COMPUTATION OF THE PROPERTIES OF ORGANIC-INORGANIC TIN
HALIDE PEROVSKITE FOR PHOTOVOLTAIC APPLICATION; FIRST

PRINCIPLES APPROACH

PERPETUA JELIMO CHEMAOI

A Thesis submitted to the Institute of Postgraduate Studies of Kabarak
University in Partial Fulfillment of the Requirements for the Award of Master of

Science in Physics Degree.

KABARAK UNIVERSITY

NOVEMBER 2022



DECLARATION

1. 1 do declare that:

I.  This thesis is my own work and to the best of my knowledge, it has not been
presented for the award of a degree in any university or college.
ii.  The work has not in-cooperated material from other works or a paraphrase of
such material without due and appropriate acknowledgement.
iii.  The work has been subjected to processes of anti-plagiarism and has met
Kabarak University 15% similarity index threshold.

2. 1 do understand that issues of academic integrity are paramount and therefore I may
be suspended or expelled from the University or my degree may be recalled for
academic dishonesty or any other related academic malpractices.

PERPETUA JELIMO CHEMAOI

REG. NO: GMP/M/0282/04/18

Signature: ... Date: .....oooiiiii



RECOMMENDATIONS

To the Institute of Postgraduate Studies:

This thesis entitled “Computation of the Properties of Organic-Inorganic Tin
Halide Perovskites for Photovoltaic Application; First Principles Approach”
written by Perpetua Jelimo Chemaoi is presented to the Institute of Postgraduate
Studies of Kabarak University. We have reviewed the thesis and recommend it to be
accepted in partial fulfillment of the requirements for the award of Master of Science

in Physics.

Signature: ..o Date: .....cooviiiiii

Dr. Phillip Otieno Nyawere

Department of Biological & Physical Sciences,

Kabarak University.

Signature: .........o.ooiiii Date: .....cooiiiii

Prof. Christopher Maghanga

Department of Biological & Physical Sciences,

Kabarak University



COPYRIGHT

© 2022 Perpetua J. Chemaoi

All rights reserved. No part of this Thesis may be reproduced or transmitted in any form
by means of either mechanical, including photocopying, recording or any other

information storage or retrieval system without permission in writing from the author

or Kabarak University.



ACKNOWLEDGEMENTS

| want to thank God for the protection, care and good health He has favored me with

since I began this work. It has been by His grace.

| appreciate my supervisors Dr. Philip Otieno Nyawere and Prof. Christopher
Maghanga for their encouragement, tireless work and their time involved in doing this
work. The entire Kabarak University, especially the Kabarak University Online, is

highly appreciated for the assistance they accorded me throughout my presentations.

My gratitude goes to my family; parents Mr. David M. Chemaoi and Mrs Nelly
Chemaoi and my husband Mr. Mike Kibogo for their prayers and moral support,

brothers Daniel Makupi and Pryton Chemaoi for their financial support.

I wish also to appreciate the tireless work and time accorded to me by Dr. Elicah
Wabululu of the Catholic University of East Africa and Mr. Tolbert Ngeywo of Harbin
Institute of Technology (HIT), your love, encouragement and guidance during my study
gave me a forward thrust. | also wish to thank my fellow MSc students for the

discussions, and comments during our study journey. May God bless you all.

Special thanks goes to the County Government of Uasin Gishu for the free internet
services and the quiet and ample environment that | utilized throughout my studies.
More thanks to the ICT personnel Mr. Henry Kosgei who constantly assisted whenever

| had challenges with the network and also computers.

| also want to thank my church pastors; Pastor Geofrey Amuli, Rev. Daniel Kiplimo
Rugut, Rev. Philisters Jelimo Tuwei and Pastor Marcelus Akongo, your prayers and
encouragement made me believe in my work and myself. You instilled in me the faith

to press on till the end. May our Almighty God richly bless you. I will not forget the

\Y



entire church, especially my students of the A.I.C Christian Wife’s Fellowship,

everything is possible in the hands of our Almighty God.

Finally, I thank the Center for High-Performance Computing (CHPC) which is in Cape
Town, South Africa for providing a High Performance Computing facility that was used
in all the calculations in this thesis. Also my appreciation goes to Materials Science and
Solar Energy Network for Eastern and Southern Africa (MSSESA), US-Africa
Initiative in Electronic Structure and the Computational and Theoretical Physics
(CTheP) for constantly providing me with the platforms to present my work,
networking with other researchers and workshops they organized that gave a wider
understanding of DFT and the quantum espresso software that greatly helped me in my

research.

Vi



DEDICATION
This work is dedicated to my children; Elsa Jepkoech, Lelys Jeptoo and Agustus

Kipkosgei.

vii



ABSTRACT

The energy demand in today’s society is ever increasing because of the continuous
increase in population. Solar energy that uses solar cells which converts solar radiation
to electrical energy is of great importance. The first and second generation solar cells
in use are made of silicon that involves high cost of fabrication and lack of longevity
of the electric power generated. Therefore research has shifted to perovskite based solar
cells which have proven to be novel candidates for photovoltaic application because of
their availability and low cost of fabrication. However, they have not been
commercialized for photovoltaic applications because of their short life times which is
around one year. The purpose of this research was to study the electronic, structural,
the elastic and the dielectric properties of DASNnI3 with an increased stability and the
materials’ potential photovoltaic application. Therefore in this work first principle
calculation and modeling based on Density Functional Theory (DFT) implemented in
Quantum espresso was used. The electronic, structural, elastic and the dielectric
constants of dimethylammonium triiodostanate(ll) were determined using density-
functional theory within generalized gradient approximation (GGA) using plane-wave
basis set pseudopotentials method and using the Voigt—Reuss—Hill averaging scheme
for Elastic constant parameters. From this study lattice parameter a, b and ¢ as 8.505 A,
9.232 A and 15.040 A were obtained respectively for an orthorhombic DASNI3 with
60 atoms. The band gap of 2.7ev and the Poisson’s ratio (v) of 0.36 were obtained from
this work. Dielectric constants which include the real (e1) and imaginary part (e2) and
the absorption coefficient were calculated the absorption begun from 2.5eV. The
anisotropy of 1.7 was also obtained. The values obtained for all the parameters were
compared with the available experimental and theoretical values. It was observed that
there was a fairly good agreement from the studies with this computational work. It was
concluded that this material is suitable for photovoltaic application. These findings can
be used to test experimentally the use of DASnI3 perovskite in solar cells.

Key words: Photovoltaic, First Principle, Density Functional Theory, Perovskite.
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OPERATIONAL DEFINITION OF TERMS

Band Gap: This is the distance between the valence band maximum of electrons and
the conduction band minimum. It can also be defined as the difference in energy
between the valence band and the conduction band of a solid material for an
insulator or a semiconductor and consists of the range of energy values that are

forbidden to electrons in the material.

Electronic Properties: These are parameters and representations that describe the state

and the behavior of electrons in a material

Optical Properties: This is the material response to incident radiation and it is

described as reflectance, absorption, refraction and transmittance

Mechanical Properties: These are the physical properties exhibited by a material upon
application of forces. These properties include the tensile strength, modulus of

elasticity and elongation.

Photoelectric Effect: This is a phenomenon in which electrically charged particles are

released from or within the material when light falls on it.

Photoelectron: This is an electron emitted from an atom by an interaction with a

photon, especially by the action of light.

Photoluminescence: This is when light energy or photons stimulate the emission of a
photon which can be in the form of fluorescence that excites a molecule raising

it to an electronic excited state.

Photovoltaics (PV): This is the conversion of light into electricity by use of

semiconducting materials that exhibit the photovoltaic effect.
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Perovskite: It is a name applied to the class of compounds that exhibit the same type

of crystal structure as CaTiO3

Solar Cell: This is an electrical device that converts the light energy directly to

electricity through photovoltaic effect.

Young’s Modulus: This is a property of the material that tells us how easily it can
stretch and deform and is defined as the ratio of tensile stress (amount of force

applied per unit area) to tensile strain (extension per unit length)

Bulk Modulus: This is the relative change in volume of a body produced by a unit

compressive or tensile stress acting uniformly over the surface.

Shear Modulus (G): It is the measure of the elastic shear stiffness of a material and is

defined as the ratio of shear stress to the shear strain.

Anisotropy Factor (E): This is the average of the cosine of the scattering angle & and

has a probability density with a single scattering direction as a parameter.

XVii



CHAPTER ONE

INTRODUCTION
1.1 Introduction
This section discusses the background of the concepts on perovskites and problems to
be addressed towards application of organic-inorganic tin halide perovskites in
photovoltaics. It further proceeds to state the research problem, outlining the objectives,
lists the research questions, defines the significance, scope and the assumptions of the
study.
1.2 Background of the Study
The demand for energy in today’s society is growing continuously due to the ever-
increasing population. The conventional use of nonrenewable energy sources which
include gas, petroleum and coal, are becoming limited and environmentally unfriendly
due to pollution. The adverse climate change due to the changing weather patterns
causes low water levels to pose a threat on hydro-generation. The search for a reliable
and viable source of energy is ongoing. Solar energy is one of the most promising of
all the forms of energy available. This is because of its abundance and it is also a clean
renewable form of energy. At present, Silicon solar cells are widely used among all
solar cells due to their high efficiency in terms of single crystalline cell photovoltaic
devices. According to White et al., (2013) the efficiency of single crystalline (sc-Si) is
heading towards above 30%. However, high cost of fabrication is involved in making
single crystalline silicon (sc-Si) according to Wong et al., (2016), which has increased
recent research interests for the next generation of thin film solar cells with the aim of

finding a solar cell cheaper than silicon.



Recently, the development of perovskite-based solar cells have rapidly passed the
efficiencies of many emerging, commercial photovoltaics such as dye-sensitized and
amorphous silicon solar cells (Giannouli et al., 2021). Perovskite is a term given to all
compounds which have the general chemical formula ABX3 and the crystal structure of
calcium titanate CaTiOs. They are Organic-inorganic metal halide perovskites, where
A is an organic cation, B being a divalent metal ion, and X is a halide such as
CHsNH3sPbs (Methylammonium lead halide). They are promising alternatives to
silicon, because they are cheap and are abundant starting materials according to Cheng

et al., (2010) and can be manufactured by simple solution processing.

The interest in the study of these organic-inorganic hybrid perovskite materials has been
largely inspired by the interesting characteristics of the inorganic components, such as
their thermal stability and their high degree of structural order (Fan et al., 2014). Also,
other motivating interests are the properties of the organic components which include
their functional versatility, their mechanical flexibility and are at low-cost of processing

(Gianelis, 1996).

Solar cells that are based on hybrid organic-inorganic lead-halide perovskites have
significantly risen in efficiency in recent years. Lead is toxic and thus the primary
challenge with this material and the key concern is to replace lead in the perovskite
crystal with a less toxic metal. This has resulted in the need for the search of related
compounds that may replicate the properties of the hybrid lead-halide perovskites

which are tolerant to defects and have long lifetimes.

The most likely and viable replacements of lead in the perovskite material are Tin and
Germanium because they are also members of group 14 metals in the periodic table.

Tin is closely analogous in many aspects to lead such as their ionic radii. The ionic

2



radius for lead is 1.49 A, tin 1.35 A while Germanium is 0.3 A. Tin can therefore
substitute lead with insignificant perturbation. However, it is known that the stability
of the 2* oxidation state when moving up the group 14 elements decreases, this being
the major problem in the use of these metals and hence their chemical instability in the
required oxidation state as argued by Babayigit et al., (2016). Appropriate materials for
photovoltaic application in an efficient solar energy conversion are expected to have a
suitable energy band gap in the visible range of electromagnetic spectrum, the high
absorption coefficient of sunlight and according to Zhou et al., (2018) the material
should exhibit high mobility of electrons and holes and also a high ability of

transforming solar energy into electrical energy.

A study done by Ke et al., (2018) on the use of the dimethylammonium iodide (DAI)
and related compounds stabilizes the perovskite phase. This is achieved due to the effect
on the lattice geometry when DA is used. This alters the size and the tilting of the BX6
octahedra. The degree of the tilt affects band gap by increasing the octahedral tilt
decreasing the level of the overlap between metal and halide orbitals thus pushing the
valence band further from the vacuum Eperon et al., (2020). Incorporating DAL into
the perovskite solar cells can improve both air, thermal stability and the charge transport

property Pisanu et al., (2019) and Bian et al., (2020).

First principle computation is a quantum mechanical method aiming at solving the
electronic Schrodinger equation with the knowledge of the nuclei positions and the
number of electrons in the system. This is a numerical simulation method which is
necessary in order to explore most of the properties which include structural, electronic,

transport, magnetic, mechanical and physical properties. The studies by Babkin et al.,



(2011), points out that band structure calculations is an effective theoretical tool for

researchers to predict such properties.

Density functional theory (DFT) is a theory that correlates many body systems used in
computational physics or chemistry to analyze the structural, electronic and magnetic
properties of materials at ground state under pressure or with variation of temperature
using first principle study. DFT, is a scientific approach of finding solutions to the
Schrodinger equation that describes the quantum behavior of atoms and molecules
having in mind the practical values. Thus, DFT is a legitimate method of theoretical
predictions to describe the properties of a collection of atoms. DFT through first
principle calculations can also be used to search for similar reactions that occur at
pressures accessible experimentally as shown by Feliciano (2014). Hence first
principles calculation based on DFT was used to determine the structural, electronic,
optical and elastic properties of DASNI3.

1.3 Statement of the Research Problem

Tin based perovskites have not been commercialized in thin film technology for
photovoltaic applications this is because of the perovskite’s short life time which is
approximated to be about one year (Songvilay et al., 2019). Thus the great interest of
this research was to improve the atomistic understanding of the structural, electronic,
optical and elastic effects of DASNnI3 having a longer A-cation on the polarization
effects and the hydrogen bond formation. The interaction of the organic A-cation, with
the iodine migration and lattice distortion could influence the stability of the material
(Grancini, et al; 2017). The stability of Tin based perovskite could be improved by
optimizing the band gap, increasing the light harvesting efficiency and other issues like
enlarging the cell size where scalable production can be realized thus accelerating the

commercialization of the tin perovskites solar cells. The certified efficiency of tin based
4



perovskite at the accredited test center is 11.22% which is lower than lead-based solar
cells whose reported highest efficiency is 25.5% and is comparable to the silicon solar
cell (wu et al., 2021). Therefore, this research explored the properties of tin halide
perovskites with a view of studying the applicability of DASnI3 perovskite solar based
cell. Computational modeling was employed where simulations of the properties of tin-
halide perovskite solar cells were studied for its applicability in solar cells and generally
for photovoltaic applications.
1.4 Objectives of the Study
The main objective of this study was to determine the structural, electronic, dielectric
and elastic properties of Dimethyl ammonium triidostanate Il (DASNI3) a tin halide
perovskites by first principle calculation for photovoltaic application.
Specific Objectives
I. To determine the structure of DASNI3 by first principle.
ii. To determine the electronic properties of DASnI3 for photovoltaic
application by first principle.
iii. To study the dielectric constants of DASnI3 and their photovoltaic
application by first principles.
iv. To compute the elastic constants of DASNI3 by first principles and establish

its photovoltaic application.

1.5 Research Questions.

The research seeks to give answers to the following questions: -
I.  What is the structure of DASNI3 obtained using first principle?
ii.  What are the electronic properties of DASNI3 by first principles and how

do they compare with other works?



iili.  Which dielectric constants were obtained by first principles for DASnI3 and
how do they compare with results from other studies.

iv.  How are the elastic constants properties obtained for DASnI3 by first
principles compare with those obtained from other studies and their

application in photovoltaics?

1.6 Significance of the Study
Numerical simulation technique is a viable tool which has over the years proven to be

used in studying and understanding the properties of solar cell devices. Some of them
include the study of optical, electronic and mechanical properties of materials which
are complex and are used in solar cell devices according to Burgelman et al., (2004).
The study helps in providing useful information to reduce the cost of processing and
time spent on fabrication of solar cell devices by stating the production parameters and
hence improvement of the performance of the device (Minemoto et al., 2014).

1.7 Justification of the Study

Measurements and calculations of the basic properties which include the crystal
structure, the electronic structure and even material composition, can be challenging
.This is because some of these materials have anisotropic structures, while others can
be composed of mobile and light elements. These can be beam damaged when
characterizing or change of composition in vacuum state or even compound defects
such as the alterations of the electronic structures because of the substrate influence.
This makes it a challenge in understanding the basic properties in their operation. All
these effects compounded have made their study difficult and hence created a need to
continuously evaluate the best practices of characterizing and calculating material

properties.



The laws of quantum mechanics govern the interaction between atoms and electrons.
The analysis of quantum mechanical equations is required to solve the basic quantum
mechanical equations using Density Functional Theory (DFT). DFT has been

successful in determining quantum mechanical properties of materials at ground state.

From the study, it is shown that tin halide perovskite can be used in solar cells
fabrication. The results obtained from this study should therefore supplement the
experimental fabrication of tin halide perovskites to be used in solar cells. It is further
expected that the results of the study will add to the body of knowledge in respect to tin

halide perovskites.

1.8 Scope of the Study
This study focused on structural, electronic, dielectric and elastic properties of

Dimethyl ammonium triiodostanate Il perovskites . The findings will be used determine
the photovoltaic application of organic-inorganic tin halide perovskites. Computational
modeling methods based on Density Functional Theory were used and may not apply
to other perovskites. Quantum Espresso was used in the study of all the properties with
GGA+U in Optical properties and Thermo_pw for Elastic Properties.

1.9 Assumptions

The assumptions made were:

I.  The quantum espresso code used, would effectively carry out quantum
analysis and could be used to determine the desired properties despite the
associated shortcomings of the code.

ii.  The data and information on the properties of Dimethyl ammonium
triiodostanate Il and other similar works would be available.
iii.  The time to carry out the research would be sufficient to come up with the

desired findings that would give answers to the stated objectives.
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CHAPTER TWO

LITERATURE REVIEW
2.1 Introduction
This chapter discusses the properties of organic-inorganic tin halide perovskites that are
relevant to their applications in photovoltaics. Literature on structural and electronic
properties, mechanical, optical and the study of power conversion efficiency will be
discussed. The prototype conceptual framework will also be presented and discussed.
2.2 Perovskite Solar Cell
To develop photovoltaic systems that are cost-effective and are alternatives to silicon
solar cells, solar cells based on perovskites have attracted considerable interest
according to Snaith et al., (2014). Some of the solar cells used currently include dye-

sensitized, organic, and amorphous silicon solar cells (Green et al., 2014).

A perovskite is any material with crystal structure same as calcium titanium oxide
CaTiO3z with a formula ABXs. Where A is an organic cation, example are the
methylammonium MA (CHsNH3) or formamidinium FA (NH2-CH-NH.) , B a divalent
metal ion and X, represents halogens which can be fluoride(F") Chloride(CI"), Bromide
(Br) or lodide (I") ions according to Chen, et al., (2015). Also, in the ABX3 structure,
Alis usually larger in size than B (Green et al., 2014). The perovskites structure currently
used in solar cell devices has a network of BXs octahedral corner-sharing, the B cation
typically Sn?* or Pb?* and X being the halogen. Some of the materials properties in
which the halide perovskites possess that are of interest for optical sources include
bright photoluminescence, tunable exciton binding energy, narrow light emission line
width and balanced charge-carrier mobility (Stranks et al., (2013), Sutherland &

Sargent, (2016)). The perovskite occupies different phase symmetries, highest being



the Pm3m space group according to Quan et al., (2019). Where the ions are perfectly

packed, and their ionic radii is given by;

r, +ry :1/21r,3+rX ) . (2.0)

Where the ionic radii of A, B, and X are given by, . andr, . A tolerance factor given

by t and an octahedral factor denoted by u was proposed by Goldschmidt for the study

of the stability of perovskites. The factor t is used to indicate the state of distortion

My, + 1y

2, +1y)

which is given by t ...(2.2)

r
Goldschmidt further stated that the octahedral factor is given by the ratio of r—Bfor the

case of the BXs octahedron. Generally, hybrid perovskites present an octahedral factor
which lies between 0.44 and 0.90 and tolerance factor lying between 0.81 and 1.11. For
perovskites with the cubic structure tolerance factor t range 0.9 - 1.0, whereas the range
exhibited by the tetragonal and the orthorhombic structures is between 0.71 and 0.90

Quan et al., (2019), and Lekina & Shen, (2019).

2.3 Structural and Electronic Properties of Perovskite Materials

Perovskite materials which are organic-inorganic in nature are widely used as photo-
absorbers in perovskite based solar cells. The interesting characteristics of their
inorganic components in the organic-inorganic hybrid perovskite materials include
good thermal stability and their high degree of structural order Fan et al., (2014) and
also due to the properties of the organic component which include their functional
versatility, low processability cost and are mechanically flexible (Giannelis, 1996).

Hence, the possibility in the merging of the properties of typical inorganic crystals and



those of molecular organic solids has stimulated recent research into versatile properties

of hybrid perovskite materials which are organic-inorganic in nature.

The 3-dimensional perovskite-like structures are formed if the A, B and X ions fit the
ratio determined by the Goldschmidt tolerance factor t in Equation 2.2 above.

The Goldschmidt Tolerance Factor according to Cheng et al., (2010), strictly limits the
radius of the cation A. MASnI3 perovskite just like the MAPDI3s possesses a tetragonal
crystal structure but only under different temperatures according to Stoumpos et al.,
(2013). It has the lattice parameters of a = 8.7912 A and ¢ = 4.4770 A. Incorporating
MA does not necessarily reduce the formation of defects but incorporating the dipolar
MA cation with mixed cation mixed halide will not only widen the band gap of the
perovskites but it also heals deep trap defects which results in to a more defect-tolerant
material (Tan et al., 2018). For an ideal cubic halide perovskite the B-site which is the
divalent metal will be located at the body-centered position of the cube, while the anions
will occupy the six face-centered locations which forms an octahedral surrounding for
the divalent metal, while the monovalent cations are situated at the vertices of the

cube.as shown in figure 1.
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Figure 1:
The Orthorhombic Phase of CH3sNH3Snl3 Represented as Balls and Sticks in (a) and
Polyhedral Style (b)

Adapted From Paschal et al., (2020).

Apart from the three-dimensional perovskites, there are low dimensional perovskites
which exhibit special properties because of their unique structures. These structures
have structural freedom due to reduced dimensionality. There is the possibility of
creating tunable photo-physical and electronic properties. The Highest Occupied
Molecular Orbitals and the lowest Unoccupied Molecular Orbitals energy gap of the
organic molecules is usually much higher compared to the band gap of the inorganic

layer (Mitzi, 1999). Niemann, et al., (2016) also adds that when the composition is
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altered that is going for low dimensional perovskites, it allows tuning of the band gap

and also the optical properties of that material efficiently.

A new choice of A site cation for instance Formamidinium (FA) which is larger in size
than methylammonium (MA), which in turn is larger than Caesium (Cs), results in an
increase of band gap going from FA to MA to Cs this is due to the modification of the
lattice constant. The extent of metal-halide orbital overlap is influenced by the A-site
cation. Philippe, et al (2017) states that this change of the bonding of the metal halide
has a direct impact on band positions, the valence band and the conduction. For
instance, when one uses Formamidinium (HC (NH.)2), as the A site cation the band gap
of the perovskite reduces by about 0.07 eV when compared with MA perovskite. This
fact has been exploited to achieve the most recent advances in photovoltaic
performances. This shows that FA produces more thermally stable materials and are
also promising materials in reaching higher efficiencies in photovoltaics. However, the
phase instability exhibited by the FAPbIs perovskites shows that it is difficult to
maintain the desired photoactive black phase at room temperature. This has led to a
considerable recent focus on 3D perovskites where the A cation is replaced with Cs+
or Dimethylammonium (DA). The 3D perovskites exhibits have been proven to exhibit

a sharp optical absorption onset, according to De Wolf et al., (2014).

Dimethyl Ammonium (DA) is larger in size than methylammonium (MA), resulting in
an increase of the band gap (Hautzinger et al., 2020). This causes a modification of the
lattice constant. The extent of the metal-halide orbital overlap is influenced by the A-
site cation. Philippe, et al (2017) states that this change of the bonding of the metal
halide has a direct impact on band positions, the valence band and the conduction band.

For instance, when DA is used as the A site cation the band gap of the perovskite

12



increases as compared with MA perovskite. This fact can be exploited to achieve the
most recent advances in photovoltaic performances. This shows that DA produces more
thermally stable materials and are also promising materials in reaching higher

efficiencies in photovoltaics (Goetzberger et al., 2003)

The physical and chemical properties of a system are affected by the interaction of
electrons with atomic cores. In the cores there are three interactions: the electron-
electron interaction, the electron-nuclear interaction and the nuclear-nuclear
interaction. The major source of difficulty in these interactions is the treatment of
electron-electron interaction while interpreting the properties since the interactions are
inseparable and can only be treated with approximation. There are many forms of
modeling approaches that are majorly ab-initio in nature (Giannozzi et al., 2001). A
well solved Schrédinger equation for a specific system can be differentiated from one
to another. The solution of these Schrddinger equations remains a difficult task. The
exact solutions of these equations, in general, can only be solved if time is exponentially
scaling with the system size (Giannozzi et al., 2001). This scaling prevents the exact
calculations for all except for the smallest and simplest of systems. The introduction of
approximations which are used to reduce the equations to a form that can be solved,
reduces the degree of accuracy and the predictive power. Using computer simulation
and applying the density functional theory (DFT) methods involved in various solution
of the Schrodinger equations has had remarkable success in calculations involving
electronic and structural properties and other material properties which are applicable
to several other systems . Generally, the DFT among other approaches that involve
approximations for the electron-electron interactions have been reported to limit

achievable accuracy in their calculations.
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2.4 Elastic Properties of Organic-Inorganic Perovskites for Photovoltaic
Application
The organic-inorganic halide perovskite materials of the form CHsNH3BX3 where B

can be Tin (Sn) or Lead Pb and X can be lodine, Bromine or Chlorine in solid state
sensitized solar cells, as light harvesters from reports shows impressive efficiency
values going up to 16% according to Burschka, (2013). The absorbing performance of
perovskite solar cells strongly relies on the crystallinity and state of stress on the
perovskite thin absorber layer solar cell with different metal cations, the halide species,
and the organic cations according to Kim, (2013). To guide the applications of such
materials in planar heterojunction solar cells fabricated on flexible polymer substrates,
Docampo et al (2013) states that first-principles calculations are necessary due to the
difficulty in measuring the mechanical properties. According to Bretschneider et al.
2014, the mechanical properties of such a perovskite in the system are important in
practical applications. The mechanical properties of CH3NH3BX3 compounds are used
when analyzing the strain, stress, fracture mechanics, and also the deformation of solid,
especially the absorber layers in application. The elastic properties are determined by
the type and strength of the chemical bond between B and X (Feng, 2014). Furthermore,
the B, X and B hinged octahedral allow for wide adjustment which include the bond
angle adjustments and several sets of cooperative rotations known as tilt transitions.
These promote symmetry, thus showing different structures when the system is at
different temperatures. Experimentally, altering the combination of the organic-
inorganic components, the organic-inorganic super lattices are obtained quite easily in
the starting solution in which the hybrids are crystallized. Thus, the dimensionality can
also be used as a further degree of freedom when tuning the material properties of

different disordered structures when temperatures are different. An example are the
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three phases which exist in CHsNH3BXs a compound exhibiting pseudo cubic at high
temperature while at medium temperature it exhibits tetragonal structures and at low
temperature is the orthorhombic phase. Feng (2014) investigated the elastic constants
Cjj by the stress-strain method based on the first-principles calculations, and obtained
c;; by calculating total energy as a function of the appropriate lattice deformation, and

obtained elastic-strain energy by applying the following equation.
1 6
U =VE/V, =EZiZcijeiej .. (2.3)
J

Where AE is the difference of energy and V, is the volume of the original cell.

2.5 Optical Properties of Tin Halides

The characteristics of luminescent devices depend on the optical properties resulting
from the ion-host interactions. Solar cells that are lead halide based perovskites exhibit
high power conversion efficiencies and they are approaching commercialization stage.
These perovskites also show unique luminescence properties. According to Kanemitsu
and Handa, (2018).Yamada et al., (2017) states that these materials exhibit extremely
high photoluminescence (PL) quantum efficiencies at room temperature even when
lead halide perovskites are fabricated by simple and inexpensive low temperature
solution processing. They further stated that photon recycling of both free-carrier and
exciton luminescence were observed in various halide perovskites because of their high
PL quantum efficiencies. The high PL quantum efficiency is considered to enable new
optical functionality of perovskites as light emitting devices Handa et al., (2019). The
study of the band gap energy for a semiconductor is necessary for the analysis of optical
properties of materials. The bandgap energy is important when considering its

application in solar cell devices. According to Shockley, 1961, the bandgap determines
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the theoretical upper limit of the cell efficiency through the detailed balance principle,
where the bandgap (Eg) depends on the photoluminescence (PL) quantum efficiency of
the material used. To achieve an efficient device, it is important to bear in mind that
when the optimum PL quantum efficiency becomes smaller than unity, the optimum Eg
for the highest possible solar cell efficiency becomes larger. The PL quantum
efficiency depends on the recombination dynamics of the photo carriers in the material.
For a PL quantum efficiency of 100%, the optimum band gap energy Eq4 for a single
junction solar cell is 1.34 eV under solar illumination AM 1.5G as derived from the

detailed balance theory.

A study done by Jelicoe et.al. (2016) on synthesis and optical characterization of CsSnX
Nano crystal perovskites where X is chlorine, Bromine or iodine, indicated that the
band gap adjustment was achieved by tuning the halide composition and spatial
confinement. They also indicated that all the species of nanocrystals adopted the
perovskites structures. On optical properties they performed transient
photoluminescence on solution dispersed particles and observed some spectral shifts.
Thus, indicating a likelihood of coming up with good optical properties.

2.6. Photovoltaic Application of Perovskite Solar Cell

In establishing the photovoltaic applicability of perovskite solar cells, Granas, et al.
(2016) investigated the impact of the perovskite structure in the presence of different
ions of the A, B and X sites in photovoltaic performance, using electronic structure
calculations. Their results showed that the level of alignment of the electron- and hole-
transporting media is key to reaching maximum efficiency for heterogeneous (PIN)
positive-intrinsic-negative junctions. Low-dimensional perovskite formed by replacing
the small hydrophilic cations with much bulkier organic ones can help to improve the

stability of the Hybrid Perovskite Solar Cells (HPSCs) upon exposure to moisture. The
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preferential crystal orientation and high degree of crystallinity are fundamental for the
improvement of solar cell performance. The 2D/3D-based Hybrid Perovskite Solar
Cells are highly stable upon exposure to light or ambient conditions. This is due to the
enhanced robustness of the perovskite film. The power conversion efficiency of the
solar cells based on perovskite is high depending on the chemical composition of the
perovskite layer and also the electronic structure properties of the electron and hole
transporting media when using the thermodynamic approach as argued by Shockley
and Queisser (1961).

2.7 Operational Principle of Perovskite Solar Cells

Some of the enticing properties of Organic-inorganic hybrid perovskite materials that

makes them potential for applications in photovoltaic devices include:

First, the light-harvesting characteristics which are excellent and also good hole

transporting properties (Liu et al., 2013).

Secondly, the printing techniques that use low temperature solar cell processing make

it possible for the deposition on a flexible substrate (Fan et al., 2014).

Thirdly, low energy-loss due to increased light absorption increases the photo
generation of free charge carriers. This enables the charges to be generated and hence

increases the charge collection at the electrodes (Stranks et al., 2013)

Lastly, low processing cost with high efficiency which means low energy payback time.

Despite the aforementioned advantages of organic-inorganic hybrid perovskites, there
are generally some challenges facing perovskite solar cells, which still hinder their
commercialization. Research is still ongoing to address some of these challenges in

various capacities. These problems include:
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First, lead, which is one of the most used solar cells perovskite, is toxic and leaching
could occur into the environment causing health as well as ecological challenges.
Hence, environmentally friendly elements such as tin have recently been proposed for

solar cell materials alternatives to lead perovskites.

Secondly, perovskite materials are salt-like crystal structures thus are extremely
sensitive to water vapor and also oxygen and hence dissolves easily. However, it has
been addressed by preparing them in an inert atmosphere according to Mitzi et al.,
(1995). It is then followed with encapsulation of the whole device within the air-tight
sealant in the same inert condition. This is not cost effective for large scale production,
however it has been used to reduce the degradation and oxidation of Sn?* to Sn** which
has increased the tin perovskite solar cell lifetime for a period of up to 4-months (Noel

etal., 2014).

Lastly, preparing large continuous films in glove boxes is challenging, this limits large
scale production of the perovskite solar cells. However, sequential deposition of the
constituent’s components perovskite materials has been used to get a continuous film
over a larger area without degradation of the cell efficiency (Burschka et al., 2013)

2.8 Research Gaps

The table below shows the indexing parameters for various properties of materials.
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Table 1

A Template Showing the Elastic, Electronic and Optical Parameters of Perovskite

Materials.
Property name Property value Reference
Band gap 1.34 Martin et al, 2020
Poisons Ratio >0.26 Feng et al, 2014
Pugh’s ratio (B/G) 1.75 Orio et al, 2009
Anisotropy 1 Martin et al, 2022
Visible light range 1.6 eV -3.5eV He et al, 2022

The optimum band gap energy Eq for a single junction solar cell is 1.34 eV under solar
illumination AM 1.5G for a PL quantufficiency of 100%, as derived from the detailed
balance theory. A material is ductile if Pugh’s ratio B/G value is higher than 1.75 and
the poisons ratio should be greater than 0.26 a material with a lesser value is brittle. The
anisotropic parameter (A) for an ideal isotropic system, is unity and diverges from unity
for an anisotropic systems. According to He et al, (2022), visible light range falls
between 1.6eV to 3.5eV therefore a good absorber material should absorb light within

this range.

Figure 2 below illustrates the proposed conceptual framework. It has three sets of
variables; the dependent, independent, and intervening variables. The independent
variables are the material properties which are obtained using the input files, the
pseudopotentials and thermo-pw the dependent variable is the photovoltaic application
of tin halide perovskite while the software used is the intervening variable. It was

hypothesized that the stated variables would influencethe photovoltaic application of
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tin halide perovskite. This general hypothesis guided this study. The properties were

obtained by calculating the total energies, lattice parameters, studying the band

arrangement, elastic constants and the absorption efficiencies.

2.9 Conceptual Framework
Figure 2

Conceptual Framework

Independent Variables Intervening Variables Dependent Variables

Structural and
Electronic Properties of
DASNI3 by first

principles.

. . Photovoltaic application
Dielectric constants of through the structural
DASNI3 by first y » electronic, dielectric and
principles elastic properties of

DASNI3

Computational codes

Elastic constants of
DASNI3 by first
principles
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CHAPTER THREE

RESEARCH METHODOLOGY
3.1 Introduction
Computational modeling is the use of computer programs to simulate and study
complex systems using a software. It is a scientific research design where the
reproduction of the behavior of a system is done. Computer codes are used to simulate
the outcomes of a mathematical model associated with the said system. Computational
modeling describes the properties of matter rooted on equations. The properties
determined include; electronic, optical, and elastic properties of tin halide perovskite,
and the photovoltaic applications. Computer simulation is realized by running computer
programs implemented in quantum espresso code. Thus, we described how Quantum
Espresso operates and derived the mathematical equations solved by the software based
on Density Functional Theory. Also, the device structure that carried out the simulation
and optimization was described.
3.2 Description of the Working of Quantum Espresso
Quantum espresso is a software suited for first principle calculation and modeling and
it is written in Fortran. Espresso is an acronym for opEn Source Package for Research
in Electronic Structure, Simulation and Optimization based on Density Functional

Theory (DFT), plane wave basis sets, and also on pseudopotentials.

The plane wave DFT functions of QE was provided by the plane-wave self-consistent
field (PWscf) which is a set of programs for electronic structure calculation within DFT

which uses plane wave basis sets and pseudopotentials.

These PWscf were used to solve the self-consistent scheme of Kohn Sham equations
obtained for a periodic solid, to carry out total energy calculation and post processing
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which allowed data analysis and plotting. Quantum espresso calculates the ground-state
energy and one-electron Kohn-Sham orbitals to be able to find atomic forces, stresses,
and optimization of structures. Input cards are specific to the software codes and are
used to provide input data that are always needed. The data runs programs of scf, nscf,
and bands to get the band structure and optimization of K points, Cutoff energy and
Symmetry points. The PWscf modules supported by the software includes pw.x for the

input data and pp.x for post processing.

The codes for data post processing (PP) in pp.x extract the specified data from files that
were produced by pw.x, and prepares the data for plotting by writing them into formats
that can be read by the plotting programs. These programs include bands.x, plotband.x
and dos.x. The bands.x extracted files produced by pw.x that were necessary for band
structure plotting. While plotband.x read the output of bands.x and produced band
structures plots and the dos.x calculated electronic Density of States (DOS).

3.3 Structural and Electronic Properties of Tin Halide Perovskites

All density functional theory (DFT) calculations were performed using their respective
Perdew-Burke-Ernzerhof (PBE) Norm conserving pseudopotentials. The PBE
pseudopotentials of Tin, Hydrogen, Carbon, Nitrogen and lodine (‘Sn’, ‘H’, ‘C’°, ‘N’
and ‘I’) distributed within the QUANTUM ESPRESSO pseudo library were used for

all calculations.

The cell shape and atomic positions were relaxed in DFT, using the standard PBE

version of the GGA electron exchange-correlation functional.

The density of states function g(E) is defined as the number of electronic states per unit
volume, per unit energy for electron energies as stated by Mejia-Rodriguez et al.,
(2021). The density of state function is important for calculations of effects based on

22



band theory in Fermi’s Golden Rule, to find the rate of optical absorption. It also
provides both the number of excitable electrons and the number of final states for an
electron. In the calculations of electrical conductivity, it provides the number of mobile
states, while in computing electron scattering rates it provides the number of final states

after scattering.

The structural optimization was achieved by doing a variable cell relaxation as
implemented in quantum espresso for self-consistent fields. A structural optimization
of non-self-consistent fields for band structure calculation was also done where the
atomic positions of the input file were not varied. Electronic structure calculation is
done by using the desired K-mesh which gives the density of state calculation. The
presence of the A, B and X different ions of the perovskite structure determines the
photovoltaic performance, and hence the study of the electronic structure. The level of
alignment to the electron and hole transporting media determines the maximum
efficiency to be achieved for heterogeneous PIN junctions.

3.4 Optoelectronic Properties of Tin Halides

The important optoelectronic properties of semiconductors that may be computed
include the light absorption and emission strength, ionization potentials, and their
electron affinities, (Merdasa 2016). The hybrid functional GGA+U approximation was
considered, and thus the optimization of convergence parameters with the aim of
assessing how significantly the collective orientation of cations present influenced the
position of the band gaps and hence the variation of the optical properties of tin halides.
3.5 Mechanical Properties of Tin Halides

The mechanical properties of DASnI3 was used to analyze the strain, the stress or
fracture mechanics and even the deformation of solid absorber layers when this material

is being used in photovoltaic. This was investigated by the stress-strain method based
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on the first-principles calculations. The elastic constants were obtained by calculating
the total energy by displacing ions from the ground state as a function of appropriate
lattice deformation. The elastic strain energy was obtained by calculating full elastic
constants which facilitate the complete mapping of Young’s and shear moduli and
Poisson’s ratios along all crystallographic orientations with the aim of assessing the
anisotropy in them.

3.6 Photovoltaic Application.

To determine the photovoltaic application of DASNI3 perovskite-based solar cell, the
optical absorption characteristics is paramount. A good absorber material should have
its absorption coefficiency high enough equivalent to the visible light for effective
utilization of the solar radiation. The band gap of the absorber layer and the carrier
characteristics relevant for entropic contribution due to the alignment between absorber
and carrier transporting media were determined.

3.7 Derivation of the Governing Equations and Theorems

The simulation is based on the Density functional theorem, Born Oppenheimer
approximations, Hohenberg and Kohn theorems and the Kohn sham equations which
lead to the solution of the Schrddinger equation. The first step is the direct application
of density functional theory (DFT) to the calculation of many body systems. The system
provides a framework of understanding the collective behavior of a large number of
interacting particles. DFT is the most powerful and widely used ab-initio method
(Dreizler, R.M. and Gross E.K.U. 1990). It is based on the Hohenberg and Kohn (1964)
theorem, which implies that all ground state properties of an inhomogeneous electron
gas can be described by a functional of the electron density, and provides a one to one
mapping between the ground-state density and the external potential. Kohn and Sham,

(1965), states the fact that this one-to-one mapping holds both for an interacting and a
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non-interacting system to define an effective non-interacting system, yields the same
ground-state density as the interacting system.

3.7.1 The Many-Body System

To calculate the ground state energy of a collection of atoms the wave function below

is used to describe the system,

HP (i} (Rf) = E¥(r R ). SCEY

Here, H is the Hamiltonian operator and it is divided into two parts the Kinetic energy

operator T and the potential energy operator V.

Py

H=T+V_ o ..(32)
In quantum mechanics we look at a single particle state hence Born Oppenheimer
approximations are employed which states that the nuclei of atoms are big, heavy and
slow in motion while the electrons are small light and move faster compared to the
motion of the nuclei. This means that the time an electron needs to find the ground state
with a specific position of the nuclei is much faster than the nuclei could move. Since
the electrons move very fast, they only see the static positions of the nuclei. Hence the

dynamics of the nuclei and electrons are decoupled.

P(lr IR )=y (R )=, (I ) ... (33)

Thus, we concentrate on solving the ground state of electrons for a fixed set of atomic
positions. The number of variables is then reduced thus the Hamiltonian now consists

of electron terms only as shown below.

Hy(r,r,, 1. )= Ey(r,br,.r ) .. (3.4)

The Hamiltonian of the electron consists of three terms,
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The first term of the Hamiltonian consists of KE, the second term is the potential energy
where the electrons are interacting with the nucleus that is seen as an external potential.
The third term is the electron-electron repulsion. The particle is a many body 3N
dimensional system. The approach of density functional theory which reduces the wave

functions to electron density where 3N dimensions reduces to three spatial dimensions.

The electron density is given by;
JI{J"]—I,'J'.(J'I,J':_J"I ,,,,, " },u{rl,.l'_._,.r'?,,,,.r'r_,\_l (3.6)

Considering an electron as a point charge in the field of other electrons this simplifies

the many electron problem to many one electron problem below;
':I"'{"'l sFaedy } =y, {’] .]*illfl{rl }l*l,')‘ 3 [") ... (3.7)
We then define the single electron density in terms of all the single wave functions

n(r)= ZZa),*(r)a), (r) ... (3.8)

3.7.2 Hohenberg and Kohn Theorems
Basing on Hohenberg and Kohn theorems where the first theorem states that, the ground

state energy of an electron is a functional of a function

FIF1= ], f oo . (39)
Therefore E is given as;
E = E[n(r)] ... (3.10)
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While the second theorem states that the ground state energy is obtained by minimizing

the electron density thus;

E[n(r)DE, [n, (r)] . 31D,

The total energy is expressed in terms of the non-interacting auxiliary system as:

E,=min E[Tn]+ I Vo e )elr)d s + %” p::J_]i”| d*rd’r +E_|[p] ... (3.12)

Here the first term is kinetic energy of a non-interacting system with the density p, the
second one is the potential energy of the external field vex(r), connected to the
coulombic interactions between electron and the nucleus the third term is the Hartree
energy due to electron-electron repulsions, and the exchange-correlation energy Exc[p]
entails all interactions, which are unknown and not included in the previous terms. They
need to be approximated and take care of all the quantum mechanical interactions
between electrons. The charge density p(r) of the non-interacting system, which by

construction equals the charge density of the full system, can be expressed through the

orthogonal and normalized functions @;)as;

o,(r)

plr)=2"

... (3.13)

Variation of the total energy functional according to Slater (1937) with respect to the
function ¢i(r) yields a set of equations, the Kohn-Sham (KS) equations, which have to
be solved self-consistently, and which are of the form of a single-particle Schrodinger

equation:

[_%vz (), (r)+vxc(r)}¢,(r):gi¢,(r) . (.14)
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This scheme corresponds to a single-particle problem, in which electrons move in the

effective potential,

Vi (1) =V, (r)+v, (r)+v, +(r) .. (3.15)
The energy functionals stated by Slater (1937) provide in principle the exact ground
state energy if the energy Exc[p] due to the exchange-correlation is exactly known. This
function is difficult to find, since this would be equivalent to the solution of the many-
body problem. For applications, the exchange-correlation energy Exc[p] is
approximated basing on some known functionals. Some of the most popular approaches
which are used include Perdew, Burke and Ernzerhof (PBE) and local-density
approximation (LDA), in which the exchange-correlation energy Exc[p] of an
inhomogeneous system is approximated by the exchange-correlation energy of a
homogeneous electron gas, standard density functional theory is designed for the study
of ground state properties which can be evaluated accurately
The Kohn-Sham equation can be solved in some basis set. The wave function ¢i(r) in
the Kohn-Sham equation according to Szotek, (1954) can be represented as linear
combination of N appropriate basis functions

3.7.3 The Kohn-Sham Equation
The Kohn Sham Equation is given by,

o(r)=>"ca(r) .. (3.16)

Where the basis set ¢i(r) corresponds to the specifics of the solving problem such as the
crystal symmetry, the accuracy or special features of the electronic structures.
According to the variational principle the differential equation (3.15) represented in the

basis (3.16), can be transformed to a set of linear equations:
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Z,N (Hij — &5 C; =0 j=12,3...N ... (3.17)

The matrices equations. 3.18 and 3.19 below are Hamiltonian and overlap matrices

respectively
Hy = [d°rg (DA (ra(r) .. (3.18)

S; = [d°rg ((r) ... (3.19)

Using the identity, the set of linear equations can be transformed to ordinary eigenvalue

problem below;
SVA, - 5,5, =0 .. (3.20)

This problem is solved by diagonalization of H.

3.8 The Exchange Correlation Functionals

Through the Kohn-Sham equation the ground state quantum mechanical many electron
problem is reduced to self-consistent one electron form in DFT. Computing each part
of DFT energy is easy, except the “exchange-correlation”. This complicated exchange
correlation energy functional can be obtained through the stated approximations.

3.9 Local Density Approximations (LDA)

Local density approximation has been one of the longest used standard choices in ab-
initio DFT studies. It is simple and describes and interprets the atomic structure, elastic
and also vibrational properties of semiconductor materials. The concept being the
homogeneous electron gas is approximated as the exact exchange-correlation energies
of an inhomogeneous system. They are important in studying the complexities of a
system which brings about the high sensitivity to synthesis parameters necessitating

first principles computations. The prediction of Fermi level and band structure are often
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carried out using LDA incorporated in simulation packages such as in quantum

. . . . LDA .
espresso. This approach incorporates an exchange-correlation functional E,.~ written

in the form:

E oA :In(r hom(n(r))dr ... (3.20)
LDA has had realistic results in describing the atomic structure, elastic and vibrational
properties of systems which are slow in density ratio and their chemical properties.
However its shortcomings include lack of accuracy in describing the energetics of
chemical reactions which tend to break down and at times LDA puts crystals in
qualitatively wrong energetic order. Thus this should be put in consideration in
applications. LDA are important in the construction of other approximations such as

Generalized Gradient Approximations or hybrid functionals.

3.10 Generalized Gradient Approximation (GGA)

This method is a continuation of LDA where it takes in account both the density of
uniform electron gas and its deviation from homogeneity by considering the gradient

of charge densities. This exchange-correlation energy is written in the form:
ESA = '[gxcn(r)Vn(r)jr ... (3.22)

The GGA exchange correlation potential is written as:

dE,, +dF, dF,, ~
V()= )~ an ;da(—d (dan)]/n =n(r) ... (3.23)
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Where F,, (n, ‘Vn‘) =E, (n, V)n , and da stands for gradient component GGA improved

significantly the LDA’s description of the binding energies for real systems. However,
LDA and GGA both have a limitation when describing the correct electronic properties
of some materials for instance the transition metal oxides and the strongly correlated

systems.

3.11 GGA+U Hybrid Functional Approximations

Semiconductors are some of the vital technological materials with numerous
applications especially in solar cells. First principles approaches that illustrate their
properties accurately are very important. From earlier studies it has been established
that the band gaps obtained by both LDA and GGA are underestimated for
semiconductors, while the application of Hartree-Fock method overestimates their band
gaps. Therefore necessitates the use of hybrid functionals GGA+U developed from

GGA.

Basing on its formulation, GGA functional effectively contains a screened mean-field
representation of many-body behavior while DFT+U formalism represents the
correlated physics of a many-body impurity system in a single particle framework. To
make these correlations explicit in DFT+U, the GGA energy is supplemented with a

local moment term similar to that appearing in Hubbard model as stated by Folk et al.,

(1957) and Novoselov et al., (2005) In the Hamiltonian given as EHub[{annfn } the double

counted GGA correlation Ep, [{nw }] is subtracted to get;

Econtu [n(F)]: Econ [n(F)]+ EHub(annTn’)_ Enc [{nw }] .. 3.24
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From equation 3.24 n(r”) is the spatial electron density while n;ffn denotes the atom-

centered spin-orbital occupation of the I'" atom. This is where the Hubbard correction

is placed indexed by spin ¢ and angular momentum projection m. The term Epc[{n'°}]

depends solely on the net spin-resolved orbital occupation n's = mnrln‘fn . To
. I . . . .
conveniently represent N, the valence electronic wave function ¥\ is projected

with wave vectork and spin ¢ onto atom-centered spin orbital states CD:n so that

My =D« F (W | (B4 ) where fic is the weight of the k™ state.

The calculations presented are performed in a formalism invariant under rotation of the

atomic orbital basis set according to Lichtenstein et al., (2001) and Liechtenstein et al.,

1995 thus defining the localized occupancies. This means, EHub[{ }] Is determined

by the screened Coulomb interaction U and exchange interaction J parameters .In this

case, the Hubbard correction to the Kohn—Sham functional assumes the form

U Ny __Zzn anlnfnnrlnam ...3.25

I mo

_ %ZTr[ﬁ”(l— i) 326
lo

This introduces a set of localized orbitals that diagonalize the occupation matrices n'=

simplifying the correction Evy to;

Ey Ny :—222}“1 x 327

o i
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It can be seen that for a fully unoccupied (ﬂffa = 0) or a fully occupied (la :1) the

term is vanishing. The value U admits a physical interpretation of additional energetic

cost assuming partial orbital occupancy given as /ﬁ" € (0,1). This term corrects over the

counting of the Coulomb self-interaction energy for partially occupied DFT orbitals
common within the LDA and GGA approximations, thus mimicking an open quantum

system.

Hubbard U is viewed as a correction to LDA and GGA, setting U to be equal to the
curvature of the energy functional obtained through a linear response method according
to 42, the single-particle potential VE®* is perturbed to yield V' = VCCA + ¥ ,aiP'. Here
i is the strength of the localized potential and P' is a d-level projector for the Ith

corrected atom. The problem is then reduced to the minimization of total energy
E[{ql }] =min n(r),ad E[n(r)]+ Zal (nl - q[) ...3.28
I

Where o, takes the role of a Lagrange multiplier employed to enforce the orbital

occupancy restraint. The Hubbard U term is then defined as;

_ellal] el -
- 2 2 ... O.

aql aql
For practical implementation, a Legendre transformation is performed that shifts
dependence to the oy parameter reducing the sum in equation 3.29 to Zlalnl term.

The Hubbard U may then be written in terms of generalized susceptibilities as

GGA

8, and ZI(.)] :anl/an
Au = oa,

33



Y13 = Oni/Ooy that yields
U= ((zﬁ J* +z{f) ..3.30

The bare susceptibility }(IOJ is accordingly derived by performing the DFT calculation

at oy = 0 with fixed Uin, and the orbital occupancy response ;{ﬁ obtained through

successive calculations at varying values of o, using initial orbital occupancies from the
bare calculation. The derived U then corresponds to a potential arising from
redistribution of occupancies throughout the system subsequent to an induced
perturbation on a d level and accompanying the electronic correlation at the perturbed
site. The self-consistent value Uscr then corresponds to the electron—electron
interaction present in the GGA functional component of the GGA+U state when U

= Uin.

3.12 Self-consistent lterative Solution

Density Functional Theory is a method used to describe a system with the use of
electron density. DFT is used in predicting and analyzing the electronic and optical
properties of materials where the electronic density distribution n(r) is considered.
Presently, DFT is applied in many first principles or the ab-initio codes. The sequence
scheme for calculation of materials property can be generalized as shown in the figure

3 below.
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Figure 3

Schematic Flow of the Solution of the Schrédinger Equation to Obtain Self-

Consistent Electronic Density
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Adapted from Ciucivara, (2007).

The first step is to choose or construct the fixed nuclear ionic positions. While the
second step determines the initial condition of a system, that is the distribution of the

charge density where there is the superposition of charge densities.

The choice of basis set involves the choosing of the initial data which significantly is

different from the solution or the optimization of the parameters. This stage determines
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the choice of the advanced estimation of the crystal grid and as well as the atomic
orbitals. The next step is to solve the Schrodinger equation. This is done by determining
the density of single electron wave functions since it is impossible to solve the equation
with more than one electron system in an atom, lljasov et al., 2014. In this way some
properties of electrons are not considered but at the same time it becomes possible to
solve the Schrédinger equation in some variants Nelasov et al., 2011. Thus, the results
can be used to determine different material parameters for example, in calculating the
geometrical parameters of a crystal grid and also the energy connection between its
points Kravcova et al., (2011) and Kazakova, (2009). The results obtained for the
atomic structures from parameter calculations can be used to determine the strength of
the material according to Iskandarov et al., (2012). Kravcova et al., (2011) and Babkin
et al., (2011) argue that the parameter calculation results can also be used to determine
the electron structure properties, the band structure, the magnetic characteristics and
many more other properties such as formation of grain boundaries and the optical

properties.

3.13 Implementation

3.13. Plane Waves

The Density Functional Theory (DFT) and the Born-Oppenheimer approximation were
used as a link between the interactions of the nuclei and the electrons commonly known
as many body problem that leads to the single particle problem moving in an effective
potential for a set of 60 stationary nuclei. In this approach, a single particle eigenstates
is expanded into a basis set of plane waves. The plane waves are used due to the fact
that the eigenstates are exact for the electron gas which is homogeneous and not
specified to any particular atom. The expansion of the plane-waves in the Kohn-Sham

wave function is important when calculating the total energy of solids which is periodic.
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The solution of this single-particle Schrodinger equation within a periodic potential, is

itself periodic and thus obeys the Bloch’s theorem below;

okij(r) = 2kj(r)e(ikr) ... (3.31)

In the equation, Kk is the crystal momentum and j is the band index that classifies the
electronic states that have the same k-vector defined within the first Brillouin Zone.

The periodicity of the crystal is pj(r) which is solved using a basis set;

gkj(r)=">"ciG =kei(K + G ... (3.32)

G can be defined by the equation b= 27wm, where b are the lattice vectors of the crystal

while m is an integer. Expanding the equation leads to;

P = ;cj K +Ge*ru(r) ... (3.33)
When the Bloch states are used, the Kohn-Sham equation will be;
E_mhvz +Veff (r)}zkj(r) = > kjuki(r) ... (3.34)
Veff can be defined as V eff (r) defined as:

Vg (1) =V, (1) 4V, (r)+V, (r) ... (3.35)

Where V ext, is the external potential due to the interaction with the nuclei, V H is the
Hartree associated with electrons interaction and V xc is the exchange correlation

potential.

The Fermi energy is obtained from the equation below;
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n(r)= ZHBZ“ykJ(r]ZG)(Ef —Z jd3k ... (3.36)

The factor 2 takes care of spins up and down i.e. 1 and | and the @ in the equation is a
step function which can be 1 or 0. Fermi energy Er is the highest energy level occupied
by a single particle and is defined by the number of electrons in the unit cell. This

energy is termed as Fermi energy given by;
.[n(r)dg’r =N ... (3.37)

The electronic wave functions are expanded into k-points described in a form of discrete
set of plane waves according to Bloch's theorem which merges the number of electronic
states of infinite problems to a finite number of electronic states at an infinite number
of k-points extended over a single unit cell. This could be a minor improvement since
an infinite number of calculations for the different k-points is needed. Since the
electronic states at k- points which are close to each other are similar, there is a
possibility of representing the wave functions of a specific point by the wave function
at a single k-point for a k-space.

3.14 The Brillouin Zone (Reciprocal Space) and K-Points

Density Functional Theory is used in materials research for calculations in a system of
periodic atoms in space. A supercell is a cell with atoms repeated periodically; these
supercells are identified with the lattice vectors a 1, a 2 and a 3. The solutions of the
Schrodinger equations for a periodic system, must be in line with Bloch’s theorem

written as:

o, (r)=elikr)uk(r) .. (3.38)
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Where k is a wave vector which is associated with the First Brillouin zone while r,

represents the position vector which defines a point in space
Hy (I’)z,uk (r+n1a1 +Nya, +n3a3) ... (3.39)

From the equation, the integers Ny,N,,N; are periodic functions and the space is

periodic for a super cell with the same periodicity. The Schrodinger equation can be
solved independently for any value of k as indicated by Bloch's theorem. Sholl & David,
2009, states that the mathematical problems are simpler to solve with respect to k than
r, involved in DFT. (Because the expansion of e ik(r) expresses the original plane waves
and calculations related in this equation are defined as plane-wave calculations. Plane
waves take advantage of the first Fourier transformation (FFT), hence it is a numerically
convenient basis set which can be used in DFT. The real space is represented by the
vector r while the reciprocal space is represented by the vector k (or k space). In k space,
a unit cell has a minimum volume that contains all the information of the material. The
primitive cell concept in k space follows the Wigner-Seitz cell, where the reciprocal
lattice vectors are easily defined like in real space. Cells in k space are referred to as
the Brillouin zone, the Brillouin Zone contains several k-points with special
significance of symmetry. These points are given independent identities. one of the
most important being the Gamma point (I" point), which is the center of the reciprocal
space which implies; k= 0 at the I" point, (Sholl & David, 2009).The convergence of k-
point mesh (ni x njx n), where nj =1, 2, 3 with respect to total energies for the

orthorhombic structure of the DASnI3 is shown in the Figure 4 below;
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Figure 4
Graph of Energy Versus K-Points
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The Plane wave basis energy is calculated based on DFT in the study of a material. The
cut-off energy optimization is examined at a constant k-point-mesh obtain prior. The
experimental lattice parameters are achieved from the crystallographic databases. The

curve below is the cut-off optimized energy for the DASNI3 structure

Figure 5
Cut-Off Energy Curve for DASnI3
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The convergence test of the plane-wave energy cut-off and also the k-point grid was
determined at fixed lattice constants and the atomic position relaxed at a temperature
of OK. Volume was varied while relaxing the atomic coordinates a significant principle
for every DFT calculation. The convergence of the energy cut-off in relation to the total
energy was determined by choosing a k-point grid for which the results are expected
to converge then the system simulatedin QE by gradually increasing values of Energy
Cut off .The values obtained for the Energy Cut off ECUT and their output Energy
values in Rydberg was plotted as shown in Figure 5 above .From the figure it indicates
that energy cut-off less than 50 Ry is inadequate therefore, values greater than 50 Ry
should be selected. However greaterenergy cut-off does not increase precision but it
raises CPU time thus increasing the computation cost but does not temper with
accuracy.

3.15 Elastic Constants

The elastic constants for DASNI3, was performed by an accurate structural relaxation
of the material, to approximately zero stress state of the structure. Subsequently
application of perturbations to the lattice vectors follows and the resulting stress tensor
is calculated allowing relaxation of the ionic degrees of freedom. The constitutive
relations from linear elasticity which relate stress and strain are finally employed that
fits the full 6x6 elastic tensor .The face centered orthorhombic phase has three lattice
parameters a , b and c. Bravais lattice vector of the orthorhombic phase according to

Nyawere et al., (2014), has a matrix of the form;
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Table 2

Elastic Constant Matrix.

C C C

11 12 C13 14 015 ClG
Ciz Cy C23 Caos 025 026
Cl3 C32 C33 C34 C35 C36
Cia Cy2 C43 Caa 045 046
ClS C52 C53 C54 C55 C56
Clﬁ CGZ C63 C64 CGS C66

From the matrix, the nine elastic constants for the orthorhombic phase are; C11, C22 ,
Cas, Cas, Css, Ces , C12, C13 and Cas which are the corresponding strain energy that
can be obtained. From the elastic tensor defined above, a number of aggregate and
derived properties are calculated. The properties include Voigt and Reuss bounds on
the bulk and shear moduli. For instance, the elastic constants are generated from energy
variation by applying a little strain to the converged lattice configuration. This energy

can be written as:

... (3.40)

v 6 6
VE:EZZCijeiej

i=1 j=1

From the equation, V is the volume of the original lattice cell while AE is the energy

increase from the strain with the vector € =€,€,€,€,6:€,€,€,€; C is the matrix of the

elastic constant. For the orthorhombic phase dimethyl ammonium tin triiodostanate 11

in which the primitive vectors can be denoted as;
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1 ca.,ca
R:_b Oali_i_!0!_1_1110 .
2 [ b’ 'b'b j (3.4

R can be strained according to the relation in the deformed matrix with distorted lattice
vectors
Strain on ¢, defined by uniaxial deformation along (0, 0, 1) to obtain;

VE 5+ 8us ... (3.42)
\Y 2

¢,, Was obtained by applying the strain on (0, 1, 0) to obtain;

Ezrzéurcﬁg? ... (3.43)
\% 2

C;; Was obtained through deformation along (0, 0, 1)

A 548 s ... (3.44)
\% 2

¢,, Obtained through (1, 0, 0)

ATE = 2(z,6 + C450?) ... (3.45)
C;; Was through
ATE = 2(z,5 +cyy5?) ... (3.46)
Css Along (0, 0, 1)
AE _ 2248 +Ces5?) ... (3.47)

\

¢, Through (1, 1, and 0) to obtain;
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AE 1
T(fl _72)5+E(C11+C22 _2C1252) ... (3.48)

Cl3

AE 1

T(Tl _T3)5+§(C11+C33 —2C2352) (349)
C23

AV—E:(z-2 —rs)5+%(c22 +c33—202352) ... (3.50)

The Bulk modulus for the orthorhombic phase derived from elastic constants was given

as,
N (3.51)
Q+y+o) T
Where A =Cyy +2C,7 +Cpy° +2C,,0+Cy)0 ... (352)
o= (Cll —Cy, )(033 B 013)_ (Czs —Cj4 )(011 B C13) (3 53)
(C33 - C13)(022 - 012)_ (ClS —Cys )(012 - Czs)
<C11 —Cy, )(C33 B C13)_ (Cz3 —Cj4 )(Cll B ClS)
(sz —Cyp )(033 - C13)_ (ClZ - Czs)(C13 - 023)

The isotropy in elastic constants are obtained from appropriate averaging procedures
which include the bulk, shear and Young modulus. The three commonly used averaging
methods which are implemented in Thermo_pw code are the Voigt approach (Voigt,

1928), where in this approach a uniform strain is assumed, and the Reuss procedure
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validates the uniform stress (Reuss, 1929). Combination of the Voigt and Reuss moduli

results in a stiffness constant.

Bulk and shear modulus Voigt average for polycrystalline material is given as;

BV
OkV = (Cyy +Cyp +Cyy )+ 2(Cpp +Cpy +Csy) ... (3.56)
GV
15G, = (€, +Cyp +Cag) = (€ + g+ ) +3(C + 55 + ) .. (3.57)

While the Reuss Bulk and shear modulus are given by;

Be

é = (511 St 333)"' 2(512 St 531) ... (3.58)
G

% = 4(s,, + S,y + S35 ) — (S, + Sy +Cay )+ (S, + Ses + Seg ) .. (3.59)

According to the Voigt-Reuss-Hill (VRH) approximation (Hill, 1952) the shear and
bulk moduli of the polycrystalline material were approximated as the mean of the Voigt

and Reuss limit

BVRH

2K = (K, +K,) .. ... (3.60)
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GVRH

26 gy Z(Gv +GR) ... (3.61)

From bulk modulus and shear modulus, the Young modulus was obtained as;

A ZS(G_VJ{&}GZO .. (3.62)
GR KR

While the Poisson’s ratio was obtained from;

U= (3kVRH — 2GVRH ) ... (3.63)
(6kVRH + 2GVRH )

3.16 Optical Properties
Optical properties are the study of the interaction of light waves with the material

medium. The properties can be obtained through the study of polarization and the
absorption of electromagnetic radiation within the medium. These are expressed in
terms of the dielectric constant €1, the conductivity 61, and the permeability 1 present
in matter. To understand the properties well, it requires the definition of the complex

refractive index as a new response function which is written in the form;

~

: 4 2 0t
N=n+ik = {glyl +i ”glo_l} = &1, ]2 ... (3.64)
W

The refractive index of the material (n), is written in terms of conductivity (o1), the
permeability ([1), and the dielectric constant (1) and also using the same constants, the

extinction coefficient (k) can be written as egn. (3.58) below (Gajdos et al., 2006)

2 M| o (47O 2
A =5 &+ — +& ... (3.65)
@
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K:ﬂ{gf +(4Mljz}}2 .. (3.66)
2 w

The two Equations above (3.65) and (3.66) are vital electromagnetic wave propagation
relations in materials. To study the current properties of materials, polarization and
absorption of electromagnetic radiation within the material medium is expressed in
terms of dielectric functions. The dielectric functions are represented mathematically

by the relation below

(@)= £() + 5, () ... (3.67)
The reflectivity of the dielectric material without losses i.e. K — 0 can be written in

terms of refractive and extinction coefficient k and becomes:

G=2N =N, ke ... (3.68)
C C C
N’ —k* =g ... (3.69)
Amu oy
2nk = #4991 ... (3.70)
w

Writing equation (3.70) in terms of dielectric constant, permeability and conductivity

gives,
. 4 ., A
N :lul|:81+l Mi}:ylgzﬂ .. (371)
0
Noting that when |&;| >1 then,
1
IN|=(n?+Kk?)e .. (372)

3.17 Reflectivity

The reflectivity r(w) can also be expressed mathematically as,
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1-N]  @-nP+k?
R(w)= | = .. (3.
(@) L+N} (1+n) +k? 3.73)

If K tends to 0, then reflectivity reduces to;

1—n2

.. (3.74
1+n ( )

The imaginary dielectric function &1 (@) was obtained by summing over conduction
bands as stated by Ambrosch & Sofo (2006).

Ar’e® 1
‘C"iﬁ’( ) ”Q qz I rr(‘)] ZZWK v )X<uck+eqq |uvk <uck+eqq |uvk> (375)
g

Equation (3.75) above is an indication of a transition between the occupied and the
unoccupied states within the first Brillouin zone where the k vector waves are fixed.
According to (Harrison, 1999) the Kramers-Kronig relation connects the real and the

imaginary parts of an analytical dielectric function by;

1.2 pIL‘”)‘”_dw, ... (3.76)
1T w

The complex dielectric constant ¢ and the conductivity & are the prime response
functions to the applied electric field.

3.18 Absorption Coefficient

The absorption coefficient I(X)= I, exp (— aX) corresponds to the intensity loss per

unit length and is given as:

o) =2 5, (0) . (3.77)

The equation indicates that there is a strong relationship between a (®) and &2 (o).
The frequency dependent dielectric matrix was calculated using quantum espresso
hybrid functionals where the imaginary and the real dielectric values of DASnI3 were

obtained.
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CHAPTER FOUR

DATA ANALYSIS PRESENTATION AND DISCUSSION
4.1. Introduction
This chapter discusses the results, data on the structural properties, the electronic, the
elastic, the dielectric constants and the photovoltaic application of tin halide perovskites
and also compares the results obtained from this work and other researches of
perovskite materials from first principle and other works.
4.2 Structural Properties of DASnI3
An orthorhombic phase of DASnI3with 60 atoms per cell space group Pna2; was
considered. The original structure from the database and the optimized structure were
simulated using the same values for ecutwfc and ecutrho and using XCrySDen
according to Kokalj (1999) the structures were visualized before and after optimization.

Figure 5 shows the structure of Dimethylammonium triidostanate Il which decomposes

toH,C+H,IN+5nl, +C . The lattice parameters obtained was a = 8.505 A, b =9.232

Aand ¢ = 15.04 A. Murnaghan’s equation of state was used according to Madsen et al.,
(2016) for volume optimization by minimizing the total energy with respect to the
volume. The relationship between the energy and volume of the orthorhombic
perovskite cell is represented by the energy-volume diagram (Fig.6); the PBE-XC

functional results in a minimum energy at the volume 1151.507 A3

The C2HgN1Snsl3 structure was created by use of xcrysden software in the QE code to

achieve optimized structure as shown in figure 6 below.
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Figure 6

The Structure DASNI3 Perovskite Containing a Network of H,C+H,IN+8nl, +C

4.2.1: Lattice Parameters
The structural properties in terms of lattice constant for the DASnI3 was obtained as

8.5 angstrong . the results showed that dimethylammonum triidostanate 11 (DASNI3)

was stable and relaxed at 1151.5Ry as shown in figure 7 below.
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Figure 7

Graph of Total Energy per Cell Minimum of 1151.5Ry Against Volume of Lattice
Constants at 8.54
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The electronic structures are determined by studying the band gaps and volume for
Dimethyl Ammonium triiodostannate (11). The table below presents the values obtained
from Lattice constants, volume per atom and band gaps from this research and those
obtained from other related research. It is observed that Dimethyl Ammonium (DA)
being larger in size than methylammonium (MA), results in to an increased band gap
modifying the lattice constant (Hautzinger et al., 2020). The bonding between the metal
and halide has a direct impact on the valence band and the conduction band positions.
The extent of the orbital overlap is influenced by the A-site cation. Philippe, et al (2017)
states that this change of composition, for instance, when DA is used as the A site cation

the band gap of the perovskite increases as compared with MA perovskite.
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Table 3

Value of Lattice Constants, Volume Per Atom and Calculated Band Gaps of DASnI3
in Comparison with other Studies.

a(A)  b(A) cA) VO0RAY) Band gap Reference
values(e s
V)
QE PBE 8505 9.232 15.040 11515 2.7 present
work
VASP PAW 8562 9.165 15.031 274.5032 2.834 Jain et al
(2011)

QE LDA 30.817 30.817 8.8171 - 2.98 Zhao et al
PZ 3 3 2.14 2021
Expt(DA 3
Bil 6)
FPLAPW + 6.517 - - 276.78 1.30 Joshi et al
lo WIEN2k (2020)
EASNI 3
FPLAPW 12332 - - 1561.07 1.37 said et al
Wein2k (2021)
package Cs
2 InBil6
C2H8I3NSn 14.637 8.786 8.288 1065.8 - Hecken,
Sni3 Expt G(1993)

From the results presented in table 3 above, a correlation exists between the calculated
band gap value of 2.7 and those obtained by Jain et al., (2011) with a band gap of 2.8
eV for the same material. The lattice constants values are also closely related. It is also
evident that the results are comparable from the smallest deviations seen and also

compares well with other calculated values.
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4.3 Electronic Properties

4.3.1 Electronic Properties of DASnI3
The electronic properties of the hybrid halide perovskites are of much importance and

need to be studied because these materials are potential light-harvesting mediums. We
employed PBE-GGA ex-change correlation potentials to study various electronic
properties such as electron density plot, the band structure and energy band gap, the
Density of states (DOS), and the partial density of states (PDOS) calculation. The band
structure and the density of states (DOS) are important in analyzing the electronic
properties of material.

The calculated band structure of the orthorhombic phase DASNI3 (C2HgN1Sn1l3) crystal
along the high-symmetry lines in the first Brillouin zone is presented in figure 8 below.
The orthorhombic crystal has a direct bandgap at gamma symmetry points with 2.7eV
calculated band gap energy from PBE, DFT exchange—correlation functionals. The
Fermi level is located between the valence band maxima and the conduction band
minima of the material. The diagram below shows the band structure of the
dimethylammonium tin triiodide.

Figure 8
Graph of Calculated Band Gap against High Symmetry Points of DASnI3
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It is observed that DA is a wide-band-gap semiconductor with a direct band gap of
2.7eV which is Comparable to the value of 2.834 according to Jain et al (2011) and
2.98 eV for Dimethylammonium iodide stabilized bismuth halide perovskite according
to Zhao et al. (2021). The values obtained are reasonable since it is known that the DFT

usually underestimates the band gap.

4.3.2 Density of States (DOS) and the Projected Density of States (PDOS)
To understand the band gap variation of a material, a study of the density of states

(DOS) and the projected density of states (PDOS) is necessary. The DOS and PDOS
for DA compound are given in figure 9 and figure 10 below respectively. The Fermi
level separates the valence and conduction bands. From the total DOS of Sn, I, N, C
and (CH 3)2 NH2 Snl3 the position and height of spectral peaks infer that the electronic
states of Sn, I, N, C and H are hybridized in both valence and conduction bands in some
specific regions. The nature of DOS and PDOS spectra reveals that DASnI 3 is a
semiconductor.

From the graph of partial density of states (PDOS) figure 9 below, the VBM has major
contributions from 1-5p and Sn-5s and little hybridization by Sn-5p. On the other hand
the CBM is significantly contributed from Sn-5p and I-5p and little I-5s. Therefore the
prediction across the bandgap is majorly contributed by iodine and tin s, p orbitals

which suggest strong hybridization.
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Figure 9

Density of States of Dimethylammonium Tin Triiodostanate Il Indicating that the
Fermi Level is Between the Valence Band and the Conduction Band.
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Figure 10

Partial Density of States Obtained for DASnI3 Indicating that Hybridization is mainly
Contributed by I and Sn 5p Orbitals.
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4.4 The Dielectric Constants of Tin Based Perovskites

The optical properties express the interaction of light with the material medium. In this
study, the optical properties of Dimethyl ammonium (DA) metal halide perovskites
based on the DFT scheme of measuring the different optical parameters was done. To
study these properties, the polarization and the absorption of electromagnetic radiation
were mathematically presented through the dielectric functions given by the relation

below;
g(w)=g,(w)+is,(w) |

From the relation above, the first term (o) = &, (w) represents the real part, showing
the polarization of light, the second term is ., () represents the imaginary part of the
dielectric function, and measures the extent on which light is absorbed. The zero
frequency limits (static dielectric constant) ., (o) for DASnI3 is 4.0 as shown in table 4
below. This shows that DA has a remarkably large value of . (0)comparable with that
of MAPbIs with a value of 5.95 its band gap obtained as 1.63 according to srikanth et
al., (2020) and EASNI3 with a value of 5.38 having a band gap of 1.17eV according to
Joshi et al., (2020). This value reveal that o (o) increases with the band gap decrease
which means that band gap energy is inversely proportional to ., (0).This is consistent
with Penn D. (1962) model. From figure 11 below, the maximum value of o () Iis
observed to be in the visible energy range (3—-3.5 eV) which is equivalent to wavelength
of approximately 314-500nm. In the solar spectrum, the visible energy wavelength is
from around 380-780nm translating to approximately 1.6-3.5eV.The humps then
decreases rapidly followed by small humps which can be caused by the inter-band
transitions between valence band and the conduction bands. On the other hand, the

imaginary part of the dielectric function is a measure of the extent of light absorption.
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It is a basis parameter since all other optical parameters including . (») are calculated
from,,(»). In figure 12 below, high absorption peaks are observed in the visible

spectral region at energy around 2.5-4.5 eV. Several weak peaks are observed in the

energy range of 4.5-14 eV.

Table 4

The Zero-Frequency Values of the Real Part of the Dielectric Function and Band

Gaps

Compound go(w) Bandgaps (eV) References
C2H8I3N1Sn1 4.0 2.7 This work
MAPbDI 6.0 1.7 Wang et al 2015
CsPbl3 5.0 1.73 Ahmad et al 2017
EASNI3 5.38 1.17 Joshi et al 202
Figure 11:

Real Part of the Dielectric against Photon Energy of DASnI3 Highest Peak at 3.3eV

> 4 6 8 10 12 14
Energy (eV)
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Figure 12:

Imaginary part of the Dielectric Against Photon Energy of Dasni3 Absorbtion
Beginning from 2.5eV .
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Table 5

Real Part of the Dielectric ., (») and the Imaginary Part ., (»)in eV compared with the

Values obtained from other Studies.

Dielectric constants ~ This work Jainetal., 2011 Saeed et al., 2021
1.94 3.0

£ () 3.0

£,(w) 35 2.72 2.5

4.5 Elastic Constants
The structure stability and strength of a material due to an external force, can be

determined by studying the elastic constants of a material and which plays an important
role in the basic phenomena of solid state including; inter-atomic bonding, phonon
spectra, and equation of state. The elastic constants are computed using independent

elastic coefficients Cij using the thermo_pw embedded in quantum espresso code.
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Shear modulus G gives the information about the rigidity of a material to reversible
deformation when under shear stress. Shear modulus thus determines the hardness of a
material. The calculated value of G for DASNI3is 6.0251 GPa. A study on Cs2InBil6
by Saeed et al., 2021 obtained a value of 43.4GPa hence a stiff material, while the value
obtained by Feng et al (2014) for MASNI3 was 4.1GPa. This affirms that DASNI3 is a
stiff material. Young's modulus (E) determines the toughness of a material thus a
reaction of a material towards linear deformation. According to Saeed et al (2021), the
higher the value of (E) the tougher the material. The value of 1.64518 GPa for DASnI3

indicates that this material is tough.

To examine the ductility/brittleness of a material Pugh’s ratio (B/G) is used (Orio et al
2009) states that, a material is ductile if B/G value is higher than 1.75 and it is brittle if
less. Our calculated results for DASNnI3 was 3.27 a much higher value of B/G than the

critical value of 1.75.This confirms that the material is ductile in nature.

Poisson’s ratio ( u ), explains the compressibility of the material which is given by the
ratio of adjacent longitudinal strain in non-axial tensile stress. Feng et al (2014) states
that a material having u > 0.26 the solid is ductile thus, the larger the Poisson’s ratio (
u ), the softer the material. This means that when the material is stretched there will be
no adjacent reduction of dimensions The Poisson’s ratio for DASnI3 is 0.36, indicating
that this material is ductile. Decampo et al., (2013) argues that, this could be due to the
weak chemical bonds in the perovskite compounds which depends on the constructed
elements. The soft characters of the perovskite could therefore be exploited in the
tuning of the band gap by strain engineering in application Frost et al., (2014).

Anisotropy is defined as the quality of exhibiting properties and gives different values

when measured along axes in different directions. The anisotropic parameter (A) for an
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ideal isotropic system, is unity and diverges from unity for an anisotropic systems. The
universal anisotropy AY of MASNI3 according to Feng et al., (2014) is 5.23 which vary
largely along different orientations. This result indicates that MASNI3 is unstable under
ambient conditions. The B/G of 3.26 which is much higher than 1.75 and the poison’s
ratio of 0.36 obtained above™ demonstrates that DASnI3 is a ductile material. The
calculated anisotropy of 1.7 showed that DASNnI3 was elastically anisotropic since it
was found to be greater than unity. The obtained values and those from other works are

presented in table 6 below;
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Table 6

Calculated Elastic Constants, Bulk modulus (B) in GPa, Young Modulus (E)in GPa

and Shear Modulus (G) in GPa, the Poisson’s ratio ( 1 ), Anisotropy factor (A), B/G

ratio for DASnI3 in Comparison to other Works.

Parameters This work MASNIz (Feng et Cs 2 InBils (Saeed et
Sij (1/Mbar) DASNI3 al., 2014) al., 2021)
Cu 23.133 46.1 71
Ca 263.79112 21.2 20
Css -213.46697 16.7 62
Ces 83.30059 0.5 -
Ces 98.79755 8.3 -
C,. 244.16719 12.1 -
C13 -105.73512 26.7 -
C23 287.37204 6.8 -
A 1.7 5.23 2.43
B 19.684144 18.5 37.0
E 16.45108 16.7
G 6.02501 4.1 99.6
2 0.36523 0.35 0.05
B 3.267 2.99 0.85
G

The Debye temperature (D) and the sound velocities in a crystal are closely hinged to

the elastic properties. The sound velocity, the Debye temperature and the elastic

properties are given by the following equations;
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Where, h is the Planck constant, k the Boltzmann constant, Na is the Avogadro’s
number, n the number of atoms in the molecule, M the molecular weight, and p is the
density. B and G are bulk and shear moduli, respectively. The transverse (V+), and the
longitudinal (V) sound velocities are averaged to give (Vm). Debye temperature and
the sound velocities represents the strength of the bond that exist in the structure. The
Debye temperature for an orthorhombic MASNI3 is 158K while that of MASNBr3 is
213k (Feng et al., (2014).The size of the organic cation and the hydrogen bonds can
affect the octahedron volumes which in turn affects the volume of the unit cell that
induces phase transitions. For instance the cubic phase MAPDI3 undergoes a phase
transition to Tetragonal at T=327k and a transition to Orthorhomic structure at T=161k
(Poglitsch et al., 1987). The use of a larger cation like the DASnI3improves thermal
stability through the stronger H-bonds which suppresses ion migration. The Debye
temperature value obtained for DASNI3 is 179.165 K while the sound velocity obtained
is 1551.193m/s this shows that the Sn-I bonding in this material is strong. The
compressional velocity V_P obtained was 2410.521 m/s while the Bulk velocity isV_B

is 2362.789 m/s and the Shear velocity V_G is 413.376 m/s
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4.6 Photovoltaic Application of Dimethylammonium Triiodostanate 11

A direct bandgap material is more efficient for optoelectronic applications when
compared with an indirect band gap material because of phonon involvement, which
makes indirect band gap semiconductors a bad emitter of light as stated by Khan et al.,
(2013). From the study of DASNI3, shows that it can be used for photovoltaic
application because Dimethyl ammonium can improve both thermal stability and
charge transport. Bian et al., (2020) states that when DA is used, it alters the size of the
BX6 octahedral affecting the band gap by decreasing the overlap between the metal and
the halide orbitals pushing the valence band from the vacuum. A wide band gap material

heals deep trap defects resulting in to a more defect tolerant material (Tan et al., 2018).

DOS is mostly used in the study of the physical properties of materials such as the
dielectric and the photoemission spectra, and also the transport properties. DOS shows
the role and location of different energy orbitals, specifically in the band structure
formation. From the total DOS and partial DOS of dimethylammonium tin triiodide,
figures 4.5 and 4.6 the high energy in the Sn- 5s states which occupy the VBM are
mainly responsible for the promising photovoltaic properties. These states are stable

with respect to decomposition (Xiao et al., 2017).

From the study of the imaginary part of the dielectric figure 4.8, there are two
characteristic peaks with the energy ranging from 2.5eV — 4.5eV which is within the
region of visible light in the solar spectrum. This indicates that DASnI3 readily absorbs
photons of energy equivalent to the band gap energy of 2.7eV. The peaks could be
attributed to direct inter-band transition of the filled I-5p and Sn-5s VBM states to the
unoccupied CBM Sn-5p and I-5p orbitals. The Valence Band Maxima and the

Conduction Band Minima of DASNI3 are located at I' symmetry of the Brillouin zone
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and have large band dispersion. This large band dispersion results in the small carrier

effective masses.

The value of 3.26707 obtained for B/G which is higher than the critical value of 1.75
indicates that the material would have a deformation and the properties remain subject
to bending and even compression. Therefore, from the large B/G ratio of DASnI3 one
could use in fabricating thin film absorber working at room temperature. The Poisson’s
ratio for DASNI3 is 0.36 which is higher than 0.26 a value indexing the ductility of a
material, this shows that the material is incompressible and could have a good ductile
ability serving as a flexible layer substrate on the polymer. The anisotropy value
obtained for DASNI3 is 1.7 it is closer to unity as compared with other materials such
as MASNI3 with anisotropy above 5.0. This means that DA cation is nearly isotropic
indicating that this material is stable under ambient conditions.

Apart from the size of the A site cation, temperature also induces the polarizability of
the material (Srikanth et al., 2021). The lower temperature hexagonal structure of DA
exhibits high dielectric constant and this is beneficial as the top layer protecting the
active layer of the perovskite. Thus, the orthorhombic DASNI3 perovskite layer can be

used as a solar cell material for photovoltaic application.
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CHAPTER FIVE
SUMMARY, CONCLUSION AND RECOMMENDATIONS
5.1 Introduction
This chapter presents the summary of the study which was carried out with the aim of
using first principles computational modeling implemented in quantum espresso
software based on DFT. The conclusion and recommendations on the study of the

orthorhombic phase DASNI3 is presented.

5.2 Summary

The main objective of this study was to determine the structural, electronic, dielectric
and elastic properties of tin halide perovskite for photovoltaic application. The
oxidation state of tin is high, making tin halides unstable under ambient conditions. To
exploit the promising properties in photovoltaic application it required identification of
an appropriate material that improves the stability and good absorption of the tin halide
perovskite based compounds. In this study calculations of the electronic, structural,
elastic and dielectric constants of DASnI3 were done and since it was based on DFT, it

restricted computations to ground state conditions only.

It was noted that the use of DA as the A site stabilized the perovskite under ambient
conditions. Notably, the Anisotropy factor of 1.7 indicates that the material is near
Isotropic. It is shown that the results obtained from this study are consistent with other
theoretical predictions and experimental values. VBM hybridization was contributed
by I-5p and Sn-5s and little by Sn-5p. On the other hand the CBM is contributed by Sn-

5p and I-5p and little I-5s.

The Fermi level separates the valence and conduction bands. From the total DOS the

DASNI3 displayed the properties of a semiconductor as deduced from the band
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structure. From this work the absorption of DASNI3 began from 2.5 a high absorption

coefficient which indicates that this material is suitable as a solar cell material.

Lattice constants obtained for DASNI3 are in agreement with experimental and
theoretical predictions so far obtained. The Burch Murnaghan third order equation of
state gave a bulk modulus of 19.68GPa, which corresponds fairly well with the
experimental value of 18.5 GPa for MASnI3. The DASNI3 structure has a wide and
direct band gap of 2.7 eV, shear modulus G of 6.0251 GPa was obtained indicated that
the material is rigid towards reversible deformation. Young's modulus (E) value of
1.64518 GPa for DASNI3 indicates that this material is tough towards linear
deformation. Pugh’s ratio (B/G) of 3.26 is higher than 1.75 and the poison’s ratio of

0.36 obtained ~ demonstrates that DASNI3 is a ductile material.

5.3 Conclusion

The Knowledge of the absorption coefficients, lattice parameters, elastic constants and
the band gap of a material helps engineers to design and fabricate a suitable material
for solar cells. From this study, the results obtained can be used to guide
experimentalists in coming up with a DASnI3 material as a potential high performance
solar cell absorber and also a benchmark in developing perovskite solar cells with

higher efficiencies and good performance.

5.4 Recommendations

This research on the study of the properties of DASNnI3 recommends the following;

1. From the results obtained, DASNnI3 is recommended to be tested in
optoelectronic devices. This is due to high absorption onset and likely longer

resistance time of the material to moisture on the optical properties.
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2. DA structure is one of the bigger A site structures orthorhombic phase was
studied, therefore a study of phase changes is recommended.

3. The study only dealt with theoretical findings on structural, electronic,
dielectric and elastic properties of DASnI3.Experimental study of the

orthorhombic DASNI3 is recommended.
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