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ABSTRACT

The introduction of double perovskite has lead to develop Lead-free perovskites that have
similar properties to that of the predecessors, with nearly the same efficiency. Three-
dimensional (3D) hybrid organic—inorganic lead halide perovskites (HOIPs) feature
remarkable optoelectronic properties for solar energy conversion but suffer from
longstanding issues of environmental stability and lead toxicity. Associated two-
dimensional (2D) analogues are garnering increasing interest due to superior chemical

stability, structural diversity, and broader property tunability.

Toward lead-free 2D HOIPs, double perovskites (DPs) with mixed-valent dual metals are
attractive. Translation of mixed-metal DPs to iodides, with their prospectively lower
bandgaps, represents an important target for semiconducting halide perovskites, but has
so far proven inaccessible using traditional spacer cations due to either intrinsic
instability or formation of competing non-perovskite phases, thus usage of bromides id
due to its optical properties which are highly tunable, through varying the layer thickness
and increasing the length of the organic spacer. Here are critical measures of ongoing
works concentrated on the two-dimensional (2D) perovskite materials due to their special
physical and compound properties emerging from the quantum confinement impact. This
thesis work characterizes upon the fact of synthesizing A,AgSbBrs with different spacer
cations, and since many Bi DPs have been synthesized and Sb is isoelectronic to Sh, thus
it can also be used for processing DPs. The second chapter helps in understanding the
different characterization techniques which were used in the experimentation processes to
recognize the formation of certain perovskites. The characterization processes used were

Photoluminescence, UV-Vis Spectroscopy and X-Ray Diffraction.

The third chapter of synthesis helps in understanding the production by amount of the
certain perovskites using different spacer cations. The fourth chapter helps in the
characterization of these attempts to synthesize the hybrid perovskites, followed by the

final chapter of future aspects and its outlook.

Xiii
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CHAPTER 1- INTRODUCTION

1.1. Demand for alternate source of energy

The demand for energy and development of industrialization, the non-renewable fossil
fuels have dragged humanization into an energy crisis. The consumption of fossil fuels to
produce energy by its combustion causes air pollution and climate change, which have
serious international implications from the past decade. Due to these causes, people are
finding other alternative renewable sources of power, such as solar energy, wind, hydro-
energy to replace the non-renewable sources. These are being greatly developed over the
past few years, as shown by the figures for Great Britain electricity generation by
renewable during 2003-2016 in Fig. 1.1. Of all the renewable energies, solar power is
believed to be the supply of nearly all energy on the earth. It is so abundant that the
energy from sunlight hit on the earth in a year is as high as 1.5 x 1018 kWh,
that is quite 100 times the  entire energy  of well-known fuel reserves everywhere the
planet. [1] Thus the development of an efficient way to make use of solar power would
be highly helpful for fulfilling societal demand. Photovoltaic cells are one way to reap the

solar energy.
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Fig. 1.1 Electricity generation by renewable sources in UK during 2003-2016.
Reproducedfrom data provided by National Statistics. [Reproduced from Reference
Number : 1]



1.2. Lead-Halide Perovskites

Lead-Halide perovskites are the frontrunners for the third generation in solution based
photovoltaic research. Due to its low cost and higher power conversion efficiencies, they
are closed to being commercialized. Especially, the prime discovery is the well balanced
electron-hole diffusions and gain properties in these materials emerge as a prominent role
in discovering structure-function relationship and giving access to potential feedback for

material development.[2]

The general structure of a Pb-Halide perovskite can be classified as ABX; type
perovskite. Here A is a mono-valent cation and [BXs]* has a octahedral structure that
form the unit cell, where B?* is the Pb** ion and X is the halide. The basic perovskite

structure is shown below in Fig 1.2.

¢

® A
o ’ o X
L : Y

Fig 1.2. ABXj; perovskite structure where, A represent the mono-valent cation, B the
Pb%" and X the halide ions. [Reproduced from Reference Number 3]

The advantaged of Pb-Halide based perovskites are mainly attributed to its stability in
organic solvents and ease-of-tuning heir band edges. These perovskites are easy to
process, low cost and moisture tolerant which bring new breakthrough in Material
Chemistry. [4]

One of the main drawback of these Lead-based Halide Perovskite is that it contains Pb

which is a harmful chemical to the nature. Even though the production cost is low, the



toxicity caused due to these perovskites make them vulnerable for further production,

hence it was necessary to develop an alternative to it.

1.3. What is a Double Perovskite?

Double Perovskites (DP) were created to tackle the problem for replacing Pb in
perovskites, by strategically replacing two d-block metallic ions. Basically instead of
Pb**, a B'* mono-valent ion and a B""* trivalent ion, thus giving a A,B'B"'Xs type

structure .The general structure is shown below in the Fig 1.3.

Simple perovskite structure Double perovskite structure
A = CH;NH,*, CH(NH,)(NH,)*, Cs* etc| A =CH3;NH,* CH(NH,)(NH,)*, Cs* etc
B2+ = Ph2* B* = Ag*, Cu*, Na* etc
X=Cl, Br, I B3* = Bi3*, Sb3*, In3* etc
X=Cl,Br, I

Fig 1.3. Schematic representation of the structures of simple and double perovskites
showing the difference in the elemental composition in the B site. [Reproduced from
Reference Number 5,6]

The advantage of DP structures is mainly its flexibility for its different composition
adjustments. Prospective research in this field is in the directions to improve the

optoelectronic properties which help in discovering new Pb-free halide DP. [6]

In this thesis, we study the synthesis of various DP which have a metallic backbone of

AgSh, where Ag is the mono-valent ion and Sb is the trivalent ion. By also changing the



A" mono-valent ion, by not only using Cs*, we observe different properties and changes
to the DP.

1.4, Why A,AgShXe?

Since, Bi and Sb are isoelectronic with lone-pair activity and similar size, thus making it
easy to synthesize its analogues using solution based routes. For example the commonly
synthesized Cs,AgSbCls, the Valence Band is mainly accreditted to the Ag 4d, Sb 5s, and
Cl 3p states while the Conduction Band primarily is composed of the Ag 5s and Sb 5p
states, which can be rationalized o the Br usage as a halide with AgSb in the thesis. On
the contrary, the VB to CB transition happens between halide’s p states and p states of
Sh. Adding to that, the Sb atoms have the Conduction Band-associated charge density
mainly locates on it, while the halogens have the VB distribution is localized on it, which
enhances the separation of holes and electrons. High photovoltaic performance
opportunity is provided by the high electronic dimensionality. [7,8] Fig 1.4 and Fig 1.5.
show the structure of Cs,AgSbClg and different electronic bands and the different energy

levels of it respectively.

Fig 1.4. Schematic representation of Cs,AgSbCls [Reproduced from Reference
Number 7]
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Fig 1.5. (a) Energies of different levels with electronic jumps (b) The movement of
holes and electrons from the VBM to Sb-5p energy level. [Reproduced from

Reference Number 8]

1.5. Spacer Cations

Organic spacer cations in layered 2D double perovskite with a generalized structure,
(A1)2(A2)n -1Bn X3n +1 (Where Ajp is an organic cation acting as a spacer between the
perovskite layers, A, is a mono-valent cation) perovskite materials enhance the long-term
stability of the resulting PSCs, but affect their power conversion efficiency (PCE) due to
poor carrier generation and transportation. Herein, mixed A; cations are used in synthesis
of layered 2D perovskites to understand the interplay between alkyl amine cations and
unsaturated alkyl amine cations [9]. It is proven that alkyl amine spacer cations are
capable to initiate and facilitate the precursor assembly, which give rise to the orientated
growth of perovskite crystals. Unsaturated alkyl amine cations further lead to reduction
of exciton binding energy, which improves carrier pathway in the 2D perovskites [10].
Lets understand with the most common example of PEA®, PEA" is one of the most
commonly used spacer cation because of its optimization of solar absorber layer
thickness was found to be critical in synthesizing highly efficient 2D perovskite devices
with very low hysteresis. The incorporation of larger organic PEA cations into the
perovskite framework can largely influence not only the photovoltaic properties but also
the stability of the perovskites. There are other multiple reasons of developing 2D
Layered Hybrid Inorganic Organic Perovskites (HIOPs) because of their stability and

moisture redemption, which are explained in the next section.
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Fig 1.6. Schematic illustration of mechanism via PEA" introduction into BA based

layered perovskite.[ Reproduced from Reference Number : 11]

1.6. Hybrid Inorganic Organic Perovskites (HIOPS)

Hybrid organic-inorganic halide perovskite materials have sparked widespread interest
due to the richness of their optoelectronic properties. [12] Experimental and hypothetical
examinations have proved that their fantastic photovoltaics marginally credited to their
astonishing particular electronic properties of CH3NH3Pbls, together with the crystal
order of the perovskite structure, and the strong Pb 6s-1 5p hostile to holding coupling at
the valence band edge. Then, the characteristic thermodynamic unsteadiness of
CH3NH3Pbl; perhaps begins from the natural cation CH3NH3 and its inalienable
instability.[13] In a similar vein, the introduction of appropriate large organic spacing

cations35 has recently yielded hybrid layered double perovskite halides. [14]

The adaptable properties of few perovskites can be ascribed to the blended points of
interest of natural (adaptability, minimal effort) and inorganic (high versatility,
crystallinity, and solidness) materials integrated into it. [15]JAmong the different
assortments of crossbreed perovskites, methylammonium lead halide perovskites are the
preeminent examined and requested materials. The valence band holes and thus the
electronic properties of those materials can be just tuned by powerfully changing the
halide, metal, and additionally the natural cations, serving to orchestrate them for suitable

for the first applications.[16,17]



These compounds are promising in the sense that (i) a wide range of organic spacing
cations can be used; (ii) tunable layer thickness can be achieved, (iii) a metal alloying
strategy on both M** and M** sites can be carried out; and (iv) varying the halide can be

used to control the optoelectronic properties. [18]

—> Indirect transition

—> Direct transition
() Holes

@  FElectrons

Fig 1.7. Depiction of Direct and Indirect electronic transitions[Reproduced from

Reference Number : 19]

1.7. Theory available in the literature

In the vast literature, there are rarely reported HIOPs with A,AgSbXs (A is the spacer
cation), but since Sb is isoelectronic to Bi, it can be comparable. There are a few research
papers available on Cs,AgSbBrs, which is synthesized for the comparison to the DPs
synthesized using various spacer cations. Concern about double perovskites as photo
harvesters would be their relatively large bandgaps, for example, ranging from 1.9eV to
3.3eV. Cs,AgBiBrg, for example, shows a relatively wide bandgap of 2 eV, which is not
suitable for single junction solar cells. Replacing Br by | would lower the conduction
band minimum (CBM) and raise the valence band maximum (VBM) due to the
interaction between cations and I° 5p orbitals, forming a much smaller bandgap.
However, experimental synthesis of double perovskite iodides has proved to be difficult,
with even small amounts of iodine incorporation resulting in the formation of low
dimensional phases. An alternative approach is to deploy cations with 5s and 5p (e.g.
Sb**) instead of 6s6p such as Bi**, to lower the CBM, thus reducing the bandgap. For
example, Cs,AgSbCls (2.02 eV) is reported to show a smaller bandgap than CsAgBiIClg
(2.77 eV). [30]



Even though literature suggests that similar band structures for Cs,AgSbBrg and
Cs,AgBiBrg, but the Sb 5s and 5p orbitals significantly lower the CBM, thus reducing the
bandgap. The absorption edge measured by UV-Vis appears at 1.89 eV, and indicates an
indirect transition. The photovoltaic efficiency is low, likely due in part to the presence of
secondary phases with larger bandgaps.[30] Fig 1.8 show the molecular energy levels of
Cs,AgShBrg, where the CBM and VBM are shown. To show that the HOIP is formed, we
can confirm by using XRD, where the (110) and (200) peaks are shown at degree 20 is at
30°-40° and 40°-50° respectively.

.|

Ag5s | ShEp

Brap
SE 5 5

Fig 1.8. Molecular orbital diagram of Cs,AgSbBre. The red and blue blocks represent
valence band and conduction band, respectively. The numbers 1 and 2 denote the different
energy ranges, which show the peaks in PL.[Reproduced from Reference Number : 30]

1.8. Problems that are addressed in the thesis

With the aim of synthesizing and understanding of hybrid layered double perovskite
halides, and to gain insight into crystal structure, we demonstrate that a large family of
cation-ordered hybrid double-perovskite halides can be obtained through the judicious
selection of a range of organic spacer cations. The selection of spacer cations were done
in such a way that there is at least one —NH; group at the terminal end of its hydrocarbon
chain. An attempt to materialize different types of spacer cations (whether they can act as
spacer cations) to synthesize different types of HIOPs using an AgSb backbone.

The choice of usage as Br’, is due to the fact that, the optical properties are highly
tunable, through varying the layer thickness, increasing the length of the organic and

alloying the metal (M™). Here, we study and synthesize different DPs with multiple

spacer ions and M"" is Sb**.



CHAPTER 2 - CHARACTERISATION
TECHNIQUES

2.1. PHOTOLUMINESCENCE SPECTROSCOPY

Photoluminescence (abbreviated as PL) is light emission from any variety of matter once
the absorption of photons (electromagnetic radiation). It’s initiated by photons that excite
electrons to a higher energy level in an atom. In the same light, light is shown onto a
sample, where it’s absorbed and where the photo-excitation process happens. The photo-
excitation causes the sample to leap to a higher electronic state, and can unleash its
energy, (photons) because it relaxes and returns to back to a lower energy level. The
emission of light or luminescence through this method is called photoluminescence, PL.

During this work, time-resolved photoluminescence technique is applied. [20]

The working of a Photoluminescence spectrometer is as follows, the sample is irradiated
at one wavelength and emission is observed over a range of wavelengths. The excitation
monochromator selects the excitation wavelength and the emission monochromator
selects one wavelength at a time to observe. The basic schematic representation of a
photometer is depicted in the Fig 2.1. [21]

)N
LIGHT — 2 EXCITATION Excitation
. >
SOURCE ____—>| MONOCHROMATOR 4 SAMPLE CELL
Many A '
Luminescence at
many A '
EMISSION
MONOCHROMATOR
)‘emission ;/_./.
DETECTOR

Fig 2.1. Basic schematic representation of Spectrophotometer in PL. [Reproduced

from Reference Number: 22]



2.2. UV-VIS SPECTROSCOPY

UV-Vis spectroscopy (UV-Vis or UV/Vis) alludes to ingestion spectroscopy or reflection
spectroscopy halfway of the bright and along these lines full, adjoining obvious ghastly
areas. Compounds containing bonding and non-bonding electrons (n-electrons) will
ingest vitality in the sort of bright or noticeable light to energize these electrons to a
higher enemy of holding sub-atomic orbitals. The part just energized the electrons (for
example lower vitality hole between the HOMO and in this manner LUMO), the more
drawn out the frequency of light it will assimilate. There are four feasible kinds of
changes (n—n*, n—n*, 6—c*, and n—c*), and that they can be requested as follows: c—¢* >

n—c* > n—n* > n—n*. [23]

Reference

Data | Mono- _
Output Detector 1 chromator [F] P~ 2mP

Sample

Fig 2.2. Simplified schematic of a double beam UV-visible

spectrophotometer[Reproduced from Reference Number : 24]

The Beer-Lambert law states that the absorbance of a solution is directly proportional to
the concentration of the absorbing species in the solution and the path length. Thus, for a
fixed path length, UV/Vis spectroscopy can be used to determine the concentration of the
absorber in a solution. It is necessary to know how quickly the absorbance changes with
concentration. This can be taken from references, or more accurately, determined from

a calibration curve. [25]

The method is most often used in a quantitative way to determine concentrations of an

absorbing species in solution, using the Beer—Lambert law:

A= e.c.l =logy (1o/1) (2.3)

10
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where A is the measured absorbance (in Absorbance Units (AU)), |, is the intensity of the
incident light at a given wavelength, I is the transmitted intensity, | the path length
through the sample, and c the concentration of the absorbing species. For each chemical
compound or element and a particular wavelength, € is a constant which is known as

the molar absorptivity or extinction coefficient. [25]

2.3. X-RAY DIFFRACTION

X-ray diffraction is a technique used for the determination structure of crystalline
materials. When a crystalline material is exposed to beam of incident X-rays, the incident
X-rays are diffracted to several specific directions. By measurement of the angles and

intensities of those diffracted beams, crystal structure of the material can be determined.

X-rays are diffracted by a crystalline material following Bragg’s law as stated below:

nAh=2dwSing (2.4)

Where n is an integer called the order of reflection, A is the wavelength of the radiation,
dnil 1S the inter-planar spacing (the perpendicular separation) of the (hkl) planes and 9 is

the diffraction angle or Bragg angle (Equation. 2.4). [26]

Chffracted
beam

X-ray beam

© © Atom planes
fhkl)

&

Undiffracted

@ L @ & @ @ beam

Fig. 2.3. The geometry of Bragg’s law for the diffraction of X-rays from a set of
crystal planes, (hkl), with interplanar spacing daxi: [Reproduced from Reference
Number: 27]

The Bragg condition, applied to diffraction information, gives us in a rundown of dhkl

values for a compound. It is feasible, by embeddings these to informational indexes

11
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joined, to scale the size of the unit cell of the material giving the diffraction design. There
are for the most part two sorts of diffraction methods: powder X-Ray diffraction and
crystal X-Ray diffraction, between where the powder one is the most generally utilized.
Powder X-Ray diffraction works under the conviction that the example is arbitrarily
orchestrated. Accordingly, a factually indispensable number of each plane of the crystal

structure will be in the best possible direction to diffract the X-Ray. [27]

The XRD example can be taken and recorded with a diffractometer comprising of 3
primary components: an X-ray tube, an sample holder, and an X-ray detector (Fig. 2.5).
X-ray beams are produced in a cathode ray tube by passing current through a Tungsten
filament, which emits electrons in the evacuated chamber. A very high potential
difference (few kV) is applied to accelerate the electrons towards anode. [34] The fast
moving electrons collide with the anode and knocks off one electron from the K shell of
the anode material. Then the electron from the L shell jumps down to the K shell thereby
emitting a characteristic X-ray energy. For powder X-ray diffraction , copper is used as
the anode in the X-ray tube. CuKo. radiation has a wavelength of 1.5418A.[28]

When the X-rays are illuminated onto the sample, with the circulation of the sample and
detector, the intensity of the reflected X-rays is noted. Once the angle of the incident X-
rays bombarding the sample comes in place with the Bragg Equation, constructive
interference happens and a peak in intensity occurs. A detector records and processes this
X-ray signal and converts the signal to a count rate. The angle of an X-ray diffractometer
is such the sample rotates in the path of the accurately parallel to the X-ray beam at an
angle 0 whereas the X-ray detector is attached on an arm to collect the diffracted X-rays
and rotates at an angle of 20. For typical powder patterns, data is collected at 20 from ~5°

to 70°. [29]
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CHAPTER 3 - SYNTHESIS,
CHARACTERISATION AND SUMMARY

3.1. STARTING MATERIALS

The thesis is based on usage of spacer cations to synthesize OIHPs, the following spacer
cations were used.

SI.No. | Spacer Name Spacer Structure

1. 1- Octyl-Amine

NH,

ch/\/\/\)

Hy C“*N-—-CH

3

3.
NH,
Dimethoxybiphenyl- HSC'/ L‘
4.,4'-diamine CH,
H,N
(Dimethoxy
Benzidine/ o-
Anisidine)
4. 1,6-Diamine Hexane
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https://www.chemsrc.com/en/cas/119-90-4_81850.html
https://www.chemsrc.com/en/cas/119-90-4_81850.html
https://www.chemsrc.com/en/cas/119-90-4_81850.html
https://www.chemsrc.com/en/cas/119-90-4_81850.html
https://www.chemsrc.com/en/cas/119-90-4_81850.html

1,8-Diamine Octane

NN

NH,

Table 3.1. Spacer cations used.

The following table shows the ratio of the starting materials used to create the 2D

Layered Perovskites according to the serial number of spacer mentioned above.

SI.No. Name CsBr | AgBr | SbBr; | Spacer | HBr Solvents
1 Cs,AgSbBre 75ung | 64pug | 123 pg n/a 600 pl n/a
MnBr2 - 120
2 Mn doped Cs,AgSbBrg 75ug | 64ug | 123 pg n/a 600 ul ug
3 (OA),AgSbBrs n/a 40pug | 76 ug | 350l | 500 ul | H0-100 pl
MeOH - 350
4 (OA)CsAgSbBrg 27ug | 24pug | 46ug | 700 ul | 700 pl ul
384.3
5 (CTAB),AgSbBrs n/a 72 ug | 137 pg ug 100 pul | H20-250 pl
6 (0-Anisidine)AgSbBrg n/a 72mg | 137mg | 1905ug | 500 pl | H20 - 2000 pl
(1,6-Diamino
7 hexane)AgShBrg n/a 72mg | 137mg | 9mg 500 ul | H20 - 2000 ul
(1,8-Diamino
8 octane)AgSbBrg n/a 72mg | 137mg | 10mg | 500 ul | H20 - 2000 pl

Table 3.2. Amount of starting materials required.
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3.2. SYNTHESIS

The most preferred and used method is the solution method or the hot-injection method.
Here, to have a clean environment the Schlenk Line was used. A 3-neck Round Bottom
flask was used initially inserting the Bromides were added carefully as SbBr3 is toxic,
and mixed well using a magnetic stirrer and a magnetic bead till an even mixture was
formed. Then, vacuum was created using the apparatus, following that the spacer, HBr
and H,O were added and rotated well. Slowly at a rate of 5° C/min was incremented till
100° C- 120° C. The vacuum was turned off and immediately N, gas flushed inside
slowly and the temperature was incremented to 150° C — 160° C at the same rate.
There were 2 ways of cooling both done under the influence of N, gas, firstly the fast
cooling by dipping in a cold water bath tub and secondly by decreasing the magnetic

stirrer at 5° C / hour which generally helped to get crystals.

HBr

Distilled water
HBr + OA + OAm

Vacuum / Dry N,

|
1
i .
| /|
Fig 3.1. Hot injection method Fig 3.2. Solution State

Synthesis
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3.3. CHARACTERISATION
3.3.1. Cs,AgSbBrg

() 1 (k)
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Fig 3.3.1. (a) PL Spectra, (b) UV-Vis Spectra, (c) XRD (d) Tauc Plot of
Cs,AgSbBrg

The excitation wavelength for PL spectra was kept at 360 nm. In the PL spectra plot, the
lower absorption peak and higher energy absorption peak are for the most part credited to
the optical change from Br 4p to Sb 5p and Ag 4d to Sb 5p, individually[as shown in Fig
1.8].[30]

The (100), (110) and (200) peak with high intensity agrees well with the theory, showing
the formation of the corresponding crystalline planes and the perovskite rock-salt
structure. [37] From the above given Tauc plot we can see that the bandgap of the
perovskite formed is 1.87eV, when compared to Cs,AgSbClg which has 2.60 eV, but is
very close to Cs,AgSbBrg which is theoretically 1.90eV [30].

The UV-Vis Spectrum shows a band edge emission of 360 eV, which is the allowed
transition from the third Valence Band (VB) to the Conduction Band (CB). The broad
pre-300 nm peak shows the forbidden transitions between the 1 and 2" VB to that of the
CB [as shown in Fig 1.5].
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3.3.2. Mn doped Cs,AgSbBrg
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Fig 3.3.2. (a) PL Spectra, (b) UV-Vis Spectra, (c) XRD, (d) Tauc plot of Mn
doped Cs,AgSbBrg

The excitation wavelength for PL spectra was kept at 360 nm. In the PL spectra plot, the
lower absorption peak at 442nm and higher energy absorption peak at 573nm are for the
most part credited to the optical change from Br 4p to Sb 5p and Ag 4d to Sb 5p,
individually[as shown in Fig 1.8]. The sharp peak at 570nm shows the presence of Mn in

the compound confirming its doping. [30]

The (100), (111) and (200) peak with high intensity agrees well with the theory, showing
the formation of the corresponding crystalline planes and the perovskite rock-salt
structure. [37] From the above given Tauc plot we can see that the bandgap of the
perovskite formed is 2.82 eV, which is can be made favorable for further experimental
uses to produce OIHPSC because its bandgap is slightly less when compared to
Cs,AgShClg which has 2.60 eV and is very close to Cs,AgSbBrg which is theoretically
1.90eV [30].
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The UV-Vis Spectrum shows a band edge emission of 365 eV, which is the allowed
transition from the third Valence Band (VB) to the Conduction Band (CB). The broad
pre-300 nm peak shows the forbidden transitions between the 1 and 2" VB to that of the
CB [as shown in Fig 1.5].

(b)
{a) ;

Counis per Second

Irsn ity (au)

26 degress)

Fig 3.3.3. (a) PL Spectra, (b)UV-Vis Spectra, (c) XRD, (d) Tauc Plot of
(OA)QAngBre

The excitation wavelength for PL spectra was kept at 360 nm. In the PL spectra plot, the
lower absorption peak at 435nm and higher energy absorption peak at 560nm are for the
most part credited to the optical change from Br 4p to Sb 5p and Ag 4d to Sb 5p,
individually[as shown in Fig 1.8]. [30]

The (100), (110) and (200) peak with high intensity agrees well with the theory, showing
the formation of the corresponding crystalline planes, presence of hydrocarbon spacer
cation and the perovskite rock-salt structure. [37] From the above given Tauc plot we can

see that the bandgap of the perovskite formed is 2.72 eV, which is favorable for further
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experimental uses to produce OIHPSC because its bandgap is similar when compared to
Cs,AgSbClg which has 2.60 eV.

The UV-Vis Spectrum shows a band edge emission of 365 eV, which is the allowed
transition from the third Valence Band (VB) to the Conduction Band (CB). The broad
pre-300 nm peak shows the forbidden transitions between the 1 and 2" VB to that of the
CB [as shown in Fig 1.5].

3.3.4. (OA)CsAgSbBrg
(a) (b)
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d}) '

e sy

gk P 02 fome 4

10000

Fig 3.3.4. (a) PL Spectra, (b) UV-Vis Spectrum, (c) Tauc Plot of (OA)CsAgSbBrg

The excitation wavelength for PL spectra was kept at 360 nm. In the PL spectra plot, the
lower absorption peak isn’t observed may be due to less concentration and low counts,
whereas the higher energy absorption peak at 570nm are for the most part credited to the
optical change from Br 4p to Sb 5p and Ag 4d to Sb 5p, individually[as shown in Fig
1.8]. [30]

The (100), (110), and (200) peak with high intensity agrees well with the theory, showing
the formation of the corresponding crystalline planes, presence of space cation and the
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perovskite rock-salt structure. [37] From the above given Tauc plot we can see that the

bandgap of the perovskite formed is 2.62 eV.

The UV-Vis Spectrum shows a band edge emission of 360 eV, which is the allowed
transition from the third Valence Band (VB) to the Conduction Band (CB). The broad
pre-300 nm peak shows the forbidden transitions between the 1% and 2" VB to that of the

CB [as shown in Fig 1.5].

3.3.5. (CTAB),AgSbBrg
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Fig 3.3.5. (a) PL Spectra, (b) UV-Vis Spectrum, (c) Tauc Plot of (CTAB),AgSbBrg

The excitation wavelength for PL spectra was kept at 360 nm. In the PL spectra plot, the
lower absorption peak isn’t observed may be due to less concentration and low counts,
whereas the higher energy absorption peak at 565nm are for the most part credited to the
optical change from Br 4p to Sb 5p and Ag 4d to Sb 5p, individually[as shown in Fig

1.8]. [30]
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The (100), (110) and (200) peak with high intensity agrees well with the theory, showing
the formation of the corresponding crystalline planes, presence of hydrocarbon spacer
cation and the perovskite rock-salt structure. [37] From the above given Tauc plot we can
see that the bandgap of the perovskite formed is 2.80 eV, which is not favorable for
further experimental uses to produce OIHPSC because its bandgap is pretty low when
compared to Cs,AgSbClg which has 2.60 eV.

The UV-Vis Spectrum shows a band edge emission of 355 nm, which is the allowed
transition from the third Valence Band (VB) to the Conduction Band (CB). The broad
pre-300 nm peak shows the forbidden transitions between the 1 and 2" VB to that of the
CB [as shown in Fig 1.5].

3.3.6. O-Dianisidine
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Fig 3.3.6. (a) PL Spectra, (b)UV-Vis Spectra, (c) XRD, (d) Tauc Plot of (o-
Anisidine)AgSbBrg

The excitation wavelength for PL spectra was kept at 360 nm. In the PL spectra plot, the
lower absorption peak at 455nm and higher energy absorption peak at 535nm are for the
most part credited to the optical change from Br 4p to Sb 5p and Ag 4d to Sb 5p,
individually[as shown in Fig 1.8]. [30]
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The (100), (110) and (200) peak with high intensity agrees well with the theory, showing
the formation of the corresponding crystalline planes, spacer cation presence and the
perovskite rock-salt structure. [37] From the above given Tauc plot we can see that the
bandgap of the perovskite formed is 3.17 eV. Which is not favorable for further
experimental uses to produce OIHPSC because its bandgap is pretty high when compared
to Cs,AgSbClg which has 2.60 eV.

The UV-Vis Spectrum shows a band edge broad pre-300 nm peak shows the forbidden
transitions from the 1% and 2" VB to that of the CB [as shown in Fig 1.5].

3.3.7. 1,6 Diamine Hexane
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Fig 3.3.7. (a) PL Spectra, (b)UV-Vis Spectra, (c) XRD, (d) Tauc Plot of (1,6-Diamino
hexane)AgSbBrg

The excitation wavelength for PL spectra was kept at 360 nm. In the PL spectra plot, the
lower absorption peak at 475nm and higher energy absorption peak at 535nm are for the
most part credited to the optical change from Br 4p to Sb 5p and Ag 4d to Sb 5p,
individually[as shown in Fig 1.8]. [30]

22



The (100), (110) and (200) peak with high intensity agrees well with the theory, showing
the formation of the corresponding crystalline planes, presence of organic moiety spacer
and the perovskite rock-salt structure. [37] From the above given Tauc plot we can see
that the bandgap of the perovskite formed is 2.72 eV, which is favorable for further

experimental uses to produce OIHPSC because its bandgap is closer to Cs,AgSbClg
which has 2.60 eV.
The UV-Vis Spectrum shows a band edge broad pre-300 nm peak shows the forbidden

transitions from the 1% and 2" VB to that of the CB [as shown in Fig 1.5].

3.3.8. 1,8- Diamine Octane
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Fig 3.3.8(a) PL Spectra, (b)UV-Vis Spectra, (c) XRD, (d) Tauc Plot of (1,8-Diamino
octane)AgSbBrg

The excitation wavelength for PL spectra was kept at 360 nm. In the PL spectra plot, the
lower absorption peak at 475nm and higher energy absorption peak at 555nm are for the

most part credited to the optical change from Br 4p to Sb 5p and Ag 4d to Sb 5p,
individually[as shown in Fig 1.8]. [30]
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The (100), (110) and (200) peak with high intensity agrees well with the theory, showing
the formation of the corresponding crystalline planes, presence of organic moiety spacer
cation and the perovskite rock-salt structure. [37] From the above given Tauc plot we can
see that the bandgap of the perovskite formed is 3.27 eV, which is favorable for further
experimental uses to produce OIHPSC because its bandgap is closer to Cs,AgSbClg
which has 2.60 eV.

The UV-Vis Spectrum shows a band edge emission of 360 eV, which is the allowed
transition from the third Valence Band (VB) to the Conduction Band (CB). The broad
pre-300 nm peak shows the forbidden transitions between the 1 and 2" VB to that of the
CBJ[as shown in Fig 1.5].

3.4. SUMMARY AND OUTLOOK

Lead halide perovskites have been the key source and preliminary step in developing PV
technologies. It has been a huge deal in synthesizing, processing and developing these
materials which have good power conversion efficiency for a solar cell. The basic
structure of the perovskite is an ortho-rhombic structure of APbX3, where A is
monovalent cation of s-block elements such as Cs”, and X is a halide. But, due to the
toxicity of Pb to the nature, there is a wide quest of developing perovskites in an
alternative form. One of the main solutions to this problem is creating a DP (Double
Perovskite) where the +2 ion of Pb is replaced by 2 cations, a monovalent ion like Ag*
and a trivalent cation like Sb**. These when combined give a similar characteristic of the
APbXj structure, which have a common formula of A;M*M?Xs, where M* is like Ag*,
and M? is like Sb*. The reason of choosing Sb is due to its isoelectronic properties to Bi,
as there much AgBi backbone of DPs which have been synthesized and reported, which

have similar or better properties when to compared to Lead-based Perovskites.

Perovskites which are OIHPs have emerged as a low-cost and high-efficiency thin-film
photovoltaic (PV) technology, due to the production cost inorganic DPs. OIHPs are non-
toxic and very easily synthesized. Spacer cations are used for the organic part of the

OIHPs. Generally, a spacer cation is a long hydrocarbon saturated or unsaturated chain
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with an amine group that provides the positive ion if A* in the A,M*M?Xg DP structure.

The amino group can act as the —NHs;" ion in the solvents.

In this thesis, different spacer cations were used such as 1-Octylamine, CTAB, o-
Anisidine, 1,6-DiaminoHexane and 1,8-DiaminoOctane and compared its properties with
Cs,AgShBrg and also Mn doped Cs,AgSbBrs. As from the characterization we can
observe usage of spacer cations helped in improve the bandgap of the perovskites and
also Mn doping too when compared to Cs,AgSbBrs. So, we can conclude positively that
usage of spacer ions and doping with Mn can help improve bandgap of perovskites. We
determine that the broad, lowest-energy direct transition in some perovskites occur
between nominally inorganic-derived states at band extrema and propose that the lack of
considerable band-edge PL likely derives from spatial localization/separation of photo
excited holes and electrons in the vicinity of Ag and Sb, respectively. But on the contrary,
we should also test for the degradation of these perovskites, as there is usage of organic
materials which tend to degenerate at high temperatures and also importantly upon
fabrication, whether these provide effective PCE when compared to its inorganic and lead
counterparts.

In conclusion, one can say that it’s important for one to find alternative and effective
sources of renewable energy, when there is in need due to the consequential deterioration

of fossil fuels and natural energy.
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