesized by direct addition of solid lead
bromide salt into the ionic liquid medium. The synthesized NC shows moderate
photoluminescence quantum yield (PLQY) (~19%) and high environmental stability
(at least six months). Further, the entire visible range was tuned through the anion
exchange method. More interestingly, the synthesized NC forms a core-shell
structure in a unique self-defense mechanism in presence of water, which is
proposed to be MAPbBrs@Iead laurate. This core-shell structure is found to be
beneficial in (a) preventing further degradation of the NC, and it becomes highly
water stable (at least for two months), (b) surface modification to induce a massive
five-fold amplification of PLQY (to near unity), and (c) restricting the anion
exchange reaction. Moreover, these unique properties are achieved without any
special control. Also, the successful synthesis of other MAPbXsz (X=Cl, 1)

demonstrates its potential universality as a green medium for the first time.

(4) Green Synthesis of 3D Cesium Lead Halide Perovskite Nanocrystals and
2D Ruddlesden-Popper Nanoplatelets in Menthol-based Deep Eutectic

Solvents

In previous work, | have used

Green

Synthesis _ Low
Temperature

an ionic liquid like green

Temperature

medium to synthesize W
MAPDBrz NCs, which largely - > 4 : CSCOJ/DIES'“
: PbBr/OAm'“

reduces the solvent-related o ) N

All 3D 2D RP Cs-
CsPbX; NCs Pb-Br NPLs

toxicity. But the use of such
methylamine-based ionic

liquids in perovskite synthesis has some limitations such as, (i) It is only selective
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towards methylammonium-based perovskite NC synthesis. (ii) The perovskite NCs
have been synthesized by direct addition of lead halide salts into the ionic liquid
medium which limits its control over size and morphology. (iii) And most
importantly, as NCs are formed by the direct addition of solid lead halide salts to the
ionic liquid medium, direct synthesis of mixed halide perovskite NCs and doped lead
halide perovskite NCs are not possible in this medium. To overcome these issues,
we need a green medium with a high solubilizing ability of precursor salts that will
remain inert in the synthesis process. Addressing these problems, | have introduced
three different menthol-based deep eutectic solvents (DESs), c.a. 1:2 lauric
acid/menthol (LAMe), 1:1 caprylic acid/menthol (CAMe), and 1:1 butyric
acid/menthol (BAMe), for the synthesis of cesium lead halide perovskite NCs. The
NCs have been synthesized using two precursor approach using oleylamine as a
ligand. The NCs show a uniform particle size distribution with an average size of
~12 nm. The NCs exhibit strong PL centered at 513 nm with PLQY of 78%, 67%,
and 65% for CsPbBrz NCs prepared in LAMe, CAMe, and BAMe, respectively. PL
decay kinetics of the NCs reveals the presence of three different recombination sites
in the NCs. The short lifetime component of ~1.2 ns is attributed to the
recombination of charge carriers through bromide vacancy-induced trapping sites
and further passivated by oleylammonium bromide treatment to achieve near unity
PLQY. The ultrafast carrier dynamics of CsPbBrz NCs prepared in LAMe was
further investigated and compared with pristine CsPbBrz NCs prepared through
normal hot-injection procedure where both NCs show similar carrier dynamics. The
reaction temperature and added cesium to lead precursor ratio in the DES medium
were found to be the key factor in controlling the dimensionality of the NCs. Lower
temperature and lower cesium-to-lead ratio favored the formation of lower-order
Ruddlesden-Popper (RP) 2D nanoplatelets (NPLs) where oleylammonium cation
from oleylamine ligand act as spacer cation. With precise control over temperature
and precursor ratio, | was able to synthesize pure (OAmM)2Cs2PhzBrio RP NPLs (n=3)

with PL maxima centered at 460 nm. To check the universality of the DES medium
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all other lead halide/ mixed lead halide perovskite NCs were synthesized using the
similar procedure which also show very high PLQY. This study presents a novel
approach to the environmentally friendly synthesis of lead halide perovskite NCs
and NPLs, which holds great potential for the practical large-scale synthesis of

perovskites in industrial scale.

(5) Evidence of Short-Lived High Energy Emissive State in Lead-Free
Cs3Cuzls Nanocrystals Synthesized in Lauric Acid- Menthol Deep Eutectic

Solvent

In the last two works, | have

STE emission High energy CB
. 3.0- emissive state \-//
introduced two new types of 3 — Ons —2ns Y
. 254 ——05ns 200 ns i N8 Y
. s — 1ns — 1000 ns A4 2
green solvent media for LHP 2 2,- ;’g £ STE
. . 2 i 0;, o i b g
NC synthesis, which largely £ :: ,s;% g 3
S 1.0+ 13 £
reduces the solvent-related * g5 B
VB

toxicity in LHP NC synthesis. 0.02;3600 22500 25000 27500 30000

The menthol-based DES media Wavenumber (cm”)

was found to be highly promising for the synthesis of all types of LHP NCs and
NPLs. In this work, I have used LAMe DES medium to synthesize lead-free
Cs3Cuzls NCs through which both solvent-related toxicity and lead toxicity can be
eliminated. The synthesized NCs show a uniform size distribution with an average
size of 22 nm. The synthesized NCs exhibit a highly Stoke-shifted strong broad
steady-state PL band centered at 445 nm originating from the self-trapped excitonic
(STE) emission. The STE emission in CssCu:ls originates from the Jahn-Teller
effect in the excited state, which is already discussed in detail in the literature.
Because of this excited state Jahn-Teller distortion, the excited state modulates its
energy immediately after photoexcitation and the charge carriers get trapped in it
forming STE states. However, free excitons are always in a competitive relation with
STE. So, it is abnormal that free exciton emission is not observed in steady-state PL

spectra of Cs3Cu2Xs perovskites. In this work, the PL decay kinetics of the CszCuzls
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NCs reveals the presence of a short-lived state in the higher energy. Further time-
resolved emission spectra (TRES) analysis confirms that the high energy emissive
state in the ~350 nm region is the origin of the short lifetime decay component. The
high emission intensity in the early time of this ~350 nm emission band further
nullifies the possible origin to be trap states and proposed to be originating from
band-to-band free exciton recombination. The very short lifetime of this high-energy
emissive state compared to the long-lived STE emission is the main culprit behind
its absence in the steady-state PL spectrum. The evidence of the presence of a highly
emissive energy state or free excitonic recombination is unique in copper halide
perovskites and the evidence of its presence is presented for the first time to the best
of our knowledge. This study will help to understand the photophysics of copper-

based perovskites from a new perspective.
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This chapter provides a very brief elementary idea about the semiconducting
nanoparticles, particularly of a certain type, Lead halide perovskites (LHP). The
band structure, quantum confinement effect, emission color tunability is
subsequently discussed. This chapter also focused on the very brief idea about some
very important characteristic features like crystal structure, basic charge carrier
dynamics, surface properties, the importance of the trapping sites etc, which are the
key knowledge to improve the system to make forward for the practical use. The
effect of heterovalent doping, mainly Bi** doping on charge carrier dynamics and
on stability is also well discussed. The final part of this chapter deals with the
problems of using the environmentally hazardous solvents and discussion on green

synthesis of perovskites which is a way of hope for the commercialization.




Chapter-1

1.1 Motivation and thesis goal
“Oh Hi! So, what is your research area?”
“Hi! I am working in perovskite.”
“Perovskite? What is this?”
“This is a class of materials having unique structure and properties.”
“Like? Can you explain a little more?”

“The term perovskite refers to crystals with a very specific structure of the
form ABXs. In 1839 Gustav Rose discovered the mineral CaTiOz in the Ural
Mountain of Russia. Latter its crystal was named perovskite after the Russian
mineralogist Lev Perovski. Different atoms or molecules can form this ABXs-
type structure. For example, most of the Earth’s mantle consists of MgSiO3
which is also a perovskite. In general, you can say that the crystals having a

b

structure of ABX3 can be termed as perovskite.’
“Oh, that means you are working on these minerals?”

“Actually, I am working on a particular nanocrystalline form of a particular

b

perovskite naming lead halide perovskite.’

“Is this a very new field? I haven’t heard about this. I guess very few people are

doing research on it!”

“You'd be shocked! Just go through Google Scholar or Scopus. Up until 2008,
there were no more than 500 articles on this subject; after that, the number
surged. More than 10000 publications have been published in the last ten
years or so. Do you want to know what happened in 2009 that was so

magical?”
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During my early PhD vyears, | frequently engaged in this type of dialogue while
discussing my research work with the people outside of my research community. To
begin with, it is important to understand the reason behind the significant surge in
the interest on lead halide perovskites (LHPs) have been observed over the last
decade.! The journey of LHPs started with potential implementation as solar cell
material by Myasaka research group back in 20092, paving the way for a whole new
research field- the development of LHP- based photovoltaics. Recently, the
efficiency have touched a new record of 29% of a LHP based solar cell.> Despite
these remarkable developments, there has been very little widespread public

awareness.

Now the question is why common people should be aware of this? LHPs are
semiconductors and a promising material for optical purposes. Without computers,
smartphones, and other electrical devices- all of which are made of semiconductors-
we cannot imagine spending daily life. On top of that, solar cells can also use
semiconductor materials. Promoting the usage of renewable energy is a top concern
due to the current energy crisis. Energy demand is anticipated to skyrocket in the
foreseeable future, particularly in India, given our constantly expanding population.
In light of the limited supply of non-renewable energy, one must search for
alternative renewable energy sources, such as sunshine, wind, water, etc. Utilizing
solar energy may be beneficial due to India's geological location and year-round
access to a lot of sun radiation. Despite being widely available, silicon solar cells are
still relatively expensive for usage and large-scale manufacturing. On the other hand,
perovskite solar cells are anticipated to be inexpensive in this context. Among all
perovskite materials, LHPs is particularly important due to their direct bandgap
nature.k 4> The remarkable improvements in LHPs' photovoltaic efficiency have
been witnessed in thin films of these materials. This thesis will focus on LHP
nanocrystals (NCs), a different form of LHP instead of bulk films. In contrast to the
bulk films, NCs of LHPs usually exhibit strong visible photoluminescence (PL)
proofs its eligibility as a potential material for light emitting diodes (LEDs). Such
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NCs can be synthesised quickly and consistently utilising colloidal chemistry.
Notably, the LHP’s optical properties modulates dramatically when length scale is
reduced to these extreme levels- a few nanometers or even smaller, as quantum
confinement starts playing a role.® 7 Using these extremely important and interesting
properties of the LHPs, the potential use of these system has already reached beyond
solar cell and LEDs. So far, the LHP thin films/ NCs have been studied in different

applications like X-ray detector, lasers and in photo catalysis.®1°

Solar Cell

Light
Emitting
Diodes

Photo-
catalysts

/

\

)

Photo Lead Halide y. X-ray
detectors . Perovskites (APbXj;) 4 detectors

N

Lasers

Figure 1.1. Schematic overview of the applications of the LHPs.

Despite these tremendous advancements of the LHP NCs, its practical use is still
way off because of its poor environmental stability. The fundamental LHP NC
research is mainly roaming around three different directions. Firstly, to increase its
environmental and water stability. In general, researchers are trying to develop the
environmentally stable LHP NCs through doping of metal ions, ligand engineering
and core-shell nanostructure formation.' 2 The second direction focuses on the
amplification of the photoluminescence quantum yield (PLQY) of the NCs to near

unity to maximize LED efficiency. This field also involves surface ligand
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engineering and doping to reduce the nonradiative deactivation channels.!! The third
part mainly related to the toxicity. Lead is highly toxic in nature, which arises an
inevitable question mark on the environmental acceptability of these LHP NCs.!3
This can be tackled through partial substitution of lead by other metal ions (B-site
doping) to minimize the lead content and the ultimate goal of this field is to reach
lead free perovskite NCs with high PLQY. However, overcoming solvent-related
toxicity is one of the most crucial but overlooked aspects of this research subject.
Toxic solvents including dimethylformamide (DMF) and NMP are typically used in
perovskite synthesis. Hazardous organic solvents, such as octadecene and skin
penetrating DMSO, are also commonly used. Another major worry is that these
precursor solvents have a high propensity to coordinate with the perovskite surface,

allowing the perovskite structure to degrade.4 1

)
0.0

Doping % Minimizing defects —

)
0.0

Ligand engineering Sta Surface engineering

bil;
+* Core-shell Ibty . < Doping
nanostructure
Lead Halide Solvent Related Toxicity
Perovskite (APbXj) " . .
Lead Related Toxicity NCs % Toxicity of organic

; ; precursor solvents like

% Doping of metal Toxicity DME, NMP, and skin

penetrating DMSO.
** Coordinating ability of
these solvents with

ions in B site
+* Towards Lead free

perovskites
perovskite surface

facilitates degradation.

Figure 1.2. Schematic representation of the fundamental research areas on the LHP NCs.

The first part of this thesis focuses on the modulation in optical properties and on
the increment of the stability of the LHP NCs upon heterovalent Bi®* doping. The
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second part of the thesis deals with the solvent related toxicity. In this part, | have
tried to discard conventionally used organic precursor solvents with environment
friendly so-called green solvents to synthesize the LHP NC systems. In the final part
of this thesis, environment friendly green solvent is used lead-free Cs3Cuzls
perovskite NCs to discard lead related as well as solvent related toxicity to achieve
environmental sustainability. Also, the evidence of the presence of high energy
emissive state in coper halide perovskite remain in focus. In the journey, we will

also see the suppression of the nonradiative processes to achieve high PLQY.
1.2. Band structure and semiconductor basics
1.2.1. Free electron in space

For a free electron propagating in one dimension without any potential, the

Schrodinger equation is expressed as,

d’¥ | 2m _

—Z Tz E¥Y=0 (1.2.1)
In general, this differential equation’s solution can be written as,

Y(x) = Aexp(ikx) + Bexp(—ikx) (1.2.2)

Where A and B are constants and,

2meE

ko= (2 )3 (1.2.3)

The first term in the equation 1.2.2 corresponds to the propagation of wave in the
positive x-direction, and the second term corresponds to the propagation of wave in

the negative x-direction. From equation 1.2.3 we can write,

E = 2K (1.2.4)
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<€ > k

Figure 1.3. Plot of electron energy E vs k for free electron.

This shows that all energy values are allowed for free electrons.

the momentum p = hk. And we know that p = %or, p= Z%h Thus,

p2

Since E = ,

we can say that k = 27" where K is the electrons’s wave vector. The E(K) relation

I.e., relation of electron energy with the momentum, is shown in figure 1.3.

1.2.2. The Kronig-Penney model: Electron in a periodic crystal potential

Figure 1.4. Simplified form of a crystal showing periodic arrangements of atoms.

The crystal is an ordered and periodic arrangement of atoms (figure 1.4). When an
electron moves through a crystal lattice, it will experience a periodic potential
induced by the atoms in a particular direction.'® 7 For one dimensional case periodic
potential is expressed as V(x) = V(x + a), where ‘@’ is the distance between two

successive atoms in the x-direction (for one dimensional case).
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o @ ® o) el 5« (] (] ] . 2 x

Figure 1.5. (a) Scheme representing the potential energy variation of electrons in a one-
dimensional crystal lattice where ‘@’ is the lattice constant i.e., distance between two successive
atoms in that direction. (b) An approximation of the realistic potential energy, as shown in (a),

according to the Kronig-Penney model.

The Schrédinger wave equation’s solution for this case can be written using periodic

Bloch functions?’
Y(x) = u(x)exp (ikx) (1.2.5)

Where u(x) = u(x + a), is called a Bloch function. This is a periodic function
which is periodic with the crystal structure or lattice constant ‘a’, which is k value
dependent. The analysis of the realistic potential in a crystal lattice (figure 1.5a)
would be very complex. And thus, a simplified model can be considered as shown

in figure 1.5b.

Figure 1.6. One-dimensional periodic potential diagram according to Kronig-penny model.

In the Kronig-Penny model, the electronic motion is considered for a one-

dimensional array of square potential barriers of width ‘a’ (area I in figure 1.6),
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which are separated by potential barriers Vo having width ‘b’ (area II in figure 1.6).
These parameters i.e., ‘@’, ‘b’, and Vo are very much dependent on the crystal

structure of the material as well as on the elements of the crystals.®

The boundary condition for the solution of this one-dimensional case depends on the

following equation,*®

Psinaa

+ cosaa = cos ka (1.2.6)

aa

In this equation 1.2.6,

1

_ (2meE)2
= (1.2.7)
‘P’ is the measure of strength of the potential barrier. And,
meVpba
p = _hg (1.2.8)

Thus, the energy E relates to k (through o) by the equation 1.2.6. This implies that E

are allowed for certain a values for electrons in this periodic potential .8 This can be

Psinaa

further visualized by plotting + cos aa as a function of aa, as depicted in

i
aa

figure 1.7.

|
i/

| ]

b=

\
\:l

-

+1 0 -1

P sin aa
——+ cosaa =coska

. Psi .
Figure 1.7. Plot of % + cos aa as a function of oa.
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The cos ka values are only acceptable if it lies between +1 and -1, implying that,
energies will be in the same limit, as o is a function to E.1® 1 This effectively
indicates that the allowed energies of the electrons will be within specific energy
band depicted inside the shaded areas in figure 1.7, when travelling in a periodically
fluctuating potential field. These permitted energy bands are divided into zones that
correspond to forbidden energy ranges when cos ka is greater than +1 or less than -
1. Thus, summarizing these observations, (i) The energy has allowed and forbidden
regions for movement of electron in crystal potential., (ii) the width of these bands
is a function of P, i.e., Vob and (iii) The forbidden bands become narrower with
increasing E. Furthermore, the curve is steeper with larger P, which causes shrinkage

of allowed bands and broadening of forbidden bands. It is important to note that at

the boundary of an allowed band cos ka = +1; and hence k = %; demonstrating

the energy become discontinuous at these k values. These circumstances also match

the Bragg reflection rule, indicating that standing waves can be used to describe the

electron states with k = %’T I.e., These electrons are unable travel within lattice,

which reveals the existence of an energy gap in that specific k.
1.2.3. Energy bands in crystals

The presence of the energy gaps, and other related properties, can be thought of in
terms of how much energy is needed to free an electron from a material and allow
the free movement through it (under the applied field).18: 1720 The explication of key
aspects of the electronic properties of semiconductors is made easier by the
formulation of the E(k) relationship, which calls for a more detailed ellaboration of

the energy bands in crystals. For free electrons, according to equation 1.2.4 this

2k2

relationship is, E = 2

Me
And for one-dimensional case,

1 1
k, = ( o )2E2 (1.2.9)

11
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Which is a parabolic function as shown in figure 1.3.

According to Kronig-Penney model (equation 1.2.6),

Psinaa
+ cosaa = cos ka

aa

For the free electron system, P is 0. Thus,

cosaa = coska (1.2.10)
As the cosine function is periodic in 21; so,

cosaa = cos ka = cos(ka + n2m) (1.2.11)
wheren =0,41,42,43, .........

And thus, aa = ka + n2n (1.2.12)
So, combining equation 1.2.7 and equation 1.2.12,

1
(2meE)2

h

n2m

=k +2=2 (1.2.13)

This shows that iteratively repetition of the parabola with a factor nfT” Which means,

the energy and k is in periodic relation with the periodicity %’T As discussed earlier,

the discontinuity in E(k) diagram occurs at coska = +1 in a periodic crystal

potential; that means at the allowed band’s bounday, k=2 (n=

a

0,+1,+2,+3,.........). This indicates that except for k = % in a periodic lattice

the electron behaves like a free particle. This is depicted in figure 1.8, the E(K)

dependence in extended zone representation. 62

12
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Figure 1.8. Extended-zone depiction demonstrating E(k) deviation for free electrons at band

edges with k = %“ First three Brillouin zones are also indicated.

Figure 1.8 shows the Brillouin zones, i.e., the k values for each energy band. (These

are labelled as the 1st zone, 2nd zone, 3rd zone, etc. in the illustration).
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Figure 1.9. The reduced-zone representation
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The reduced zone representation derives from folding the bands back into the first
(Brillouin) zone. (see figure 1.9).% 17 For discussing various semiconductor
properties, this reduced zone model is very important as it contains almost every

information related to the transport and optical properties of the semiconductor.??
1.2.4. Electronic band in real space

So far, we have seen the energy bands in the reciprocal space, i.e., in k space. This

k vector has a dimension inverse to the length (a) for which it is called as reciprocal
space. All the electron band calculations are generally done in reciprocal space as it
is directly related to the Schrodinger wave equation of the system. Now to visualize
this electronic bands in real space (r), we must start again with free electron model.
Now for a electron, moving in a zero potential (free electron) in real space (r) can
have every possible energy as there is no restriction. In other term, we can say that

the free electron energy is continuous (see figure 1.10).16: 17

(2) () &

E
A A

Continuous energy band

Continuous energy band

=

<€ > > r

Figure 1.10. Electronic energy band for a free electron system in (a) reciprocal space and (b)

in real space.

Now electron in a periodic crystal potential according to Kronig-Penny model, from
equation 1.2.6,

Psinaa
+ cosaa = cos ka

aa

14
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For free electron P is 0 as discussed earlier and energy of the system will be

h2k?2

n2m?

In case, P — o, sinaa =0 and thus aa = nm, or a® = —

. From this using

equation 1.2.7, we get

2.2
hem 2

2mea?

(1.2.14)

n

wheren = 0,+1,+2,+3, ... ......

At these values of n, the electron will behave like a standing wave and a deviation
in E(k) diagram from the free electron occurs. In k space it is already shown in figure

1.8. In real space thus discontinuity in energy takes place at E =0,

h2m2 h2m2 h2m2

2mea?’ " 2mea?’ " 2mea?’

..... so on. Here for one-dimensional case, the space

coordinate r is equivalent to a. This can be visualized by figure 1.11 as follows.

(a) N (b) E
[ | A | [ [ A
. | | | | |
| | | | | |
: : : A“"’Yl"ed band : : Allowed band
| | 1 | h2m?
| | | Forbidden band | | Forbddenband e gL
| I | | 2m, a?
| | | | | |
| | | | | |
| | | | | |
: : | Allovll'cd band : : Allowed band
|
| | | | | |
| | | | | |
| | I N | I . h2m?
| | | Forbidden band | | Forbidden band —— 4
| | | I 2m,a?
: : : : :Allowed bak‘d Allowed band
> v 4
: : | f’lorblddcn h:and Forbidden band g h"m
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€< T T T T > k > r
K 2n - 0 & L G
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Figure 1.11. Extended-zone representation in (a) reciprocal space and (b) its visualization in

real space.

In reduced-zone representation also this can be visualized as figure 1.12.
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Figure 1.12. Reduced-zone representation in (a) reciprocal space and (b) its visualization in

real space.

1.2.5. Concept of effective mass and its importance

In semiconductor crystal for periodic potential the property of electron modifies,

resulting the electron mass different than free electron mass.*® 1723 The actual

experimental mass of the electron in this periodic potential that is within the

electronic band here is the effective mass (m™).2® All the calculations with electron

mass that we have done so far in the previous sections is actually the effective mass

of electron.

Recalling the equation 1.2.4. now can be written as,

h2k?2

*

E =

dE _ 2h%k

d%E  h?
of — =—
dk? m*

Rearranging the equation 1.2.17, we get

2
d2E,_4

* __ R2
m" = h*(=3)

(1.2.15)

(1.2.16)

(1.2.17)

(1.2.18)
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This means the effective mass of the electron is related to the curvature of the E(k)
diagram in a inverse proportional relation. This means, higher the curvature of the
band, lesser the effective mass of the electron. This concept is very much important
to understand the carrier transport i.e., current flow in a semiconducting material.®
Lighter electrons can travel through the lattice in a much faster rate than heavier
electrons, suggesting materials having higher curved bands are much promising as
device material.>* Also, from the reduced-zone representation of E(k) diagram

(figure 1.9), we can say that (i) the effective mass is positive in conduction band (as

2 2
% = +wve) and the effective mass is negative in the valance band (as % = —ve),

except near the top and bottom of the valance and conduction band. (ii) Near the top
of the valence band and bottom of the conduction band, the effective mass is not
dependent on which means at these points energy is constant. In the valance band,
the electron having a negative mass is termed as an “electron hole”.1® A negative
charge with a negative mass is equivalent to a positive mass with a positive charge
in the presence of an electric field. As a result, holes are defined as carriers with
positive charge and positive mass. This suggests that in an electric field, hole in the
valence band and electron in the conduction band moves in opposite direction in real
space. After photoexcitation in semiconducting system, an electron goes to the
conduction band and a corresponding hole is left behind in the valance band which
is commonly referred to a photoexcited state.?> 26 After photoexcitation the effective
mass of an electron can be different than its corresponding hole if the excitation takes
place at k value not equal to zero, as the curvature of the valance band and
conduction band may be different. But their momentum will be conserved as their

motion will be guided by the band structure.®
1.2.6. Direct and indirect bandgap semiconductor

During an electronic transition (absorption or emission) in a semiconductor the
momentum and energy (hk) must be conserved. When the conduction band minima

and valence band maxima occur at same k value then the semiconductor is termed
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as direct bandgap semiconductor (figure 1.13a). Whereas, if conduction band
minima and valence band maxima occur at different k values then the semiconductor

Is termed as indirect bandgap semiconductor (figure 1.13b).

Conduction band Conduction band

/\Vﬂlance band /\ Valance band

> i

> k

Figure 1.13. Schematic representation of E-k diagram of (a) direct bandgap semiconductor and

(b) indirect bandgap semiconductor.

The electron after photoexcitation goes to the conduction band from the valence
band which is the fundamental absorption process. In this process, momentum and
energy must both be conserved. In the absorption process the electron momentum is
conserved because the crystal momentum is far larger compared to photon
momentum. In direct bandgap semiconductor the optical transitions across the
bandgap are direct as both valance band maxima and conduction band minima are
situated at same k values. For indirect band gap semiconductor, the transition across
the bandgap cannot be possible directly as k values are different at valance bond
maxima and conduction band minima. In this type of materials, for optical transitions
involvement of phonon is required. For this reason, in indirect bandgap

semiconductor optical transitions are very weak.

Silicon (Si) have the indirect bandgap and for this the light absorbing ability of
commercially available Si-based solar cells are very weak. For an efficient amount
of absorption, the thickness of the Si-layer in Si-based solar cells is usually around

500 pum which makes these systems very costly. However, unlike silicon,
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perovskites have direct bandgap and making ~200 nm thick perovskite solar cell
sufficient for practical use. This makes perovskite system much more superior than

silicon in solar cell.
1.2.7. Semiconductor- bulk to nano level: Lower dimensional semiconductors

So far, we have discussed the band structure of the bulk semiconducting system.
When the size of the semiconductor reduced to nano level (~1-30 nm), we often see
change in its properties like absorption band edge position, PL and so on. This effect
is termed as quantum confinement effect in semiconductor. This can be well

explained using density of states (DOS).

The number of states available per unit energy per unit volume of a semiconductor

is known as DOS. This DOS is a function of energy and can be expressed as,*®
3
9(E) == (2m")2VE (1.2.19)

This means that the DOS is energy’s parabolic function and as energy increases the
number of available states also increases. In semiconductor if the conduction band
minima energy is Ec, then bellow this Ec the DOS will be zero. Thus, the equation
1.2.19 can be modified as,

9(E) = 2 2m"): [(E— E,) (1.2.20)

For valence band, the DOS expression can be written as,

9(E) = 2 2m"): [(E, — E) (1.2.21)

Ev is the energy of valence band maxima. This can be better visualized in figure 1.14.
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Figure 1.14. (a) Conduction and valence band energies and (b) corresponding DOS of a bulk

3D semiconductor.

For two-dimensional (2D) quantum well (QW) semiconducting system, the carrier
movement are confined in one direction (height of the well), and free to move to
other two direction (in plane). In the plane the semiconductor will behave like a bulk.
In 2D QW the energy level of electron can be obtained from solving the Schrédinger
equation in an infinitely deep potential well, which can be expressed as,

h2m?
n =
2mjL2

n% (=123 ...) (1.2.22)

1 . . . . .
The — termiis the energy dependence with the width (or height) of the QW and is

known as quantum size effect. For conduction band this relation can be expressed
as (given in the confinement direction the finite motion corresponding to the x-axis

and the infinite motion in the y-z plane),

21,2 2
E(k) = E¢ + Ey, + 2 (1.2.23)
where, E;,_is given by equation 1.2.22,
E, =" p2 (1.2.24)

X 2mil2
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In a two-dimensional system (i.e., QW) the DOS per unit area for one sub-band for

the conduction band can be represented as (when the energy greater than E, + Ej, )

(1.2.25)

g(E) =

mg
h2
As a result, in this scenario, the DOS is constant for each quantum number ny (i.e.,
it is independent of energy), and the total DOS can be expressed as the sum of these
for all values of ny, resulting in a staircase-type distribution, with a step height

determined by equation 1.2.25.

2 L ﬁ )
Y
= 3D Bulk 2D Quantum Well 1D Nanowire 0D Quantum Dot
o() / g(E) ’_|_|—y &(E) W #(®) | | ‘
E. E E, E E. E E, E

Figure 1.15. Scheme representing lower dimensional structures and corresponding DOS.

Quantum wire confines carriers like a potential well. (both electrons and holes) in

two directions. The E(k) relation is for the conduction band is,

27,2
%k

*
2m}

E(k) = E; + En +E,_+ (1.2.26)

In this instance, VE dependence can be used to define the DOS in each of the sub-

bands as a function of energy (see figure 1.15).

For quantum dots, the carriers are confined from all direction and energy can be

expressed as,

E(k) = E. + En +Ey +Ey, (1.2.27)
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In this case, a set of discrete § functions can describe the DOS (figure 1.15).

1.2.8. Concept of quantum confinement

According to Heisenberg uncertainty principle, if a moving particle with a mass m
Is confined to a region (Ax) in x-direction, then the uncertainty in its momentum

(AP,) is given by,

AP, ~ (1.2.28)

The particle gains additional kinetic energy from this confinement along the x-

direction, also referred to as confinement energy. This can be expressed as,?’

E S CL PO (1.2.29)

confinement — m* m* (Ax)2

This confinement energy become substantial when kinetic energy of the charged

carriers (Exr)) is comparable because of its thermal motion in the x-direction. In

this condition,

1
Econfinement = Ex(ry = EkBT (1.2.30)
Using equation 1.2.29 and 1.2.30 we get,

b lk,T (1.2.31)

2m*(Ax)2 2
From this we get,

h2
mkpgT

Ax ~ (1.2.32)

Now, the de Broglie wavelength related to thermal motion of the carriers along x-

direction is given by,

h h . h
Py Zm*Ex(T) JmkgT

(1.2.33)

c ~
ADB ~
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Using equation 1.2.32 and equation 1.2.33 we get,
App = Ax (1.2.34)

So, from equation 1.2.34 we can say that for quantum confinement, the de Broglie
wavelength related to the thermal motion of the carriers must be comparable with

the length of the system (in a particular direction, or in all direction).

In general, we can say that a nanomaterial is within qguantum confinement when its
size is comparable with the de Broglie’s wavelength of its charge carriers (electron
or hole). With increase in size, the confinement energy will decrease, and the
system’s properties will be closer to the bulk system. For this, within quantum
confinement regime if we increase the size of the NCs, the bandgap changes to lower

values and we can tune the PL position by this fine tuning of size (figure 1.16).
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Figure 1.16. Quantum confinement effect. (a) Schematic representation of molecular orbital
energy levels from molecule, nanocrystal to bulk semiconductor. (b) Schematic representation
of size-bandgap relationship. (c) Size dependent bandgap variation and PL tunability of CdSe
QDs of varying diameters. Reproduced from Ref. 40.
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These confinement size effects now differ from one material to another. As the
motion of the carrier is governed by the band curvature of the material, the de
Broglie’s wavelength associated with it will also vary; this effectively alter the size

of the quantum confinement regime in different materials.

These effects are shown for quasi-spherical nanocrystals in Figure 1.16c,
demonstrating how nanocrystal size can be used to control the wavelengths of
absorption and fluorescence. CdSe nanocrystals (Eg=1.76 eV) can be regulated
through quantum confinement to emit in whole visible region, making them valuable

for both imaging study in biological systems and optoelectronic devices of many

types.

1.2.9. Exciton and exciton Bohr radius

Absorbing a photon electron is excited from valence band to conduction band
leaving behind a positively charged hole in valance band. This electron-hole pair
(electron in conduction band and hole in valance band) is called an exciton (see
figure 1.17). The exciton in a semiconductor is known as a quasi-particle in which
electron and hole are bound in a coulombic attraction. In Wannier-Mott model, the
electron and hole are considered to form a hydrogen like atom in solid state in which
hole in valence band replaces the nucleus and electron in the conduction band

replaces the hydrogen electron.

Conduction band
-
! A Y
1)

-
-

Electron-hole pair
(exciton)

1

000600
N Wannier-Mott exciton mimicking

Valance band the H-atom in solid state

Figure 1.17. Schematic representation of exciton formation after light absorption in

semiconductor.
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The effective mass approximation allows to consider electrons and holes as free
particles in respective conduction band and valence band by neglecting the periodic
crystal potential of a medium having dielectric constant . By resolving a
Schrédinger equation which is similar to the electron state in a hydrogen atom, one
can get the wave functions and energy values. The exciton's energy values are
solution to the particle in a box problem when reduced mass is used in place of the

original mass.?" 28

|Eexciton| = Econfinement = Ee + Eh (1-2-35)
n2h? n2h? n%n? [ 1 1
Now, E, + E, = sz T e~ oR? (mZ m}’;) (1.2.36)
As reduced mass of electron-hole system % = 1* + ni (1.2.37)
e h

2p2 p2g2 _
|Eexciton| = Ee + Ep = Z#RZ = 2#7;2 (takingn =1) (1.2.38)

Where, R is the radius of a spherical particle (exciton here); m* is the corresponding
effective mass; and p is the reduced mass of electron-hole system as stated in

equation 1.2.37.

The radius of the exciton can be stated from the Coulombic attraction between

electron and hole as,?®

rh?
Texciton = : (1-2-39)

— o2

The exciton binding energy (E..citon) USING equation 1.2.38 thus can be given by,

ue* h2

Eexciton = T onZe2 -T2z (1.2.40)

2Mrexciton

Using this 1.2.40 equation, we get
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h2ep [ 1 1
Texciton = e_j( + *) (1-2-41)

me  my

The exciton Bohr radius is determined by the effective masses of the electron and
hole and the material's dielectric constant (). It is a crucial factor in determining

how much confinement a material possesses.
1.2.10. Effect of confinement on bandgap

Due to their distinctive characteristics from their bulk equivalent, the nanocrystalline
forms of semiconductor materials are particularly fascinating. These qualities result

from the excitons' "quantum confined" nature. From now on, "confinement" refers
to the confinement of the excitonic wavefunction. The size of the system and the
exciton Bohr radius are used to determine whether or not a system is quantum
confined. As a result, guantum confinement is a size dependent feature, where a
change in the diameter of the NCs causes changes in the electrical and optical
properties. A system's band structure directly depends on how big and how many
dimensions it has. Figure 1.15 depicts a schematic illustration of a bulk three-
dimensional (3D), two-dimensional (2D), one-dimensional (1D), and zero-
dimensional (OD) nanostructure. The system's bandgaps increase as confinement
increases. The following generic statement defines the bandgap energy of such a

quantum confined system:2®

2.2 2
EJ” = EpMF + 505 — 1.786 7 — 0.248ER, (1.2.42)
1(my | mo\ "
Where Ez,, = 13605.8 (mf + m—") (1.2.43)
e h

The bandgaps of the confined and bulk systems are represented, respectively, by
EgD and EZ**, The second term arises due to the confinement energy associated

with electron and hole. The energy of Coulombic attraction between the electron and
hole is represented by the third term. The final term corresponds to exciton Rydberg
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energy, which arises due to spatial correlation between electron and hole. For
materials with very low dielectric constants, the last term, which is typically ignored,
becomes crucial. Here, the electron and hole are both described by spherical
effective masses using the effective-mass approximation. When the system is
viewed as spherical dots, attractive Coulomb interaction is also present in addition
to spherically symmetric confining potentials. There are two limiting scenarios
depending on the ratio between the radius of the quantum dot, R, and the effective
Bohr radius of the bulk exciton, 7,,citon- FOr RlTexciton » 1, the exciton can be
considered as a bound quasi-particle with negligible confinement energy. Such
systems are considered as weak confinement regime. Whereas, for R/7.,citon « 1,
the confinement energy dominates, therefore there is very little spatial corelation
between the electron and the hole, which are both thought of as separate entities.
Such systems fall within the strongly confined regime. Importantly, the strong-

confinement regime threshold is still holds up to roughly R = 27,,citon-

1.3. Perovskite Nanocrystals
1.3.1. Basic background and difference with conventional quantum dots

Colloidal semiconductor nanocrystals, which range in size from 2 to 20 nm,* have
emerged as intriguing and attractive prospects for studies on optoelectronic
emissions properties and associated applications.3%-3? Although the history of
colloidal nanocrystals dates back to the 19th century, Michael Grétzel's research
team developed the synthesis of CdS in order to circumvent the problem of photo
corrosion of semiconductors.®®* The scientific community has recently become
interested in perovskite semiconductors. Due to how easily their properties may be
tailored, perovskite quantum dots have attracted a lot of interest for usage in solar

cells,®* LEDs,® laser diodes,® electronics,®> 3" and also as photocatalyst.®
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Figure 1.18. (a) Electronic structure of typical III-V, II-VI, or group IV semiconductors (left)
and LHPs (right). Reproduced from Ref. 41. (b) Composition tuned CsPbX3 NCs under UV
light. (c) Photoluminescence spectra of halide tuned CsPbX3 NCs. Reproduced from Ref. 44,

But before the discovery of perovskite nanocrystal by the Pérez-Prieto’s group in
2014,% the most celebrated colloidal nanocrystals for the optoelectronic world were
I[I-VI semiconductor QDs (e.g., CdSe and GaAs QDs). For these QDs the
photoluminescence properties can be tuned from violet to red by fine tuning their
size (see figure 1.16).4C But these NCs suffers from its inherent defect intolerant
nature.* 42 If we consider the basic molecular orbital energy levels of II-VI
semiconductor QDs, we can see that the presence of mid-bandgap states originating
from the non-bonding levels of metal as well as nonmetals which acts as a deep trap
states.*! The existence of these mid-bandgap states affects the PLQY of the system
by trapping the charge carriers (electron and hole). In contrast, these kinds of mid-
bandgap states are not present in perovskite systems, which renders these perovskite
NCs defect tolerant (see figure 1.18a).*! Even so, there present intraband defects in
the perovskite system that can be easily passivated using surface ligands. These
perovskite systems are perfect for optoelectronics due to high PLQY and defect-
tolerant nature.** Also, in II-VI semiconductor QDs, the only way to change its
photoluminescence is by fine tuning the size of the QDs.*° However, for perovskite
NCs the photoluminescence properties can easily be tuned through facile anion
exchange (figure 1.18b and figure 1.18c).44 4°
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1.3.2. Crystal Structure

LHP NCs: The crystal structure of LHPs is similar to the oxide perovskites. The
[PbXs] octahedra that share corners and are connected in three dimensions forms the
backbone of cubic lattice (figure 1.19.a).*6 4" One large cation
[e.9.,CH3NH3*,CH(NH2)?*, or Cs*] fills the vast space between the octahedra (the
A-site), resulting in an overall composition of APbX3.4% 47 The Goldschmidt
tolerance factor (t), which depends on the ionic radii of A*, Pb?*, and X, is what
controls the stabilization of perovskite structure.*® 4° Its formula is as follows,*8

_ Rp+Ry
V2(Rp+Rx)

(1.3.1)

(a)

T T T T T T
t=081 ——Pb t=10

r, (pm)

Cs MA FA EA

150 175 200 225 250 275 300
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Figure 1.19. (a) Schematic representation of a cubic perovskite structure. Reproduced from
Ref. 46. (b) Formability of 3D halide perovskites as a function radii of halide anion and A-site
cation. The boundaries for tolerance and octahedral factors are marked with solid and dashed

lines, respectively. Reproduced from Ref. 49.

In general, Group 14 elements including Pb?* or Sn?* having ionic radii of 1.19%,
1.18 AL, respectively, are ideal for B-site cations halide perovskite NCs.*” The A-
site cations mentioned above have acceptable ionic radii and meet the Goldschmidt
tolerance factor, namely organic CHsNHs* (MA, 2.17 A), and HC(NH2)2* (FA, 2.53
A), and inorganic Cs* (1.88 A), 552 The ionic radii of halide anions are 1.18 of ClI,
1.96 of Br, and 2.20 A of 1.47-8 Even though the calculated t values based on the
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aforementioned ionic radii differ for various perovskite polymorphs, they fall within
the general range of 0.8 to 1.1 for a stable 3D perovskite structure.®3, The crystal
structures are more likely high-symmetric cubic at a range of 0.89 <t < 1, but if the
t value is small or large, then less symmetric perovskite structures or non-perovskite
structures are formed.*” For example, because of small t, CsPbls tend to stabilize in

yellow & phases.>*

The highest amount of electronic delocalization inside the lead-halide framework is
only achievable if the perovskite structure is crystallizes in its 3D polymorphs. This
may be either cubic (figure 1.20a) or may be slightly distorted versions of it, which
also have the associated desired semiconducting characteristics.*> > Orthorhombic
CsPbBrz is one of the fifteen potential octahedral tilings of the cubic perovskite
structure that preserves three-dimensional connectivity (figure 1.20b).4> On the
contrary, 1D polymorphs of APbXscompounds (figure 1.20c and figure 1.20d) are
not appealing semiconductors because of their poor electronic transport and much

larger bandgaps.>®

(@) 3p-cubic (b) 3p-orthorhombic () 1D-hexagonal (d) 1D-orthorhombic

Figure 1.20. (a) Cubic structure APbX3z, space group Pm3m and (b) Orthorombic CsPbBrs,
(space group Pnma). 1D polymorphs which are nonperovskite, formed by the (c) face- or (d)

edge-sharing of octahedra. Reproduced from Ref. 42.

Three 3D polymorphs, in decreasing order of symmetry, are generally seen in bulk
LHPs: cubic, tetragonal, and orthorhombic.*> The phase transitions have well-
defined temperatures, and at high temperature cubic phase is most stable.*? Surface
effects can modify the relative stabilities of NC polymorphs, which is poorly
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understood. All as-synthesized LHP NCs crystallise into the following 3D phases at
ambient temperature: MAPbBr3, FAPbBr3, and FAPbIz NCs are pseudocubic,
tetragonal, CsPblz and CsPbBrz NCs are orthorhombic. The 3D polymorphs of
CsPbls, and FAPbIz NCs have band gaps at 710 nm and 840 nm, respectively, that
are primarily interesting for near-infrared emission, are metastable at ambient
temperature.®’ Bulk forms of these compounds crystallise into 1D orthorhombic and
1D hexagonal structures, respectively, since size sof A-site ions are not ideal for 3D
polymorphs of FAPbIs and CsPbls (FA* being too large and Cs* being too tiny)
(figure 1.20.c and figure 1.20d).

Lead free Copper halide perovskite: The copper halide perovskite system have
recently have shown immence potential as light emitting material with two forms
with nice optical properties: Cs3Cu2Xs and CsCu2Xs3 (X=Cl, Br, 1).% The crystal
Cs3Cu2Xs is orthogonal (space group Pnma).>® In CssCu2Xs copper has four different
chemical environments: two different spatial orientation of tetrahedral CuX4 with
four I atoms in the surroundings and two diiferent spatial orientation of trangular
planer Culs unit with surrunding three | atoms. This is depicted in figure 1.21a. This
two units share an edge and forms [Cu2Xs]® dimer which are speparated by cesium
atoms in the crystal. This each [Cu2Xs]3 dimer units seperated by cesium atoms form

induvudual charge centre, resulting a 0D electronic structure. 50 6!

The only known CsCu2X3 perovskite is CsCuzls so far in literature.%® ¢ The CsCuzls
is from the Cmcm orthogonal space group family. In CsCuzls, Cu has two chemical
environments. The both environment consist of different spatial orientation of
[Culs]® tetrahedral units which form 1D [Cuzle]* tetradedral chain units through
alternate connectivity separated by cesium atom forming a 1D electronic structure
(figure 1.21b).%% 62 The seventh chapter of this thesis deals with the synthesis of the

copper halide perovskite systems.
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Cs;Cu,ls: Pnma orthogonal CsCu,l;: Cmcm orthogonal

Figure 1.21. (a) Crystal structure of CssCu:ls. (b) Crystal structure of CsCuzlz. Reproduced

from ref. 60.
1.3.3. Methods for halide NCs preparations

An intriguing feature of NCs is synthesis process can control the optical properties
to a large extent and this optical properties can be modulated by changing
preparation technique parameters.? 3 Furthermore, the shape, surface defects, and
composition of the materials all affect their optoelectronic capabilities. Perovskite
NC synthesis approaches and surface engineering have been employed in order to
learn more about the mechanisms at work and to provide simpler, more reliable, and

less expensive ways to synthesize NCs with certain properties.

Several synthetic colloidal techniques, such as anion exchange, hot injection, room
temperature reprecipitation, and ultrasound, are used to synthesize the majority of
NCs.5% 66 Perovskite NC synthesis has made significant strides, but there are still
numerous obstacles to overcome. For instance, in various methods, the size
distribution and photophysical characteristics differ greatly, which makes these
perovskite NCs less suitable for real-world use.®® 67 Additionally, these procedures
frequently include hazardous solvents, which are typically unwelcome by
environment and also in industry, making them complex, difficult to manage, and
frequently resulting in NCs with degrading issues.®® The hot injection method and

the ligand-assisted reprecipitation (LARP) method are the two most popular
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synthesis techniques. Additionally, attempts have been made to create synthetic
processes that have fewer negative effects on the environment, such as the use of
solvents that are more eco-friendly and alternative, which may be more appealing
for use in practical and industrial operations. More information on a few of the

popular methods for obtaining perovskite NCs is provided below.

1.3.3.1. Ligand assisted reprecipitation (LARP) technique: The LARP method is
one of the most popular room temperature synthesis processes for perovskite NCs.5°
The precursor salts are dissolved in a solvent, typically dimethyl sulfoxide (DMSQO)
or, dimethylformamide (DMF) what is thought to be a straightforward and scalable
technique, as shown in figure 1.22.%8 The precursor salt solution is then injected into
a solvent-miscible solution where the perovskite's component ions are less soluble,
resulting in a supersaturated state, leading to the perovskite crystallization, as shown
in figure 1.22. Prior to nucleation, organic surface ligands are added to one of the
solvent which controls the crystal growth and make colloidal dispersion of NCs
stable.®® In the first part of this thesis, we have used this LARP methods for the
preparation of hybrid LHP NCs and their Bi®* doped analogs.
“Good" Salvent
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Figure 1.22. Schematic representation of LARP method.

1.3.3.2. Hot injection method: The quantum dot (QD) synthesis using hot injection
procedure was developed by Murray et al. in 1993 and is frequently used to
synthesize NCs.%° Organometallic reagents are quickly injected into a hot
coordinating solvent in this technique to have a homogenous nucleation process. By

modifying the method, perovskite colloidal NCs are often prepared by quickly
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Injecting the right precursors at a high temperature. The procedure entails in an inert
atmosphere by heating precursors to a specific temperature before injecting a
different solution.”® Immediately after injection process, the phase of nucleation
process starts, followed by the phase of NC growth, which enables the narrow
particle size distribution.®® High temperatures are also used to improve the materials'
phase purity and morphological control.”® Earlier conventional semiconductors
including CdSe were also synthesized through same approach.”* The all-inorganic

halide perovskite NCs are preferably synthesized in this method.®8: 2
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Figure 1.23. Schematic representation of hot injection procedure.

The inorganic LHP synthesis in hot injection method involves two basic steps.
Firstly, lead halide salt is dissolved in octadecene solvent at inert atmosphere at high
temperature in presence of long chain surface passivating ligands (in general oleic
acid (OA) and oleylamine (OAm)). After solubilizing, a cesium precursor (Cesium
oleate) is injected in the reaction mixture at a particular high temperature to
synthesize the NCs.”? The process is schematically shown in figure 1.23. However,
the formation mechanism of the NCs in this process is still under debate.”® Over the
time, after the first synthesis of CsPbBrz NCs, this hot injection method is being
modified to certain extent by different groups to achieve high PLQY and better
colloidal stability of the synthesized NCs.8
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In this hot-injection method, temperature plays the most crucial role to determine
the morphology and size of the synthesized NCs.”* ™ In general, higher temperature
favours the formation of larger NCs and this temperature tuning is one of the key

factors to synthesize the perovskite NCs of different size and shape.” 76

1.3.3.4. Mechanochemical methods: This process combines mechanical
engineering with chemistry to break down the building blocks at the molecular level
and carry out the reaction between the precursors to produce the final product. As
an illustration, when synthesizing MAPbXs (X=CI, Br, I) PNCs, we grind the
respective metal salts in the presence of surface passivating long chain organic
ligands for a short period of time to produce luminous MAPbX3. This process uses

solvent-free synthesis, a green methodology.””
1.3.4. Trap state in Perovskite Nanocrystals:

Trap state of defect state in a material generally originates from the dislocation of
atoms from its original position or absence of an atom in crystal lattice. These
disorders affect the lattice bonding and have detrimental effect on charge carrier
movement through the lattice.”® This imperfection in lattice creates localised states
in the band and the photogenerated carriers can fall into it and get trapped. This is

illustrated in figure 1.24.

Now, depending on the energy difference of the trap states from the conduction band
(electron trapping centre) or valence band (hole trapping centre) these trap states
generally classified into deep trap states and shallow trap states. "® For deep trap
states in nanocrystals, the energy difference of the confined trap state with
conduction level is too high that thermal energy (ksT) cannot turn the carriers back
to conduction level.”®8 Thus, the only way of recombination of the charged carriers
trapped in a deep trap state is the non-radiative recombination, resulting very low

PLQY of the system.8! On the other hand, for shallow trap states, trapped charged
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carriers can easily escape back to the conduction band or valance band absorbing

thermal energy.’® 8!
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Figure 1.24. (a) Schematic of a charge localization brought on by a defect in a semiconductor
lattice and non-periodic disorder (top), which results in the introduction of new energy levels
(bottom).(b) Diagram of charge trapping Kkinetics, which shows how traps use events called
trapping and detrapping to slow down the transport of charge carriers. (c¢) Schematic
representation of how disordered in semiconductor modulate the state density, whereby both
radiative (rad.) and non-radiative (non-rad.) recombination (vertical arrows) can occur. All

three figures reproduced from Ref. 78.

In perovskite NCs the most common defects are shallow in nature, enabling these
materials to have very high PLQY despite having defects.?! 8 The defect tolerance
nature of these LHP family can be rationalized through the electronic structure.
Figure 1.18a shows the electronic structure of MAPDIs where the Pb 6s orbital
hybridized with | 5p orbital to form a pair of bonding and antibonding states. The
valence band of the MAPDI3 system is composed of these antibonding set of orbitals
originating from this hybridization.*> Whereas, the conduction band of the system is
composed of a new set of antibonding orbitals, which originates from the
hybridization of Pb 6p orbital with the | 5p orbitals. Due to this, the original atomic
orbitals’s energy remain very close to the energy of the band edge position. The

defect states in perovskites are generally surface defects which are formed by the
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non-bonding atomic orbitals.8! 8 As, the atomic orbitals energy levels are very close
to the band edges in MAPbI3, makes these defects as shallow trap states. In addition
to this, the strong spin-orbit coupling in MAPDI3 system due to presence of heavy
atom iodine reduces the band gap resulting these defects shallower.*% 8! The high
polarizability of Pb?* also leading to high dielectric constant which resists the
capture of charged carrier in the trapping site and consequently resulting low trap

assisted recombination rates.®*

Crystal structure also plays a pivotal role in defect formation in addition to the
electronic structure.®> As an example, CsPbls can form three polymorphs: cubic a-
phase, or orthorhombic §- and y-phases.®® The electronic structure for cubic a-phase
Is qualitatively same with MAPDI3 resulting defect tolerant nature of CsPbls.
However, going from a-phase (I-Pb-I bond angle 180°) to y-phase and 6-phase, the
I-Pb-I bond angle reduces to 155° and 95°, respectively. This results in reduction of
overlaps between orbitals of lead and iodine leading to formation of deep trap

states.8®

The lattice parameter also plays a decisive role to control the energetics of the defect
states. Going from iodide to bromide to chloride in MAPbX3 (X=Cl, Br, and 1), the
lattice parameter decreases. When halide vacancies form, Pb?* dangling bonds
interact more, resulting in deeper trap levels for the halide vacancy. So, MAPbCIs
forms deep traps, whereas MAPbIz and MAPbBrs mostly form shallow traps (figure
1.25).86
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Figure 1.25. Energy level of halide vacancy related defect sites within the band gap of LHP
materials. Reproduced from Ref. 86.

1.3.5. Surface properties and colloidal stability- importance of surface ligands:

Surface chemistry of the NCs play an essential role in stability and its optoelectronic
properties. Although, the surface properties of LHP nanocrystals have been
extensively studied but still it is not fully understood. In the LHP NC synthesis, the
most common ligand pair is oleic acid and oleylamine which are being used for the
surface defect passivation of the NCs as well as to maintain the colloidal stability.8!
To have an idea about the choice of the ligands it is important to get knowledge
about the surface terminations of the NCs. During crystallization process, the NC
surface can be terminated by PbX> or AX or both which depends largely on the
synthetic condition. Figure 1.26 represents the surface stoichiometry of CsPbXs
NCs. There are two possibilities of the surface termination: [CsX] or [PbX2].
However, as the NCs are capped with ligands, in realistic model the [PbX:]
terminated surfaces of the CsPbXz are represented as [CsPbX3](PbX2)(AX'), where
the capping ligand is represented by AX'.87
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Figure 1.26. Models describing surface stoichiometry of typical CsPbXz type perovskite NCs.
Adapted from Ref. 87.

In the acid-amine pair ligand system alkylammonium cation (R-NH4") is formed by
a proton exchange between acid and amine. This alkylammonium cation then binds
to the NC surface by replacing some A-site cations on the NC surface.® It is also
believed that the R-NHs* also binds to the bromide surface through the H-bonding.
81,88 However, the role of long chain carboxylic acid (eg. oleic acid) or carboxylate
anion (RCOQO-, eg. oleate) as a ligand is still under debate. Earlier it was argued that
RCOO-do not have direct binding with NC surface but provide colloidal stability by
remaining in the solution.® Later, it was shown that both oleic acid and oleylamine
bind to the surface of the NC.8 %0 Another argument is that oleate anion replaces
some halide ions from the NC surface to coordinate with the NC.®* However, these
ligand binding is highly dynamic in nature which is detrimental for NC stability as
well as high PLQY.®® To overcome this difficulties, various ligands such as
zwitterionic molecules, phosphonic acid, quaternary ammonium salts have been
introduced to the NC surface in place of oleic acid/oleylamine pair. 8 %192 The
desorption of surface ligands from the NC surface is highly dependent on how
strongly they bind to the surface.® 9 The above-mentioned ligand molecules have
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been proved as better capping ligand due to their strong affinity to the NC surface
than oleic acid/oleylamine pair, thus come up with superior colloidal stability and
maintain high PL stability. 8% %! The year wise progress in ligand chemistry in LHP
NCs is shown in figure 1.27a. The binding modes of all these ligand systems is
pictorially shown in figure 1.27b.
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Figure 1.27. (a) Ligand development for LHP NCs over time. Reproduced from Ref. 91. (b)

Types of ligands which are used for surface passivation of perovskite nanocrystal systems.
Reproducd from Ref. 81.
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1.3.6. Charge carrier dynamics in perovskite nanocrystals

Study of charge carrier dynamics in light emitting material is one of the most crucial
aspects of this research. Understanding the photo-induced carrier dynamics in NCs
Is crucial for optoelectronics application. In NC, after photoexcitation an electron
goes to the conduction band leaving behind a corresponding hole in the valence
band. This electron and hole are generally bound through coulombic attraction force
which we call an exciton.®® Now after formation of electron and hole this will again
recombine through radiative or non-radiative processes depending on the nature of
the NCs. A complete charge carrier dynamics give us the idea of the fate of these
photo induced carries in the NCs. These photo-induced carriers can recombine in
several processes, with timescale spanning from few picoseconds to hundreds of
nanoseconds.® To look into the charge carrier dynamics, we use time resolved
studies. Here, we will discuss these different carrier dynamic processes that is

observed after photoexcitation in perovskite NCs.

1.3.6.1. Hot carrier cooling: If the perovskite NCs is photo excited with the energy
higher than band gap energy then electrons and holes goes to the higher excited states
which are termed as hot electrons and hot holes, respectively.®*% After formation,
these hot electrons and holes dissipates its excess energy through carrier-phonon
interaction to reach their equilibrium position at band edge.®” This excess energy
dissipation process of hot carriers to reach at band edges is termed as hot carrier
cooling. As this process is highly dependent on carrier phonon coupling, the
timescale of hot carrier cooling process differs from NC to NC.%" The hot carrier
lifetime is strongly influenced by the excitation energy as well as excitation
fluence.®® The hot carrier lifetime is found to increase with higher excitation energy.
At high excitation fluence, auger heating become predominant which also slows
down the hot carrier cooling.®® The movement of carriers within a band is highly

dependent on the effective mass of the carrier. From hot carrier cooling dynamics it
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is often very difficult to determine the identity of the carriers as in perovskite NCs,

both electron and hole have similar effective mass. %
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Figure 1.28. Schematic representation of hot carrier cooling process.

Till date, many studies have been done to elucidate the mechanism of different
parameters that can modulate the hot carrier lifetime. In general, the hot carrier
cooling process takes place in timescale of sub-picosecond level due to strong
interaction between longitudinal optical phonons in perovskite NCs and hot
carriers.® The size of the NCs are also a very important factor that influences the
hot carrier cooling rate to a certain extent.!® The lifetimes of hot carriers is
prolonged in nanocrystals due to the quantum confinement. in perovskite system 100
101 1n a recent study it has been shown that the lifetime of hot carrier increases from
~400 fs to ~800 fs when the size of the CsPblz NCs reduced to 4.6 nm from 8.2

nm.1% The hot carrier cooling is shown schematically in figure 1.28.

1.3.6.2. Exciton Recombination: After photoexcitation the hot carriers are formed
in NC which eventually relax to the band edge within hundreds of femtoseconds. In
NC, due to confinement, these electron and hole remain bound to each other through
strong coulombic attraction force which increases with decrease in size and
dimensionality of the system.19? After cooling, the hot electron and hole reach their
equilibrium position in the band edge, forming band edge exciton. This electron at

conduction band minima (CBM) and hole at valence band maxima (VBM) then
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recombine in radiative process, producing photoluminescence which is
schematically depicted in figure 1.29.%* The LHP NC have direct band gap for which
the PLQY of the system is very high.% The timescale of this exciton recombination
process is in the order of few nanoseconds to tens of nanosecond, depending on the
system and surroundings.'®® The lifetime of these band edge exciton strongly
influenced by the trapping sites within the NCs.1%* 19 The presence of trapping sites
below the CBM of VBM in the system effectively reduce the carrier density in the
band edge, resulting shortening of the lifetime of the exciton recombination
process.'%® The presence of any electron or hole acceptor molecule on the surface of

the NCs can also reduce the lifetime of the system by effective capturing electron or

/! o ‘

Wavelength

hole, respectively.1%: 107

A

-

Figure 1.29. Schematic representation of exciton recombination.

1.3.6.3. Trapping of charge carrier and trap assisted recombination: In the
section 1.3.4 of this chapter, we have already discussed about the trap states in
perovskite NCs. In LHP NCs, surface unsaturated orbitals cause the formation of
most trap states. Energetically these trap states a shallow in nature (figure 1.30). &
82 But these trap states can also trap the charge carrier from the band edge and

promote the non-radiative recombination, which quenches the PLQY of the
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system.8! In presence of this charge trapping (electron or hole trapping) from the
band edge to the trap states can effectively depopulate the band edge population
which eventually leads to lowering the exciton lifetime.%® An effective passivation
of these shallow trap states reduces the charge carrier trapping and also amplifies the
PLQY of the system. 108 109
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Figure 1.30. Schematic representation of the charge carrier trapping and trap assisted

recombination through shallow trap states.

To have an idea about nature of the trapped carrier (electron or hole), monitoring
PLQY using some post-synthetic treatment is a good option. As an example, electron
traps can originate from excess lead on the surface of the LHP NC. Treating the NCs
with NH4SCN amplifies the PLQY by removing the excess lead from the surface.!°
Another good way to determine the nature of the charge carrier is to use some
electron or hole accepting molecules which are commonly known as scavengers. For
example, the faster lifetime of CsPbBrs NCs in the presence of a viologen derivative

indicates that electron is the carrier which is being trapped.®*

However, as the trap states in LHP NCs are shallow in nature (except chloride based
LHP system), the trapped carriers can again easily repopulate the band edge through
detrapping process absorbing some heat energy (ksT).8 These detrapped carriers in

the band edge can recombine in radiative way.*'* This process, however, shows a
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longer lifetime component in PL decay dynamics because of the involvement of this
carrier recycling process through trap states.'*? This process is schematically shown
in figure 1.31. However, in chloride based LHP NCs, the trap states are generally
energetically deep, leading to the detrapping process inaccessible. This is the reason
of low PLQY of the chloride based LHP NCs.
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delayed
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Figure 1.31. Schematic representation of the delayed radiative recombination mediated

through carrier trapping-detrapping process.

1.3.6.4. Formation of biexciton and trion: The charge carrier dynamics is highly
dependent on excitation fluence in perovskite NCs. At high excitation fluence, the
formation of multiple excitons is favoured because of the large absorption cross
section of the NCs. The formation of these multi exciton species largely control the

carrier dynamics under this strong excitation fluence.% 113

The biexcitons are formed with two electrons in the conduction band coulombically
attracted with two holes in the valence band.'# These two excitons have a repulsive
interaction between them which results in increased band gap after biexciton
formation, evident from many recent studies.*> 116 The biexcitons can decay in two
possible pathways. After formation of biexciton it can emit a photon to come to
excitonic state. Another common pathway is to decay via Auger recombination in

which it can give energy in nonradiative way to an electron which goes to the higher
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excitonic state.!** These two processes of biexiton relaxation are depicted in figure
1.32. The biexciton relaxation occurs in perovskite NCs in the order of 10-100 ps

timescale.113
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Figure 1.32. Schematic representation biexciton relaxation.

Another species, trion can be formed under strong fluence which can also to govern
the PL properties of the NCs to a large extent. The trion is a charged three particle
system which can have two forms, positive trion (an exciton with a free hole) and a
negative trion (an exciton with a free electron) (see figure 1.33).114 117 As trion is
charged species, its formation is related to the ionization of the NCs. The NCs can
be ionized through chemical treatment on the NC surface by electron or hole
extraction.!'* Also, Auger recombination of a biexciton can produce a trion after

subsequent photoexcitation.
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Figure 1.33. Schematic representation positive and negative trion.

The trion formation in the NC is always remain in focus of interest as it is directly
controlled by the ionization of the NCs. The trap states in NCs plays a pivotal role
to control the trion formation.'*” This further conclude that trion formation in NCs
also directly related to the process through which NCs have been prepared. The
surface treatment has been found to be beneficial to suppress the generation of trion
through minimizing the defects on the NCs.1!’ The trion relaxation also found to be
very much dependent on excitation fluence as well as size of a particular NCs. In
general, the relaxation time of trion is in the order of 150-500 ps depending on the

experimental condition.'4

1.3.6.5. Effect of doping on charge carrier dynamics: Doping is intentional
incorporation of impurity or foreign element in pure material. The metal ion doping
in LHP NCs have large impact on the stability and optical properties of the NCs. The
charge carrier dynamics of doped NCs gives us the insight of the modulation of
optical properties. Many metal ions have been reported as B-site dopant in different
LHP NCs to improve its stability and PLQY'. This thesis also deals with heterovalent
Bi%* doping in the B-site of the LHP NCs. Bi3* doping in the B-site of the LHP NC
reduces the PLQY of the system to a large extent (figure 1.34c).1*® 11° Earlier few
reports have come up, addressing the reason of decrease in PLQY after Bi®* doping,
which clearly indicate the formation of deep trapping sites in the NCs (figure

1.34a).118120 As the deep trapping sites effectively trap the charge carriers, the
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lifetime of the system is the system is found to be shorter after Bi®* doping (figure
1.34b and figure 1.34d). In the fourth chapter of this thesis, we have discussed on
the origin of these Bi®** induced trap states in Bi** doped MAPbBr; QDs.
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Figure 1.34. (a) Schematic representation of Bi** induced trap states in MAPbBrs. (b) Effect
of Bi** doping on lifetime of the system. Reproduced from Ref. 118. (c) Effect of Bi** doping
on absorption and PL of the CsPbBrs NCs and (d) Effect of Bi** doping on lifetime of CsPbBrs
NCs. Reproduced from Ref. 119.

1.3.6.6. Self-trapped excitons: The self-trapped exciton (STE) is often found in the
soft crystals.*?:-124 Carrier-phonon interactions are strong enough in these crystals to
allow excited electrons and holes to deform the lattice around them in an elastic
way.'?® As a result, electrons and holes will rapidly self-trap after being

photogenerated since this state is more stable than the one in which they would
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move, causing the lattice to deform.1?312> As these STE states originates well below
the conduction band, the emission from these states is highly stoke shifted (see figure
1.35).1% This type of STE emission is reported in 2D LHPs.1%12" The lead-free
copper halide perovskite emission is also governed by STE.'® The materials
showing STE emission is in high demand due to absence of self-absorption because
of the large stoke shift. These STE emissions shows very long lifetime ranging from

hundreds of nanoseconds to microsecond timescale.128
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Figure 1.35. Schematic representation of STE emission.

1.3.7. Challenges with LHP NCs and possible way out

LHP NCs have rapidly advanced in terms of simple synthetic techniques with
adjustable size, shape and tunable optical properties, but we have yet to successfully
navigate the significant challenges posed by these crystal structures. In comparison
to optical, electrical, and photovoltaic applications, these PNCs' major challenges

still include structural stability and lead toxicity.

1.3.7.1. Stability: The stability of LHP in various working environments is a
problem from a scientific standpoint. Even after decade of tireless research, the LHP
still suffers from degradations and PL quenching under adverse conditions, such as

high temperatures, residual precursor solvents, high levels of humidity, oxygen, and
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light which is schematically represented in figure 1.36. In order to a significant
extent insulate from air, solvents, and water, photovoltaic materials are protected by
packaging technology. However, due to their low crystal lattice energy, and ionic
bonding nature the residues will nonetheless disintegrate their structure.
Furthermore, in real-world applications, the LHP will invariably degrade when
exposed to the heat and light of the environment and operating chips. As a result,
improving the stability is a problem that must be solved for their commercial uses,

particularly for the stability under light and the moisture stability.

Figure 1.36. Factors that control the stability of LHP.

Because the organic component of organic-inorganic hybrid perovskites is thermally
unstable and hygroscopic, humidity plays a significant role in the long-term
operation or preservation of LHP.12%133 The water molecules effectively interact
with [PbXs]* octahedral units of the perovskite structure resulting rapture of the
chemical bond between the A-site cation and [PbXs]*~ octahedral units. The units
will completely convert to PbX> as the water content rises. In the meanwhile, in all
polar organic solvents LHP are soluble and destroyed because of the ionic bonding

nature.*®* Residual precursor solvents also plays a significant role in degradation of
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LHP NC structure. Most of the precursor solvents (e.g., DMSO, DMF) that are used
in perovskite NC synthesis have coordinating ability.* The residual precursor
solvents in the colloidal NC suspension can adhere to the surface of the NC, which

promotes NC degradation.'3

The light irradiation is one of the most important factors that large affect the stability
of the NCs. For using NCs in LED devices, it is very important to be stable under
continuous irradiation. Continuous UV radiation can change the morphology of the
NCs.2%¢ Lower dimensional NPLs have been reported to transform to their 3D
counterpart in presence of UV light.'3" 138 The morphological change in LHP
NCs/NPLs under light irradiation is mostly governed by the ligand desorption
process. The light irradiation in presence of oxygen is even more fatal and promote
the full degradation of the NCs.13% 140 These photoinduced transformations or
degradation of LHP NCs is a serious concern which can limits its practical

applicability.

Temperature or heat is another factor that can damage the crystal structure of the
LHPs. However, the cesium lead halide perovskites show much more heat tolerance
than the organic-inorganic hybrid perovskites. Whereas the thermal stability of
MAPbBr3; and MAPDI3 are 220°C'4 and 250°C, #? respectively, the decomposition
temperature of CsPbX3 is ~500°C.1#! This heat induced degradation of perovskite
crystal even accelerate in presence of moisture and light.”® The PL stability of the
NCs not only depends on the crystal structure decomposition, but also on the ligand
desororption from the NC surface. Heat induced desorption of ligand from the NC
surface can originate trapping sites, resulting decrease in the PL intensity of the
NCs.143

1.3.7.2. Toxicity: The lead atom in the LHP plays a vital role in the properties as
well as in the electronic structure.!#4 145 The electronic configuration 6s26p° of Pb?*
allows the filled 6s orbital of lead to couple with halide np orbitals (n=3,4, and 5 for
Cl, Br, 1, respectively) to form the valence band.*® The strong coupling between
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lead 6s orbital with halide np orbitals effectively increases the valence band level,

resulting defect states shallower.47- 148

However, reducing toxicity of LHPs is inevitable to achieve environmental
sustainability. Lead has an adverse effect on the environment and as its soluble salts
are poisonous to people.}*® Prolonged exposure to lead can have negative health
effects, including harm to the central nervous system, disorders of the liver, blood,
lungs, and kidneys even an increased risk of cancer.t® This toxicity is because of
the bond affinity of lead with thiol of various enzymes, proteins, and cell membranes
and with cellular phosphate groups. In addition, release into the environment can
affect the ecology which limits the possible applications of these materials.'>* Li et
al. discovered lately that plants are around ten times more capable of absorbing lead
as a result of the perovskite structure than other sources of lead contamination that

are already present in the soil 1>

A proper encapsulation of these NCs can prolong the stability in the device
application. However, this encapsulation does not ensure that it will be fully
effective for the duration of the device's functioning life.*>® So, the risk of lead
contamination from the LHP NC devices always remains a key concern in

commercial use.

The precursor solvent related toxicity is one of most important but underestimated
topic in the perovskite research. In common synthesis methods (LARP or hot
injection), we generally use toxic or hazardous organic solvents like skin-penetrating
dimethyl sulfoxide (DMSO), dimethylformamide (DMF) along with its homologous
dimethylacetamide (DMAC), N-methyl-2-pyrrolidone (NMP), and octadecene to
dissolve the lead halide salts. These all-organic solvents and also have adverse effect

on human body.
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1.3.7.3. Possible way out:
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Figure 1.37. Overview of the various shell materials used to encapsulate perovskite NCs in a
schematic fashion for increasing their stability against water, moisture, heat, and other

environmental pressures. Reproduced from Ref. 11.

Researchers around the globe have been trying to solve these key issues of stability
and toxicity from very beginning for LHP research. Stability of the LHP NCs vastly
depends on how these NCs interact with moisture, light or any other external
perturbation. So, to minimize these interactions the most used technique is proper
encapsulation of these NCs. Ligand engineering takes the leading role in this area.8!
Uses of many innovative ligands in place of conventional OA and OAm pair have
been reported in recent times which can effectively increase the stability of the NCs
which is shown in figure 1.27. Another strategy is to make core-shell type of NCs
where a shell is grown on the LHP NC surface which gives superior stability. Over
last few years, many reports have come up with varies coating materials which is
illustrated in figure 1.35.1! It has been demonstrated that encapsulation by inert

materials is a workable and successful method to stop the degradation and improve
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stability, allowing them to endure under water, light, and heat treatment.t!: 154-160
Many of these reports also suggests the suppression of nonradiative channels by
minimizing the surface defects through proper encapsulation, resulting amplification
of the PLQY.! The possible methods and materials used for encapsulation of LHP

NCs are schematically shown in figure 1.37.

Doping of metal ions in B-site of LHP NCs also have been found to be effective for
improving the phase and air stability of the LHP NCs.'®! Monovalent Ag*, divalent
Cu?*, Zn?*, Mn?*, Sr?*, Cd?*, Sn?* doping in LHP NCs have successfully been
introduced to boost the stability.'92-166 Doping of trivalent Ce3*, Sh3*, and Bi** also

been reported for introducing better stability of LHP structure.65-168

Cs,Bi,Bry

B 4id
\.g:..
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A3SbyXs
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Figure 1.38. Structures of cesium tin halide perovskite, cesium bismuth halide perovskite,
cesium germanium halide perovskite, and cesium antimony halide perovskite. Reproduced
from Ref. 63.

The only possible way to tackle the toxicity issue is to replace lead with other metal
ions. Recent years have witnessed the development of several novel "lead-free"
materials.'®® Substituents need to have similar electronic structures with lead-based
perovskites in order to achieve exceptional optoelectronic characteristics. Recent

studies have replaced lead with a number of less toxic cations that belong to the same

54



Chapter-1

group as the element or are close to it. These include ions from the IVA group, such
Sn?* and Ge?*, ions from group VA with a similar structure, like Bi** and Sbh%*, and
others.’® Lead free perovskites shows PL over a wide spectral range, from blue to
near IR region, due to the variety of chemical compositions they can have. However,
still date the lead-free perovskite have not achieved the extraordinary properties like
LHPs. Most of lead-free perovskite NCs suffers from very low PLQY which restricts
their practical applicability.*”® Tin based perovskite NCs on the contrary shows very
nice PL properties but suffers from arial oxidation to Sn**.1"%. 172 The germanium
based perovskites have been explored theoretically but again their high probability
of arial oxidation from Ge?*® Ge** limits its applicability.1”® Antimony (Sh) can be
used as a replacement for lead because of its superior optoelectronic qualities and
ability to form in a variety of structural dimensions, from 0D to 3D.1"* Trivalent
metals, like Sb, can produce perovskites that are arranged according to vacancy. A
stoichiometric AsSh2Xg is produced in this instance because of the 2:1 occupation
of the B sites.*® These perovskites often display low conductivity due to the high
trap density, which again limits their use.'’® Bismuth is another intriguing option for
a lead substitute (Bi). The Bi®* ion is less hazardous than lead and resembles the Pb?*
ion in terms of its ionic radius and electron configuration.'’® Due to their proximity
in the periodic table (same period), the two elements have comparable energy levels
and electronic characteristics. Bi-based perovskites display an AsBixXg
configuration, which differs from the Pb-based perovskite stoichiometry.l’” Bi®*
transforms the crystal from 3D to 2D as just two-thirds of the octahedral sites fully
occupied.*® Shen et al. recently synthesised FA3Bi2Bry quantum dots with emission
at 437 nm and a PLQY of 52%, displaying high stability in air and outstanding
stability in ethanol.1’® An anion exchange reaction was demonstrated by Lou et al.
in the synthesis of Cs3Bi>Xo, which showed an emission band in the range of 380—
526 nm with a PLQY of 62% for the Cs3Bi>Cls composition.}”® The majority of
bismuth compounds are readily available on the market, affordable, manageable, and

non-toxic, making them excellent replacements for lead. But still the bismuth-based
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perovskite NCs mostly appears with very low PLQY due to the high trap density
which needs to overcome. The structures for lead-free Sn-based, Ge-based, Bi-

based, and Sh-based perovskites are shown in figure 1.38.

In the last few years, Manganese (Mn) and Copper (Cu) based perovskite materials
have emerged with great possibilities. Several stoichiometries of Mn-based
perovskite system have been reported recently. Recent research by Kwon et al. has
synthesized Mn- based green light emitting NCs, CssMnls and CssMnBrs with high
PLQY.* Almutlaq et al. reported the monodispersed red emitting CsMnBrs NCs
with high PLQY.8 Jalali et al. reported the phase selective synthesis of CssMnBrs
and CsMnBrs NCs with green and red emission, respectively.'® These reports of
lead-free Mn based perovskites NCs shows very nice PL properties with good
environmental stabilities which may make them a desirable candidate in the lead-

free perovskite optoelectronics family.

Copper-based halide perovskite materials on the other hand is becoming the most
popular in lead-free perovskite family due to its unique stoke shifted emission
properties.>® Blue emissive CssCuzls perovskite have been successfully synthesized
with 100% PLQY. The emission of these Cu-based perovskites originates from the
self-trapped excitonic state. The photoexcitation of Cu (1) based perovskites leading
to the formation of Cu (l1) in the excited state, resulting photoinduced Jahn-Teller
distortion in the lattice.'®3 This lattice distortion effectively traps the exciton to form
STE in lower energy. The formation of this lower energy self-trapped excitonic state
is the origin of large stoke shift in copper halide perovskites. The stoke shift is even
higher in Cs3sCu2Brsand Cs3Cu.Cls, because of the higher carrier phonon coupling,
resulting blue-green and green emissions, respectively.>® 18 This STE emission in
Cs3Cu2Xs (X=ClI, Br, and 1) is schematically shown in figure 1.39. Another phase of
copper halide perovskite is CsCuzl3, which shows yellow emission, again governed
by the self-trapped excitons.'?® The zero probability of self-absorption in these
materials because of the highly stoke shifted emission makes them ideal for practical
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applications. Because of the unique properties, these copper-based halide
perovskites have already successfully introduced in photodetectors,8-187 LED7

188 and X-ray scintillators.18° 1%

-------- Self-trapping

Self-trapped
excitonic states

-

270-300 nm
excitation

Figure 1.39. Schematic representation of self-trapped emission in Cs3Cu2Xs perovskite (X=Cl,
Br, and I).

The solvent related toxicity is also one of the key concerns that is rarely talked about
in the perovskite community. In very recent time this field of research is gaining its
interest because of the obvious sustainable issues.’®! 192 The use of hazardous
organic precursor solvents also can affect human body which in the previous section
(section 1.3.7.2) we have already discussed. Also, the coordinating ability of many
of these solvents which remains in the NC suspension as residual, allows them to
interact with the perovskite NC surface and facilitates degradation.'* ' For these
reasons search of new green solvents is necessary for perovskite NC synthesis. The
first report of synthesizing bulk MAPbI3z thin film using ionic liquid (IL )came up in
2015 from Estroff’s research group.’®® In this report, they have used
methylammonium formate as IL for synthesizing the perovskite. Although, the
quality of the material was not good enough, but this process shed a light of hope on
the possibilities to perovskite synthesis in green alternative medium. After this

report, various methylammonium and formamidinium carboxylate ILs have been

57



Chapter-1

used for the synthesis of various methylammonium and formamidinium based
LHPs.191.194-197 ||_s have also been introduced as additives to improve the efficiency,
interface modification, and stability of the LHP solar cells.*®® Although significant
improvements have been done related to synthesis as well as properties of LHPs
using ILs, but still this field is roaming mainly around thin film solar cells. However,
recently in 2020 Hoang et al. reported the first green synthesis of MAPbBrs NCs
with ~50% PLQY in three different IL medium composed of methylamine and three
short chain carboxylic acids (formic acid, acetic acid, and butyric acid).!*® Even after
this report, still the synthesis of LHP NCs in alternative medium is rare in literature

and development is necessary in this research field.
1.3.8. Focus of this thesis

From all the discussion so far, it is evident that LHP NCs suffer from severe
problems which are mainly related to the stability and toxicity. The focus of this
thesis is on improving stability through metal ion doping, reducing toxicity by using
green solvents in LHP NC synthesis and synthesizing lead-free copper halide
perovskite NCs in these environment friendly green solvents for ultimate non-
toxicity. The thesis is divided into eight chapters. Apart from introduction (chapter
1) and experimental part (chapter 2), the working chapter starts with chapter 3. In
chapter 3, the properties of Bi®* doped MAPDbI; NCs (MPBI NCs) have been
investigated. The MPBI NCs shows a very slow reversible crystal growth in toluene
medium which is proposed to be mediated through dynamic ligand binding. Chapter
4 deals with the low PLQY of Bi** doped LHP NCs. In this chapter, the reason of
PL quenching is investigated through charge carrier dynamics and PLQY is
amplified through K* co-doping. In these first two working chapters (chapter 3 and
chapter 4) we will also see that introducing bismuth in the LHP NCs can boost the
environmental stability to a certain extent than their pure lead analogues, and K* co-
doping can boost it further. Chapter 5 and chapter 6 are mainly focused on the
solvent related toxicity in LHP NC synthesis. In chapter 5, an IL medium composed
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of methylamine and lauric acid (LA) is introduced to synthesize the MAPbX3 (X=Cl,
Br, and I) NCs. The high hydrophobicity of LA is then put into use to synthesize
MAPbBrs@Ilead laurate core-shell structure which increases the water stability of
the system to a far extent. However, despite having better stability, this methylamine
based ILs are very selective towards methylammonium based perovskite NCs. Also,
solid lead halide salts immediately form perovskite coming in contact to this medium
restricts its use in synthesizing mixed halide perovskites and doped lead halide
perovskites. To address these issues, I employed menthol based deep eutectic
solvents (DES) as a green medium in chapter 6 to synthesize all inorganic cesium
lead halide perovskite NCs. The variation in synthesis temperature and lead to
cesium precursor ratio in these DES media have been found to be a key factor in
preparation of lower dimension LHP NPLs. In the final chapter (chapter 7) these
menthol-based DES is used to synthesize lead-free CszCuzls and Cs3Cu2Brs NCs
which eventually eliminate both lead related toxicity as well as solvent related
toxicity. Apart from the synthesis the role of trap state in the photo physics of the
copper halide perovskite NCs is discussed in this chapter. In the end, the general

conclusions and future aspects of this thesis work is discussed in chapter 8.
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This chapter covers the details of the experimental methods used in this thesis. | have
explicitly written the detailed instrumentation and data analysis procedure for time-
correlated single photon counting, femtosecond transient absorption spectroscopy
and fluorescence correlation spectroscopy, and transmission electron microscopy
used in my research work. A brief description of powder X-ray diffraction and X-ray
photoelectron spectroscopic techniques were also discussed. All the syntheses

related to this thesis are also described in detail.
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2.1. Steady State Measurements

Shimadzu UV-2450 and JASCO V-670 spectrophotometers were used to record
steady-state absorption spectra. Both instruments have halogen and deuterium lamps
for light sources, and photomultiplier tubes for detectors. Steady-state emission
spectra were recorded in Fluoromax-4, Horiba Jobin-Yvon spectrofluorimeter
equipped with a 150W xenon arc lamp as the excitation source and a photomultiplier
tube (190nm-850nm) as the detector.

2.2. Time-Correlated Single Photon Counting (TCSPC) Method
2.2.1. Basic principle

The fundamental principle of fluorescence lifetime measurement is to excite the
sample with a delta function pulse and track the steady decline in fluorescence
intensity over time. There are a few issues with the measurements, though. Most
organic samples have very short fluorescence decay times, falling into the
nanosecond time range. We therefore require a detector with a very quick response,
which is challenging, in order to directly evaluate fluorescence lifespan. Second, in
order to resolve any multi-exponential decays present in the sample, we must
quantify the sample's fluorescence lifetime as well as the whole shape of the decay,
or the well-known exponential waveform. Currently, the detector's response is the
measurement of a single photon. Therefore, a picosecond order response from the
detector would be required to resolve a nanosecond order lifetime component. This
Is impossible to accomplish, as the sample's faint emission after passing through all
the optics might not be able to generate an electric signal even with an extremely
fast photodiode and GHz oscilloscope. Therefore, it is impossible for an analogue
measurement to capture the entire waveform of a sample's fluorescence decay. The
time of the photon's arrival at the detector is determined in relation to the reference
signal, which is the excitation pulse, using the time-correlated single photon

counting method (TCSPC), which was initially introduced by Bollinger and Thomas
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in 1961.52 A histogram of the waveform emerges after multiple cycles of this
method being repeated. TCSPC's statistical methodology enables it to detect signals
at very low levels. A high repetition rate laser source is utilised in TCSPC
measurements, and the idea is that finding a single photon inside the pulse time is
improbable, and finding two photons is quite improbable. So only the first photon
detected within two consecutive excitation of the sample is considered. The first
detected photon serves as the stop signal, while the excitation pulse serves as the
start signal. A measurement and storage are made of the interval between the start
and stop signals. If the single photon detection criterion is applied, then there may
be several cycles where no photon is detected. This is acceptable because the
occurrence of no photon per cycle or a single photon per cycle is completely
arbitrary, and measurement over a large number of repeating cycles would
statistically always produce the distribution. Every time a photon is detected in a
cycle, a count 1 is made in the memory, along with the timing of the photon's arrival.
The time to amplitude converter (TAC) is a crucial component of this sort of data
collection. The TAC receives a synchronisation signal from the excitation pulse (also
known as the "start" signal), and the capacitor inside it begins to charge. The
charging of the capacitor halts when the emission photon or "stop" signal is acquired.
During this window of time, the voltage inside the capacitor rises linearly, creating
a voltage ramp. The magnitude of this voltage is stored in a specific channel
according to time by a device known as a multichannel analyzer (MCA), an analog
to digital converter. The entire histogram is recorded in the MCA across a number
of iterations. The experimental stop rate should be kept at less than 2% of the start
rate in order to maintain the one photon detection per cycle principle. When the
"dead time™ of the electronics is taken into account, this ratio is crucial. The
electronics' minimum detection time between two consecutive photons is known as
the "dead time." The first photon released may not be the first detected photon since
it may fall within the dead period of electronics if the "stop" rate is high. As a result,

many photons may arrive in a pulse cycle. As a result, there will be what is known
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as a "pulse pile-up,"” which is essentially an over-representation of some spots in the

histogram.? 3
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Figure 2.1. Schematic diagram of a standard TCSPC setup along with typical IRF and data

Multichannel plate photomultiplier tubes (MCP PMT) are the detector utilised in
contemporary TCSPC configuration. The benefit of employing MCP PMT over
simple PMT or single electron response detectors is due to the detector's transit time
spread (TTS), which has a significant impact on the instrument's time resolution. A
photoelectron is amplified in the dynodes after it is produced at the cathode of a
PMT. A distribution of transit times, or TTS, is produced because this process of
multiplication creates a group of electrons with a variety of velocities and the ability
to travel in their own unique ways to the anode. TTS is less for MCP PMT compared
to PMT and as TTS determines the instrument response, the use of MCP PMT is

preferred. The rise and fall time of the electronics used in the TCSPC setup causes a
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time jitter in the measurement. Moreover, random amplification optical signal by
detector can cause a amplitude jitter in the electric signal. If a simple discriminator
Is used to send signal at TAC, then it can be triggered if the leading edge of the
electric pulse crosses a certain threshold value. As a result, TCSPC employs a
constant fraction discriminator (CFD). Basically, a CFD avoids the height
difference-induced temporal jitters by sending a signal at TAC at a consistent
fraction of a pulse. By monitoring the signal from a scattering process, a TCSPC
instrument records its instrument response function (IRF), which is affected by the
laser pulse width, TTS, and any other time fluctuations in the instrument. A
schematic diagram depicting all the components of a TCSPC setup has been shown

in figure 2.1.

I've utilised the TCSPC LifeSpec Il instrument from Edinburgh Instruments in the
UK for my experiments. This instrument has a Hamamatsu R3809-50 MCP PMT
with an intrinsic detector response of <25 ps that is thermoelectrically cooled.
Picosecond pulse diode lasers (EPL-series) from the same manufacturer serve as the
excitation sources. I've utilised a 375 nm, and 405 nm diode laser with an 80 ps pulse
width for my studies. This instrument's IRF was 120 ps when scattering from a
Ludox suspension was measured. All data were taken at the Magic Angle
polarisation to remove any influence from molecular rotational diffusion. The results
from the instrument were evaluated using FAST software. Here is a brief explanation

of the fitting procedure.
2.2.2. Data analysis procedure

The data processing process is not simple because the instrument's IRF has a finite
width and the excitation pulse is not a delta function, having a finite width in time.
These variables have an impact on the data, and the observed fluorescence decay

actually merges the IRF and the real decline of fluorescence intensity.

I(t) = [, P(OF(t — t)dt (2.1)
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Now, since the problem is poorly phrased, using this convolution to match the data
is not simple. The precise IRF or prompt form, the fluorescence theoretical model,
and the minimization of experimental random noise are all necessary for
convolutions. As a result, to extract fluorescence lifetime, the majority of
commercial software, including FAST, uses an iterative method, specifically the
non-linear least square method. First, the weighted amplitudes of the lifetime

components are added together to estimate the pure fluorescence intensity decay.3*

t

F(t) =Yl ae @ (2.2)
?:1 a; = 1 (23)

Here, t; are the lifetime components and a; are the amplitudes. As previously
mentioned, the IRF profile is recorded using a scatter, however it is measured at the
excitation wavelength rather than the emission wavelength, which is inherently
incorrect. However, the reconvolution requires IRF measurement using the same
number of channels. Since this reconvolution is performed on a per-channel basis in
a quantized way, a sum is employed in equation 2.1 in place of integration. The IRF
is taken to be a collection of 3-functions in several channels, each with a different

amplitude. The measurement results are presented as®*®
I(t) = Xf—o P(OF(t — t)At (2.4)

At is the time/channel in the equation above. The final fitting equation requires the
addition of two more parameters. When there is a little discrepancy between the time
zero location of the IRF and the intensity decay data, a shift parameter is used to
account for it.(A). For fitting, we need a noise factor (A). Consequently, the whole

form is

D(t)=A+I1(t+A) (2.5)

The consistency of the assumed model is tested by the “goodness of the fit”.3
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[Y (j)—D()]?
¥? = ?:1 J 02(1) (2.6)
]

In the above equation, Y (j) is the fitted data,D (j) is the experimental data and ajz IS

the standerd deviation. However, y? is not the best choice for large number of

datapoints. Instead, a quantity x2 . is defined as

2 _ X
AR = n—p (2.7)

Here, n is the number of data points and p is the number of parameters. For TCSPC
measurements, n is much larger than p. The value of y? is estimated with different
choice of fitting parameters and multiexponential model and the fitting is accepted
comparing the value of y?2 for different sets. However, as many distinct models
might satisfy the fitting criteria, this iterative method suffers from an inherent
difficulty of model selection based on intuition, making prior system knowledge
crucial for TCSPC fitting.

2.2.3. Time resolved emission spectra (TRES)

The TCSPC records the fluorescence intensity degradation over time at a certain
wavelength, which gives information about the excited state processes. However,
analysing the time-resolved emission spectra of the photoexcited molecule is another
effective method for observing the molecule's fate (TRES). Basically, a molecule’s
steady state emission spectrum is the time average of all its TRES, and studying
TRES can reveal a wealth of knowledge about events that take place in the excited
state, such as charge transfer and excited state reactions.”-*?> Additionally, it can shed
light on how molecules in the excited state interact with the solvents around them.’
TRES recordings from various times in the past have been made, but the instrument
response distorts them.!”?! In addition, simultaneous detection of numerous
wavelengths is necessary for TRES recording. Fortunately, time resolved
fluorescence decays captured at diverse wavelengths throughout the complete range
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of emission spectra can be used to prepare TRES.”"*2 TRES can be mathematically

represented as,

1,t) = =2y g™ (2.8)

i 4T
Equation 2.8 states that we can observe the fluorescence intensity decay at a specific
wavelength and generate the time-dependent intensity behaviour from the steady-
state intensity. This method was used to acquire several points at various
wavelengths, and each of the TRES was then fitted using a Maroncelli and Fleming-
described lognormal function.'81°

2
1n(1+—2b(VA_vp))
L(v) = goexps—1In2 — (2.9)

In the above equation, go, b, v,, A are peak height, asymmetry parameter, peak

frequency, width parameter. The width parameter is related to full width half

maxima (I) as follows® 1°

_ sinh(b)
[=A (T) (2.10)
A lognormal function established by Maroncelli and Fleming was used to fit each of

the TRES obtained using this approach to different wavelengths.
2.3. Femtosecond broadband transient absorption spectroscopy
2.3.1. Basic principle

Several methods are used to study femtosecond molecular dynamics, including the
widely used pump-probe method known as broadband transient absorption
spectroscopy. In typical pump-probe investigations, an ultrashort laser pulse known
as the pump is used to produce a non-stationary molecular state, and a second
suitably time-delayed laser pulse known as the probe is used to track the state's
temporal evolution.*1® We employ resonant excitation in transient absorption
spectroscopy, which means that, unlike Raman spectra, the excited electronic state

population is prepared by the pump pulse and the population decrease is not
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immediate. 1316 Choosing the right probe pulse will affect how the dynamics of the
excited state are studied. The probe can be used to investigate various photophysical
properties of the molecule. It can be monochromatic or broadband in the UV-Visible
or IR range.'3-16 Observing the pump's action also rely on the events the probe itself
causes after the pump acts, or on the change in the probe's characteristics (such

intensity). 13-16 The first instance of transient absorption spectroscopy is what we see.

Figure 2.2. Schematic representation of transient absorption spectroscopy experiment

I employed 400 nm light as the pump light in our lab setting, which excite several
molecules in the excited state (conduction band). While the pump is being dumped,
a visible (450nm-750nm) white light continuum (WLC) probe is sent through the
sample at various delay times managed by a mechanical delay stage, and the detector
Is watching the change in intensity of the probe light. Figure 2.2 illustrates the
operation using a schematic diagram. To prevent the probe from exerting any
multistep or multiphoton processes, the intensity of the probe is kept very low in
comparison to the pump. Moment gated detection is effectively simultaneous
detection across the entire range of the probe spectrum at a specific time, repeated
over a number of time delays.'3-% Since this is an absorption spectroscopy, the probe

light can be subject to Lambert-Beer law.

I(A,t) = I,(1) x 107N DL (2.11)
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Equation 2.11 states that the probe light's intensity before and after it passes the
sample at a delay time t ((I,(1) and I(A,t)), respectively, as seen in figure 2.2. It
should be made clear that the time zero is marked at the precise point in the delay
where the sample is simultaneously received by the pump and probe pulses. (1) is
the molar extinction coefficient at wavelength A, N(t) is the population of a state
after t time of the pump excitation and [ is the path length of the sample. So

according to figure 2.2 and equation 2.11, the absorbance A(4, t) is given by

AL t) = log I’(ft)) = e(D)N(t)! (2.12)

The change in absorbance with and without the activity of the pump is the quantity

that is measured in transient absorption technique and is mathematically stated as

follows.

AA(A,t) = A(At) — A(D) (2.12)
N DRSS\ CONY ey 1 CO Ry By (CO}

AA(A t) = log T log D log 00 (2.13)

Equation 2.13 suggests a scenario in which we will obtain the observable quantity
by measuring probe intensity both with and without pump illumination of the

sample. So, we can simply write

MA@, E) = log e (2.14)
Iyymp

It should be pointed out that in equation 2.14; the quantity IP"°%¢ is actually
measured blocking the pump light completely with the use of a chopper. The
population created or depleted by pump light will decay or grow with time i.e., as
N(t) changes with time, AA(4, t) also changes with time and that provides us the
photophysical dynamics of the system. Furthermore, as the observable AA(A, t) does
not contain any I,(A) term, the intensity of probe before the sample need not to be

measured which means a single beam spectrophotometer will work just fine.
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However, a dual beam spectrophotometer is frequently used to remove the noise in
the probe light. As an absorption spectroscopy, this particular pump probe approach
can now track both radiative and non-radiative processes, depending on the spectrum
of the probe.’*16 A dual beam spectrophotometer is typically used to remove the
noise in the probe light, though. Due to the fact that this particular pump probe
approach uses absorption spectroscopy, it has the ability to track both radiative and

non-radiative processes, depending on the probe's spectra.

N
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Figure 2.3. Contribution of different photophysical processes in transient absorption spectra.

Ground state bleaching: A part of molecules are aroused from their ground state
by the pump pulse, and the population of molecules in their ground state declines.

As a result, the ground state molecule now absorbs less probe light following pump

excitation compared to before pump excitation, that is., [P7°P¢ < I{,’Zﬁfj . As aresult,

a negative AA spectrum is seen, which is smaller the longer the interval between the
pump and the probe because molecules that have been stimulated to the ground state
stop functioning. Ground state bleaching is the name given to this particular signal
(GSB).

Stimulated Emission: Fluorescence occurs when an electronically stimulated
molecule spontaneously emits light and then returns to its ground state. It is possible
to stimulate the emission process from the excited to the ground state, or stimulated

emission, if a resonant photon from external radiation travels through the excitation
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volume. The stimulated photon's direction matches that of the photon from the
stimulating radiation. Therefore, the probe can drive emission from the sample that
has been excited by the pump if some or all of the frequencies included in the probe
pulse resonate with the excited and ground states of the sample (including vibrational
levels). Additionally, the probe's intensity at particular wavelengths will increase

following the pump's activity because the emitted photons will travel with the probe

and arrive at the detector. Therefore [Probe < [Probe

pump

will be satisfied and a negative

spectrum will be observed in transient absorption. This signal is an example of
stimulated emission (SE), and it resembles the molecule's spontaneous emission
spectrum. Even if the SE signal is still Stokes-shifted in relation to the GSB signal,
there can be a lot of early overlap. Under the supposition that the intensity of the
probe light is so low that it has little effect on the population of the excited state, SE
also deteriorates over time precisely as the excited state population declines as a

result of various radiative and non-radiative molecular processes.

Excited State Absorption: Transient absorption signals' usefulness comes from
their capacity to identify transitions that are invisible to fluorescence techniques. The
observation of an excited state absorption (ESA) signal is one of them. A certain
electronic excited state is produced in the sample by the pump beam. Now, some of
the light wavelengths in the probe light may be in resonance with the energy
difference between the populated excited state and other higher energy states, which

causes the molecules in the excited state to absorb the light. This particular transition

Iprobe

pump and we

is not possible without the pump and therefore, in this case, 1P7°%¢ >

can observe a positive signal in the spectra.

Product Absorption: Another aspect of transient absorption spectroscopy that is
challenging to measure using fluorescence methods is the product absorption (PA)
signal. Once excited, the molecule can go through a variety of changes and excited
state reactions, such as photoinduced electron and proton transfer, and the new

transient species thereby created can absorb the probe light, leaving a positive
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spectral signature known as, [P7oPe > [PT°P€ in the transient absorption

pump *

spectroscopy.

Transient absorption spectroscopy is an incredibly powerful technique for observing
these four phenomena, but it is subject to a number of constraints, including the
spectral spread of the probe and instrument response, which can limit the ability to

observe one or more of the processes mentioned above.
2.3.2. Instrumental setup

| have used a commercially available femtosecond broadband transient absorption
spectrometer (Femto-Frame-II, IB Photonics, Bulgaria) in our lab for my research.
Figure 2.4 depicts the system's optical configuration. The 800 nm output of a
Ti:Sapphire regenerative amplifier (SpitfirePro XP, Spectra-Physics, USA) pumped
by a 20-W Q-switched Nd:YLF laser (Empower, Spectra-Physics, USA) and seeded
by a Ti-Sapphire femtosecond oscillator (MaiTai SP, Spectra- Physics, USA) was
used as the fundamental light for transient absorption experiments. Using a
commercial autocorrelator, the repetition rate and pulse width of the output were
measured to be 1 kHz and 80 fs, respectively. At beam splitter BS1, this fundamental
beam was divided into two pieces. The pump light was produced by one component,
and the probe was created by the other. The same company's JANOS tripler, which
produced the pump light, was used. The second harmonic 400 nm light was created
by focusing the 800 nm light onto a BBO crystal. After passing through a waveplate
and colliding with another BBO crystal to produce the third harmonic 266 nm light,
the second harmonic and the remaining 800 nm light were produced. These three
lights were separated using a set of dichroic mirrors and the 400 nm or the 266nm
light was used for excitation light by using mirror Mg or M7. The other part of the
fundamental beam after reflecting through mirror Ms was passed through a
retroreflector (RR) mounted on a mechanical delay stage using mirrors Mg1, Mg2 &

Mgs. This delay stage was used to generate maximum 2ns time delay between the
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pump and the probe. A very small part of the 800 nm light was split in BS> and
allowed to fall on a photodidode PD which controlled the chopper. The rest of the
fundamental beam passed through a linear neutral density filter (ND31), an iris and

focused on a 0.3 mm sapphire crystal by lens La.

80 fs, 1kHz
800 nm LASER

3 = IR
Ly & 0 > [l o
058 sapp| oo 0
am
2 HWP =N;  Fiber
NDZ——

Spectrograph

Figure 2.4. Optical layout of the femtosecond broadband transient absorption spectrometer
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As a result, the sapphire crystal (Sapp) produced the white light continuum (WLC)
probe, which has a wavelength range of 450 nm to 750 nm. However, the power and
beam shape that the ND filter and the iris control greatly affect the character and
shape of the probing light. The WLC then collected by a parabolic mirror Mgs and
directed through the two Notch filters (N1 and N2) to cutoff residual fundamental
radiation of 800nm using mirror Mgs and Mg7. The sample is then illuminated by
the probe light utilising parabolic mirror MB1o. In the meantime, a half wave plate
is used to modify the polarisation of the pump light relative to the probe while it is
being steered through a chopper. A rotating ND filter (ND2) controls the power of
the pump and using lens Lz and mirror Ms12the pump beam is focused into the same
spot in the sample cuvette as the probe beam. A typical focal spot size is 100-200um.
As described in the preceding section, the purpose of the chopper is to temporarily
turn off the pump light to enable measuring without a pump. The purpose of the
chopper is to temporarily turn off the pump light to enable measuring without a
pump, as described in the section above. The probe beam after passing through the
sample is focused on the 200um optical fiber cable by means of mirror Mgua.
Another ND filter (NDs) controls the amount of probe light that reaches the detector.
The detector is a CCD spectrograph which detects the probe light scattered by a pair
of diffraction gratings. The pump beam has slight inclination compared to the probe
beam and therefore cannot reach the detector. The zero time is adjusted by observing
the signal of a known sample (C152 in ethanol in my case) varying the delay time.
The whole setup is controlled by software based on LABVIEW platform. The pump
power is kept ~5-uW during measurements. Steady state absorption spectra were
taken before and after the measurements to ensure no photo degradation of the

sample.
2.4. Fluorescence Correlation Spectroscopy (FCS)

The fluorescence correlation spectroscopic (FCS) measurements were in a home-

built instrument which is schematically shown in figure 2.5. I have used an Olympus
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IX71 inverted microscope for this setup. A 60x water immersion objective with
Numerical Apperture 1.2 was used to focus the 405 nm excitation light from a CW
laser source (5mW, Optoelectronics Tech. Co. Ltd.) into the sample at a distance of
40 um from the surface of the coverslip. The same objective is used to collect the
emitted photons and focused on a multimode fiber patch chord of 25 pum diameter
after passing through a dichroic mirror (ZT405rdc, Omega Optical Inc., USA) and
an emission filter (FSQ-GG455, USA). Fluorescence signal was then directed
towards a photon counting module (SPCM-AQRH-13-FC, Excelitas) through the
fiber patch chord and then to the correlator card (FLEX990EM-12D,
Correlator.com, USA) to generate the autocorrelation function G(t). The
autocorrelation function G(7) that arises because of the temporal fluctuation of the

fluorescence intensiy can be described as,’

(8F(£)8F(t+7))

G(r) = (F(1))?

(2.15)

The autocorrelation is the self-similarity of fluorescence intensity at different times.
(F(t) Jis the average fluorescence intensity, and oF(7) and JF(t+7) are the quantity of

fluctuation in intensity around the mean value at time t and (t+7);
SF(t+1)=F(t+1)—(F(t)) (2.16)

For a single component system, the diffusion time (zp) can be obtained by fitting the

autocorrelation function G(z) using the following equation.’

G(z) = %(1 + i)_l (1 + = )_1/2 (2.17)

w3Tp

Where, N is the number of particles in the observation volume and @ = I/r is the
longitudinal to transverse radius ratio of the 3D Gaussian volume. By fitting the FCS
autocorrelation curve we get two parameters, zo. From the diffusion time () and
transverse radius of the observation volume (r), the diffusion coefficient and
hydrodynamic radius (ru) of the molecule can be calculated using the following

couple of equations.
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2

D, = ; (2.18)
__ kpT
Ty = p—— (2.19)

where, kg is the Boltzmann constant, T is the temperature in Kelvin scale and 7 is
the viscosity of the solution. | took several FCS data (of varying concentration) of
rhodamine 6G (R6G) in water and globally fitted them to determine the value of .
While calibrating the value of w, the diffusion coefficient of R6G in water is taken
to be Dt = 4.14 x 10 cm?sL. For time dependent study, | have taken 10 pL of the

sample from the mother diluted solution which is studied.

Telescope

Mirror Mirror

Laser power source Microscope

objective
ND filter

Detector power

Detector

Five axis F F

Computer e
positioner

Microscope

Figure 2.5. Schematic representation of home-built FCS setup.
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2.5. Transmission electron microscopy (TEM)
2.5.1. Principle

The working principle of electron microscope is very similar to that optical
microscope. Resolution is the reason of using electron in place of light. Resolution
means the smallest distance between two points that can be separated. The smallest
distance between two points that our eye can resolve is around 0.1-0.2 pum, which
also depend on the condition of our eyes. The resolution of a system (8) can be

expressed by the classic Rayleigh criterion, which is used for optical microscope
as,17'19

_0.611
o usin g

(2.20)

In equation 2.20, A is the wavelength of radiation, p is the refractive index of the
viewing medium, and B is the semi-angle o collection of the microscopic lens. In
general, for a system wusinf is termed as numerical aperture and can be
approximated to unity. So, the resolution of a microscope is directly proportional to
the half of the wavelength of radiation. For optical microscope, the source of
radiation is visible laser. Thus, the maximum resolution that can be achieved through
blue laser light (~450 nm) is ~275 nm. The essence of electron microscope lies in
this resolution limitation of optical microscopes. The low resolution of optical

microscopes restricts the study of nanomaterials by it.

The famous physicist Louis de Broglie established that wavelength of the electrons
is related to their energy, E. Ignoring the relativistic effects, we can approximately

show that,17:1°

A=222 (2.21)

E2

Where A is in nm and E is expressed in eV.
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So, if we use 100 keV electron energy as probe, then from equation 2.21, A = 0.004
nm which is much smaller to the atomic dimension. So, using TEM we can have
resolution to the atomic level. However, in reality this resolution depends on several
instrumental factors. In recent time high resolution TEM (HRTEM) can have actual

resolution to the atomic level.

2.5.2. Basic instrumentation

g )

(a)
'h— Electron gun

<
— Condenser lens
A g

Em—e—e &= Condenser aperture

<« Sample
B ] «<—— Objective lens

B s <€ Objective aperture
B0 e &= Sclected area aperture [

' j—— Intermediate lens

B

e am < Projective lens

‘————’ Fluorescent screen L

Figure 2.6. (a) Schematic representation of basic TEM instrument. (b) Real image of Technai

G120 instrument in 1IT Kanpur.

The basic TEM instrument consists of three main parts: electron gun, image
producing system, and image recording system. The schematic representation of

basic TEM setup is depicted in figure 2.6.17:1°

Electron gun: This part is responsible for producing electron beam in TEM. A
cathode that is a tungsten filament generates electrons. The specimen is successfully
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focused to produce a clearly defined image by the columnar aperture (hole), through
which electrons are transmitted from the cathode to the anode at high voltage and
constant energy. It also contains a condenser lens system that concentrates the
electron beam on the specimen by using the electron gun's column hole and energy
intensity. The TEM employs two condenser lenses to concentrate the electron beam
on the specimen. The first lens, which has a high magnification, produces a smaller
image of the specimen, which is then directed to the second condenser lens, which
focuses the image on the objectives. Each of the two condenser lenses produces an
image in this manner. Here, all of the lenses used to focus the electron beam are

magnetic.!® 20

Image producing system: The objective lens, a portable stage for holding the
specimen, intermediate lenses, and projection lenses are the components of the
device. They work by magnifying the image produced by passing electrons through
the specimen. The objective provides an intermediate image from the condenser that
Is sent to the projector lenses for magnification and has a small focal length of around
1 to 5 mm. There are two different kinds of projector lenses: an intermediate lens
that greatly magnifies the image and a projector lens that generally magnifies more
than an intermediate lens. The objectives and projector lenses require high power
supplies with great stability for the highest grade of resolution in order to produce

effective, high standard images.?°

Image recording system: The fluorescent screen that is used to observe and focus
on the image is part of it. It also has a digital camera that captures photographs that
are then permanently stored after viewing. It has a vacuum system that prevents air
molecules from being hit by or colliding with electrons, which would otherwise
interfere with their movement and ability to focus. A vacuuming system makes it
easier for electrons to travel directly to the image. The resulting grayscale or black

and white image is referred to as a monochromatic image. Because the image must
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be visible to the naked eye, electrons are permitted to pass through a fluorescent

screen that is mounted to the bottom of the microscope.!®
2.5.3. Sample preparation

The sample preparation in TEM analysis is one of the most crucial parts. For
colloidal NCs, with band edge absorbance ~0.1 of colloidal suspension is used here
as the parent solution. The NCs suspensions were sonicated about ~15 minutes
before drop casting to the carbon-coated TEM grids. The TEM grids were then

vacuum dried for overnight before placing to the TEM sample holder.
2.5.4. Image analysis

All the TEM image analysis has been done in ImageJ software. TEM generally
produces three types of images: Normal TEM image which shows the morphology
and particle size distribution, high resolution TEM image which is important to study
the lattice fringes, and selected area electron diffraction (SAED) pattern from which
the crystal phase analysis can be done by matching the crystal plane positions

derived from powder X-ray crystallographic (PXRD) analysis.

Particle size distribution: Size of the NCs vastly controls their property. Therefore,
particle size distribution analysis is very important in nanoscience. Through ImageJ,
the average diagonal distance is calculated for each NC in an image, and this

distribution of edge length is termed as particle size distribution.

HRTEM analysis and Fourier filtration: HRTEM analysis is done to study and
identify the different phases in NCs through lattice fringes. In a raw HRTEM image,
more than one lattice fringes may be observed which can hamper proper analysis.

To overcome this issue, Fourier filtration of the image is needed.
Every image can be expressed as,?

F(x) = Y G(k) sin(kx) (2.22)
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Where F(x) is the real image in x axis, k is the frequency of the lattice planes. The
lower order crystal planes have larger interplanar distance and thus lower frequency.

G (k) is the amplitude of the sine wave that construct the image.

Now, F(x) is the real image in the x axis, and G (k) is the collection of sine waves
in the coordinate k(x) that been used to construct the real image F(x). This can be

visualised as in figure 2.7.

F(x) G(k)

Figure 2.8. (a) HRTEM image of CsPbBr3 NCs. (b) Fourier transformed image of the selected
area of figure 2.8a. (c) Fourier filtered image by selective choice of white k axis in figure 2.8b.

(d) Fourier filtered image by selective choice of yellow k axis in figure 2.8b.
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The K(x) points are always in perpendicular with the lattice planes. So, by Fourier
transformation of a HRTEM image we get lots of k points in different direction, each
of which set contains the details about a particular lattice plane. By selective choice
of a particular k set then back Fourier transformed to visualize a particular crystal
plane. This is depicted in figure 2.8 with a real HRTEM image of CsPbBrz NCs.

SAED analysis: SAED is another technique which is vastly used in TEM which
contains the crystallographic information of the sample. In SAED the wave nature

of the electrons is used. The relativistic wavelength of the electron is given by, %2

hc
A= s (2.23)

Where h is plank’s constant, m, IS the rest mass of electron, e is the charge of

electron, c is the speed of light, and V is the accelerating potential.

The electrons are diffracted on the crystal planes in a particular angle which acting
as a diffraction grating. According to the Braggs’ law if the diffracted electron beam

angle is 0, then,?
nd = 2dsin 0 (2.24)

Where n is an integer and d is the interplanar distance. The diffraction pattern is
created when each pair of initially parallel beams cross in the rear focus plane after

being refracted by the magnetic lens of the microscope.

Whether the beam is diffracted by a single crystal or by a number of crystallites with
various orientations, as in a polycrystalline material, determines the characteristics
of the resulting diffraction image. Bright spots appear in a predictable way on the
single-crystalline diffractogram. This is depicted with diffraction from a single
MAPDbBrz NC in figure 2.9a. This pattern can be viewed as a projection of a
reciprocal crystal lattice in two dimensions. The diffraction image becomes a
superposition of the diffraction patterns of individual crystals if there are more

contributing crystallites. In the end, this superposition encompasses diffraction spots
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from all possible orientation of crystallographic plane systems forms a ring pattern.
This is shown in figure 2.9b with CsPbBrz NCs.

Figure 2.9. (a) Spot SAED pattern from a single MAPbBrs NC. The real image of MAPDbBr3
NC is in inset. (b) Ring SAED pattern from a large area containing many CsPbBrz NC. The

real image of CsPbBr3 NC is in inset.

Each bright in spot SAED pattern or each ring in ring SAED pattern arises from a
particular crystal plane. The SAED image is in reciprocal space. The interplanar
distance of a particular plane is calculated from the inverse of the distance of that

particular spot or ring from the centre.
2.6. Powder X-ray diffraction (PXRD)

PXRD analysis of colloidal perovskite NCs were done to have the idea of the crystal
phase of the NCs. X-rays are partially scattered by atoms when they strike the surface
of a crystal. The X-ray that is not scattered passes through to the layer of atoms
below, where it is again partially scattered and partially continues on to the next
layer which is schematically shown in figure 2.10. The layer of atoms which
generally called crystal planes act like the grating.?* 2> The sample must be
crystalline and the distance between atom layers must be close to the radiation

wavelength for an X-ray to diffract.
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V7

Figure 2.10. Schematic representation of X-ray diffraction from crystal planes.

The diffraction pattern exhibits a peak when beams diffracted by two separate layers
are in phase; however, when they are out of phase, destructive interference appears
and there is no peak. Diffraction peaks only occur if 23

sing =22 (2.25)

2d

Where, 0 is the angle of incident radiation, A is the wavelength of radiation in nm, d
Is the spacing between atom layers or crystal planes, and n is an integer. This is
known as famous Bragg’s equation. This Bragg’s equation is the working principle

of XRD analysis.

PXRD patterns for my samples were collected in PANalytical XPert Powder
diffractometer with Cu-Ka as incident radiation (A = 0.154 nm) in the 20 range
between 5° to 60° with step size of 0.01°. For sample preparation | have used crude
NC suspension in toluene/hexane and centrifuged it at 15000 rpm to precipitate out
all NCs and dispersed this in 200 pL toluene/hexane. This NC dispersion was then
drop casted on clean glass slide and kept this in open air to evaporate out all solvent
molecules. This glass slide was then used then for PXRD experiment.

2.7. X-ray photoelectron spectroscopy (XPS)

XPS is used for the surface elemental analysis of materials. The working principle
of XPS relied on the photoelectric effect. When sample is irradiated with X-ray, core
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electrons from different elements of the sample are ejected with kinetic energy Ex.

The kinetic energy of this ejected electrons is defined by,?5 %7
Ek = hV_Eb _¢ (226)

Where, hv is the energy of the incident X-ray beam, E,, is the binding energy of the
electron, and ¢ is spectrometer work function. The Ej value is measured by the
detector. For different elements, the E, value is different for different core levels.
Thus the Ej, value is characteristics of a particular core level of a particular atoms.
The XPS spectra is produced by plotting these E} values with different intensities.
The elemental percentage can also be done from this spectrum by integrating the

respective peaks considering the relative sensitivity factor (RSF).?’

The XPS data presented in this thesis were collected using PHI 5000 Versa Prob Il
model. Sample was prepared by drop casting respective NC suspension on a thin

coverslip followed by vacuum drying.
2.8. Other instrumental techniques

FESEM: The field emission scanning electron microscopy (FESEM) images were
collected by NOVA a NANOSEM 450 system in the secondary electron mode.

NMR: NMR spectra were recorded on a Bruker Avance 400 system (1H, 400 MHz;
13C, 100 MHz).

FTIR measurements: Fourier transform infrared (FTIR) measurements were

carried out using Bruker Alpha-P FTIR with ATR accessory.

Thermogravimetric analysis (TGA): The thermal stabilities of the DESs were
determined by thermogravimetric analysis (TGA) using a Mettler Toledo TGA/DSC
1 instrument. A dynamic mode at a temperature range from (17 to 250) °C with a
heating rate of 5°C min-1 was used to determine the onset decomposition

temperatures.
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2.9. Synthetic procedures
2.9.1. Synthesis of methylammonium bromide (CHsNHsBr or MABY)

27.86 ml CH3sNH:, 40% in methanol in 500 ml flask, was mixed with 100 ml of
ethanol. Then, 8.5 ml of an HBr solution in 48%water was added dropwise while
being continuously stirred at room temperature. To remove all solvents, the obtained
solution was put in a rotary evaporator set at 60°C. MABr was dissolved in ethanol
and twice precipitated with diethyl ether after being washed with diethyl ether many

times.

2.9.2. Synthesis of methylammonium iodide (CH3NHzl or MAI)

100 ml of ethanol and 27.8 ml of CHsNH2, which is 40 percent methanol, were
mixed in a 500 ml flask. After that, 30 ml of a 57% water solution of the HI was
added at room temperature while being continuously stirred. To remove all solvents,
the obtained solution was put in a rotary evaporator set at 60°C. Following multiple
washes with diethyl ether, MAI was dissolved in ethanol and twice precipitated with
the solvent. After that, 80 ml of hot ethanol was added to the MAI to dissolve it, and
the mixture was then placed in a refrigerator set to -3°C for re-crystallization in order

to produce extremely pure crystals.
2.9.3. Preparation of CH3NH3PbosBiossls (MPBI) nanocrystals (NCs)

Methyl ammonium iodide (0.0159 g), lead iodide (0.0231g) and bismuth iodide
(0.0195¢g) were dissolved together in DMF solvent. Then 200 pL oleic acid (OA)
and 100 pL Olylamine (OAm) were added and shaken to get the precursor solution.
Then 100 pL of this precursor was added to 3ml toluene and shaken vigorously and
NC dispersion formed. Then this suspension was centrifuged at 7500 rpm to discard
the large crystals. The yellow transparent NC solution then decants off and all the

studies were done with this suspension. This centrifugation is a very important part
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of this preparation as by this we can discard the large crystals formed and also

discard the unreacted substances.

)

200 pL OA

+ 100 pL
150 pL OAm procisor _
Precursor solution Precursor solution Crude MPBI NC
before addition of after addition of OA suspension in
OA and OAm and OAm Toluene

Figure 2.11. Preparation of MPBI NC.
2.9.4. Preparation of CH3sNH3Pblz (MPI) NCs

Methyl ammonium iodide (MAI) (0.0159 g) and lead iodide (0.0462g) were
dissolved together in DMF solvent. Then 200 uL oleic acid (OA) and 150 pL
Olylamine (OAm) were added and shaken to get the precursor solution. Then 100
ML of this precursor was added to 3ml toluene and shaken vigorously and NC
dispersion formed. Then this suspension was centrifuged at 7500 rpm to discard the
large crystals. The yellow transparent NC solution then decants off and all the studies

were done with this suspension.
2.9.5. Preparation of CHsNH3PbBrz (MPBr) NCs

I have prepared all the NCs by the antisolvent precipitation technique with slight
modification.!Methyl ammonium bromide (0.0055 g) and lead bromide (0.0182 g)
were dissolved together in 0.5 ml DMF solvent. Then 100 L oleic acid (OA) and
125 pL oleyl amine (OAm) were added and shaken to get the precursor solution.
Then 100 pL of this precursor was added to 3ml fresh CHClz and shaken vigorously

and NC dispersion formed. Then this suspension was centrifuged at 7500 rpm to
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discard the large crystals. The pale-yellow transparent NC solution then decants off

and all the studies were done with this suspension.
2.9.6. Preparation of CH3sNH3Pb12Bi13Brz (MPBBr) NCs

Methyl ammonium bromide (0.0055 g), lead bromide (0.0091g) and bismuth
bromide (0.0080g) were dissolved together in 0.5 ml DMF solvent. Then 100 pL
oleic acid (OA) and 125 pL Oleylamine (OAm) were added and shaken to get the
precursor solution. Then 100 pL of this precursor was added to 3ml CHCIsz and
shaken vigorously and NC dispersion formed. Then this suspension was centrifuged
at 7500 rpm to discard the large crystals. The yellow transparent NC solution then
decants off and all the studies were done with this suspension. For preparation of
MPBBr with different OA and OAm ratio, the methods were same.

2.9.7. Preparation of MPBKBr and MPBBr-NaCl NCs

Methyl ammonium bromide (0.0055 g), lead bromide (0.0091g) and bismuth
bromide (0.0080g) were dissolved together in 0.5 ml solution of KBr in DMF
solvent. Then 100 pL oleic acid (OA) and 125 pL Oleylamine (OAm) were added
and shaken to get the precursor solution. Then 100 pL of this precursor was added
to 3ml CHCIz and shaken vigorously and NC dispersion formed. Then this
suspension was centrifuged at 7500 rpm to discard the large crystals. The yellow
transparent NC solution then decants off and all the studies were done with this
suspension. For MPBBr-NaCl NCs, same procedure is followed and NaCl is used in

place of KBr.
2.9.8. Synthesis of oleylammonium halide (OAmMX) salts

OAmX salts were prepared by the reported procedure by Dutta et al.?® In short, 10
ml of oleylamine (OAm) were taken along with required amount of hydrohalic acid
(For OAMCI 1 mL of HCI, for OAmBr 1.28 mL of HBr and for OAmI 1.5 mL of

HI) in a 25 mL two neck round bottomed flask. The resulting reaction mixture was
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heated at 120 °C for 2 hours in nitrogen atmosphere. The reaction temperature then
increased to 150 °C and further heated for 30 mins. The prepared OAmMCI salt
concentration was measured to be 0.85 mmol/mL, whereas the concentrations of
OAmBr and OAmI salts were 0.51 mmol/mL and 0.34 mmol/mL, respectively. The
synthesized OAmMX salts were characterized by *H and 3C NMR (see figure 2.12 to
figure 2.14). The hexane diluted solutions (0.3 M OAmMX) were then used for anion

exchange reactions.
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Figure 2.12. (a) *H NMR spectrum of OAmCI. (b) *C NMR spectrum of OAMCI.
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OAMCI: 'H NMR (CDCls, 500 MHz): & 0.79 (t, 3H), 1.18 (m, 22H), 1.47 (m, 2H),
1.88-1.94 (m, 4H), 2.68 (t, 2H), 5.25 (m, 2H) (see figure S4a. Section S3 of the ESI).
13C NMR (CDCls, 100 MHz): § 14.1, 22.67,26.87,27.2, 29.35, 29.55,29.75, 31.44,
31.92,41.21,76.94,77.2, 77.45, 129.9 (see figure S4b. Section S3 of the ESI).
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Figure 2.13. (a) *H NMR spectrum of OAmBY. (b) **C NMR spectrum of OAmBY.
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OAmBr: *H NMR (CDCls, 500 MHz): & 0.77 (t, 3H), 1.16 (m, 22H), 1.46 (m, 2H),
1.86-1.93 (m, 4H), 2.67 (t, 2H), 5.26 (m, 2H) (see figure S5a. Section S3 of the ESI).
13C NMR (CDCls, 100 MHz): § 13.8, 22.43, 26.67, 26.8,29.01, 29.27, 29.49, 31.65,

40.89, 76.72, 77.0, 77.25, 129.7 (see figure S5h. Section S3 of the ESI).
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Figure 2.14. (a) *H NMR spectrum of OAmI. (b) *C NMR spectrum of OAmI.
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OAmI: IH NMR (CDCls, 500 MHz): & 0.84 (t, 3H), 1.23 (m, 22H), 1.44 (m, 2H),
1.92-2.01 (m, 4H), 2.77 (t, 2H), 5.31 (m, 2H) (see figure S6a. Section S3 of the ESI).
13C NMR (CDCls, 100 MHz): § 14.1, 22.64, 26.89, 27.2,29.24, 29.51,29.73, 31.21,
31.82,40.77,77.1,77.4, 77.7, 130.2 (see figure S6b. Section S3 of the ESI).

2.9.9. Preparation of green medium for the synthesis of MAPbX3 X= ClI, Br, I)
NCs

The green reaction medium was prepared by adding 2 mL methylamine solution into
2 g lauric acid (LA) at 60 °C. The mixture was stirred for 30 minutes at the same
condition. The high temperature is required to liquefy LA (melting point 43.2°C).
This ionic liquid-like (IL) medium was then used to synthesize perovskite NCs. This
ionic liquid like medium was characterized by *H NMR. The NMR spectrum of this
medium is depicted in figure 2.15. All the detected protons can be assigned to the
corresponding chemical shift of the cation and anion, which confirms the formation

of an IL-like medium.

laurate

* (3 3
i Jl .

Figure 2.15. 'H NMR spectrum of the ionic liquid like green solvent medium. (*) peak at 3.29

a b
NH,*
methylammonium

ppm originates from the residual methanol.
2.9.10. Synthesis of CH3NH3PbBrz; NCs through green synthesis

| have prepared the MAPbBr3 NCs by direct addition of 200 mg of PbBr; salt to 3
mL of the solvent medium at 60 °C (see scheme 1). After the formation of bright
green luminescent MAPbBr3 NCs, | divided this into two parts (~1.5 mL each
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containing MAPDbBrs NC suspension in the solvent medium). Both the parts were
centrifuged (40 °C, 12577 g, 60 min), and the supernatants were discarded. Then, 1
mL of hexane was added to each part and sonicated (25 °C, 53 MHz, 10 min)
followed by centrifugation (40 °C, 12577 g, 15 min). This process was repeated five
times to discard the remaining medium. Then MAPbBTr3 residue from each part was
redispersed in 5 mL of hexane (room temperature) and used for further studies. The

synthetic procedure is schematically shown in figure 2.16.

Under UV
excitation

Daylight Under UV

excitation

PbBr, (S)

Green solvent medium
containing Methylamine (MA)
and Lauric acid (LA) at 60°C

Formation of
MAPbBr; NCs

Figure 2.16. Schematic representation of the synthesis of MAPbBrs NCs. The solvent medium
is composed of lauric acid (LA) and methylamine (MA). Real images of this medium in
daylight and under UV (365 nm) are shown (leftmost image of the scheme). MAPbBrs NCs
instantly formed by the addition of solid PbBr> to this medium. Real images of the synthesized
MAPbBrs NCs in daylight and under UV (365 nm) are shown (rightmost image). A strong
green PL of MAPbBr3 NCs is observed under UV.

2.9.11. Synthesis of MAPbBrs@Ilead laurate core-shell NCs

MAPDBrs@lead laurate core-shell NC was prepared by direct addition of hexane
dispersion of purified MAPbBrs NCs to the distilled water. A visible color change
from deep yellow to white indicated the formation of lead laurate shell on the
MAPDbBr3 NC core. The MAPbBrs@lead laurate core/shell NPs were then extracted

in hexane for further characterization.
2.9.12. Synthesis of CH3sNH3PbClz and CH3sNH3Pbls NCs

MAPDOCI3; and MAPbI3s NCs were prepared by direct addition of 200 mg of salts (lead

chloride and lead iodide) to 3 ml of prepared solvent medium. Immediately after
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addition of the salts, MAPDCIs (white) and MAPbIz (black) NCs were formed which
were then purified by the similar procedure as MAPbBrs NCs.

2.9.13. Synthesis of menthol based deep eutectic solvents

The DESs were synthesized by heating acids in the right molar ratio with menthol.
LA-menthol DES (LAMe) is synthesized by mixing LA with menthol in a 1:2 ratio.
CA-Menthol (CAMe) and BA-Menthol DESs, on the other hand, were created in a
1:1 ratio using the same process. The DESs are transparent liquids at room
temperature. These DESs were characterized using thermogravimetric studies
(TGA), FTIR, and *H NMR.

H-bond doner (HBD) H-bond acceptor (HBA) Molar ratio aspects
Lauric acid (LA) Menthol 1:2 transparent liquid
Caprylic acid (CA) Menthol 1:1 transparent liquid
Butyric acid (BA) Menthol 1:1 transparent liquid

IR and NMR measurements were used to better characterize the DES media.
Menthol has a broad O-H frequency centered at 3453 cm™, and all HBDs have a
carbonyl frequency of ~1700 cm-1, both of which are modified following the
synthesis of DES. The carboxylic C=0 characteristic of pure BA is observed at 1708
cmt, whereas it is observed at 1710 cm™* and 1701 cm for CA and LA, respectively.
These peaks shift to 1714cm, 1719cm™, and 1717 cm™ in BAMe, CAMe, and
LAMe, respectively, after the synthesis of DESs (figure 2.17). The formation of an
H-bonding network between menthol and different HBDs is indicated by these
alterations in carboxylic carbonyl stretching frequency to higher values in
corresponding DESs, which is consistent with prior observations. The shift is most
noticeable in LAMe, implying the highest H-boning interaction among the three
DESs.
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Figure 2.17. (a) IR analysis of the LAMe, CAMe and BAMe DES media. (b) IR spectra of
LA, Menthol and LAMe in carbonyl region. (c) IR spectra of CA, Menthol and CAMe in
carbonyl region. (d) IR spectra of BA, Menthol and BAMe in carbonyl region.

INMR of the DES mediums also shows interesting feature regarding alcoholic
hydrogen from menthol. In menthol the O-H proton was not observed due to its
labile nature. But in all the DES mediums | have got a characteristic broad O-H
hydrogen peak around 7-8 ppm range (figure 2.18 to figure 2.20). For BAMe and
CAMe this peak came at 8.1 ppm (figure 2.19 and figure 2.20, respectively) but for
LAMe it originates at 7.0 ppm (figure 2.18). This further indicates the formation of
H-bonding interaction through the mentholic O-H. The structure of the DES media
are complex and different types of interaction may be present. The indication of H-
bonding through methanolic O-H arises a general question whether in this type of

system a proper HBD or HBA can be assigned or not. This needs further studies.
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Figure 2.18. TH NMR spectrum of LAMe. All the corresponding NMR peaks have been

assigned.
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Figure 2.19. 'H NMR spectrum of CAMe. All the corresponding NMR peaks have been

assigned.
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Figure 2.20. 'H NMR spectrum of BAMe. All the corresponding NMR peaks have been

assigned.
2.9.14. Synthesis of lead halide perovskite NCs and NPLs in DES medium
Synthesis of Cs-precursor in DES medium

65 mg of CsCO3 salt was added to 1 ml of DES (LAMe, CAMe or BAMe) and
stirred for 100°C till it forms a clear colourless solution. This Cs-precursor was
stored in normal atmospheric condition. At room temperature this Cs-precursor
become solid. This was again re heated at different temperatures (depending upon

the NC synthesizing temperature) before injecting.
Synthesis of CsPbBr3 NCs in DES medium

7.2 mg of PbBr; salt was placed in a vial with 2ml DES (LAMe, CAMe or BAMe).
Then 150 pL of OAm added to this mixture and stirred at 100°C till PbBr2 fully
solubilize. Cesium precursor was then heated at 100°C. 100 pL of this heated cesium
precursor was then swiftly injected into the PbBr2 precursor in DES. Instantly light
yellow colored NCs formed which shows green photoluminescence under UV light.
This NCs was then centrifuged at 15000 rpm for 1 hour. The supernatant DES was
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discarded and the NCs were washed thoroughly with methyl acetate and then
dissolved in hexane and centrifuged again at 10000 rpm for 10 mins. The supernatant

contains the NCs of uniform size and used for further studies.

CsPbBrs NPLs with different width were synthesized using the same procedure, only
by changing the temperature (100°C, 75°C, and 50°C) and the cesium precursor
amount (25 pL, 50 pL, 75 pL and 100 pL) in LAMe.

Synthesis of other CsPbX3 NCs (X=ClI, CI/Br, Br/l, and 1) in DES medium

The other halide perovskite NCs were also prepared by similar procedure except for
CsPbls NCs. For CsPbCls NCs, 5.4 mg of PbCl; salt was dissolved in 2 ml LAMe
DES in presence of OAm at 100°C. Then 100 pL of Cs-Precursor was injected into
it. Immediately white colour CsPbCls NC formed. This NCs was then centrifuged at
15000 rpm for 1 hour. The supernatant DES was discarded and the NCs were
dissolved in hexane and centrifuged again at 10000 rpm for 10 mins. The supernatant
contains the NCs of uniform size and used for further studies. For CsPb(CI/Br)s, a
mixture of 2.7 mg of PbCl> and 3.6 mg of PbBr, were taken in DES whereas for
CsPb(Br/l)3 NCs 3.6 mg of PbBr, and Pbl, were taken and respective NCs were
prepared in a similar procedure. For CsPblz NCs, 9 mg of Pbl> was dissolved in 2

ml LAMe in presence of 200 pL OAmI and then prepared by similar procedure.

2.9.15. Synthesis of CsPbBr3 NCs by hot injection procedure

The pristine CsPbBrs NCs were prepared by the reported procedure by Protesescu et
al.?® Briefly, 0.16 g of Cs2COs, 6 mL of octadecene (ODE), and 0.5 mL of OA were
combined in a 50 mL double-necked round-bottom flask (RB), which was then
heated under vacuum at 120 °C for an hour and then under nitrogen atmosphere until
all Cs,COs reacted with OA to generate Cs-oleate. In order to prevent precipitation,
this solution was kept at this temperature. Another 50 mL double-necked RB was
used to mix 0.069 g of PbBr2, 5 mL of ODE, 0.5 mL of OA, and 0.5 mL of OAm
before heating them at 110°C for an hour under vacuum. After raising the
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temperature to 170 °C in a nitrogen environment, 0.45 mL of pre-heated Cs-oleate
solution was fast injected. The solution was then quickly cooled in ice-cold water.
The temperature was then raised to 170°C while being in nitrogen environment, and
0.45 mL of pre-heated Cs-oleate solution was quickly injected. The solution was

then quickly cooled in ice-cold water.
2.9.16. Synthesis of lead free CszCuzls NCs in LAMe DES medium
Synthesis of Cs-precursor in LAMe

65 mg of CsCO3 salt was added to 1 ml of LAMe along with 0.2 ml of OA and
stirred under nitrogen atmosphere at 80 °C. After fully solubilizing, a clear
colourless solution is obtained which is kept at normal temperature and reheated

before use.
Synthesis of CszCuzls NCs

29 mg of Cul salt was dissolved in 1ml LAMe in presence of 300 uL OAmI at 80
°C under high vacuum for 1 hour. After this the reaction temperature is reduced to
room temperature and 1 ml of heated cesium precursor was added to this mixture
under nitrogen atmosphere. Immediately the white CszCuzls NCs were precipitated,
and reaction mixture was quenched in a ice bath to restrict further growth. The NCs
were then centrifuged to discard the DES medium and washed with methyl acetate.
The purified NCs were then redispersed in toluene medium and used for further

studies.
2.10. Photoluminescence quantum yield (PLQY) measurement

PLQY of the NC suspensions were measured using reference method by using the

following formula,

2
QY (sample) = QY (ref) x Is?mple x —ref <nsample> (2.27)

ref Asample Nref
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In the above equation, Isompe IS the integrated area under the PL spectrum of the
sample, I,..¢ is the integrated area under the PL spectrum of the reference solution,
A5 is the absorbance of the refence solution at the PL excitation wavelength,
Asampie 1S the absorbance of the sample at the sample wavelength and nsgmpe &
Nrer are the refractive index of the sample and reference, respectively.

The reference dye solutions used for PLQY measurements for different NCs are

tabulated in table 2.1.

Table 2.1. Dye solutions used for PLQY measurements for different NCs.

NCs Dye (solvent) QY (ref)
MPBI, MPI Rhodamine B (ethanol) 96%
MPBr, CPB-2D Coumarin-1 (ethanol) 73%
MPBBr, MPBKBr, Coumarin 152 (CAN) 19%
MAPbBr3, CsPbBrs (CPB)
Cs3Cuzls Quinine sulphate (0.05 M 56.4%

H2SO4 solution)
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Reversible Ultra-Slow Crystal Growth of Mixed
Lead Bismuth Perovskite Nanocrystal —
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An ultra-slow crystal growth over a period of 24 hrs of a newly synthesized
CH3sNH3Pb12Biuzls perovskite (MPBI) nanocrystal in non-polar toluene medium is
reported here. From several spectroscopic techniques as well as from TEM analysis
we found that the size of nanocrystals changes continuously with time, in spite of
being capped by the ligands. Using single molecular spectroscopic technique, we
also found that this size change is not due to the stacking of nanocrystals but due to
the crystal growth. The notable temperature dependence and reversible nature of
nanocrystal growth is explained by the dynamic nature of the capping. The observed
temperature-dependent ultra-slow growth is believed to be a pragmatic step towards

controlling the size of perovskite NC in a systematic manner.
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3.1. Introduction

Organic-inorganic hybrid perovskite materials of ABXz3 type with A as organic
cation, B as inorganic cation and X as halide ions rendered appreciable interest to
the scientific community due to their unique properties suitable for the construction
of photovoltaic cell with very high efficiency.'® The nanocrystalline form of such
perovskite materials showed a large fluorescence quantum yield with better photo
stability and considered to be a good replacement of the traditional chromophores.*
The compositional tuning of such nanocrystal (NC) provides a well-tuned emission
characteristics of the material that makes it a potential candidate in the field of
optoelectronics such as laser, nonlinear optics and light emitting diodes.> ¢ Until now
most of the reported perovskite NCs are lead (Pb) based with high emission quantum
yield.” Keeping in mind the toxic nature of lead, it is desired to develop perovskite
NCs with lower Pb content without compromising its interesting properties. Further,
these Pb-based NCs exhibit poor moisture resistance, making these extremely
vulnerable in the ambient condition.? Recently scientists have started to explore Pb-
free perovskites with various cations at the B-site.® Among these, bismuth (Bi) based
perovskites provide a better stability in the ambient condition, which is very much
required for the application of these materials.'® However, these Bi based perovskite
NCs exhibit very low quantum yield.!! So it is the primary concern to search for a
system with high quantum yield without compromising the stability as much as
possible. Keeping this in mind, we have synthesized organic-inorganic hybrid iodide
perovskite NCs with appropriate ratio of Pb?* and Bi®* in order to maintain the
formal charge balance i.e. (+2) in the B-site of these perovskites. Properties of Bi
doped Pb halide NCs have been explored recently by some research groups.? 13 In
our previous study we have also reported the potential of these charge balanced

hybrid Pb-Bi perovskite thin films for solar cell application.

Capping of NCs with long chain organic moieties is a key step for size control

synthesis of the NCs as without capping the NCs stability is being compromised due
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to the formation of non-fluorescent bulk perovskite materials.'® Thus, capping is one
of the most efficient ways to enhance the colloidal stability of perovskite NCs in the
solution'®8 Oleic acid (OA) and oleylamine (OAm) are popular capping agents
reported in the literature for the synthesis of such perovskite NCs.1% 16.18.19 QA has
the less capping ability than OAm, but any of these two alone cannot provide a
sufficient stability to Pb perovskite NCs because of their poor binding NC surface.®
However, when these two ligands are used together, they form the oleate anion and
olylammonium cation which are much more efficient as capping agents due to strong
interaction with the surface of the NCs. > 1° For size and shape tunable synthesis of
perovskite NCs, the proportion and the amount of OA and OAm play a crucial role.
AKkin to most of the nano-materials, the properties of perovskite NCs depend highly
on their size and shape.'® With the increase in the size of NCs the emission maximum
shifts towards the lower energy, which can be controlled by the capping agents.
Under a controlled condition, the spectral properties do not show any time
dependence in most of the cases, rendering the formation of a stable NC.> 6 1516
Interestingly in one report, Seth et al. have demonstrated the time-dependent shift of
the emission maxima for CsPbBrs and CsPbBr2l perovskite NC suspensions under
continuous light irradiation.?° To explain this phenomenon, the authors hypothesized
a change in average size of the NCs, though a detailed mechanism has not been put
forward. Recently, Li et al. have reported a slow crystal growth of CH3NHsPbBr3
perovskite NC on oil-water interface.?! Kostopoulou et al. very recently reported a
slow growth of CsPbBr3 nanowire in toluene and a side-to-side coalescence of the
nanocrystals is proposed as the mechanism.?> However, to the best of our
knowledge, such a slow crystal growth in normal antisolvent for hybrid perovskite

NC is not observed yet.

In the present study, we have developed moderately moisture-stable NC having both
Pb and Bi at the B-site of the ABXs structure with chemical composition
MAPbosBio.3313 (MPBI). These NCs have shown greater stability compared to pure
Pb-based perovskite NCs. We have performed X-ray diffraction (XRD) to find out
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the crystalline nature, X-ray photoelectron spectroscopy (XPS) to verify the relative
proportion of the individual components, and optical and microscopic
characterizations. Furthermore, we have observed a time-dependent emission
phenomenon in toluene, which has been explained in terms of dynamic capping-
mediated crystal growth. To support our proposition, we have also carried out the
temperature-dependent study to confirm the reversible nature of the dynamic

capping process.
3.2. Characterization

3.2.1. Powder X-Ray Diffraction Study
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Figure 3.1. (a) Powder XRD raw data. The extra peak at 12.5° (#) came from partial
degradation of MPBI to Pbl>. (b) Refined XRD data with Le-bail Analysis (c) Crystal model
of MPBI.

MPBI NCs have been synthesized through single step reaction by ligand assisted
method.!® The detailed synthesis process is given in section 2.9.1 to section 2.9.4 of
chapter-2 of this thesis. The crystal structure of as-synthesized MPBI NCs has been
determined by corrected XRD, which have been fitted using Le-Bail method with

constant scale factor in order to determine the lattice parameter and the space group
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(see figure 1a). It is evident that MPBI NCs have crystallized in phase pure tetragonal
structure. The fitted data has been found to be consistent with tetragonal crystal
symmetry with 14/mcm space group as shown schematically in figure 1b. Refined
structural parameters of MPBI composition obtained by Le-Bail refinement of XRD
data are as follows; a=b=8.86A; c=10.353A.

3.2.2. X-ray Photoelectron Spectroscopic (XPS) Studies
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Figure 3.2. XPS data of MPBI NC. (a) Overall XPS data of MPBI NC. (b) XPS data of lead,
(c) XPS data of bismuth, (d) XPS data of iodine.

XPS studies were performed to investigate the elemental composition of MPBI. The
XPS spectrum was calibrated with respect to adventitious carbon binding energy at
284.8 eV. The XPS survey scan as shown in figure 3.2a, showed binding energy
peaks at around 140 eV, 160 eV, 284 eV, 402 eV, and 625 eV which correspond to
the photoelectron peaks of Pb 4f, Bi 4f, C 1s, N 1s and | 3d respectively.?3 24

However, no signature of O 1s binding energy peak observed at around 530 eV,
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unlike previous reports. Doublet peaks of Pb 4f, Bi 4f, and | 3d were observed as a
result of their spin-orbit coupling. Moreover, we recorded high-resolution XPS
spectra of all the constituents at around the above-mentioned binding energy.
Concerned peaks in the high-resolution XPS spectra were fitted with the Lorentzian-
Gaussian functions. The estimated binding energy of the concerned peaks with the
corresponding area under the curves is presented in Table 3.1. All the estimated
binding energy values of respective constituents of MPBI were found to be in good
agreement with the previously reported literature. The Pb 6p valance shell electrons
contribute to Pb—I framework to construct Pbls* octahedral; whereas Bi 6p valance
orbital electrons construct Bile®* octahedra within the perovskite lattice. The Pb 4f
spectrum exhibited doublet peaks at 138.24 eV and 143.1 eV which correspond to
the spin-orbit splitting of the Pb 4f7;> and 4fs,> respectively. Broad FWHM in the Pb
4f spectrum allowed us to the fit two additional peaks around 138.62 eV and 143.4
eV which were attributed to the Pbl> component. Bi 4f spectrum demonstrated
doublet peaks at 159.09 eV and 164.38 eV which suggests Bi 4f7, and Bi 4fs;
respectively. The deconvolution of Bi 4f peaks suggests the presence small amount
of Bils as well as metallic bismuth. The estimated binding energy peaks of Bi 4f7
and Bi 4fs2 in Bilz are at 160.31 eV and 165.4 eV. Whereas the binding energies i.e.,
157.16 eV and 162.43 eV represent the presence of metallic bismuth which suggests
the reduction of some of the Bile* during the annealing process. The small amount
of that Pbl> and Bils may have come from the unreacted residue of the perovskite
NC solution. Small amount of degradation during annealing of the drop casted thin
film of MPBI at the ambient atmosphere is expected to contribute to the fact that
XPS spectra bear the signature of Pbl, Bils, and metallic Bi. Figure 3.1a illustrates
the presence of Pbl. peak in our MPBI XRD pattern. Apparently, the absence of Bils
suggests that it is only present in a tiny amount which is lower than the detection
limit of our XRD instrument. We anticipate that there are two reasons for the absence
of metallic bismuth in the MPBI XRD pattern; apart from the presence in an

undetectable amount, the amorphous nature of metallic bismuth may be the cause of
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its absence in the MPBI XRD pattern. XPS spectrum of | 3d depicts two intense
peaks at 619.05 eV and 630.56 eV which correspond to doublets 3ds, and 3ds
respectively. The shift to the higher binding energy of 619.58eV and 630.86 eV is

associated with the iodide of both lead and bismuth. The binding energy 617.43 eV

represents a satellite peak of | 3ds..

Table 3.1. Binding energy, FWHM, and area percentages from the deconvolution of XPS

spectra of Pb 4f, Bi 4f, and | 3d in MPBI composition.

Elements Spectral Region Binding Energy FWHM Area %
(eV)
Pb2* 4f7p 138.24 1.09 42.06
Pb2* 4f7p 138.62 2.37 13.92
Pb 4f
Pb2* 4fsp, 143.10 1.05 29.03
Pb?* 4fsp, 143.40 2.18 14.99
Bi 4f7 157.16 1.51 9.48
Bid* 4f7 159.09 1.17 44.53
Bid* 4f7 160.31 1.10 2.68
Bi 4f
Bi 4fs); 162.43 1.76 7.60
Bid* 4fs) 164.38 1.15 32.49
Bid* 4fs) 165.40 1.48 3.22
I- 3dsi2satellite 617.43 1.34 1.30
I~ 3ds2 619.05 1.22 42.64
| 3d I~ 3ds2 619.58 2.42 15.67
I~ 3d32 630.56 1.21 28.20
I~ 3d3r2 630.86 2.77 12.19
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3.3. Time-Dependent Optical Studies of MPBI NCs
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Figure 3.3. Time-dependent change in PL of MPBI NCs. (a) PL spectra of MPBI NCs
immediately after preparation (1 min) and corresponding excitation spectra. In the inset, the
corresponding optical image of MPBI NC suspension under 365 nm UV light is shown. (b) PL
spectra of MPBI NCs after 24 h of its preparation and corresponding excitation spectra. In the
inset, the corresponding optical image of MPBI NC suspension under 365 nm UV light is
shown. (c) Time evolution of PL spectra of MPBI NCs from 1 min to 24 hours. (d) Gradual
change in PL maxima with time of MPBI NCs. All the experiments were done at 25°C.

MPBI NC suspension has shown a broad absorption spectrum and a strong yellow-
green emission. The interesting feature of this study is the time-dependent variation
in the PL spectrum, where one can see a huge redshift of 37 nm from the time zero
spectrum (Aem-max=542 nm at 25°C). The MPBI NCs just after preparation show
strong green PL centered at 542 nm (figure 3.3a) which evolves with time and
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reaches 579 nm after 24 hours (figure 3.3b). The time evolution of PL spectra and

PL maxima is represented in figure 3.3c and figure 3.3d respectively.
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Figure 3.4. (a) Time-dependent change in absorption spectra of MPBI NCs. (b) Time-
dependent change in excitation spectra of MPBI NCs. (Collected at corresponding PL

maxima). (c) Gradual change in band edge position with progress in time.
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Figure 3.5. Time dependent change in lifetime of MPBI NCs. (a) PL transient of MPBI NCs
after 1 hr and 24 hrs of preparation. (b) Gradual change in average lifetime of MPBI NCs from
1 hrto 24 hr.

The corresponding band edge is determined from the excitation spectra instead of
absorption spectra because the absorption is very broad for such system (figure
3.4.a). The time dependent excitation spectra also portray a clear red shift of band
edge position (see figure 3.4.b and figure 3.4.c). The red shift of the band edge as
well as PL maxima may originate from the change in the size of the NC in the given

time period. If so, this can be well explained by the quantum confinement.?® In the
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strong quantum confinement regime, i.e., when the size of the quantum dot is smaller
than its excitonic Bohr radius then the effect of the size to the energy or band gap is
much more pronounced.? In the strong confinement regime, a small increment in

size attributes appreciably and results in a huge red shift in the emission maxima.

The lifetime is found to be 5.3 ns at 1 hr, which becomes 6.4 ns at 24 hrs and remain
unaltered hence forth. Here, to note that it has not been possible to measure the
excited state life-time of the nanocrystal at earlier time after its preparation, as the
measurement of life-time takes about 20 mins. The general perception on the
photophysical characteristics of metal/semiconductor nano-system is that the larger
nanoparticles exhibit longer lifetime.'® 26 The reason for this is not clear to us
though. Nevertheless, in a similar line, we propose that the increase in the average
lifetime is due to the increase in size of the MPBI NC with time. Fluorescence
transients show a bi-exponential behaviour with components of 2.6 and ~7.0 ns for
all the cases and interestingly, the contribution of the fast component decreases as a
function of time until 24 h (see Table 3.2). The fast component is assigned to the
bound exciton recombination process, which is formed immediately after the
photoexcitation.?® The longer component is attributed to trap-assisted recombination
process.?’+28 It has been found that, the contribution of the slow component increases
(62 % at 1 h to 76 % at 24 h) as the NCs size increases with time.

Table 3.2. Lifetime component analysis of MPBI NC suspension at different time

Time of taking Emission a1 11 (nS) a2 T2 (nS) Tav (NS)
decay traces Maxima (nm)

t=1hr 558 0.38 2.6 0.62 6.9 5.3
t=4hr 565 0.34 2.6 0.66 7.1 5.6
t="7hr 570 0.29 2.6 0.71 7.3 5.9
t=12hr 575 0.27 2.6 0.73 7.5 6.2
t=24hr 578 0.24 2.6 0.76 7.6 6.4
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To quantify the time-dependent growth of the MPBI NCs, we have further carried
out fluorescence correlation spectroscopic (FCS) measurements. FCS is a very
sensitive technique based on the temporal fluctuation of fluorescence intensity in a
very small observation volume and provides a diffusion timescale of the emissive
species. Mathematically, we get the diffusion timescale after fitting the
autocorrelation curve, generated in the FCS experiments, with a single diffusion
component equation. Then using the Stokes—Einstein relationship, the size of the
species can be calculated. The details of the experimental procedure, instrumentation
and data fitting can be found in the section 2.4 of chapter-2. The single component
fitting suggests narrow distribution of NC sizes (see figure 2g) and the calculated
value of the radius of the NC is shown in Figure 2 h. It is to be noted that in this case
the measured size of the NC is actually the size of the capped NC as the diffusion of
the NC is accompanied by its capping agents. The capped radius value is found to

increase from 4.2 nm at 1 min to 7.7 nm at 24 h.
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Figure 3.6. (a) FCS data of MPBI NCs immediately after preparation (1 min, green circles)
and after 24 h (yellow squares) along with best-fit (black solid lines). (b) The change in capped

radius value with time.

The trend of the increase in size is found to correlate well with the shift in excitation
band edge, emission maxima, and average lifetime (figure 3.7). This clearly
indicates that the size modulation is the reason behind the observed change in the
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steady-state and time-resolved emission measurements. It suggests that the whole
process is underway under the whole process is under gquantum confinement
regime.? A strong quantum confinement regime indicates that the NC size is smaller

than Bohr excitonic diameter.2®
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Figure 3.7. Comparison of the change in excitation band edge, emission maxima and average
lifetime with capped radius at 25°C.
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Figure 3.8. TEM images of MPBI NCs in toluene suspension (a) after 1 min of preparation,
(b) after 1 h, and (c) after 24 h. (d) HRTEM image of MPBI NCs after 24 h. (e) Fourier filtered
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image of the selected area from Figure 3 d. The inset shows the FFT of the selected area. (f)

Diffraction pattern of the MPBI NCs showing pure tetragonal crystal phase.

To confirm the measured size of the NC by the FCS method, we have taken the TEM
images (figure 3.8). Immediately after synthesis (1 min), after 1 h, and after 24 h,
the diameters of the NCs are found to be 3, 7.5, and 9.5 nm, respectively (see figure
3.84, figure 3.8b, and figure 3.8c, respectively), which corroborates quite well with
the measured value through FCS, after considering the size of the capping agents.
The almost spherical to somewhat irregular shapes of NCs in the TEM images also
confirm the absence of any rod-shaped NCs, which can also induce a redshift to the

emission maximum.

From the HRTEM image of MPBI NCs after 24 h (figure 3.8d), the crystal planes
can be seen clearly. Figure 3.8e shows the Fourier filter image of the selected area
from Figure 3.8d. As marked in the lattice image, two types of planes, (220) and
(222) with d-spacing of 0.354 and 0.262 nm, respectively, are observed. From this
high-resolution imaging, we confirmed that the increase in the size of the NCs is not
due to agglomeration, but due to crystal growth. Figure 3.8f represents the

diffraction pattern, which confirms the tetragonal crystal structure.

3.4. Comparison of growth kinetics of MPBI NCs with MPI NCs
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Figure 3.9. Comparison of growth kinetics of MPBI NCs and MPI NCs. (a) Time-dependent
change in PL maxima after preparation of MPBI NCs (red) and MPI NCs (blue). (b) Time-
dependent change in band edge excitation after preparation of MPBI NCs (red) and MPI NCs
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(blue). (c) Time-dependent change in capped radius after preparation of MPBI NCs (red) and
MPI1 NCs (blue).

To compare the growth kinetics of MPBI NCs with MPI NCs we monitored shift in
PL maxima, shift in band edge excitation maxima, as well as time-dependent FCS
measurement of MP1 NCs. The FCS measurements render a very fast increment in
capped radius from 5.5 to 7.3 nm within an hour and remain the same thereafter. So,
for pure MPI NCs, the growth Kkinetics is way faster than MPBI NCs.

3.5. Proposed reason for crystal growth: Dynamic Capping
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Figure 3.10. (a) Time-dependent change in PL maxima after preparation of MPBI NCs (MPBI
NCs are prepared using 300 pL of OA and 250 pL of OAm. (b) Time-dependent change in PL
maxima of MPBI NCs at 25°C (red) and at 10°C (green).

From all these investigations, we conclude that the size of the NC changes
continuously with time and this increase in size originates through the crystal growth
of individual NCs and not through the agglomeration of NCs. This is to note that the
FCS studies are done in the nanomolar concentration and the possibility of
agglomeration can be ruled out at this low concentration regime, which supports the
HRTEM data. It is interesting to note here that even though the NCs are capped with
OA and OAm, we could see continuous growth. In most of the cases of perovskite
NCs the emission maximum was found to be unaltered with time, although the

intensity generally decreases due to their stability issues.’® The reason for the
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observed crystal growth may be explained by the improper capping of the NCs. Itis
plausible that if a sufficient amount of OA and OAm are not available to cap every

individual NC then some of the NCs may have bare sites.

To check this possibility, we have prepared the MPBI NCs using excess amounts of
both OA and OAm, and also found a time-dependent redshift of the emission (figure
3.10a). However, in this case, the extent of the shift is found to be smaller. This
controlled experiment also proves that the observed shift in emission maxima is not
the mere consequence of improper capping. Another reason for having a bare site on
the NC surface even after proper capping is the dynamic nature of the capping, that
Is, the capping agents are in equilibrium between the free and capped state.
Understandably, such an equilibrium should be affected by the temperature. If the
dynamic capping is the reason for the observed time-dependent change of the
emission maximum of MPBI NCs, a decrease in the temperature should minimize
the observed redshift with time. We have observed exactly the same as shown in
figure 3.10b. The observed red shift in the emission maximum after 24 h has been
found to be 19 nm at 10 °C, compared to what has been 37 nm at 25 °C. Moreover,
the proposition of dynamic capping, that is, the existence of an equilibrium between
the bound and free states of the capped agents, also suggests that even at the stable
state of the NCs (e.g. after 24 h), a change in the temperature should also change the

emission maximum of the NCs.

From figure 3.11, we can see that emission maxima of MPBI NCs exhibit high
temperature dependence (553.5 nm at 5 °C to 581.2 nm at 30 °C) even after 24 h of
its synthesis. The reversibility in temperature dependence also validates the presence
of the equilibrium. FCS measurement also shows a decrease in size by lowering the
temperature, which is reversible in nature (see figure 3.11c,d). This further proves
that at a particular temperature, a particular size of NC is favoured and that is

reversible with respect to temperature. This reversibility in size with temperature is
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achieved through the dynamic capping nature of the ligand system. The schematic

of the proposed equilibrium is shown in scheme 3.1.
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Figure 3.11. Temperature-dependent studies of MPBI NC after 24 hours from its preparation.
(a) Reversible change of emission spectra with temperature. (b) The corresponding reversible
change in emission maxima with temperature. (c) FCS data of MPBI NCs at 5 °C and at 30 °C.

(d) Reversible change in capped radius with temperature.
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Scheme 3.1. Proposed mechanism of the crystal growth of MPBI NC in the toluene suspension

mediated by dynamic capping.
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3.6. Stability of MPBI NCs

Over a period of time a new peak at 12.5° appears in the XRD pattern suggesting the
formation of Pblz, which is a marker of the degradation of MPBI NC (see figure
3.12). In spite of partial degradation, even on the 10" day, MPBI nanocrystal retains

its tetragonal crystal structure.

The absorption spectra of the MPBI NC over the time is presented in figure 3.13a.
It can be seen that with the progress in time, the absorbance in the band edge region
Is getting reduced, which also supports the partial degradation of MPBI. The

spectrum of the 7th day show MPBI is still present in the medium but the amount is
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Figure 3.12. (a) PXRD data of MPBI NCs on day1, day5 and day10. (b) Relative increment of
lead iodide peak, which indicates a partial degradation of the nanocrystal.

Interestingly, the emission quantum yield of MPBI NCs decreases continuously
from day 1 (figure 3.12b). We propose that the decrease in quantum yield may be
due to partial degradation of the nanocrystal along with the surface ligand desorption
followed by the generation of surface trap states, which leads to the formation of

observed non-emissive MPBI precipitate.
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Figure 3.13. (a) Change in absorption spectrum of MPBI nanocrystals with progress in days.

(b) Change in quantum yield of MPBI NC suspension in toluene with progress in days.

3.7. Correlation between estimated capped radius and actual average size of
MPBI NCs at different time

In the suspension, NCs remains in capped form. Due to this in FCS technique we
actually see the capped NCs passing through the observation volume. From the
diffusion time constant we have measured the capped radius of the MPBI NC at
different time. Now from literature the chain length of OA and OAm is about 2 nm.?®

So we should get approximately 4 nm extra size for capped NCs.

From the below table we can see that there is a difference in size of NCs calculated
from the FCS measurements than TEM data even after considering the capping
ligands. This contradiction can be answered if we consider the dynamic capping of
the ligand molecules to the NC surface which is shown in the scheme 3.2. In the
dynamic equilibrium some of the ligand molecules always remain detouched from
the NCs surface and in the FCS measurement we actually see the NC movement
along with capped and uncapped ligands, which eventually makes a size error. But

any size change can be well understood by this technique.
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Time Size from Capped Diameter  Ligand length in Extra size
TEM (nm) from FCS (nm) both side (nm) (nm)
t=1 min 3.0 8.4 4 14
t=1hr 7.5 12.6 4 1.1
t=24 hr 9.5 15.4 4 1.9
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Scheme 3.2. Scheme of effective size increment of MPBI NC due to presence of

dynamic capping.

3.8. Summary and Conclusions

In summary, we have synthesized a novel organic—inorganic hybrid lead-bismuth
iodide perovskite NC, with charge balanced at the B-site of ABXz perovskite
architecture, with a chemical composition of CH3NH3sPb12Bi1zl3 (MPBI). This NC
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Is found to be stable for more than 7 days under ambient conditions. MPBI NCs
exhibit fairly strong emission characteristics with a maximum fluorescence quantum
yield of 15 %, which depends on the condition. The MPBI NCs are found to undergo
an ultra-slow crystal growth until 24 h of its preparation and size remains unaltered
thereafter. Such an ultra-slow crystal growth of perovskite NCs is very rare and to
the best of our knowledge this is the first report of hybrid perovskite NC growth in
a normal anti-solvent medium. In addition, by controlling the temperature we can
tune the extent of crystal growth. We believe that the present work is an important
advancement towards controlling the perovskite NC size in a systematic manner. In
future studies, we aim to arrest the crystal growth at any time point using external
perturbation. We have also demonstrated that its spectral properties vary along with
its size. Through the observed reversibility in the temperature-dependent emission
and FCS measurement, the mechanism of the NC growth is explained in terms of
dynamic capping. Just to emphasize here that in this report we have used FCS to
measure the size of the NC for the very first time. MPBI NC is proposed to be a new
category in the field of perovskite material, which can be a potential candidate for

the replacement of pure lead-based perovskites.
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The low photoluminescence quantum vyield of Bi®** doped lead halide perovskite
nanocrystals (NCs) is a big challenge to the scientific community. This makes them
a weak candidate in the optoelectronics field inspite of better stability than the pure
lead analogue. Herein, the reason behind this reduction of quantum yield in hybrid
mixed lead-bismuth bromide (MPBBr) NC is investigated and proposed to be due to
ultrafast trapping transfer in the core of the NC, and not due to the surface trap
states. Further, we have successfully boosted the quantum yield of MPBBr NC from
9% to 64% by passivating the deep traps within the crystal core by monovalent
potassium ion doping. The stability of the developed Bi®*/K* doped lead halide
perovskite NC was found to be extremely high in atmospheric condition and sustains

it propertry upto 100 °C.
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4.1. Introduction

In recent years the scientific community has noticed a rapidly growing interest in
lead halide perovskite system due to its unicque properties.t The efficiency of the
solar cell is recorded as high as 24% using perovskite material.# On the other hand,
the nano-crystalline (NC) version of these lead halide perovskite systems render high
attention due to their promising optoelectronic properties with high
photoluminescence (PL) quantum vyield (QY).>" Compositional and dimensional
tuning of these materials give a way to adjust the band gap, which eventually
provides a well-controlled emission characteristics ranging from violet to red. This
makes lead halide perovskite NCs appropriate for laser, non-linear optics and in light

emitting device applications.-°

The toxic nature of the lead as well as vulnerability of lead halide perovskite in the
atmospheric condition is a real hindrance to make these materials useful for
commercial purposes.l® This leads to the development of lead-free and B-site doped
perovskite materials. Doping refers to the intentional insertion of a heteroatom to a
target lattice, while keeping the basic host crystal structure intact, to modulate the
fundamental optoelectronic properties of the material.*2 The heterovalant doped
perovskites have shown better stability with respect to the pure lead analog with
unique PL properties.*?1* Charge carrier dynamics as well as the detail PL studies
of such perovskite NCs are still not explored though. Few recent reports partly
revealed the excitonic behavior of these kinds of materials.!4%> Bi®* is a common
heterovalent dopant for B-site of the lead halide perovskite lattice as it does not affect
the perovskite crystal architecture due to its similar ionic radius that of Pb2* (Pb?*:
119 pm and Bi®*: 117 pm).*> However, Bi** doping drastically drops the PLQY of
lead halide perovskite NC and eventually makes it a bad choice in the field of
optoelectronics, despite its greater stability in air.**1> According to the previous
reports, the reason for the drop of PLQY is believed to be due to the activation of
trap state induced quenching processes.*1¢ It is believed that Bi* induces trap states

just below the conduction band.!# Till date it is a common challenge to the perovskite
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community to increase the quantum yield of the bismuth doped lead halide
perovskite NC,6-17 and we believe that the knowledge of the nature of the trap states

Is the key to this endeavor.

For lead halide as well as lead free perovskite NCs, surface passivation is a popular
technique to increase the PL efficiency.'’-18 Long chain organic ligands are routinely
used for this purpose.'® Recently the use of extra halide and alkali metal ions have
been reported as surface passivator that eventually boost the PLQY.1°-20 Alkali
metals are introduced within the perovskite lattice to increase the emission properties
and stability of the PNCs.?* However, detailed study of charge carrier trapping in

Bi%* doped lead halide PNCs and way to boost its PL quantum yield is still a concern.

In this work, we synthesized CH3NHsPbBrs (MPBr) and CH3NH3Pb12Bi1zBr3
(MPBBr) NCs and performed material/optical characterization. We observed a huge
red shift in the PL spectrum accompanied by a massive reduction in PLQY for
MPBBr (509 nm, 9%) compared to MPBr (450 nm, 72%). The possible reason for
this is presented as the direct transfer of the charged carriers from the conduction
band to the trap states present in the core of the perovskite crystal structure. Detailed
studies have also revealed that surface traps are not responsible for this trapping
process. Further, we demonstrated the role of K* in boosting the PLQY of MPBBr
from 9% to 64% and proposed a possible mechanism. K* insertion also improved
the stability of the NC drastically.

4.2. Characterization of MPBr and MPBBr

MPBr and MPBBr are synthesized by the well

reported ligand  assisted  anti-solvent : [ | MPBr

precipitation technique (see section 2.9.5 and 10 20 30 40 50
20 (°)

- i 13,22 _
2.9.6 of chapter-2 for details). Powder X Figure 4.1, PXRD of MPB, and
ray diffraction (PXRD) of MPBr and MPBBr  MPBBr NCs.
are shown in figure 4.1, which indicate that
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bismuth incorporation does not deform the crystal structure and retains its cubic

phase geometry. This is in line with the previous reports as well.1>14
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Figure 4.2. XPS analysis of MPBr and MPBBr NCs. (a) XPS survey spectra of MPBr and
MPBBr NCs. (b) High Resolution XPS spectra for (a) Pb — 4f (c) Bi-4f and (d) Br-3d of MPBr
and MPBBr NCs.

To explore the surface elemental composition of the constituent ions of the NCs,
XPS of both MPBr and MPBBr were performed. The presence of every constituent
ion in the respective NCs confirms the proper desired NCs formation. The XPS
survey scan, as shown in figure 4.2a, showed binding energy peaks at around 65 eV,
140eV, 160 eV, 284 eV, 410 eV and 530 eV which correspond to the photoelectron
peaks of Br 3d, Pb 4f, Bi 4f, C 1s, N 1s and O 1s respectively.>’ Doublet peaks of
Pb 4f (figure 4.2b), Bi 4f (figure 4.2c) and Br 3d (figure 4.2d) were observed as a
result of their spin orbit coupling.* Moreover, we recorded high resolution XPS
spectra of all the constituents at around above-mentioned binding energies. The Pb
6p valance shell electrons contribute to Pb-Br framework to construct PbBrg

octahedral?; whereas Bi 6p valance orbital electrons construct BiBr2 octahedra from
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Bi,Br3- cluster within the perovskite lattice. The Pb 4f spectrum of MPBBr NCs
(figure 4.2b) exhibited doublet peaks at 135.72 eV and 140.68 eV which correspond
to the spin orbit splitting of the Pb 4f7;2 and 4fs;> respectively. The Gaussian fitting
of Pb 6p doublet photoelectron peaks allowed us to say that it is actually consists of
only single type of lead in the system, which means that the experimented MPBBTr
NCs are highly pure. The Bi 4f spectrum of MPBBr NCs (figure 4.2c) also exhibited
doublet peaks at 156.49 eV and 161.69 eV which correspond to the spin orbit
splitting of the Bi 4f7» and 4fs, respectively and the single Gaussian peak fitting
eliminates the chance of presence of different type of Bi in the NCs. The Br 3d
spectrum (figure 4.2d) deconvoluted to two Gaussian peaks (at 65.58 eV and at 66.68
eV) originating from spin orbit coupling. For MPBr NCs, the position of every fitted
peaks is almost same but in the Pb 6p spectrum we can see presence of new small
peaks at 135.8 eV and 138.6 eV which may be due to the presence of metallic Pb in
the system which suggests the reduction of some of the PbBrg during the annealing

process.

TEM analysis of both MPBr and
MPBBr shows very small NCs
with a narrow size distribution
(see figure 1la and figure S4-S5 of
the SI). The average size of MPBr
and MPBBr are estimated to be

1.5 2.0 2.5
Size (nm)

) Figure 4.3. (a) TEM image of MPBr NCs. (b)
2.0 and 2.2 nm, respectively. sijze distribution of MPBr NCs.

Figure 1b shows the selected area

electron diffraction (SAED) pattern that confirms the cubic crystal phase of MPBBr.
From the high-resolution transmission electron microscopy (HRTEM) image of
MPBBr NCs (Figure 1c) the crystal planes can be seen clearly. Figure 1d shows the
Fourier filter image of the selected area of figure 1c where we observed (210) crystal

plane having d-spacing of 0.267 nm.
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Figure 4.4. (a) Low magnification bright field TEM images MPBBr NCs (b) corresponding
selected area electron diffraction (SAED) pattern, (c) high resolution of TEM image of MPBBTr
and (d) Fourier filter image of the selected area of yellow mark, right top inset shows the FFT

of selected area.
4.3. Optical properties- Effect of Bi®* insertion into MPBr NCs

MPBr shows a very sharp absorption with an excitonic peak at 445 nm and a strong
emission centered at 451 nm with 72% PLQY (see figure 4.5a). The Introduction of
Bi%* in the lattice of pristine MPBr (MPBBTr) results in the broadening of the
absorption band with a long tail, probably originating from the transition into the
sub-band gap energy levels or scattering.'??3 We have noticed a 69 nm red shift in
the emission maximum of MPBBr compared to MPBr with a drop in PLQY to 9%
(see figure 4.5b). This large decrease in PLQY accompanied by a red shift in
emission upon Bi** incorporation is in line with the previous reports.t>> The
reduction of PLQY is believed to be due to Bi®* induced strong perturbation to the

density of states, in addition to the formation of a huge number of trap states in the
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NC.1*1 These trap states are responsible for the trapping of charged carrier and

promote them to decay via the non-radiative pathway.
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Figure 4.5. Optical characterization of MPBr and MPBBr NCs. Absorption and emission
spectra of MPBr NCs. Photographic image of MPBr NCs under UV irradiation (365 nm
excitation) is presented in the inset. (b) Absorption and emission spectra of MPBBr NCs.
Photographic image of MPBBr NCs under UV irradiation (365 nm excitation) is given in the
inset. (c) Transient photoluminescence of MPBr and MPBBr NCs (collected at their respective
emission maxima at magic angle condition) upon 375 nm excitation. (d) Wavelength dependant
photoluminescence transient of MPBBr NCs under same experimental condition as in (c).

To have a clear idea about the effect of Bi®* insertion on the charge carrier dynamics
and to explore the reason behind the PLQY reduction, we performed the time
resolved PL studies at the respective emission maxima. The average PL lifetime of
MPBrr is found to be 8.8 ns that decreased to 1.8 ns in MPBBr (see figure 4.5¢). This
gives us a preliminary idea of the opening of new non-radiative channels in the

MPBBr NCs. The PL transient of pristine MPBr is composed of two components,
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2.3 ns (33%) and 12 ns (67%). The possible origin of the 2.3 ns component is
excitonic recombination while the longer component of 12 ns is assigned to surface
trap assisted recombination process.'* For MPBBr, the PL transient was best fitted
with a sum of four exponential function (see figure S11 and table S2 for fitting
comparison). At 510 nm, the observed time components are— 90 ps (59%), 840 ps
(22%), 4.5 ns (14%) and 13.4 ns (5%). The ultrafast component (~90 ps) is a
guenching component and is assigned to the trapping transfer process according to
the previous reports.}41® Trapping transfer process is the transfer of charged carriers
to a trap state, which acts as a quenching center. When a carrier is transferred to a
trap state, it can only relax via non-radiative pathway that eventually reduces the
PLQY. The origin of ~800 ps lifetime component is presumably because of the
transfer of excited charge carrier to free Bi®* ions present in the system, which is
suggested in theoretical studies.’>?* These free interstitial Bi** can also act as a
guenching center. The ~4 ns component is assigned to the radiative bound exciton
recombination process and the 14 ns component is assigned to the surface trap
assisted recombination process. To understand the nature of the trap states involved
in the trapping transfer process, fluorescent transients at different wavelengths for
MPBBr NCs were collected (figure 4.5d). The four component fitting parameters of

every transient are documented in table 4.1.

Table 4.1. Wavelength dependent lifetime component analysis of MPBBr NCs prepared with
OA=100 pL and OAM=125pL.

Wavelength  Component- Component-2 ~ Component-3  Component-4
(nm) 1 (ns) (ns) (ns)
(ns)

490 0.10 (49%) 0.89 (20%) 4.1 (25%) 10.9 (6%)
500 0.09 (53%) 0.78 (22%) 3.9 (18%) 11.3 (7%)
510 0.09 (59%) 0.84 (22%) 4.5 (14%) 13.4 (5%)
520 0.09 (63%) 0.79 (22%) 4.3 (9%) 13.8 (6%)
530 0.09 (68%) 0.75 (20%) 4.0 (8%) 14.1 (4%)
540 0.10 (70%) 0.73 (20%) 4.2 (5%) 14.2 (5%)
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Figure 4.6. Time resolved emission spectra of MPBBr NCs prepared with different ratio of
OA and OAm. (a) OA=100 pL and OAM=100pL, (b) OA=100 puL and OAmM=75puL. Excitation
wavelength is 375 nm.

The contributions of the 800 ps and >10 ns components are found to be almost
constant, which indicate that these two processes are independent to the transients’
energy. Here to mention that the emission in every NCs originates from the band
edge position. The contribution of the ultrafast trapping transfer process (~90 ps
component) is found to increase with the increase in the observation wavelength.
The contribution of this process at 490 nm (blue end of the PL spectra of MPBBY) is
found to be 48% whereas at 540 nm (red end of MPBBr PL spectra) the contribution
becomes 70%. The contribution of the ~4 ns component (radiative bound exciton
recombination process) follows exactly the reverse order to that of ~90 ps
component (trapping transfer process); 27% at 490 nm and 5% at 540 nm. As a
whole, we found that as we move to the lower energy transitions the contribution of
the trapping transfer process is getting higher. This concludes that with the lower in
energy of transitions, the density of the trap states associated with the trapping of
charge carriers becomes higher. On the other hand, the long component contribution,
which originated from the surface trap-assisted recombination of the charge carriers,
remains unaltered with the energy of transition. This means that the trapping transfer
process is surface trap independent. Here to mention that the surface trap-assisted

recombination time component is found to depend on the observed wavelength,
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which may be attributed to the NC size distribution.® To confirm more on this,

MPBBr NC was prepared with different ratios of oleic acid (OA) and oleyl amine

(OAm), which will have an effect on surface trap-assisted processes. Expectedly the

results (see figure 4.6 and table 4.2 and table 4.3) are similar to that of original

MPBBr NC and confirm the absence of surface trap involvement in the trapping

transfer process.

Table 4.2. Wavelength-dependent lifetime component analysis of MPBBr NCs prepared with
OA=100 pL and OAM=100pL.

Wavelength Component-1 Component-2 Component-3  Component-4
(nm) (ns) (ns) (ns) (ns)
490 0.06 (47%) 0.83 (18%) 4.1 (26%) 8.9 (9%)
500 0.06 (47%) 0.88 (16%) 4.4 (27%) 9.1 (10%)
510 0.04 (50%) 0.93 (17%) 4.6 (21%) 9.8 (12%)
517 0.07 (54%) 0.84 (18%) 4.3 (16%) 10.6 (12%)
540 0.08 (61%) 0.86 (18%) 4.6 (9%) 11.6 (12%)

Table 4.3. Wavelength dependent lifetime component analysis of MPBBr NCs prepared with
OA=100 pL and OAM=75L.

Wavelength(nm) Component-1 Component-2 Component-3

Component-4

(ns) (ns) (ns) (ns)
490 0.07(3%) 073 (14%) 3.9 (68%) 9.1 (15%)
500 0.07 (38%)  0.78 (16%) 4.1 (32%) 10.6 (14%)
510 0.07 (48%)  0.71(13%) 4.0 (23%) 11.3 (16%)
522 0.08 (55%)  0.84 (14%) 4.3 (16%) 12.8 (15%)
530 0.07 (62%)  0.81(15%) 4.2 (08%) 13.3 (15%)
540 0.08 (72%)  0.79 (12%) 4.3 (03%) 13.4 (13%)
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4.4. Probable reason behind the formation of deep traps

Along with the surface trap states, cation vacancies may also originate within the

core of the perovskite NCs upon Bi®* incorporation to maintain the charge balance.

Some recent reports

suggest that Bi3* induces \. CB y N o )/
- - \‘l\ _>\’ \\‘__’al
deep traps within the JZ===""< Pb(6p) =
) ] f : Surface traps
lattice, when occupies ' i
) ) i Bi** doping
the B-site of the ; / p— Br(4p)
! ! -O coupling =
perovskite structure.>2° J— Deep tr
' Br(4p)y 27— Pb(6s) por g
These deep traps are R vB X P .
\\\_I /I . I[ VB X
formed due to the \ '3 '

inertness of 6s of Bi, Scheme 4.1. Schematic representation of the formation of

which has negligible

deep traps upon Bi** doping.

interaction with the bromine 4p orbitals due to high spin-orbit coupling.? This leads

to the lowering of valance band energy and the non-bonding 4p orbitals of bromine,

just above the valance band, act as the deep trap states.?® This is schematically

represented in Scheme 1. This turns out as the quenching center within the crystal

and is responsible for the trapping transfer process. As these dopant-induced deep

traps are within the core of the NCs, these are surface-independent. From the

C.B

Surface Traps

-3+
Bi’* related V.B
traps

Scheme 4.2, Schematic representation of the
photophysical processes in MPBBr NCs.

wavelength-dependent PL
transients of MPBBr NCs,
we have already seen that in
lower energy transients the
contribution of the trapping
transfer process becomes
higher. This means that the
trap states are located above
the valance band, as the

emission is originated from
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the band edge position. These bismuth-induced trapping sites mainly originate from
the non-bonding bromine 4p orbitals and thus should act as hole trapping sites. The
proposed energy diagram for the recombination of charge carriers in MPBBr NCs is

shown in scheme 2.
4.5. Passivation of deep traps through K* co-doping

In MPBBTr, as proposed, the crystal voids are in place to maintain the charge
neutrality of the NC. We thought of filling up these voids and thus passivating the
deep traps, with monovalent cations of suitable size so as to fulfill the charge balance
criterion of the NC. In this case, the trapping of the charged carriers will not be
operational and consequently, the PLQY should increase. Earlier, improved
luminescent behavior of pristine lead halide perovskites has been noticed by alkali
metal treatment and has been attributed to the restriction of halide migration and
surface passivation.?*?® To introduce a monovalent cation into the core, the size of
that cation should match with the Pb?* (radius = 119 pm) and Bi** (radius = 117 pm).
This criterion can be roughly satisfied by both Na* (102 pm) and K* (139 pm). Here,
we choose K* as a monovalent cation, as along with fulfilling the charge and size
criteria its 4s orbital may interact efficiently with the non-bonding 4p orbitals of
bromine to make this NC defect tolerant. The preparation of K* doped
CH3NH3Pb12Bi13Brz (MPBKBr) NC is described in the section 2.9.7 of the chapter-
2.

45.1. Characterization of MPBKBr NCs

The Introduction of K* in the lattice shifts the diffraction peaks to a lower angle (see
figures 4.7b and 4.7c) indicating a lattice expansion. This signifies that K* occupies
the interstitial vacant space in the host lattice.?! The PXRD pattern clearly tells that
perovskite NC retains its cubic phase with lattice parameter a = 5.95A after K*
insertion (see figure 4.7a). SAED pattern further confirms the retention of the cubic
phase after K* insertion (figure 4.8b). From the TEM analysis, we can see that the
size distribution of MPBKBFr is broader than that of MPBr and MPBBr with an
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average size of 5.6 nm (figure 4.8a). Figure 4.8c shows the HRTEM image of
MPBKBr NCs. The Fourier filter image of the selected area of figure 3e clearly
shows the (220) crystal plane having a d-spacing of 0.209 nm (see figure 4.8d).
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Figure 4.7. (a) PXRD pattern of MPBKBr Figure 4.8. (a) TEM image of MPBKBr NC

NCs. (b) Shift of (100) diffraction peak of (b) corresponding selected are electron
MPBBr NC after K* insertion, (c) Shift of diffraction (SAED) pattern, (c) HRTEM

(200) diffraction peak of MPBBr NC after image of MPBKBr NC and (d) Fourier filter

K* insertion. image of the selected area of (c) showing

(220) crystal plane having d-spacing of 0.209

nm.

To estimate the elemental composition of the prepared MPBKBr NCs, XPS analysis
has been performed. The survey spectrum confirms the presence of C, N, O, Pb, Bi
and Br in the sample (see figure 4.9a). The presence of potassium is confirmed from
the high resolution XPS (Figure 4.9¢e). The low intensity of the potassium peaks is
ascribed to the low sensitivity factor of potassium 2P orbital in XPS.?” From XPS
analysis, the Pb:Bi:K:Br ratio is calculated to be 1.00:0.34:0.25:3.46 for MPBKBr
NCs.

170



Chapter-4

500 400 300 200 100 0
Binding Energy (eV)

(d)

(c)

af;),
af,, |

1:!4 1-I10 1;36 1:;.2 ' 1('54 1&0 ' 1;';6”' 7l0 6]8 6I6 6; 266 264 262 260 258
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4.9. XPS analysis of MPBKBr NCs (a) Survey spectrum of MPBKBr NCs. High

resolution XPS spectrum for (b) Pb—4f (c) Bi—4f, (d) Br-3d and (e) K-2p of MPBKBr NCs.
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4.5.2. Passivation of deep trap- the absence of trapping transfer process

MPBKBr NCs shows a broad absorption spectrum and a highly intense emission
spectrum centered at 516 nm (figure 4.10a). The broad absorption with a long tail is
probably originating from the scattering from the suspension. The photograph of
highly luminescent MPBKBr NCs under UV irradiation is shown in the inset of
figure 4.10a. The PLQY was estimated to be 64%, which is seven times increment
from MPBBr NCs (9%). To check the origin of this high PLQY we measured the
PL transients of MPBKBr (figure 4.10b), which is best fitted with a sum of three
exponential components — 1.5 ns (33%), 8 ns (43%) and 31 ns (24%). Interestingly,
the ultrafast (100 ps) trapping transfer quenching component is totally absent in
MPBKBr NCs, which is in agreement with our speculation. This confirms that K*
directly passivates the deep traps within the crystal core and trapping of the charge
carrier gets eliminated, resulting in a huge increment in the PLQY. The proposed
mechanism is depicted in scheme 3. Stabilization of halide ion migration in the

crystal imposed by K* doping has been predicted in an earlier study and this process
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may also contribute in the enhancement of the PLQY in MPBKBr NC. The three
other slower time components in MPBBr have been further retarded in MPBKBr.
Passivation of the surface trapping sites by the free K* or Br—ions could be one of
the reasons for the increase in the average PL lifetime, as suggested in recent

reports. 1930
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Figure 4.10. Optical characterization of MPBKBr NC. (a) Absorption and emission spectra, a
comparison of emission with MPBBEr is also shown. Photographic image of MPBr NCs under
UV irradiation (365 nm excitation) is presented in the inset. (b) Transient photoluminescence
of MPBKBr NC and comparison with that of MPBBr NC (collected at their respective emission
maxima at magic angle condition upon 375 nm excitation). Early time decay characteristics are
shown in the inset. (c) % change of PL intensity for MPBKBr, MPBBr and MPBr NCs in
atmospheric condition until 21 days after its preparation. (d) PXRD analysis of MPBKBr film
on a glass slide under atmospheric condition on four different days (day 1, day 7, day 14, day
21) after its preparation. The positions and intensities of the diffraction peaks remain unaltered

and more importantly no extra impurity peaks have developed even after 21 days.
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We also checked the stability
of MPBKBr NCs as a function
of time and temperature, and
amazed to see that MPBKBr

NCs are stable in atmospheric

condition until 21 days with an
only 10% reduction in the PL
intensity (Figure 4.10c). A

similar study with MPBr and
MPBBr reveals that the PL

intensity of  these  two

10 20 30 40
26 (°)

Figure 4.11. Thermal stability of MPBKBr film

prepared by drop casting MPBKBr NCs on a glass

perovskites NCs completely
diminished on 5 and 15 days,

respectively (see figure 4.10C).  gige monitored by PXRD data. The photographic

We also performed PXRD  images for few temperatures are also shown under UV
analysis of MPBKBr drop illumination.

casted on a glass slide on four

different days (day 1, day 7, day 14, day 21) after its preparation and found that the
positions and intensities of the diffraction peaks remain unaltered. More importantly,
no extra impurity peaks have developed even after 21 days (see figure 4.10d). This
suggests a high stability of MPBKBr NCs in atmospheric condition. We also
checked the thermal stability of MPBKBr NCs in the film mode (by drop casting the
NCs solution over a glass slide) by measuring PXRD and taking photographic
images. We found that MPBKBr NCs film is stable until 100 °C and upto this

temperature the PXRD pattern remain unaltered (see figure 4.11).

4.6. Passivation of deep traps through Na* co-doping

To support the fact of crystal void filling with monovalent cation and boosting the

quantum yield, we have tried with Na* ion also as a supporting experiment. The
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details of the synthesis procedure are mentioned in the section 2.9.7 of chapter-2.
From the TEM analysis of this MPBBr-NaCl NCs (figure 4.12a), we can see that the
shape is somewhat circular as previous ones and from the SAED pattern (figure
4.20c) we can see its crystalline nature. The average size is calculated to be 2 nm
(figure 4.20b) and the size distribution is very sharp. Both Absorption and emission
spectra is found to be broad in nature with emission maxima centered at 424 nm
(figure 4.14d). The quantum yield shows a huge increment (62%) like in K* addition
which reconfirm our speculations (figure 4.12d). Consequently, in the fluorescent
transient also the ultrafast component is found to be missing (figure 4.12f). The
fluorescent transient of MPBBr-NaCl shows a single exponential decay having value
3.2 ns which actually means the high-quality trap-free nature of the NCs. However

further studies on charge carrier dynamics on MPBBr-NaCl have to be done.

~
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Figure 4.12. Microscopic and optical properties of MPBBr-NaCl NCs. (a) TEM image of
MPBBr-NaCl NCs. (b) Size distribution of MPBBr-NaCl NCs. (c) SAED pattern of
MPBBr-NaCl NCs. (d) Absorption and relative Emission spectra of MPBBr to MPBBr-
NaCl NCs. (e) Optical image of MPBBr-NaCl under UV light. (f) Fluorescent transients of
MPBBr-NaCl and MPBBr NCs. Inset shows the same in short time scale region. The
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excitation wavelength was 375 nm. Transients were collected at the emission maxima of the

respective NCs.
4.7. Conclusion

In conclusion, this work demonstrates the nature of the trap state involved in
photoluminescence quenching in Bi®* doped hybrid lead halide perovskite
nanocrystals (MPBBr NCs). From the steady-state and time-resolved
photoluminescence studies, we proposed that the deep traps in the crystal core of
MPBBr NCs are responsible for the drastic drop of photoluminescence guantum
yield and are totally surface trap independent. We also have shown how the
passivation of deep traps can be achieved by the monovalent Na* and K* doping,
leading to a massive amplification of photoluminescence quantum vyield and its

stability in open atmosphere.

MPBB« MPBKBr
QY =t QY = 64%
C.B o
g K* '
8= _’ 1
_—o— * Deep Trap
Deep Trap Y o
Deep Traps Passivation
=B V.B

Scheme 4.3. Proposed photo physics of core trap passivation by K™ in MPBBr NCs.
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Vulnerability to the atmospheric condition and associated toxicity limit perovskite’s
practical/industrial use despite of its tremendous promises in optoelectronics. This
report plies an ionic liquid-like so-called green solvent to synthesize
methylammonium lead bromide (MAPbBTr3) nanocrystals (NCs). The synthesized NC
shows moderate photoluminescence quantum yield (PLQY) (~19%) and high
environmental stability (at least six months). Further, the entire visible range was
tuned through the anion exchange method. More interestingly, the synthesized NC
forms a core-shell structure in a unique self-defense mechanism in presence of
water, which is proposed to be MAPbBrz@lead laurate. This core-shell structure is
found to be beneficial in (a) preventing further degradation of the NC, and it
becomes highly water stable (at least for two months), (b) surface modification to
induce a massive five-fold amplification of PLQY, and (c) restricting the anion
exchange reaction. Moreover, these unique properties are achieved without any
special control. Also, the successful synthesis of other MAPbXz: (X=ClI, 1)
demonstrates its potential universality as green medium for the first time. These
remarkable observations are probably the first of their kind and should offer various
new opportunities towards sustainable use and industrial production of perovskite

nanocrystals in the future.
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5.1. Introduction

Halide perovskites are considered as the potential game changer in the field of light-
emitting diode, solar cell, photodetector and bioimaging because of their unique
optical and electronic properties.’® Despite the tremendous promises, the
practical/industrial applicability is limited because of their vulnerability to the
atmospheric condition, toxicity related to the perovskite material and its synthesis.*
45 This report applies an ionic liquid like so-called green solvent that largely reduces
the synthesis related toxicity, minimize the structural defects, and protects the
perovskite nanocrystal from the degradation by water through a self-defense

mechanism.

The most widely used precursor solvents for perovskite synthesis are hazardous and
toxic dimethylformamide (DMF) along with its homologous dimethylacetamide
(DMAC), N-methyl-2-pyrrolidone (NMP) and skin-penetrating dimethyl sulfoxide
(DMSO). Another critical problem with these solvents is their high coordinating
ability with the perovskite surface, which eventually facilitates the degradation of
the perovskite structure and the formation of surface defects.®® The use of less
hazardous and non-coordinating organic solvent like acetonitrile (ACN) for this
purpose has been attempted in recent times.® 1 A recent breakthrough was achieved
using ionic liquids (ILs) (like carboxylic acid-methylamine, imidazole-based ionic
liquid, and so on) as precursor medium.* 12 The first report came in 2015 by Moore
et al. describing the synthesis of hybrid lead halide perovskite (MAPDIz3) thin film
using methylammonium formate ionic liquid.*®* Consequent studies have proved the
massive potential of such an approach.t: 1417 A few studies are also undertaken to
venture the fundamental roles of the ILs in controlling perovskite nano crystal
(NC)’s crystallization, nucleation, growth, interface modification and overall power
conversion efficiency (PCE). 12 18 1% The use of such solvents serves many
purposes. (i) These can solubilize a vast series of materials.!! (ii) By forming active

intermediates, it provides an opportunity to control the crystal growth process.% &
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20 (iii) By interacting with uncoordinated lead, it might provide a much-needed
enhancement in PLQY .2 (iv) These liquids are considered environment-friendly. -
14 (v) The synthesis of perovskite in a simple one-step reaction.?? A recent
perspective predicts ILs to be the next reformer in the field of perovskite research
considering these facts.?? Although the use of ILs in the synthesis process of the
perovskite systems has emerged with its high potential, the research is still in its
infancy, and a huge effort is necessary. The use of ILs in the synthesis of perovskite
is still wandering around the improvement of solar cells. Surprisingly, the greener

approach of synthesizing perovskite NCs got the minimum attention.

In this context, we prepared lead halide perovskite NC employing a lauric-acid based
IL-like solvent system to address some of the issues related with perovskite NC’s
efficiency, stability and synthetic toxicity. We are inspired by few facts. (i) The only
report on the synthesis of hybrid lead halide perovskite NCs with ILs was reported
in 2020 by the Hoang et al., where they successfully synthesized highly luminescent
MAPbBr3; nanocrystals.?? A systematic study involving the carboxylic acids of
different carbon chain lengths from C1 to C4 suggests that the emissive property
increases as the chain length of acid increases. They reached moderately high
quantum yield (50%) and even shows a water stability of up to one hour. It can be
assumed that further increment in the chain length of carboxylic acid might increase
the emissive property along with the environmental stability due to an effective
capping. But the ILs composed of long-chain carboxylic acids have never been
employed in the perovskite synthesis. (ii) In previous reports, all the organic acids
used are short-chain and consequently lack hydrophobic character. From our
knowledge we know that lauric acid (LA) - based solvent shows a high hydrophobic
character. Consequently, we expect that the capping with LA might introduce high
moisture and environmental stability to the prepared NCs. (iii) Furthermore, LA can
act as the surface capping ligand that provides stability to the NCs, and destructive
consequences of solvent coordination will be nullified. (iv) LA induces confinement

in contact with water, which may be a key to size tunability in the NC preparation
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in the future.?® (v) Most importantly, LA is a harmless natural fatty acid and the
major component of coconut oil. Therefore, it should provide a green synthetic

medium.

This report demonstrates a single-step synthesis of MAPbBr3 NCs in an IL like green
medium composed of methylamine and LA. In addition to showing a moderate
photoluminescence quantum yield (PLQY ~19 %), the synthesized MAPbBrs NCs
exhibit some remarkable properties that are probably the first of its kind and might
pave the path for future exploration in this direction. The synthesized NCs exhibit a
very high-water stability for up to three months. Core-shell structure formation by a
unique self defence mechanism explains its tremendous water stability and five-fold
amplification of PLQY. Further, successful synthesis of other MAPbX3 (X=ClI, 1)

demonstrates its potential universality as green medium for the first time.

5.2. Results and Discussions

The green solvent medium for the synthesis of perovskite NCs was prepared through
addition of methylamine and hydrophobic LA. Detailed synthesis is depicted in
section 2.9.9 of chapter 2. The synthesized IL like medium shows good thermal
stability and no weight loss is observed till 100 °C, confirmed from the

thermogravimetric analysis (TGA) (see figure 5.1).
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Figure 5.1. TGA data of the IL like green solvent medium
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5.2.1. Characterisation of MAPbBrs NCs
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Figure 5.2. Powder X-ray diffraction (a) and XPS survey spectrum (b) of MAPbBr3 NCs.

The MAPDBrs NCs was prepared by direct addition of PbBr> into the IL medium.
Detail synthetic procedure is given in section 2.9.10 of chapter-2.The purified
MAPbBr3 NCs exhibit a pure cubic crystal structure evident from the PXRD pattern
(see figure 5.2a).> X-ray photoelectron spectroscopy (XPS) confirms the presence of
lead (Pb) and bromine (Br) on the surface of the NCs (see figure 5.2b). Further XPS
analysis reveals that the synthesized NCs are having a bromine-rich surface with

bromine to lead ratio of 3.13, which is very much in line with the previous reports.?
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Figure 5.3. Scanning electron microscopic images of MAPbBr; NCs. (a) FESEM image of
MAPbBr3 NCs. (b) EDS elemental analysis of the MAPbBrz NCs from FESEM.
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Figure 5.4. Microscopic characterization of the synthesized MAPbBr3 NCs. (a) TEM image of
synthesized MAPDbBr3 NCs. (b) TEM image of a single MAPbBr3 nanocrystal. (c) Selected
area electron diffraction (SAED) of the single MAPDbBTr3 crystal. (d) High resolution TEM
(HRTEM) image of synthesized MAPbBr3 NCs. (e-f) Fourier filtered images showing (200)
and (110) crystal planes. Inset contains the fast fourier transformed (FFT) pattern. (g) High-
angle annular dark-field (HAADF) image of the MAPbBr3 NCs. (h) EDS Elemental mapping
of MAPbBr3 NCs. (i) Mapping of induvial elements (Pb, C, O and Br).

Various microscopic characterizations have been done to have a clear idea about the
microstructure of the synthesized MAPbBr3 NCs. FESEM image shows that the
purified NCs have a cubic morphology (see figure 5.3). Transmission electron
microscopic (TEM) image of the NCs reveals that the NCs are mainly of square in

shape, but some rod-like shapes are also observed (Figure 5.4a and figure 5.4b). The
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TEM image also suggests the formation of large NCs, size > 100 nm. A bright-field
image of a single NC (see figure 5.4b) along with selected area electron diffraction
(SAED) further proves the formation of highly crystalline NC in the cubic phase?*
(figure 5.4c). From the high-resolution transmission electron microscopic (HRTEM)
image of the synthesized NCs, the crystal planes can be seen clearly (see
figure 5.4d). Fourier filtration of the selected area from figure 5.4d produces
figure 5.4e and figure 5.4f, where we observe (200) and (110) crystal planes having
d-spacing 0.283 nm and 0.391 nm respectively. High-angle annular dark-field
(HAADF) image of the NCs further confirms the high crystallinity of the square
shape NCs (see figure 5.4g). Figure 5.4h shows the energy-dispersive spectroscopy
(EDS) elemental mapping of the MAPbBrs NCs from the TEM analysis, which
shows high density of lead (Pb), bromine (Br) and carbon (C) on the surface. The
EDS distribution mapping of every individual element is also included in figure 5.4i.
The EDS analysis shows that the NCs exhibit a bromine-rich surface with a bromine
to lead ratio of 3.41. Interestingly, EDS analysis also reveals that the NC surface has
a very high density of carbon atoms, could be because of the presence of lauric acid

as the capping ligand.

5.2.2. Optical Properties of MAPbBrz NCs
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Figure 5.5. Optical properties of MAPbBrsz NCs. (a) Steady state absorption (black) and
emission spectra (green) of MAPbBr3 NCs. (b) PL transient of MAPbBrs NCs upon exciting
at 405 nm.
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Steady-state and time-resolved PL studies were carried out to explore the optical
properties of the synthesized MAPbBrz NCs. These MAPbBrz NCs show broad
absorption spectra with an excitonic band centred at 521 nm and a very strong PL
centred at 525 nm (see figure 5.5a). The PLQY is 19% and the average PL lifetime
Is 13.6 ns (61% 9.8 ns and 39% 18.9 ns) (see figure 5.5b). The 9.8 ns and 18.9 ns
time components are assigned to the radiative excitonic recombination and surface

assisted recombination process, respectively.> 2% 26
5.2.3. Environmental stability of MAPbBrz NCs

These MAPbBrz NCs are highly stable in ambient condition up to at least six
months. Although the PL intensity drops by 63% after six months (see figure 5.6a),
the PXRD pattern remains almost unaffected (see figure 5.6b and figure 5.6c),

indicating high stability of the crystalline phase with considerable retention of PL

intensity.
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Figure 5.6. (a) PL Stability of MAPbBrs NCs. The green spectra denote the original PL spectra
collected at different days after preparation (Excitation wavelength is 400 nm). The blue points
denote the relative change in PL intensity of the green spectra. (b) PXRD pattern of MAPbBr3
NCs in different days after preparation. (c) Magnified lower angle region from figure b.
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5.2.4. Tuning of PL through anion exchange
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Figure 5.7. Tune of PL through anion exchange by oleylammonium halides (OAmMX;
X=CI,Br,1).

Hybrid mixed lead halide perovskite NCs were synthesized from MAPbBr3 through
the anion exchange method to tune the PL over the entire visible region. We used
0.157 M hexane solution of oleylammoium halides (OAmX), as the halide source
for this tuning. The detailed synthesis and characterizations of OAMX salts is
described in the section 2.9.8 of chapter-2. The successive addition of OAmCI to the
highly emissive MAPbBrs NCs gradually shifted the PL towards the blue region,
indicating replacement of the bromide ions by the chloride ions in the perovskite
lattice (see figure 5.7). The PL maximum reached to 421 nm at the saturation point
(precisely, 210 uL of OAmMCI to the 3 ml hexane suspension of purified MAPDbBTr3
NCs obtained from addition of 100 mg of PbBr> salt to the green medium). This
indicates the formation of MAPbCIs NCs by replacing almost all bromide ions of
MAPDBr3 NCs. The addition of OAmBr to MAPbCIs NCs again shifted the PL
maxima towards the green region, indicating the reversibility of the process. The
addition of OAmI to MAPDbBrs showed a similar phenomenon and shifted the PL
maximum up to 721 nm (precisely, 150 pL of OAmlI to the 3 ml hexane suspension
of purified MAPbBr3 NCs obtained from addition of 100 mg of PbBr: salt to the
green medium), indicating the formation of MAPbIs NCs (see figure 5.7). The
change in halide composition is also monitored through XPS (see figure 5.8).
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Figure 5.8. XPS of lead halide perovskites obtained from anion exchange reaction by OAmMX
(X=Cl, Br). (a) Survey spectra of lead halide perovskites obtained from anion exchange
reaction by OAmX. The spectra corresponding to the lead halide perovskites having PL
maxima 721 nm, 652 nm, 525 nm (MAPbBrz), 458 nm and 424 nm (from down to up)
respectively. (b) Corresponding binding energies of Pb-4f orbital. The calculated Pb:Br:X
(X=CI/N) is given.

5.2.5. Water stability of MAPbBr3 NC through core-shell formation
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Figure 5.9. Characterization of MAPbBr:@lead laurate core-shell NCs. (a) Steady state
absorption (black) and emission (green) spectrum. (b) Time dependent change in PXRD pattern
of lauric acid capped MAPbBr3 NCs in water. Red stars denote the perovskite peaks. (c)
Comparative PL intensities of MAPbBr; NCs and MAPbBrs@Ilead laurate core/shell
nanostructure. (d) PL transient of MAPbBrs@lead laurate core-shell NCs upon exciting at 405
nm. (e) XPS survey spectrum of MAPbBrs NCs (lower part) and MAPbBrs@lead laurate
core/shell nanostructure (upper part). (f) High resolution XPS of Pb-4f of MAPbBrs NCs
(lower part) and MAPbBr:@lead laurate core/shell nanostructure (upper part). (g) High
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resolution XPS of O-1s of MAPbBrs NCs (lower part) and MAPbBrs@Ilead laurate core/shell
nanostructure (upper part). (h) High resolution XPS of lead-4f of MAPbBrs NCs (lower part)
and MAPbBrs@lead laurate core/shell nanostructure (upper part).

Being highly water-immiscible, LA is expected to safeguard MAPbBrs NC from
water while used as the capping ligand. The highly hydrophobic environment
provided by the long alkyl chain of LA should not allow water molecules to go
beyond the ligand environment and thus prevent the water molecules from
interacting with the perovskite structure and increase the water stability. Keeping
this in mind, we dispersed our synthesized MAPbBr3 NCs into water. As expected,
due to the hydrophobic character of the LA ligands, the NCs were unable to form
suspension in the water, rather floats on the water surface even after vigorous
shaking. The NCs show a very stable intense (see figure 5.9a) green
photoluminescence in water, though the color of the NCs changes from deep yellow
to white gradually. This flabbergasting observation motivates us to perform a time-
dependent powder XRD study. The result shows an incremental decrease in the
perovskite peaks with a concomitant appearance of new peaks in the low diffracting
region (see figure 5.9b). Powder XRD of these new peaks shows high similarity with
lead laurate (Ref. Code: 00-009-0712). The perovskite peaks fully disappear after 30
minutes (see figure 5.9b). However, the strong photoluminescence band at 528 nm
remains persistent, confirming the presence of MAPbBr3 perovskite NCs (see
figure 5.9a). Interestingly, the PL intensity of the 528 nm band undergoes a 5-fold
increase to reach near unity quantum yield (96%) (see figure 5.9¢) in 30 min, while
we observe a gradual increment in the lead laurate structure in powder XRD. We
propose the formation of lead laurate shell over MAPbBrz NC as the possible
mechanism for this observation. The masking of perovskite peaks in PXRD may be
because of the lead laurate shell thickness. The time-resolved study of this core-shell
type NCs shows an average lifetime of 24 ns that is almost twice of the parent
MAPDBr3 NCs (see figure 5.9d). The increment in average lifetime also signifies the
sufficient attenuation of the non-radiative pathways in the core-shell type structure.

XPS study of this sample reveals that the surface of the particles is mostly composed
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of carbon and oxygen with a minimal amount of lead (79% C, 16% O and 5% Pb)
(see figure 5.9e). The comparative XPS survey spectrum of both MAPbBrz NCs and
MAPbBrs@lead laurate further gives a clear picture of the carbon and oxygen rich
surface in the core shell system, while for MAPbBr3 NCs, the lead and bromine are
sufficiently present on the surface. The high resolution XPS of Pb-4f of
MAPbBrs@lead laurate endure a shift of the binding energy by 0.3 eV (141.3 eV for
4fs;p and 136.4 eV for 4f72) towards higher energy than the MAPbBr3 NCs (141.0
eV for 4fs2 and 136.1 eV for 4f72) (see figure 5.9f). This signifies the higher
electronegative environment around the lead on the surface of the core-shell system.
O-1s binding energy also shows a 0.6 eV shift, which can also be attributed to the
same fact (see figure 5.9g). This observation confirms the formation of the Pb-O
bond in the shell region. The very low concentration of bromine on the surface of
the core-shell type structure further proves the formation of lead laurate shell (figure
5.9h).

TEM image of these core-shell type NCs is shown in figure 5.10a, which does not
have a proper shape. A magnified image of this structure further reveals the
formation of the lead laurate shell structure of thickness 5-8 nm (see figure 5.10b).
The SAED pattern further confirms the presence of crystalline MAPbBr3 NCs within
the core of the structure (see figure 5.10c). The Fourier filtration from the selected
area of the HRTEM image of MAPbBrs@Iead laurate (see figure 5.10d) produces
figure 5.10e and figure 5.20f, where crystal planes (111) and (200) with d-spacing
0.37 nm and 0.30 nm, respectively, which are originating from the core are clearly
visible. The bright field HAADF image (see figure 5.10g) further confirms the
formation of the core-shell structure. The EDS elemental mapping of the core-shell
structure clearly shows that the core is lead and bromine rich, whereas the shell is
carbon rich which is a clear indication of lead laurate shell formation (see
figure 5.10h). The EDS analysis from FESEM also conclude the same (see
figure 5.11).
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MAPDbBr; core

Figure 5.10. (a) TEM image of MAPbBr:@lead laurate core-shell NCs. (b) Magnified TEM
image of MAPbBrz@lead laurate core-shell NCs. (c) SAED pattern of MAPbBrz@lead laurate
core-shell NCs. (d) HRTEM image of MAPbBrs@Ilead laurate core-shell NCs. (e-f) Fourier
filtration of the selected area showing (110) and (200) crystal planes. Inset containing the FFT
pattern from the selected area of figure (g). (g) HAADF image of the MAPbBrs@Iead laurate
core-shell NCs. (h) EDS elemental mapping of MAPbBrs@Iead laurate core-shell NCs (Pb,
Br, C and Pb together, C and Br together).

Element At. %
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(o) 10.8
Pb 2.8
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Figure 5.11. Scanning electron microscopic images of MAPbBrz@Ilead laurate core/shell
nanostructure. (a) FESEM image of MAPbBrs@lead laurate core/shell nanostructure. EDS
elemental analysis of the MAPbBrs@Iead laurate core/shell nanostructure from FESEM.
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Figure 5.12. Water stability of the MAPbBrs@Ilead laurate core-shell NC system. (a)
Comparative PL spectra of the MAPbBrs@lead laurate core-shell NC system in water,
recorded on day-1, day-30, and day-60 upon exciting at 400 nm. (b) Relative change in PL
intensity with the progress in days of the MAPbBrs@Iead laurate core-shell NC system in
water. Real images of MAPbBrz@Iead laurate core-shell NC system in water under UV (365
nm) for day-1, day-30 and day-60 are given in inset. (c) Thermal stability of the
MAPbBr3@Ilead laurate core-shell NCs.

After the self-growth of the lead laurate shell around the MAPbBr3 NC core, the
system shows extreme stability in the water as the formed lead laurate shell is itself
hydrophobic. The PL intensity remains almost unaffected even after 60 days in the
water (see figure 5.12a and figure 5.12b). The photographic images of the floating
MAPDBr:@lead laurate core-shell system in water under UV light show virtually
unaffected PL intensity with the bare eye (see figure 5.12b). Such observations prove
that the NCs have water stability. To note, the only available report of MAPbBr3
NCs synthesized in green medium has much lower water stability (up to one hour).??
The thermal stability was also checked for this core-shell system by monitoring its
PL. With an increase in the temperature, the PL intensity decreases monotonously
and becomes almost non-luminescent around 70 °C, showing only moderate thermal

stability (see figure 5.12c).

This MAPbBrs@lead laurate core-shell structure did not respond to the anion
exchange reaction (see figure 5.13). The thick 5-8 nm lead laurate shell completely
inhibits the anion exchange process. This observation is important as the facile anion
exchange process in the perovskite NCs might inhibit its use in white light-emitting

diodes (WLEDs).?"-2° Earlier, Li et al. attempted to block the anion exchange process
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by coating CsPbBrs NC by SiO- but failed.3® However in the present case, the anion
exchange reaction is ceased completely. This indicates that the shell thickness might
acts as an effective shield for the anion exchange process. Recently Imran et al.
reported a control over the anion exchange reaction in CsPbX3 NC by using an
amphiphilic polymer micelle and fabricated a stable WLED.?® We believe that our
green approach of synthesizing MAPbBr:@lead laurate core-shell structure will
play a crucial role in fabricating the stable WLED in the near future. Moreover, such
water stability and suppression of the anion exchange ability of MAPbBr:@lead
laurate core-shell NC are achieved without any special control or extra perturbation
generally needed to protect perovskite NC from water.3® 3! This surprising and

positive effect inspired us to have some insight into the mechanism of the process.
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Figure 5.13. Response of the MAPbBrs@Ilead laurate to the anion exchange reaction. (a)
Response of the MAPbBrs@Ilead laurate to the OAMCI. (b) Response of the MAPbBrz@Iead
laurate to the OAmI. The concentrations of the added OAmCI and OAmI solutions were ~18

mmolar.

5.2.6. Mechanism of core shell formation through self-defense mechanism

To have an insight into the improved water stability and the formation of lead laurate
shell on lauric acid capped MAPbBrs NCs, we propose a plausible mechanism
involving the surface dissolution process of the NCs and the formation of lead laurate
shell by the surface capping ligands in a self-defense mechanism. From the results it
Is evident that the lauric acid capped MAPDbBrs NC forms the shell while in contact
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with water. Recently, a very little amount of aqueous treatments have found to be
beneficial to improve the surface properties of the hybrid lead halide perovskite NCs
and its water stability through the formation of core-shell structures.®> 3 Tiny
amount of water degrades the surface of the NC on a small scale to produce the
constituent cations and anions, which come into the water part.®® However, LA being
highly hydrophobic, the penetration of water molecules to the surface of the NCs is
highly unlikely. But the formation of lead laurate shell indicates the removal of lead
ion (Pb?*) from the perovskite lattice site, which is the only source of the Pb2* ion.
It strongly suggests that water is somehow interacting with the MAPbBrs NC surface
by overcoming the effectual barrier of the LA. We propose that, due to the dynamic
nature of ligand binding,3* 3 it is quite possible that a small fraction of dynamically
bound lauric acid may slightly dislocated from the NC surface, leaving behind the
NC surface becomes uncoordinated and allows very few water molecules to interact.
This small fraction of water is ideal and sufficient to dissolve a limited surface layer
of the MAPDbBr3; NC. Different constituent cations and anion like methylammonium
(CH3NHs*), divalent lead (Pb?*) and bromide (Br-) come into the water part and the

divalent lead (Pb?*) forms the lead laurate shell by reacting with laurate anion.

This small-scale water-assisted degradation of MAPbBrz NC becomes a boon and
beneficial in three ways — (1) Within 30 minutes, an effective lead laurate shell has
formed around the MAPDbBrs NC core that protects the NC from any further
degradation by the water. (2) The formation of the shell replenishes the surface of
the MAPDbBr3z NC in a way that reduces the surface-related trap states and increases
the radiative recombination rate. It ultimately increases the PLQY and average PL-
lifetime of the core-shell perovskite NC and makes it highly water stable. (3) The
hydrophobic nature of LA itself acts as the controller to optimize the interaction
between water and perovskite surface. The reaction scheme on the surface of
MAPDBr3 NCs is proposed to be
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H,0
CH;NH4PbBr; (surface) — CH;NH} + Pb2* + 3Br-
2RCOOH + Pb?* = (RCO0),Pb + 2H*

According to this reaction scheme, the medium should be acidic after the lead laurate
shell formation and should also contain excess bromide ions. To confirm this, we
measured the pH of the water after MAPbBrs NC treatment. The water become
acidic (pH = 5.21) as expected after formation of the lead laurate shell, whereas the
pH of the water that was used for the experiment was neutral (pH = 6.79). Further,
we measured the bromide ion level of water as 200 PPM after the formation of the
lead laurate shell by the ion chromatography (which was below detection limit
before the MAPDbBrs NC treatment). These two observations further established our

proposed mechanism, which is depicted in scheme 1.
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Scheme 1. Schematic representation of the proposed mechanism of lead laurate shell formation
around the MAPbBr3 NC in presence of water.

5.2.7. Synthesis of other MAPbX3 (X=CI, I) NCs — universality of the green

solvent medium

To demonstrate the universality of the ionic liquid like medium, we synthesized
other MAPbX3 s (X=ClI, I). MAPDbCIs and MAPbIs NCs were prepared by direct

addition of PbCl. and Pbl> salt to the green solvent medium (see section 2.9.12 of
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chapter-2 for details). The purified MAPbCIlz and MAPbIs NCs show pure cubic and
tetragonal crystalline phase, respectively (see figure 5.14).3¢ Along with MAPDI;
phase, there also appears lower diffraction angle peaks. This may appear due to

partial surface degradation to the lead laurate by the atmospheric moisture (see figure

5.14).
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Figure 5.14. PXRD of MAPDCI3 NCs (violet) and MAPbIs NCs (red). Both the NCs were
prepared by direct addition of PbCl2 salt and Pbl> salt to the green solvent medium followed by
extraction in hexane. The photographic image of the used NC films used for PXRD is given in

inset.
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Figure 5.15. XPS analysis of MAPbCI3 NCs and MAPDbI3z NCs. Both the NCs were prepared
by direct addition of PbCl salt and Pbl. salt to the green solvent medium. (a) Survey spectra
of MAPDBCI3 NCs (upper part, violet) and MAPbIs NCs (lower part, red). (b) High resolution
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XPS of Pb-4f of MAPbCIls NCs (upper part, violet) and MAPbIs NCs (lower part, red). (c)
High resolution XPS of Cl-2p of MAPDbCI3 NCs. (d) High resolution XPS of 1-4d of MAPDI3
NCs.

Detailed XPS analysis revealed a halide rich surface in both MAPbCIs (chlorine to
lead ratio 3.1) and MAPbIz NCs (iodine to lead ratio 3.4) (see figure 5.15). However,
high resolution XPS of lead shows that two types of lead are present in the MAPDI3
NCs (see figure 5.15b). This may arise due to the partial surface degradation to lead

laurate which is in line with the XRD analysis.

FESEM analysis shows the formation of cubic MAPbCIs NCs of size ~100-150 nm
(see figure 5.16a). FESEM of MAPDbIs NCs shows the formation of some irregular

cubic particles of size ~100 nm (see figure 5.16b).

Figure 5.16. FESEM images of (a) MAPbCI; NCs and (b) MAPbI3 NCs.
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Figure 5.17. (a) Absorption (black) and PL spectra (violet) of MAPbCIs NCs. (b) Absorption
(black) and PL spectra (red) MAPbIz NCs. (c) Time resolved PL of MAPbCIz NCs (violet) and
MAPbIs NCs (red) having average lifetime 1.6 ns and 23.2 ns respectively. (d) PXRD of
MAPDCI3 NCs (violet) and MAPbI3 NCs (red). Both the NCs were prepared by direct addition
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of PbCl> salt and Pbl salt to the green solvent medium followed by extraction in hexane. The
photographic image of the used NC films used for PXRD is given in inset.

The MAPDCI3 NCs have a strong excitonic peak at 403 nm and a very weak PL at
around 409 nm (see figure 5.17a). The MAPbIz NCs show a broad absorption and
PL centered at 741 nm (see figure 5.17b). Time-resolved PL of MAPbCIs and
MAPDbI3s NCs show an average lifetime of 1.6 ns and 23.2 ns, respectively (see figure
5.17c).

5.2.8. Reusability of the green solvent medium

The reusability of the solvent medium was checked for ten times. Primarily PbBr»
(50 mg) salt was added to the medium (~3ml) to prepare MAPbBr3 NCs. The NCs
was then centrifuged at 40°C and collected through redispersing in hexane. The
green medium which remained in the supernatant was then again used for the
synthesis of the NCs. This process was repeated for ten times and in each time the
NCs were prepared with more or less same PL intensity (figure 5.18a and 5.18b) and

in pure cubic crystalline phase (figure 5.18c).
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Figure 5.18. Reusability of the green solvent medium. (a) Optical images of the hexane
extracted MAPbBrs NCs under UV light prepared by adding PbBr; to reused green medium
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(1-10 denotes the n-th time that green medium being reused). (b) Relative PL intensity of the
MAPDBrs NCs, prepared by reusing the green medium. (c) PXRD patterns of the MAPbBr3
NCs, prepared by reusing the green medium.

5.3. Conclusions and Future Aspects
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Scheme 2. Schematic representation of the main highlights of the work. Lauric acid and methyl
amine (LA+MA) forms the green media, to which addition of PbBr> produces MAPbBr3 NCs
without the use of any hazardous solvent. The entire visible range was tuned through anion
exchange. Addition of water to MAPbBrs NCs produces a core-shell in a unique self-defence
mechanism that makes the NCs highly water stable (at least 60 days) with a five-fold increase

in PLQY. The inhibition of anion exchange in the core-shell structure is also highlighted

In conclusion, this report demonstrates a single step green synthesis of MAPbBr3

NCs embeded with lauric acid and the formation of MAPbBrs@Ilead laurate core-
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shell NC with exceptional water stability. The main highlights of this work are
depicted in scheme 3 and also summarized as follows: (i) We have successfully
synthesized green luminescent MAPbBr3 NCs without using any hazardous organic
solvents in a single-step green synthetic approach having a moderate PLQY of
~19%, and good environmental stability of up to 6 months. (ii) The PL over the
entire visible range was tuned by synthesizing MAPbX3 NCs (where X is CI, Br, I,
and a mixture of either Cl and Br or Br and 1) through anion exchange method. (iii)
The NC forms a core-shell structure (MAPbBrz@lead laurate) in a unique self-
defence mechanism when in contact with water, which proved to be hugely
beneficial. Firstly, owing to its hydrophobic nature, the shell safeguards the
perovskite from further degradation by water and makes it highly water stable (at
least two months). Secondly, through surface modification, a five-fold increase of
PLQY and two-fold increase of PL-lifetime is achieved. Thirdly, It prevents the
anion exchange process. To our delight, all these positive effects are achieved
without any special control or extra perturbation. Further, the universality is
demonstrated by synthesizing the MAPbCIz and MAPbIz NCs in the medium
following same procedure. To knowledge, such stability and PLQY enhancement in
a self-defense mechanism is demonstrated for the first time, that too in a so called
green medium and should be a reference point for accelerating the performance and

stability of perovskite nanocrystals in the future.
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Organic solvent hazards are the most overlooked part of perovskite research. In this
report, we employed menthol based deep eutectic solvents (DESs) as a green
medium for the synthesis of cesium lead halide (CsPbXz; X=ClI, Br, |, or either both)
nanocrystals (NCs) and nanoplates (NPLs) with high PLQY (maximum of 78%)
aiming to reduce the synthesis related toxicity. The reaction temperature and added
precursor ratio in the DES medium were found to be the key factor in controlling
the dimensionality of the NCs. The synthesized NCs and NPLs in the DES medium
suffer from common halide vacancy-related defects, which were passivated by
oleylammonium halide treatment to achieve near unity PLQY. With green DES as a
synthesis medium, the present synthetic protocol lowered crystallization
temperature, allow ambient condition synthesis, and yields high quality NCs/NPLs
with almost uniform size distribution. This study presents a novel approach to the
environmentally friendly synthesis of NCs and NPLs, which holds great potential for

the practical large-scale synthesis of perovskites in industrial scale.
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6.1. Introduction

Nature necessitates the environmental sustainability of all industrial productions.
Among several factors, solvent is a substantial contributor to the overall toxicity
profile of an industrial process.> ? To tackle this issue, diverse green solvents are
being introduced in lieu of conventional hazardous organic solvents in a variety of
applications.?* Midst all the alternate solvent media, deep eutectic solvents (DES)
are quickly gaining interest among the researchers because of their uniqueness like
easy preparation, fine tunability, cost-effectiveness, etc.3* Although DESs have
already been identified as alternate solvent for biochemical application,* ® its use in
material sciences has not been explored yet. Herein, we used menthol-based DESs
as green solvent media to synthesize pure inorganic cesium lead halide nanocrystals
(NC) (CsPbX3 NCs, X=Cl, Br, 1) which largely reduces the organic solvent-related
hazards of perovskite NC synthesis. The photoluminescence tunability from violet
to red has been achieved in DES media by tuning the halide compositions. The
reaction temperature and cesium to lead precursor ratio in the DES medium were
found to be the key factor in controlling the dimensionality and were further used to
synthesize Ruddlesden-Popper (OAmM).Cs2PbsBrio nanoplatelets (NPLs) with blue

photoluminescence.

Perovskite research has advanced at a breakneck speed in the last decade.® ” Due to
the defect-tolerant nature, high photoluminescence quantum yield (PLQY), and
narrow PL bandwidth, the nanocrystalline form of lead halide perovskites have
proved their immense potential in the field of optoelectronics.® * However, because
of the low environmental and water stability, the practical application is still a long
way off.2 ° Lead toxicity is still a key issue in perovskite, which is driving the
development of lead-free perovskites.'® ' However, overcoming solvent-related
toxicity during synthesis (typically due to toxic DMF, NMP, skin penetrating
DMSO, skin irritant octadecene, etc.) is yet another crucial but overlooked aspect of
this research field.'? Another major worry is that these precursor solvents have a

high propensity to coordinate with the perovskite surface, allowing the perovskite
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structure to degrade.r® Using ionic liquid (IL) as a precursor media, a few
breakthroughs have been achieved in this direction. > Moore et al. reported the
synthesis of methylammonium lead iodide thin film from methylamine/short chain
carboxylic acid IL medium in 2015.4 Following this, a number of studies have been
published that indicate how IL additives can regulate crystal formation, stability, and
surface modification in perovskite thin films.*2 °*However, all of these reports
revolve around the thin film/solar cell application of perovskite. For the first time
Hoang et al. reported the green synthesis of methylammonium lead bromide NCs in
2020.1% By combining methylamine with short-chain aliphatic carboxylic acids, they
were able to synthesize an IL medium, which was used to synthesize MAPbBr3 NCs
with ~50% PLQY . Recently, we employed highly hydrophobic lauric acid to prepare
methylammonium laurate IL medium, which finally leads to the formation of water

stable MAPbBrs@laed laurate core-shell nanostructure with near-unity PLQY.’

One major drawback of this IL-based alternate solvent media is the poor solubility
of the precursor salts. The use of solid lead halide salts for synthesizing perovskite
in IL media restricts the possibility of doping and synthesizing of mixed perovskite
materials. % 17 The only solution is to increase the universality of the alternate
solvent, where both hydrophobic and hydrophilic precursors are soluble. To tackle
this issue, we have used menthol based DESs (Figure 1a-1d), c.a. 1:2 lauric
acid/menthol (LAMe), 1:1 caprylic acid/menthol (CAMe), and 1:1 butyric
acid/menthol (BAMe).'8 1° The solubility of lead halide salts in these DES media
are excellent in presence of oleyamine (OAm). Using this key solubility factor, we
have synthesized highly luminescent CsPbX3z NCs and 2D RP NPLs in this green
DES medium.

6.2. Characterization of DESs
These DESs have excellent heat tolerance and remain colourless liquids at room
temperature. TGA study shows no weight loss till 100°C for LAMe and CAMe (see
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figure 6.1). However, the degradation of BAMe starts around 60°C (see figure 6.1).

IR and NMR measurements were performed to characterize DES media as well

which have been presented in section 2.9.13 of chapter 2.

100

80

60

40

% Weight Loss

20

—— LAMe
—— CAMe
—— BAMe

T

50

1 1 1
100 150 200
Temperature (°C)

Figure 6.1. Thermogravimetric analysis of LAMe, CAMe, and BAMe DES media.

6.3. Characterization of CPB NCs prepared in DES media

Among pure inorganic perovskite
NCs, green-emitting CsPbBrs is the
most celebrated considering its
structural stability and massive
PLQY. The major synthetic
protocol for the synthesis of thisNC
Is the hot injection method, where
temperature is raised to ~170 °C in
inert atmospheric condition to
initiate the crystallization. Also in
the hot injection procedure, there is

still no replacement of hazardous
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Figure 6.2. Powder X-ray diffraction (PXRD)

pattern of CPB-LAMe (red), CPB-CAMe
(green) and CPB-BAMe (blue).
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and toxic octadecene solvent. By keeping these drawbacks in our mind, we planned
to introduce a green solvent where a comparatively lower injection temperature is
used for the crystallization of NC without any inert atmospheric condition. CsPbBr3
NC was synthesized by a simple two-precursor approach at 100 °C in the open
atmospheric condition by utilizing above mentioned DES media (see section 2.9.14
of chapter-2 for details). CsPbBrs NCs synthesized in LAMe, CAMe and BAMe are
named as CPB-LAMe, CPB-CAMe, and CPB-BAMe, respectively. Powder XRD
pattern confirms that the formed NCs are in a pure cubic crystalline phase
(figure 6.2).
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Figure 6.3. IR analysis of CPB NCs. (a) IR spectra of CPB-LAMe, CPB-CAMe and CPB-
BAMe. (b) IR spectra of CPB-LAMe, CPB-CAMe and CPB-BAMe in carbonyl region. (c) IR
spectra of CPB-LAMe, CPB-CAMe and CPB-BAMe in N-H stretching region.
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FTIR spectra is utilized to probe capping ligand environments of purified dry CPB-
LAMe, CPB-CAMe, and CPB-BAMe NCs are shown in figure 6.3. All of the NCs
have a weak and broad absorption band near 3400 cm, which originates from N-H
stretching and absorption at ~2900 cm™ and 1460 cm is characteristic signature of
the C-H stretching and bending mode respectively due to OAm capping ligand. The
presence of corresponding aliphatic acids from DES as a capping ligand on the NC
surface is indicated by another distinctive absorption band at 1700 cm™ in all the
cases. Energy dispersive X-ray (EDS) analysis of the NCs was carried out to have
an idea about the elemental ratios of the NCs. CPB-LAMe shows bromine to lead
ratio of 2.76:1, while for CPB-CAMe and CPB-BAMe it is 2.54:1 and 2.44:1,
respectively, suggesting bromine deficient surface in all three NCs. This may
originate from the bromine-deficient reaction condition as PbBr» salt was utilized as
a dual source of bromine and lead in our synthesis. This problem is quite common
in hot injection synthetic process.? 2 The X-ray photoelectron spectroscopy (XPS)
of CPB-LAMe was carried out to have a better understanding on the surface
composition of the NCs. The XPS analysis reveals that surface of CPB-LAMe has a
bromine to lead ratio of 2.81 (figure 6.4). High resolution XPS spectra further reveal
the formation of Ph° along with the CPB NCs (figure 6.4c). The appearance of Ph°

may be because of mild reducing power of OAm.??
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Figure 6.4. X-ray photoelectron spectroscopic (XPS) analysis of CPB LAMe. (a) Survey
spectra of CPB LAMe. (b) High-resolution XPS of Cs 3d of CPB LAMe. (c) High-resolution
XPS of Pb 4f of CPB LAMe. (d) High-resolution XPS of Br 3d of CPB LAMe.
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Figure 6.5. TEM characterization of CPB NCs. (a) TEM image of CPB-LAMe. (b) Size
distribution of CPB-LAMe. (c) SAED pattern of CPB-LAMe. (d) HRTEM image of CPB-
LAMe. (e) Fourier filtration of the selected area of figure 6.6b showing (110) and (200) crystal
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planes. (f) TEM image of CPB-CAMe. (g) Size distribution of CPB-CAMe. (h) SAED pattern
of CPB-LAMe. (i) HRTEM image of CPB-LAMe. (j) Fourier filtration of the selected area of
figure 6.6i showing (110) and (200) crystal planes. (k) TEM image of CPB-BAMe. (l) Size
distribution of CPB-BAMe. (m) SAED pattern of CPB-BAMe. (n) HRTEM image of CPB-
BAMe. (0) Fourier filtration of the selected area of figure 6.6n showing (110) and (100) crystal
planes.

Figures 6.5 show the transmission electron microscopic (TEM) images of CPB-
LAMe, CPB-CAMe, and CPB-BAMe, respectively. In all the cases, we can see the
formation of almost square-shaped NCs with uniform size distribution (figure 65a,
figure 6.5f, and figure 6.5k). The average size of CPB-LAMe is found to be 12 +
3.6 nm (figure 6.5b) whereas the average size of CPB-CAMe and CPB-BAMe are
foundtobe 12 + 4 nmand 11.2 + 3.4 nm respectively (figure 6.5g and figure 6.5I,
respectively). The ring pattern in the SAED confirm the cubic polycrystalline nature
of the synthesized NCs (figure 6.5c, figure 6.5h, and figure 6.5m) for all the cases.
Figure 6.6d shows the HRTEM image of the CPB-LAMe. Fourier filtration of the
selected area from figure 6.6d clearly shows two crystal planes (110) and (200)
corresponding to interplanar distances 0.41 nm and 0.29 nm respectively (figure
6.5e). Figure 6.6i and figure 6.5n shows the HRTEM images of CPB-CAMe and
CPB-BAMe respectively. Two crystal planes (110) and (200) corresponding to
interplanar distances 0.40 nm and 0.30 nm, respectively, can be seen from the
Fourier filtration from the selected area of figure 6.5i (figure 6.5j). For CPB-BAMe
similarly, two crystal planes (100) and (110) can be visualized from the Fourier
filtered image as well (see figure 6.50). Therefore, we conclude that our green
solvent mediated lower temperature synthesis in open atmospheric condition is

capable to produce good quality of CPB NC with uniform size distribution.

6.4. Optical properties of CPB NCs
The CPB NCs prepared in three different DES media at identical condition (100°C)
shows almost identical optical properties. The NCs shows a broad absorption with
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absorption edge at 510 nm and a sharp PL band centered at 513 nm in all cases
(figure 6.6a). However, CPB-LAMe exhibited a high PLQY of 78%, whereas the
NCs prepared in CAMe and BAMe shows relatively lower PLQY of 67% and 65%,
respectively. The reason of high PLQY of CsPbBrz NCs prepared in LAMe may be
because of effective passivation of CPB NC surface by both OAm and LA.
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Figure 6.6. Optical properties of CPB NCs. (a) Steady state absorption (black spectrum) and
PL (green solid spectrum) of hexane suspension of CPB-LAMe (top panel), CPB-CAMe
(middle panel) and CPB-BAMe (lower panel). Corresponding PLQY values are given
alongside. (b) Time resolved PL of hexane suspension of CPB-LAMe (top panel), CPB-CAMe
(middle panel) and CPB-BAMe (lower panel). Excitation source 405 nm laser having IRF 120
ps. (c) Photographic image of hexane suspension of CPB NCs in normal day light. (d)
Photographic image of hexane suspension of CPB NCs under UV light.

To have insight into the charge carrier dynamics, the time-resolved PL studies of all
three purified CPB NCs have been done (figure 6.6b). All the time-resolved PL data
have been fitted with a sum of three exponential fitting function, suggesting three
different recombination sites present in the NCs. All the fitting parameters are
tabulated in table 6.1.
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Table 6.1: Time resolved PL fitting parameters of CPB-LAMe, CPB-CAMe and CPB-BAMe
NCs.

Sample 11 (relative %) 2 (relative %) 13 (relative %) Tavg

CPB-LAMe  1.4ns(25%)  6.1ns(52%) 19 ns (23%) 13.1ns

CPB-CAMe  13ns(27%) 59ns(51%) 19 ns (22%) 13.0ns

CPB-BAMe 1.3 ns (30%) 6.0 ns (50%) 24 ns (20%) 17.7 ns

The long lifetime component of ~20 ns originates from the recombination of charged
carriers through the surface trap states.?> 2 The lifetime component ~ 6 ns is the
excitonic recombination process. 2224 The origin of the shortest component ~ 1.4 ns
is a little bit ambiguous. Literature says that this component indicates the presence
of additional defect sites in the NCs that facilitate the non-radiative processes. 22 This
means the CPB NCs can have trapping sites other than the trap states that originate
from unsaturated surface dangling nonbonding orbitals. One possibility of such a
trap state is the bromine vacancy in the NCs. To verify this, we treated the NC
suspension with a hexane solution of OAmMBTr that act as a source of bromide ion.
This post-synthetic treatment amplifies the PLQY of the system to near unity from
78% (figure 6.7a and figure 6.7b) and increases the average lifetime from 13.1 ns to
14.9 ns (figure 6.7¢), suggesting a suppression of nonradiative decay channels in the
system. Interestingly, the short lifetime component of 1.4 ns disappeared after
OAmMBr treatment (see table 6.2). This further suggests the origin of the short
lifetime component is the recombination of the charged carrier through bromine-
related trap states. This bromine vacancy repairing is shown schematically in figure
6.7d.
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Figure 6.7. Effect of OAmBT treatment on optical properties of CPB-LAMe. (a) Comparative
absorption spectra of CPB-LAMe and OAmMBr treated CPB-LAMe. (b) Comparative PL
spectra of CPB-LAMe and OAmBr treated CPB-LAMe. (c) Comparative PL transient at 510
nm of CPB-LAMe and OAmBrr treated CPB-LAMe.

Table 6.2: Time resolved PL fitting parameters of CPB-LAMe and OAmMBr treated CPB-
LAMe NCs.

Sample 11 (relative %) 12 (relative %) 13 (relative %) Tavg

CPB-LAMe 1.4ns(25%) 6.1ns(52%) 19 ns (23%) 13.1ns

OAmMBr treated 6.2 ns (63%) 20 ns (37%) 14.9 ns
CPB-LAMe

The PL stability of these colloidal NCs was monitored for two months in ambient

conditions. CPB-LAMe was found to retain ~84% of its original PL intensity after
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two months. Whereas CPB-CAMe and CPB-BAMe retain ~60% of its PL intensity
(see figure 6.8). This may be due to the better capping environment of CPB-LAMe,

which restricts its PL intensity loss in ambient conditions.
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Figure 6.8. Ambient PL stability of colloidal CPB-LAMe, CPB-CAMe, and CPB-BAMe NCs.

6.5. Ultrafast charge carrier dynamics
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Figure 6.9. (a) TEM image of pristine CPB NCs. (b) Size distribution of pristine CPB NCs.
(c) Steady state absorption (black spectrum) and PL (green) of pristine CPB.

To have a better insight on the charge carrier dynamics of the synthesized CPB-
LAMe, femtosecond transient absorption spectroscopic measurements were
performed, and the result is compared with the pristine CsPbBrs NCs prepared
through frequently followed hot injection procedure (pristine CPB) (see figure 6.9

for TEM and optical characterizations, respectively) (synthesi is described in section
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2.9.15 of chapter-2). The samples were excited above the band gap at 400 nm with
femtosecond pulsed laser with same excitation power, and ttime-resolved difference
absorption are measured. The results are shown in figure 6.10. CPB-LAMe and
pristine CPB shows a strong photobleach signals (PB) at 512 nm and at 507 nm,
respectively, which corresponds to their ground state bleaching (GSB) (figure 6.10b
and figure 6.10e, respectively). At early time a strong excited state absorption (ESA)
band around 530 nm is observed for both the NCs corresponding to the hot carrier
(HC) absorption.?® For both CPB-LAMe and pristine CPB NCs, the kinetics were
fitted with a sum of three exponential function. The transient at PB maxima (512
nm) shows a rise component of 270 fs (figure 6.10c) that propose to corresponds to
the HC cooling to the band edge.?> %¢ For pristine CPB, the HC cooling process
shows a lifetime of 510 fs (figure 6.10f), which is in line with the previous studies.?
The relaxation of hot carriers to the band edge depends on carrier-phonon
coupling.?”2® The HC relaxation becomes faster when carrier-phonon interaction is
higher. 2728 This carrier-phonon interaction in a particular NC is highly dependent
on the size of the NCs and also on the ligand environment under the same excitation
fluence.?”?° Earlier study shows that the HC cooling rate becomes dramatically
slower if the NC size is reduced.?® The pristine CPB NCs have an average edge
length of 8 nm, which is smaller than the CPB-LAMe NCs (average edge length of
12 nm). As, the ligand environment is similar for both CPB-LAMe and pristine CPB
NCs, the smaller size of pristine CPB than CPB-LAMe may be the reason of slower
HC cooling rate. Both CPB-LAMe and pristine CPB NCs show comparable two-
component decay kinetics. The faster time constant of ~70 ps is assigned as biexciton
lifetime and the longer component (>1 ns) is assigned as excitonic recombination
process according to the literature. 2> The relative contribution of the biexcitonic
species in CPB-LAMe and in pristine CPB remain almost similar in same

experimental condition.
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Figure 6.10. Ultrafast carrier dynamics of CPB-LAMe and pristine CPB. (a) Two-dimensional
pseudo color mappings of the TA spectra of CPB-LAMe. (b) Representative TA spectra of
CPB-LAMe at different times. (c) 512 nm transient of CPB-LAMe. (d) Two-dimensional
pseudo color mappings of the TA spectra of pristine CPB. (b) Representative TA spectra of
pristine CPB at different times. (c) 507 nm transient of pristine CPB.

6.6. Effect of reaction temperature and cesium to lead precursor ratio

Reaction temperature in perovskite NC synthesis typically plays a pivotal role to
determine the size, morphology, and properties of the synthesized NCs.3% 3! In the
common hot injection process, tuning the reaction temperature is still a key to tune
the size of the synthesized NCs. Apart from the temperature, the ratio of the reactant
salts is also a paramount factor that can influence the NC properties to a certain
extent.3 To see the effect of these two important factors in the perovskite NC
synthesis in DES media, we have studied the effect of reaction temperature and
Cs:Pb precursor ratio on the prepared CPB NCs properties. Figures 6.11 a-c show
the absorption and PL properties of the NCs prepared in LAMe DES at three
different temperatures (100°C, 75°C, and 50°C) and four different precursor ratios.
The ratio of precursors has no effect on the optical properties of the NCs if the
reaction temperature is 100°C (figure 6.11a). In all the cases, the NCs show a strong
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PL at 513 nm with a broad absorption, which resembles 3D NCs (n=w). At 75°C
reaction temperature, the PL properties of the NCs changes drastically on the
precursor ratio (figure 6.11b). For all the cases a multipeak PL bands was observed.
The absorption bands also show similar sharp excitonic features in accordance with
the PL. This observation suggests the formation of lower-order perovskite NPLs.
The PL shows sharp maxima at ~460 nm, ~470 nm, ~480 nm, and 513 nm, which
are assigned to NPLs with n = 3,4,5 and o respectively.®® Here, n denotes the number
of PbBrs* octahedral layers in the NPLs.3% 3> The intensity ratios of the PL peaks

vary with the cesium to lead ratio suggesting a change in the value of n.

75°C (c)|

Precursor
Cs:Pb=1

Precursor
Cs:Pb=1

Precursor
s:Pb =0.75

Precursor
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Figure 6.11. Effect of reaction temperature and cesium to precursor ratio on absorption and PL
properties of CPB-LAMe NCs. (a) Absorption and PL of CPB-LAMe prepared at 100°C using
different cesium to lead ratio (1 to 0.25 from top to bottom). (b) Absorption and PL of CPB-
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LAMe prepared at 75°C using different cesium to lead ratio (1 to 0.25 from top to bottom). (c)
Absorption and PL of CPB-LAMe prepared at 50°C using different cesium to lead ratio (1 to
0.25 from top to bottom). (d-f) TEM images of CPB-LAMe prepared at 75°C keeping cesium

to lead ratio unity.

The TEM images of the sample prepared at 75°C with unit cesium to lead ratio
indicates the formation of different NPLs with 3D NCs (figures 6.11 d-f). Lowering
the reaction temperature to 50°C and using cesium to lead ratio of 0.25 we were able
to synthesize pure NPL (n=3) having a sharp excitonic absorption peak at 455 nm
and PL band centered at 460 nm (figure 6.11c and figure 6.12a). For a better
understanding of the structure and properties, we proceed with this pure NPL (n=3)

for further characterization.

6.7. Properties of Ruddlesden-Popper CPB-2D (n=3) NPLs

NPLs were calculated to be 0.49 nm. Figures 6.12g-i show the TEM image of the
synthesized CPB-2D NPLs. The formation of large 2D NPLs can be observed with
lateral dimension in the order 200 nm. A careful analysis of TEM revels that along
with these large nanosheets small ultrathin nanosheets of different shapes are also
present. The different contrast in TEM images may be due to formation of RP type
of structure, where different numbers of 2D nanosheets stacked together (figure
6.129-i).

The composition of the NPLs were investigated through XPS study (figure 6.14).
The RP quasi 2D NPLs have a general formula of (A")2An-1PbnXan+1 where A’ is the
long chain ammonium cation (here OAmM®), A is A-site cation (here Cs*) and X is
halide ion (here Br-). For NPLs with n = 3, the structural formula of the system in
the present case would be (OAmM)2Cs2PbsBrio. The XPS elemental study confirms
that the lead to cesium ratio is 1.5, which further suggests the formation of CPB-2D
where n=3. The ambient stability of the NPLs was found to be ~2 days through stead-
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state PL measurement, after which it gradually transforms to bulk 3D perovskite
structure (figures 6.15).
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Figure 6.12. (a) absorption and PL of CPB-2D (n=3) (b) Time-resolved PL of hexane
suspension of CPB-2D (n=3). The excitation source 405 nm. (c) PXRD pattern of CPB-2D
(n=3). (d) Zoomed version of figure 4c in lower diffraction angle. (€) SAXS pattern of CPB-

2D (n=3). (f) Pictorial representation of RP CPB-2D (n=3) structure. (g-i) TEM images of
CPB-2D (n=3).
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Figure 6.13. Effect of OAmMBr treatment on optical properties of CPB-2D (n=3) NPLs. (a)
Comparative absorption spectra of CPB-2D (n=3) NPLs and OAmBr treated CPB-2D (n=3)
NPLs. (b) Comparative PL spectra of CPB-2D (n=3) NPLs and OAmBrr treated CPB-2D (n=3)

NPLs. (c) Comparative PL transient at 460 nm of CPB-2D (n=3) NPLs and OAmBr treated
CPB-2D (n=3) NPLs.
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Figure 6.14. X-ray photoelectron spectroscopic (XPS) analysis of CPB-2D (n=3). (a) Survey
spectra of CPB-2D (n=3). (b) High-resolution XPS of Cs 3d of CPB-2D (n=3). (c) High-
resolution XPS of Pb 4f of CPB-2D (n=3). (d) High-resolution XPS of Br 3d of CPB-2D (n=3).
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Figure 6.15. Ambient stability of CPB-2D (n=3).

6.8. Preparation of other halide perovskite NCs in DES medium

To check the universality of the DES media for perovskite NC synthesis, we have
prepared the chlorine and iodine analogs as well (section 2.9.14 of chapter-2). The
PXRD peaks move gradually to the lower diffraction angle from CsPbCls to CsPbls
system due to the larger lattice parameter (figure 6.16), which is consistent with the
previous studies.® 37 The band edge absorption shifted to longer wavelength from
CsPbCls to CsPbls and the PL is also shifted from violet (pure NCs, PL maxima 413
nm) to red region (pure NCs, PL maxima 686 nm) (see figures 6.17 a-c). The PL
transients of all the NCs show the presence of three distinct kinetics (figure 6.17d
and table 6.3). The average lifetime gradually increases from 3.9 ns to 21.8 ns from
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CsPbClz NCs to CsPb(Br/I)3s NCs, which
L CsPbCl,

J is in line with previous reports.®’

CsPb(CI/B L
MMM However, the average lifetime of CsPbls
M CsPbBr, NCs drops drastically may be due to the

M CsPh(Br/l), presence of large nonradiative decay
A CsPbl, channel through trapping sites. A closer
look in the PL decay kinetics reveals that

10 20 N (3)0 40 *® in CsPbCls NCs the recombination of

charge carriers through the chloride vacancy sites is maximum and also shows very

Figure 6.16. PXRD patterns of CsPbCls, ~fast decay kinetics (0.3 ns, 80%). The

CsPb(CI/Br)s, CsPbBrs, CsPb(Br/l)s, and  nyresence of chloride vacancy is also
CsPblz NCs synthesized in LAMe.

-

very common, which restricts its high
PLQY in CsPbCls NCs.® In the present study we estimated the PLQY of CsPbCls
NCs to be 23%. Going from CsPbCls NCs to CsPb(Br/l)s NCs, the percentage of
carrier recombination through halide vacancy sites decreases, and consequently the
PLQY increases (PLQY estimated as 45% and 76% for CsPb(Cl/Br); and
CsPb(Br/l)3 NCs, respectively). This study further suggests that the involvement of
halide vacancies is one of the most important parameters to control the PLQY of the

system.

Table 6.3. Time resolved PL fitting parameters of CsPbClz, CsPb(CI/Br)3, CsPb(Br/l)z and
CsPbls NCs.

Sample 11 (relative %) 12 (relative %) 13 (relative %) Tavg

CsPbCls3 0.3ns(80%) 2.2ns(11%) 12.6 ns (9%) 3.9ns

CsPb(Cl/Br)s  0.4ns(49%) 3.2ns(26%) 13.1ns (25%) 10.6 ns

CsPb(Br/l)s  0.9ns(12%) 11.7ns(28%) 24.2 ns (60%) 21.8 ns

CsPbls 0.6ns(37%) 4.7ns(26%) 24.4ns(37%)  10.4ns
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Figure 6.17. (a) Absorption spectra of CsPbCls, CsPb(CI/Br)s, CsPbBrs, CsPb(Br/l)3, and
CsPblz NCs synthesized in LAMe. (b) PL spectra of CsPbCls, CsPb(Cl/Br)s;, CsPbBrs,
CsPb(Br/l)3, and CsPblsz NCs synthesized in LAMe. (c) Time-resolved PL spectra of CsPbCls,
CsPb(CI/Br)3, CsPbBrs, CsPb(Br/l)s, and CsPblz NCs synthesized in LAMe. (d) Photographic
images of CsPbCls, CsPb(CI/Br)s, CsPbBrs, CsPb(Br/l)3, and CsPblz NCs under UV light
synthesized in LAMe.

The morphologies of the synthesized NCs were further investigated through TEM.
TEM image of CsPbCls suggests the formation of square-shaped NCs along with the
formation of some long NPLs type of structures (figure 6.18a). square-shaped NCs
show average size of 14 nm (figure 6.18b). Both CsPb(CI/Br)3 and CsPb(Br/1)z show
square shaped NC morphology (figure 6.18c and figure 6.18e, respectively) with an
average size of 15 nm (figure 6.18d) and 9 nm (figure 6.18f), respectively. The
CsPbls shows unique hexagonal morphology (figure 6.18g) of average corner
distance around 50 nm (figure 6.18h) along few rod-like shapes. Understanding the
mechanism of formation for this hexagonal morphology of CsPbls in DES media

needs further studies.
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Figure 6.18. (a) TEM image of CsPbCl; NCs. (b) Size distribution of CsPbCl; NCs. (c) TEM image
of CsPb(CI/Br); NCs. (d) Size distribution of CsPb(CI/Br)s; NCs. (¢) TEM image of CsPb(Br/l)s NCs.
(F) Size distribution of CsPb(Br/1)sNCs. (g) TEM image of CsPbls NCs. (h) Size distribution of CsPbl;
NCs.

6.9. Conclusion

In conclusion, we have successfully synthesized and characterized all inorganic
CsPbX3 perovskite NCs as well as two-dimensional (2D) Ruddlesden-Popper
perovskite NPLs (n=3) in environment-friendly DES for the first time. The reaction
temperature and added precursor ratio have a significant impact on the formation of
NC with controlled dimensionality. The common surface halide vacancy related
defect lowers the PLQY of the synthesized NC and NPLs, which was restored by
oleylammonium halide treatment. The charge carrier dynamics of the synthesized
NCs in DES was similar to NC prepared by regular hot injection procedure. With
green DES as a synthesizing medium, our synthesis protocol lowered crystallization
temperature, took place in the open atmospheric condition, and produces good
quality NC with almost uniform size distribution. Our findings indicate that precise
control of the chemical environment of the perovskite precursor solution is crucial
for producing highly reproducible and efficient NCs, and it open up a new route for

accomplishing this employing DES medium.
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Lead toxicity as well as organic solvent related toxicity remained the key concerns
in the practical use of lead halide perovskite NCs. In this report, a facile synthesis
of lead-free Cs3Cuzls NCs in a menthol based green deep eutectic medium is
reported. The synthesized NCs showed uniform size distribution and a highly stoke-
shifted photoluminescence band centered at 445 nm with PLQY of 74%. Time-
resolved PL study reveals the presence of a short lifetime component. A detailed time
resolved emission spectral analysis further reveals the presence of a short-lived high
energy emissive state in the early time, which remained unobserved in steady-state
photoluminescence spectrum. This evidence of short-lived high energy emissive state

IS unique proposed as band-to-band direct emission.
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7.1. Introduction

Halide perovskite is one of the most flourishing scientific fields in the last decade
due to its highly promising characteristics in optoelectronics, solar cell,
photocatalysis, and so on. Lead halide perovskites (LHP) in the halide perovskite
family remain at the field’s forefront because of their high PLQY, easy PL tunability,
narrow PL bandwidth, and highly defect-tolerant nature.*> Despite the significant
advancements made in LHP materials, several technical and scientific barriers still
prevent their widespread commercial use.®” Among these, lead toxicity is one of the
severe flaws.”® Also, the inherent instability of the LHP structure in an open
atmosphere restricts its commercialization.®? Thus, it is essential to develop high-
performance lead-free perovskites for optoelectronic applications. Concern to this,
parallel research has been devoted to replacing lead in the B-site of the perovskite
structure with other non-toxic metals, such as Sn, Mn, Cu, Ge, and Bi.> !
Unfortunately, the low chemical stability of Sn-based perovskite is caused by the
easy oxidation of Sn?* to Sn** in the air.!"'> Along with the environmental
instability, the tin-based perovskite NCs shows very low PLQY due to intrinsic
defect.!? Due to the same problem germanium-based perovskites are also less
explored.t! On the other hand, the efficiency of bismuth-based perovskites is not
sufficient until now to compete with pure lead analogs. Despite being of comparable
size as Pb?*, the bismuth (Bi*) trivalency causes the B sites to be occupied in a 2:1
ratio, creating a stoichiometric AsBi>Xo.1 13 These perovskites often display low

conductivity due to the high concentration of vacancies, which limits their use.!

In recent times, lead-free CssCuzls, a zero-order perovskite structure has drawn
research interest due to its strong blue photoluminescence.4> High PLQY and very
stable crystal structure make this perovskite structure ideal for next-generation
optoelectronic applications.® CssCuzls along with its other halide analogs show
broad, highly Stokes-shifted, and long lifetime photoluminescence originating from
self-trapped excitons (STE) due to excited state Jahn-Teller effect.*4-1® Due to their
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significant large Stoke shift, these materials exhibit self-absorption-free emission,
which is extremely valuable in optoelectronics. 1416 The Stoke shift is even larger in
Cs3CuzBrs and CssCu2Cls than in CszCuqls because of higher exciton phonon

coupling.t6-17

Free excitons are always in a competitive relation with STE.1819 So, it is abnormal
that free exciton emission is not observed in steady-state PL spectra of Cs3Cu2Xs
perovskites.'* To date, no evidence of such excitonic band-to-band emission is
reported in Cs3CuxXs perovskites and reasoned as very fast transition of charge

carriers to the STE states after photoexcitation.4

Besides Photophysics, the synthetic control of Cs3Cu2Xs perovskite also gained
interest in recent times.*>29-2 Although, most of the synthesis methods produce bulk
Cs3Cu2Xs, recently controlling the size and morphology of these materials have also
come into focus.?-22 However, the optical properties of both NCs and bulk crystals

of these copper halide NCs are mostly similar.> 22

The solvent-related toxicity is also one of the major concerns in perovskite NCs
synthesis.?* The copper-based halide perovskite NCs which eliminate lead-related
toxicity, are also synthesized through conventional ligand-assisted reprecipitation
(LARP) or hot injection procedures, which involve the use of hazardous organic
solvents like dimethyl formamide (DMF), skin penetrating dimethyl sulfoxide
(DMSO0), or octadecene.'® Apart from this, the coordinating ability of these organic
precursor solvents is detrimental to the long-term colloidal stability of the NCs.?>%7
Addressing these solvent-related issues, ionic liquid (IL) mediums have already been
used in lead halide perovskite NC synthesis by Hoang et al. in 2020.28 We also have
synthesized MAPbBr3 NCs in an IL-type medium composed of hydrophobic lauric
acid (LA) and methylamine that results in the formation of water-stable
MAPbBrs@lead laurate core-shell nanostructure with near-unity PLQY which has
been discussed in chapter-5. However, the poor solubility of lead halide salts in these

IL mediums, along with selectivity toward the preparation of methylammonium-
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based perovskite NCs restrict its use in a broad aspect. In order to overcome these
limitations, we used three menthol based deep eutectic solvent (DES) media in order
to synthesize pure inorganic CsPbXs NCs (X=ClI, Br, and 1) with high PLQY.
However, to date, the synthesis of copper halide perovskite NCs in the green
alternative medium is not yet been reported, which is necessary to discard both lead-

related as well as solvent-related toxicity for large-scale industrial production.

Herein, we report a facile green synthesis of phase pure lead-free CssCuzls NCs with
uniform size distribution and PLQY of 76% in lauric acid-menthol DES (LAMe) for
the first time. The colloidal suspension shows a broad blue emission originating from
the radiative recombination of STE. Time-resolved emission spectra (TRES) of the
NCs reveal the presence of another short-lived higher energy emissive state, which
is proposed to be band-to-band recombination in the NCs. The evidence of higher
energy emissive state in copper-based perovskites is unique and will help to
understand the photophysics of copper halide perovskites in a extensive way in near

future.
7.2. Results and discussions

Cs3Cuzls NCs are synthesized in LAMe DES medium through a modified hot
injection procedure. In brief, Cul is dissolved in LAMe in the presence of
oleylammonium iodide (OAmI) at 80 °C under high vacuum. The cesium precursor
was also prepared by dissolving CsCO3z in LAMe in the presence of LA under an
inert atmosphere. The cesium precursor was heated to 75 °C before injecting to the
copper iodide precursor. However, the Cul precursor cooled down to room
temperature before the addition of the cesium precursor. After the addition of cesium
precursor, the system was cooled down in an ice bath, and NCs were collected after
purification. The detailed synthesis procedure is discussed in section 2.9.16 of

chapter 2. All the studies were performed with the toluene suspension of the NCs.
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7.2.1. Characterizations

The Cs3Cuzls NCs crystallize in pure orthorhombic phase (Pbnm) evident from the
PXRD pattern of the NCs depicted in figure 7.1. The phase purity of the NCs can be
visualized from the reference pattern (Ref. code: 01-079-0333). The energy
dispersive spectroscopic (EDS) analysis was done to check and confirm the actual
atomic percentage of the respective atoms in the NCs. The result of the EDS analysis
Is tabulated in table 7.1.

Cs;Cu,l; NCs

Intensity (a.u.)

Ref. Code: 01-079-0333
| | Pbnm
ll I L i II
30 40 50

10 20
260 (°)

Figure 7.1. Powder X-ray diffraction (PXRD) pattern of the synthesized Cs3Cuzls NCs.

Table 7.1. EDS analysis shows the relative atomic percentage of Cs, Cu, and | in Cs3Cuzls
NCs.

Element Cs Cu |

Atomic percentage (%) 31% 10.5% 58.5%

Figure 7.2a and figure 7.2b depict the transmission electron microscopic (TEM)
images of CssCuzls NCs in lower and higher magnification, respectively. These
demonstrate the formation of spherical NCs with a fairly uniform size distribution
with average size of 22 nm (figure 7.2c). The SAED pattern of the area presented in
figure 7.2b shows the polycrystalline nature of the NCs (figure 7.2d). The high-
resolution TEM (HRTEM) image of the NC is represented in figure 7.2d. The FFT
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pattern is shown in the inset of figure 7.2e. The Fourier filtration of figure 7.2d
produces figure 7.2e from which (122) lattice fringes with an interplanar distance of

0.37 nm is clearly observed.

18 20 22

103

Size (nm)

)

10 1/nm 5 £ = ||I|

Figure 7.2. Transmission electron microscopic (TEM) analysis of CszCuzls NCs. (a) TEM

image of Cs3Cuzls NCs in lower magnification. (b) TEM image of CszCuzls NCs in higher
magnification. (c) Size distribution of Cs3Cuzls NCs. (d) SAED pattern of CszCuzls NCs. (e)
HRTEM image of Cs3Cuzls NCs. The FFT pattern is shown in the inset. (f) Fourier filtered
image of figure 7.2e showing (122) lattice fringes.

7.2.2. Optical properties

The purified Cs3Cuzls NC suspension shows an absorption peak cantered at 290 nm
(black solid line in figure 7.3a) and a broad PL spectrum (blue solid line) with
maximum at 445 nm. Inset of figure 7.3a shows the bright fluorescence photo of the
NCs solution under UV illumination. The PLQY of the NCs is measured to be
76+4%. The PLE spectrum monitored at PL maxima shows a sharp band centered at
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293 nm. The excitation wavelength-dependent PL spectrum of the NCs exciting at
different wavelengths from 270 nm to 310 nm is depicted in figure 7.3b. The
broadband PL spectra with PL maxima at 445 nm are exactly the same for the PL
spectra excited at different wavelengths. As seen in figure 7.3c, the PLE spectra
show the exact same shape and peak position when measured at various emission
wavelengths between 380 to 540 nm. The aforementioned findings demonstrate that
the PL emission of the CszCuxls NCs originates from the relaxation of the same
excited state, which is in line with the previous reports.'41> This further proves the

phase purity of the synthesized NCs.
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Figure 7.3. Optical properties of Cs3Cuzls NCs. (a) Steady-state absorption spectrum (black
spectrum), PL spectrum (solid blue spectrum), and PL excitation (PLE) spectrum (solid violet
spectrum) of purified toluene suspension of CssCuzls NCs. The inset shows the photographic
image of Cs3Cuzls NCs suspension under 265 UV excitation. (b) Excitation wavelength-
dependent PL spectrum of Cs3Cuzls NCs. (c¢) PLE spectrum of Cs3Cuzls NCs collected at

246



Chapter-7

different PL wavelengths. (d) Time-resolved PL transient of Cs3Cu2ls NCs monitored at PL

maxima.

The time-resolved PL transient of CszCuzls NCs shows a biexponential decay
Kinetics with a short lifetime component of 3.9 ns having a relative contribution of
3% and a long decay lifetime component of 534 ns with a relative contribution of
97%. The long decay component arises from the recombination of self-trapped
excitons.** 2° However, the origin of the short decay component is a little ambiguous.
Although most of the recent articles have reported the monoexponential PL decay
kinetics of CszCuzls NCs, few reports have shown the multiexponential PL decay
Kinetics, which suggests that trap-assisted recombination is the origin of short-
lifetime components.®®-32 But till now a detailed explanation of the origin of this

short-lifetime component is absent.
7.2.3. Origin of short lifetime decay component

In Cs3Cuzls perovskite, the photogenerated electron and hole get spatially separated
and remain concentrated on copper and iodine atoms, respectively.'* These spatially
separated electrons and holes are then trapped because of the lattice distortion and
remain confined, which explains the system’s prolonged lifetime.'* However, the
presence of a short lifetime component in the PL decay Kkinetics ensures the
availability of another recombination site other than STE in the system. To check,
the energy distribution of these states, the PL decay kinetics of CszCuzls NCs were
measured at various PL transients from the blue end to the red end of the PL
spectrum (figure 7.4a and figure 7.4b). The relative contribution of these states to
the overall steady-state PL intensity (fi) was also calculated at various PL transient
wavelengths using the formula,

= T (7.1)

2iaiTi

Where a; is the relative contribution of ;.
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The results are tabulated in table 7.2.

Table 7.2. PL transient analysis at various PL wavelengths.

Transient Ty (NS)  a (%) f1 (%) 1T,(ns) ap (%) fa (%)
wavelength (nm)
370 1.2 96% 5.3% 549 4% 94.7%
375 1.3 93% 3% 541 % 97%
380 1.9 79% 1.3% 522 21% 98.7%
385 2 62% 0.5% 539 38% 99.5%
390 2.18 37% 0.2% 519 63% 99.8%
400 2.9 2% 0.1% 543 98% 99.9%
425 3.1 1% 0.04% 557 99% 99.96%
440 3.9 2% 0.08% 587 98% 99.92%
475 2.8 9% 0.06% 565 91% 99.94%
500 1.9 13% 0.1% 590 87% 99%
520 1.2 16% 0.1% 594 84% 99.8%
(a) 5000+ ——370nm —— 400 nm
\, : 375 :m - g 425 :m il — 370 nm
4000+ C— ggg nm — :;g nm "‘. 1!7‘1"%\'25 : g;g :m
£ 3000- ‘ \ —— 390 nm —— 500 nm BT
3 —— 390 nm
S 2000 e
1000 " s om
=] —— 500 nm
o_
0 200 400 600 800 1000 0 10 20 30 40 50
Time (ns) Time (ns)

Figure 7.4. (a) PL transients of Cs3Cuzls NCs at different PL wavelengths. (b) PL transients

of Cs3Cuzls NCs at different PL wavelengths in the early time region.

From the above analysis, we can see that one short-lifetime component is present in
all PL transients. The relative contribution of this short-lifetime component was
found to increase from 2% to 96% moving from PL maxima (~440 nm) to the blue
end of the PL spectrum (370 nm). This signifies that the states corresponding to the
short-lifetime component are situated in higher energy than the STE state. However,
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the contribution of this high energy state in overall steady-state PL intensity is
negligible because of the very long lifetime of the STE state. To see the evolution of
this high energy state and STE emission over time, time resolved emission spectra
(TRES) has been constructed. TRES analysis reveals that the emission intensity of
the high energy emissive state is higher than STE emission in early time (<0.5 ns).
The emission wavelength corresponding to this high energy emission is estimated to
be ~360 nm (~27600 cm™) from the fitting of TRES analysis. However, this value
may have been wrongly estimated as we could not take data points in higher energy
region due to very low emission intensity. However, it is confirmed that the short
lifetime decay corresponds to this higher energy emissive state. The fast decay of
this emissive state may be because of the excited state reorganization through the
excited state Jahn-Teller effect forming the STE emission band. However, we could
not prove this statement due to the lower resolution of our instrument. The early-
time high emission intensity of the high energy emissive state further proves that the
origin of this higher energy emission band is not from the trap or defects, as trap-
related emission intensity generally remains very low because of the non-radiative
channels.

Wavelength (nm)
500 400 350
1 1

1
High energy
emissive state

STE emission

m PL spectrum
— 0 ns — 2ns
200 ns
—— 1000 ns

PL intensity (a.u.)
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0 | <
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Figure 7.5. TRES of Cs3Cuzls NCs. The contribution of high energy emissive state is in the

violet background region and the contribution of STE state is in the blue region.
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Another interesting fact from this wavelength dependent PL analysis is that the
relative contribution of the short-lifetime component also increases towards the red
end of the PL spectrum (2% at 440 nm, and 16% at 520 nm). We propose that the
origin of this component is emission from the low-lying surface trap states which
are energetically situated below the STE states. As these trap states’ energy is just
below the STE state, we can track the contribution of these trap states at the red edge
of the PL spectra. So, we propose that the origin of short-lifetime components at the
blue edge and at the red edge of the PL spectrum are different and are originating
from high-energy band-to-band radiative recombination and from low-lying surface

traps, respectively.

7.3. Conclusions

In conclusion, the phase pure lead-

_ CB /
free Cs3Cu2ls NCs  with  the =

Self:fm'[)ping
1
\ 4

homogeneous size distribution of
2214 nm have been successfully
synthesized in LAMe DES green

medium. The NCs show a strong

Photoexcitation

broad steady-state PL band centered

at 445 nm originating from the STE

emission. The PL decay Kkinetics
VB

reveals the presence of a short-lived

state in the higher energy. Further ~Scheme 7.1. Schematic representation of the

. . recombination processes in Cs3sCuzls NCs.
TRES analysis confirms that the

high emissive energy state in the ~350 nm region is the origin of the short lifetime
decay component. The high emission intensity in the early time of this ~350 nm
emission band further nullifies the possible origin to be trap states and proposed to
be originating from band-to-band free exciton recombination. The very short
lifetime of this high-energy emissive state compared to the long-lived STE emission
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Is the main reason behind its absence in the steady-state PL spectrum. The evidence

of presence of a highly emissive energy state or free excitonic recombination is

unique and will help to understand the photophysics of the copper-based perovskites

from a new perspective.
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This chapter provides a detailed conclusion of the research work presented in this
thesis. Further, future aspects of the work presented in this thesis have also been
discussed.

258



Chapter-8

Even after almost a decade of research, the lead halide perovskite nanocrystals (LHP

NCs) are still far from their practical use. The main problem still remains the same:

stability and toxicity. Apart from the application-oriented research, the basic

perovskite NC research around the globe can broadly be divided into three

categories.

(i)

(i)

(iii)

The research to prolong its environmental and colloidal stability: This
part of the research mostly concentrates on using new ligand systems and
innovative core-shell structures to isolate the perovskite NCs from the outer
perturbations.

The research to maximize PLQY: This category also works in a similar
path to the previous one. The LHP NCs can have shallow surface defects
which lower the PLQY of the system. These surface defects can be
minimized by using proper surface passivation. Various innovative ligand
systems have already been reported to achieve 100% PLQY of LHP NCs.
Also, post-synthetic surface modifications by various ions also have been
reported to amplify the PLQY of the system. Doping of metal ions in the LHP
NCs also found to be beneficial to amplify its PLQY in many cases.

The research to minimize the toxicity: This part of the research mainly
deals with lead-related toxicity, which results in various lead-free perovskite
systems. However, these lead-free perovskite NCs are still far away to
compete with the excellent properties of LHP NCs. In recent times, various
lead-free perovskite NCs have been reported with high PLQY. In this respect,
Cu (1) halide perovskite NCs, and Mn (11)- based perovskite NCs have shown
very promising properties. However, in perovskite NCs synthesis we often
use hazardous organic solvents. This solvent-related toxicity always remains
underrated in perovskite research. The search for environment-friendly green
solvents is necessary to overcome this important issue. Various ionic liquid
mediums have recently been reported to synthesize LHP thin films, but the

synthesis of NCs in the green alternative medium is still rare.
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The overall research work presented has touched on almost every point mentioned
above. This thesis mainly focused on to achieve sustainability of halide perovskite

NCs. Technically this thesis can be divided into three subcategories.

1. Effect of heterovalent Bi®** doping on properties, stability, and on charge

carrier dynamics of LHP NCs

This part of the problem is covered in chapter-3 and in chapter-4. In chapter-3,
reversible ultra-slow crystal growth is observed in Bi®** doped MAPbIs NCs.
Whereas, in chapter-4, the reason for photoluminescence quenching upon Bi®*

incorporation in MAPbBrs NCs is studied.

General conclusions: The Bi®* doped LHP NCs are found to be superior in terms of
stability to their pure lead analogs and Bi®* doping in LHP NCs does not alter the
crystal phase in the NCs. The dynamic ligand binding of oleic acid/oleylamine is the
reason behind the ultra-slow crystal growth in Bi®* doped MAPbI3 NCs. A particular
temperature stabilizes a particular size of the NCs and this temperature-dependent
size change is reversible which is very unique. Bi®* doping in LHP NCs quenches
the PLQY to a large extent and the reason for this is further investigated in Bi%*
incorporated MAPbBrs NCs through charge carrier dynamics. It is seen that the
formation of deep trap states upon Bi** incorporation in MAPbBr3 NCs is the reason
behind the PL quenching and these trapping sites are not related to the surface of
NCs. The trapping transfer process quickly depopulates the excitonic state, resulting
in quenching in the PL transient. The density of the deep trap states is found to be
more associated with the lower energy PL transitions. The inertness of the bismuth
6s orbitals due to higher spin-orbit coupling leaves behind the bromine 6p orbitals
as non-bonding which are proposed to form the deep trap states within the lattice.
Further, these deep trap states have been passivated by co-doping K* into the lattice,
which eventually amplifies the PLQY from 9% to 64%. This co-doping also boosted
the stability of the system and the PL intensity and PXRD patterns remained

unaffected for up to 21 days. So, the main conclusion of this work is by co-doping
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K* in the lattice with heterovalent Bi®*, higher stability can be achieved without
hampering the PLQY of the system. Also, through doping with Bi®* and K* the

toxicity of the system gets reduced by lowering the lead percentage in the materials.

Future aspects: These two studies provide a general idea that how Bi%*
incorporation can change the stability, and photophysical properties of the LHP NCs.
Further scope is there to study how in presence of bismuth, other metal ions other
than K*and Na* can change the PL properties and stability of the system. Also, in
iodide based NCs, if the growth can be stopped intentionally by any outer

perturbation at a particular time, then NCs with desired PL can be easily synthesized.

2. Reducing organic solvent-related toxicity by synthesizing perovskite NCs

in environment-friendly solvent

This part of the problem is covered mainly in chapter-5 and in chapter-6. In
perovskite NC/thin film synthesis we generally use organic precursor solvents like
dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), N-Methyl-2-pyrrolidone
(NMP), octadecene (ODE). Long-term exposure to certain organic solvents can have
serious negative effects on human health. To minimize this solvent toxicity, in
chapter-5, an innovative ionic liquid medium is introduced for MAPbXs NC
synthesis (X= CI, Br, I). In chapter-6, menthol-based deep eutectic solvents are

introduced as a green medium for LHP NC synthesis.

General conclusions: Hoang et al. reported a facile synthetic approach for the
synthesis of MAPbBrs NCs in the environment-friendly green solvent medium in
2020. This was the first report of LHP NC synthesis using an alternative green
solvent. In this report, they have synthesized IL mediums composed of methylamine
and short-chain carboxylic acids (C1-C4). Although, the PLQY of the synthesized
NCs was decent (~50%), the water stability was not satisfactory. To overcome this
water-stability issue, in chapter-5 a new IL medium is introduced composed of

methylamine with hydrophobic lauric acid (LA). This creative application of LA in
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the IL composition provided a variety of functions. The MAPbBr3 NCs can easily
be synthesized by the direct addition of PbBr» salt into the IL medium. Although the
PLQY of the synthesized NCs is only 19% the hydrophobic LA in the ligand
environment provides long-term stability for up to six months. The most intriguing
aspect of this work is how the MAPbBrs NCs create a lead laurate shell over them
as a novel type of self-defense when they come into contact with water. This core-
shell structure is found to be beneficial in (a) preventing further degradation of the
NC, and it becomes highly water stable (at least for two months), (b) surface
modification to induce a massive five-fold amplification of PLQY (to near unity),
and (c) restricting the anion exchange reaction. Also, this IL medium was further
used to synthesize MAPbCIz and MAPDI3z NCs.

Although the synthesized MAPbBr3 NCs synthesized in IL medium composed of
methylamine and lauric acid showed very interesting properties, this synthesis

technique has some limitations.

(1) As the NCs are synthesized by the direct addition of lead halide salts, the size
and morphology of the NCs cannot be tuned in a proper way.

(2) The mixed halide perovskite NCs cannot be prepared directly.

(3) Proper doping of any other metal ions is not possible.

(4) Also, most importantly as methylamine is a part of the IL medium which
contribute as the A-site cation of the perovskite structure, all of these reported
methylamine-based IL media are very much selective towards
methylammonium-based LHP system. Pure inorganic LHP systems cannot be

synthesized in these media.

To overcome these issues, we need a green medium with a high solubilizing ability
of precursor salts that will remain inert in the synthesis process. Addressing these
problems, in chapter-6 three different menthol-based deep eutectic solvents (DESSs),
c.a. 1:2 lauric acid/menthol (LAMe), 1:1 caprylic acid/menthol (CAMe), and 1:1

butyric acid/menthol (BAMe), were introduced for the synthesis of cesium lead
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bromide perovskite NCs. In these DES solvents lead halide salts are highly soluble
in presence of oleylamine. The reaction temperature and added precursor ratio have
a significant impact on the formation of NC with controlled dimensionality. Further,
all other halides/mix halide perovskite NCs were synthesized using the similar
procedure in the DES medium. Also, this synthesis protocol used green DES as the
synthesizing medium reduced the crystallization temperature, took place in an open
atmosphere, and produced high-quality NC with nearly uniform size distribution and
with high PLQY. This further concludes that these DES media can be a potential

green alternative for any kind of perovskite NC synthesis.

Future aspects: This part of research is new and currently in its infancy. Various
new green synthetic media can be used to synthesize the NCs. Also, the effect of
various synthetic factors e.g., effect of temperature, precursor concentration, effect

of different ligands in these media need to be studied in detail.

3. Synthesizing lead-free CssCuzls NCs in LAMe DES medium: Discarding

both solvent and lead toxicity

This part of the thesis is covered in chapter-7. Here LAMe DES is used as a green
solvent to synthesize CszCuzls NCs through which both lead toxicity and solvent

toxicity can be discarded.

General conclusions: The synthesized NCs showed uniform size distribution of size
~22 nm. The NCs exhibit a strong, broad steady-state PL band with a center
wavelength of 445 nm that results from self-trapped exciton (STE) emission. The
main focus and interesting part of this work is the photophysics of the NCs. The
presence of a transient state in the higher energy is revealed by the PL decay Kkinetics.
Further time-resolved emission spectra (TRES) analysis reveals that the short
lifetime decay component originates from the high emissive energy state at around
360 nm. The high emission intensity in the early time of this ~360 nm emission band

further nullifies the possible origin to be trap states and proposed to be originating
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from band-to-band free exciton recombination. The fundamental reason for its
absence from the steady-state PL spectrum is the extremely short lifetime of this
high-energy emissive state in comparison to the long-lived STE emission. The
evidence of a highly emissive energy state or free excitonic recombination is novel

and will provide fresh insight into the photophysics of copper-based perovskites.

Future aspects: Apart from green synthesis, this study provides a clear and unique
insight into the Photophysics of copper-based perovskite NCs. The evidence of the
presence of a high-energy emissive state in the system arises a clear question on the
timescale of the excited state Jahn-Teller effect i.e., the excited state reorganization
time. In general, it is believed that this excited state reorganization process is too fast
for these copper-based perovskite systems that we cannot see any direct emission
band. But the actual reason behind this is the very long lifetime of the STE state
compared to the short-lived high energy emissive state. From this study, although
the existence of the high-energy emissive state is confirmed the dynamics of this
state still remain a mystery. The time limit of the instrument restricts us to its actual
dynamics. However, a better and more detailed study is required to understand the

actual Photophysics of this system.
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Reversible Ultra-Slow Crystal Growth of Mixed Lead Bismuth
Perovskite Nanocrystals: The Presence of Dynamic Capping

Shovon Chatterjee,”

Pratik Sen*

~
Abstract: An ultra-slow crystal growth over a period of

24 h of a newly synthesized CH;NH,Pb,,Bi,;l; perovskite
(MPBI) nanocrystal in non-polar toluene medium is report-
ed here. From several spectroscopic techniques as well as
from TEM analysis we found that the size of nanocrystals
changes continuously with time, in spite of being capped
by the ligands. Using a single molecular spectroscopic
technique, we also found that this size change is not due
to the stacking of nanocrystals but due to crystal growth.
The notable temperature dependence and reversible
nature of the nanocrystals growth is explained by the dy-
namic nature of the capping. The observed temperature-
dependent ultra-slow growth is believed to be a pragmat-
ic step towards controlling the size of perovskite NC in a
systematic manner.

J

Organic-inorganic hybrid perovskite materials of ABX; type
with A as the organic cation, B as the inorganic cation and X
as halide ions rendered appreciable interest to the scientific
community due to their unique properties suitable for the con-
struction of a photovoltaic cell with very high efficiency!'~
The nanocrystalline form of such perovskite materials showed
a large fluorescence quantum yield with better photostability
and considered to be a good replacement of the traditional
chromophores.” The compositional tuning of such a nanocrys-
tal (NC) provides well-tuned emission characteristics of the ma-
terial that makes it a potential candidate in the field of opto-
electronics, such as in lasers, nonlinear optics, and light emit-
ting diodes.”® Until now most of the reported perovskite NCs
are lead (Pb)-based with high emission quantum yield.” Keep-
ing in mind the toxic nature of lead, it is desired to develop
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perovskite NCs with lower Pb content without compromising
its interesting properties. Further, these Pb-based NCs exhibit
poor moisture resistance, making these extremely vulnerable
in the ambient conditions.® Recently scientists have started to
explore Pb-free perovskites with various cations at the B-site.”
Among these, bismuth (Bj -based perovskites provide a better
stability in the ambient condition, which is very much required
for the application of these materials."” However, the quantum
yield of these Bi-based perovskite NCs is very low.""" Therefore,
it is a primary concern to search for a system with high quan-
tum yield without compromising stability. Keeping this in
mind, we have synthesized organic-inorganic hybrid iodide
perovskite NCs with an appropriate ratio of Pb?* and Bi** in
order to maintain the formal charge balance that is, (+2) in
the B-site of these perovskites. Properties of Bi-doped Pb
halide NCs have been explored recently by some research
groups."”>"¥ In our previous study, we have also reported the
potential of these charge-balanced hybrid Pb-Bi perovskite
thin films for solar cell applications."

Capping of NCs with long-chain organic moieties is a key
step for size control synthesis of the NCs as without capping,
the NCs stability is being compromised due to the formation
of non-fluorescent bulk perovskite materials.™ Thus, capping
is one of the most efficient ways to enhance the stability of
perovskite NCs in the solution"® Oleic acid (OA) and oleyl-
amine (OAm) are popular capping agents reported in the liter-
ature for the synthesis of such perovskite NCs.">'®'®'% OA has
less capping ability than OAm, but any of these two alone
cannot provide a sufficient stability to Pb perovskite NCs be-
cause of their poor binding with Pb?"."® However, when these
two ligands are used together, they form the oleate anion and
olylammonium cation, which are better capping agents due to
the strong interaction with Pb?" and X°, respectively."*'¥ For
size and shape tunable synthesis of perovskite NCs, the pro-
portion and the amount of OA and OAm play a crucial role.
Akin to most of the nanomaterials, the properties of perovskite
NCs depend highly on their size and shape.'® With increase in
the size of NCs, the emission maximum shifts towards lower
energy, which can be controlled by the capping agents. Under
controlled conditions, the spectral properties do not show any
time dependence in most of the cases, rendering the forma-
tion of a stable NC.*%'>" |nterestingly in one report, Seth
et al. have demonstrated the time-dependent shift of the emis-
sion maxima for CsPbBr; and CsPbBr;l perovskite NC suspen-
sions under continuous light irradiation.”” To explain this phe-
nomenon, the authors hypothesized a change in average size

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ABSTRACT: The low photoluminescence quantum yield of Bi**-doped lead halide
perovskite nanocrystals (NCs) is a big challenge to the scientific community. This makes
them a weak candidate in the optoelectronics field in spite of their better stability than the
pure lead analogue. Herein, the reason behind this reduction of quantum yield in hybrid mixed
lead—bismuth bromide (MPBBr) NC is investigated and proposed to be due to ultrafast
trapping transfer in the core of the NC, and not due to the surface trap states. Further, we have
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successfully boosted the quantum yield of MPBBr NC from 9% to 64% by passivating the deep Time (ns)
traps within the crystal core by monovalent potassium ion doping. The stability of the MPBBr

developed Bi**/K*-doped lead halide perovskite NC was found to be extremely high in
atmospheric conditions, and this property is sustained up to 100 °C.

In recent years the scientific community has noticed a
rapidly growing interest in lead halide perovskite systems
due to their unique properties.' ™ The efficiency of the solar
cell is recorded as high as 24% using perovskite material.* On
the other hand, the nanocrystalline (NC) version of these lead
halide perovskite systems render high attention due to their
promising optoelectronic properties with high photolumines-
cence (PL) quantum yield (QY).>~” Compositional and
dimensional tuning of these materials provide a way to adjust
the band gap, which eventually provides well-controlled
emission characteristics ranging from violet to red. This
makes lead halide perovskite NCs appropriate for laser,
nonlinear optics, and light-emitting device applications.*”
The toxic nature of the lead as well as vulnerability of lead
halide perovskite in atmospheric conditions is a real hindrance
to make these materials useful for commercial purposes.'® This
leads to the development of lead-free and B-site-doped
perovskite materials. Doping refers to the intentional insertion
of a heteroatom to a target lattice, while keeping the basic host
crystal structure intact, to modulate the fundamental
optoelectronic properties of the material.'""'* The hetero-
valant-doped perovskites have shown better stability with
respect to the pure lead analog with unique PL properties. "
Charge carrier dynamics as well as detailed PL studies of such
perovskite NCs have yet to be explored though. A few recent
reports have partly revealed the excitonic behavior of these
kinds of materials.'"""> Bi** is a common heterovalent dopant
for the B-site of the lead halide perovskite lattice as it does not
affect the perovskite crystal architecture due to its similar ionic
radius compared to that of Pb* (Pb**: 119 pm and Bi**: 117

© 2020 American Chemical Society
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pm)."* However, Bi** doping drastically drops the PLQY of
lead halide perovskite NC and eventually makes it a bad choice
in the field of optoelectronics, despite its greater stability in
air."*™"* According to previous reports, the reason for the drop
of PLQY is believed to be due to the activation of trap-state-
induced quenching processes.'”'® It is believed that Bi*"
induces trap states just below the conduction band.'"* To
date, it is a common challenge to the perovskite community to
increase the quantum yield of the bismuth-doped lead halide
perovskite NC,'“"” and we believe that the knowledge of the
nature of the trap states is the key to this endeavor.

For lead halide as well as lead free perovskite NCs, surface
passivation is a popular technique to increase the PL
efficiency.'”'® Long chain organic ligands are routinely used
for this purpose.”® Recently the use of extra halide and alkali
metal ions have been reported as surface passivator that
eventually boost the PLQY.'””" Alkali metals are introduced
within the perovskite lattice to increase the emission properties
and stability of the PNCs.”' However, detailed study of charge
carrier trapping in Bi*'-doped lead halide PNCs and way to
boost its PL quantum yield is still a concern.
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Vulnerability to atmospheric conditions and their associated toxicity limit the practical/industrial use of
perovskites despite their tremendous promise in optoelectronics. This study utilized an ionic liquid-like
solvent to synthesize methylammonium lead bromide (MAPbBrz) nanocrystals (NCs). The synthesized
NCs showed a moderate photoluminescence quantum yield (PLQY) of ~19% and high environmental
stability of at least six months. Further, the entire visible range was tuned through the anion-exchange
method. More interestingly, the synthesized NCs formed a core-shell structure in a unique self-defence
mechanism in the presence of water, which was proposed to be MAPbBr;@lead laurate. This core-shell
structure was found to be beneficial for (a) preventing further degradation of the NC, and making it
water stable (at least for two months), (b) improving the PLQY by surface modification inducing a
massive five-fold amplification, and (c) restricting the anion-exchange reaction. Moreover, these unique
properties were achieved without any special control. Moreover, the successful synthesis of other
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1. Introduction

Halide perovskites are considered a potential game changer in
the field of light-emitting diodes, solar cells, photodetectors,
and bioimaging because of their unique optical and electronic
properties.' ™ Despite the tremendous promise, their practical/
industrial applicability is limited because of their vulnerability
to atmospheric conditions, and due to toxicity related to the
perovskite materials and their synthesis.""* This study utilized
an ionic liquid-like solvent that could largely reduce synthesis-
related toxicity, minimize structural defects, and protect the
perovskite nanocrystal from degradation by water through a
self-defence mechanism.

The most widely used precursor solvents for perovskite
synthesis are hazardous and toxic dimethylformamide (DMF)
along with its homologous dimethylacetamide (DMAC),

Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur - 208
016, UP, India. E-mail: p ili
Fax: +91 51 2259 6806; Tel: +91 51 2259 6312
 Electronic supplementary information (ESI) available: PXRD pattern of
MAPbBr; NCs, XPS data of MAPbBr; NCs and MAPbBr;@lead laurate, FESEM
data of MAPbBr; NCs and MAPbBr;@lead laurate, the stability information of
MAPbBr; NCs, the anion exchange related data of MAPbBr;@lead laurate system
and video of water stability of MAPbBr;@lead laurate NC. See DOI: https://doi.
0rg/10.1039/d2ma00681g

iitk.ac.in, jitk.ac.in;

7360 | Mater Adv, 2022, 3, 7360-7369

MAPDX; (X = Cl, I) demonstrated its potential applicability.

N-methyl-2-pyrrolidone (NMP), and skin-penetrating dimethyl
sulfoxide (DMSO). Another critical problem with these solvents
is their high coordinating ability with the perovskite surface,
which eventually facilitates the degradation of the perovskite
structure and the formation of surface defects.” The use of
less hazardous and non-coordinating organic solvents, like
acetonitrile (ACN), for this purpose has been attempted in
recent times.”'” A recent breakthrough was achieved using
ionic liquids (ILs) (like carboxylic acid-methylamine,
imidazole-based ionic liquid, and so on) as the precursor
medium.'"'?* The first report came in 2015 by Moore et al.
describing the synthesis of a hybrid lead halide perovskite
(MAPDI;) thin film using methylammonium formate ionic
liquid." Consequent studies have proved the massive potential
of such an approach.’™'7 A few studies have also been
undertaken to venture into the fundamental roles of the ILs
in controlling the perovskite nanocrystals’ (NCs) crystallization,
nucleation, growth, interface modification, and overall power
conversion efficiency (PCE).'"'*'®'* The use of such solvents
serves many purposes; including (i) these can solubilize a vast
series of materials;'* (ii) by forming active intermediates, it
provides an opportunity to control the crystal-growth pro-
cess;' "' (iii) by interacting with uncoordinated lead, it might
provide a much-needed enhancement in the PLQY;>' (iv) these
liquids are considered environmentally friendly;'"™** (v) the

© 2022 The Author(s). Published by the Royal Society of Chemistry

271



