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ABSTRACT

In the photovoltaic field, significant attention has been drawn to lead organo-halide
perovskite materials because of their higher ability to convert sun energy to electricity and
relatively simple process of fabrication as compared to silicon materials. Among the issues
which hinder the lead perovskites solar cells (PSCs) application, are lead toxicity and
instability of the PSCs in presence of moisture and light. The tin perovskites are thought over
as the foremost fitting substitute due to their comparable chemical nature and high-power
conversion efficiency. In this work, the methylammonium tin iodide CHsNHsSnls (MASnI3)
and guanidinium tin halides C(NH2)3sSnX3 (GUASNXs), X = CI, Br, I, are considered; the
electronic, structural as well as thermodynamic properties of the perovskites’ orthorhombic
phase (O-phase) have been investigated using various theoretical DFT approaches. For the
MASnIs, a direct band gap has been proved; in gamma symmetrical point of the band
structure, the band gap value Eg is computed using three different exchange-correlation (XC)
functionals: LDA 0.46 eV, PBEsol 0.98 eV and for PBE 1.12 eV; the best result has been
obtained with the PBE which follows from the comparison of the computed Eg and lattice
parameters with available experimental data. The enthalpy of the decomposition reaction of
the MASNIs into the solid-state materials, Snl2 and CHsNHsl, with reaction enthalpy, ArH°(0
K) = 37 kJ mol, and enthalpy of formation AfH°(CH3NH3Snls, 0 K) = -390 kJ mol?, have
been evaluated showing the stability of the O-phase perovskite at low temperature. For the
guanidinium-tin perovskites GUASNXs, the lattice parameters are optimized using the GGA-
PBE functional. Computations of the materials’ band structures was carried out, and band
gaps at the gamma symmetry points were obtained: 3.00, 2.47 and 1.78 eV for the
C(NH2)3SnClz, C(NH2)3SnBrs and C(NHz2)3Snls, respectively. The projected state densities
are visualized, and the s-and p-states contribution of the halogens and tin to valence and
conduction bands of the perovskites assessed. For the GUASNnXs compounds, the
thermodynamic stability to different decomposition routes is examined, the standard
enthalpies of formation are obtained: —673 (GUASNCIs), -541 (GUASNBr3), and —401 kJ
mol™* (GUASNI3). The interface between the hole transport material Cu2O and perovskite
MASnNIs has been built and analyzed; the predicted binding energy shows strong binding
between the two layers.
Keywords: Tin perovskite, orthorhombic, Brillouin zone, Quantum Espresso, k-points, LDA,
PBE, PBEsol, Enthalpy of formation, Guanidinium, lead-free, density of states,
band gap, interface, binding energy.
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CHAPTER ONE
INTRODUCTION
1.1  Background of the problem

Population growth has always been a challenge to meet sufficient energy production. With
the ongoing concerns about global warming and climate change due to the high emission of
greenhouse gases like methane and carbon dioxide, the need to shift from the current energy
sources to the cleaner ones is of most choice. Renewable energy sources development is
expected to satisfy the concerns raised. The production of energy using renewable resources
is growing very fast to address the environmental pollution issues. However, the market share
is still dominated by the use of non-renewable resources especially fossil fuels due to the
prohibitive costs of renewables (U.S. Energy Information Administration [EIA], 2020). The
generation of electricity from fossil fuels and renewables are competitive due to lower fossil
fuels prices and declining costs of renewable capacity. The energy from the sun among all the
available energy resources seems to be the only viable source for supplying all the energy
required by the growing population in the coming years (EIA, 2020). The contribution of PV
in reducing the global CO2 emissions is 2.2% of the energy-related emissions and about 5.3%
of those related to electricity (Bowen et al., 2020; IEA, 2020). Fig. 1 summarizes the
renewable energy projection to 2050 which is expected to reach 38%, as a twice increase

from the renewables developed in 2019 (19%).
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Figure 1: Projection of electricity generation from selected fuels in billion kilowatt-
hours (EIA, 2020)
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Figure 2: Projection of renewable electricity generation, including end-use in kilowatt-
hours (EIA, 2020)

According to the international energy, agency PV contributes about 3.0% of the total
electricity demand worldwide (IEA, 2020). As it is illustrated in Fig. 2, the prediction shows
that by 2050 solar energy will lead the other renewables in electricity generation. The PV
market is mostly dominated by silicon solar cells (monocrystalline and polycrystalline) as
well as the CdTe and CIGS (thin films). These two technologies of solar cells suffer from
high cost and scarcity of materials for the cells production and maintenance as the materials
have been extracted from their ores since 1900 (Jean et al., 2015). Highly light-absorbing and
more abundant materials may alleviate the problems associated with cost and availability.
The third generation solar cells like the emerging dye sensitized and hybrid perovskites have
been widely investigated. Several dyes have been investigated for use as absorber materials
(Costa et al., 2021; Makoye et al., 2019; Madili et al., 2018; Deogratias et al., 2019). The
power conversion efficiency (PCE) of DSSC have reached 13% in 2020 (NREL, 2020). The
perovskites have been found to achieve a high PCE of more than 25% (NREL, 2020), they

are cheap to produce and simple to maintain (Korshunova et al., 2016).
1.1.1 Perovskite Materials

Perovskite is the appropriate name of the inorganic mineral calcium titanate CaTiOs which
was identified by Gustav Rose for the first time in 1839 and then coined after Russian
mineralogist Lev Alekseyevich Perovski (Navrotsky & Weidner, 1989; Rose, 1839). It should



also be noted that in the photovoltaic community, perovskites emerged at first as sensitizers
in replacing the liquid dyes in DSSCs and managed to have 15-20 times higher absorption
coefficient (Kojima et al., 2009). Perovskite or perovskite-related structures can be found in a

wide range of materials, hence the term generally indicates crystals with a typical structure.
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Figure 3: Typical example of a perovskite material crystal structure (Borriello et al.,
2008)

In the crystal structure of a perovskite (Fig. 3), X is a halide anion such as CI, Brand I; A and
B are cations of different types; B refers to a metal cation with a coordination number of 6
such as Pb, Sn, Ge and A can be Cs, MA, FA, GUA or other molecules greater than B. The
volume which can be occupied by the A ion in the structure is determined by the size as well
as the electronegativity of the X and B ions. The perovskite structure can be found mostly in
the oxide form, although different types of ternary compounds, like halides, or more
complicated species also contain these structures in which, one or more ions are substituted
by ligands or molecular cations (Shi et al., 2017). The oxide perovskites have widely been
investigated due to many thrilling properties like superconductivity, magnetoresistance and
ferroelectricity (Tejuca & Fierro, 1992) while the halide perovskites have been investigated

mostly for applications in the photovoltaic field.

However, there are two important factors necessary to determine the ability of a material to
form a perovskite as presented by Equations 1 and 2, where ra, rs and rx are the radii of the
ions, A, B, and X forming the perovskite. Firstly, the Goldschmidt tolerance factor t is

considered which is defined as the ratio between the distance of the A and X ions to that of B



and X ions (Goldschmidt, 1927; Park, 2015). The factor t should be in the range from 0.8 to
1.0 for the formation of a well-established perovskite structure. The lower range results in a
distorted perovskite structure due to the BXes octahedral tilting and symmetry lowering hence
the formation of other structures (Mitzi et al., 2001; Travis et al., 2016).
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Secondly, the octahedral factor u is also considered and can be defined as the ratio between
the ionic radius of the B and X ions (Li et al., 2008; Park, 2015) as follows:
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A perovskite solar cell seems to work better than silicon cells and this can be the solution to
high-efficiency solar power (Navrotsky & Weidner, 1989). The high ability of perovskite
solar cells to absorb light across almost all visible wavelengths has made them the new star of
the PV industry (Shi et al., 2017). Also, these cells have exceptional PCEs and the
comparatively simple process of fabrication; they are cheap, somehow easy to produce as
well as very flexible in their applications. Methylammonium (MA) lead iodide has been the
most interesting among the organo-halides. It has been found to have high carrier mobility,
low exciton binding energy, high carrier diffusion length (~100 nm), a large absorption
coefficient of 10*-10° cm™ at 600 nm (Laban & Etgar, 2013), and a direct band gap of
approximately 1.6 eV (Ogomi et al., 2014; Stoumpos et al., 2013). It has a negative enthalpy
of formation as predicted by DFT calculations (Buin et al., 2015; Zhang et al., 2018). The
perovskite solar cell efficiency at converting light into electricity has grown faster than that of
any other material; from under 4% in 2009 to over 22.7% in 2017 (Hoefler et al., 2017; Jiang
et al., 2018; Ono & Qi, 2018).

There is a number of obstacles that are still prevailing to the perovskites before they can turn
out to be a viable substitute for conventional PV technologies. Among these is the tendency
of the lifetime of perovskite solar cells to depreciate quickly in presence of moisture and light
(Baranwal et al., 2017). Whereas a silicon cell lasts for 25 years, a typical high-efficiency
perovskite solar cell, when not encapsulated, can last for a few months. Another drawback is
the lead toxicity of the methylammonium lead halides. Alternatives to Pb, like Sbh, Bi, Cu,

Ge, and Sn, have been studied and they have lower efficiencies (Jiang et al., 2018; Zhao et



al., 2017). Moreover, the instability issue of the separately deposited layers, typically the
HTMs like the Spiro-MeOTAD is another challenge on the efforts to the commercialization
of PSCs (Berhe et al., 2016).

1.2 Statement of the Problem

Hybrid perovskite solar cells have grown in efficiency dramatically since their inception
(Kojima et al., 2009; NREL, 2020). While efficiency could be improved further, there are
numerous concerns about the stability of these solar cells and the toxicity of lead
(Korshunova et al., 2016; Slavney et al., 2017) that must be addressed before they can be
commercialized. This is directly related to device physics, because the routes to the
decomposition of the perovskites can limit their PCE as the defects can act as sites for
environmental elements to diffuse and react with the perovskite, causing severe degradation.
Many theoretical methods have also been devoted to the study of CHsNHsSnls perovskite,
and the mechanism of energy conversion in perovskite-based solar cells has been partially
explained (Agiorgousis et al., 2014; Frost et al., 2014; Lang et al., 2014; Mosconi et al.,
2013; Umari et al., 2014). Consulting the literature, for methylammonium or guanidinium
perovskites, no experimental or theoretical data on related reactions are known to the best of
our knowledge. There are, however, very few papers on the CHsNHsSnls perovskite/HTM
interface theoretical research (Haider et al., 2020; Jayan & Sebastian, 2021; Lazemi et al.,
2018; Obila et al., 2021).

This study examines the structural, electronic and thermodynamic properties of
methylammonium and guanidinium tin halide perovskites for the sake of replacing lead and
proposing a new material for solar cells. The study also explores the interface of the
methylammonium tin iodide with Cu20 as a hole transport material for efficient generation of
charges, charge extraction, and transport of charges with minimal interlayer recombination as

a means of replacing lead metal and enhancing perovskite stability.
1.3 Rationale of the Study

The majority of solar cells currently are produced using silicon that has maintained efficiency
of less than 15% for over 20 years. However, crystalline silicon is expensive in terms of its
processing costs. So, there is a need to find new materials to enhance the performance of
solar cells. Perovskites exhibit a promising solution but the challenges of degradation should

be solved and replacement of the toxic lead should be suggested. Tin has shown good
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characteristics similar to lead which suggests its ability to replace lead and solve the toxicity

problem.
1.4  Research Objectives

1.4.1 General Objective
To design and characterize the structure, performance and stability of tin halide perovskite
materials by using a quantum chemical approach.

1.4.2 Specific Objectives

Q) To determine the structural, electronic and thermodynamic properties of

methylammonium tin iodide perovskite.

(i)  To study the interfacial interactions between the perovskite materials and transport

materials to enhance their performance.

(i) Engineering of the MASNXs (X = Cl, Br, I) through the replacement of the MA-cation
with GUA-cation and determination of the electronic, structural, and thermodynamic

properties.
15 Research Questions
Q) What are the structural, electronic and thermodynamic properties of MASnI3 as

compared to MAPbI3?

(i) How are the properties of MASnI3 affected at the interface? How is the binding

energy affected when a HTM material interacts with the MASNI3 perovskite?

(i)  How are the electronic, structural, and thermodynamic properties affected by the
substitution of the MA-cation with GUA-cation?

1.6 Significance of the Study

The sun provides more than enough energy to meet the whole world’s energy needs. If good
absorber materials like the perovskites can be manufactured and commercialized, they can
absorb this energy and convert it to electricity, a way forward to solve the problem of power.
No greenhouse gas emissions are released into the atmosphere when you use solar panels to

create electricity. Once the toxic lead has been replaced, the environment and people health
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can be safe. When compared to other forms of power generation, the operational costs of
solar panels are quite low after they have been installed. Since no fuel is needed, solar power
can generate large quantities of electricity without incurring additional costs after installation,

as opposed to fossil fuels.
1.7 Delineation of the Study

This study is about tin halide perovskites and focuses on the tin as the main replacement of
lead in lead perovskite solar cells; the structural, electronic and thermodynamic properties are
investigated. Another replacement is done on the MA-cation with GUA-cation to understand
the effectiveness of a larger organic-inorganic cation to the tin perovskite as a way to enhance
the solar cell PCE as well as stability. The interface characteristics of the perovskites with
their transport materials have also been explored by considering their binding energy

variations.



CHAPTER TWO
LITERATURE REVIEW
2.1 Perovskite Structure

Research findings show that perovskite materials tend to have different phases (crystal
structures) depending on temperature. At temperatures lower than 100 K, the perovskite
material has been found to display an orthorhombic (y) phase which is stable. When the
temperature increases to 160 K, there is the appearance of a tetragonal () phase which tends
to replace the previous orthorhombic (y) phase. When the temperature keeps increasing
further to about 330 K and above, the tetragonal () phase starts to be replaced by a more
stable cubic (<) phase (Shi & Jayatissa, 2018). The geometry of the three phases of the

hybrid organic-metal perovskite is illustrated in Fig. 4.
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Figure 4: Three perovskite phases: (a) orthorhombic, (b) tetragonal and (c) cubic
(Korshunova et al., 2016)

2.2 Classification of Perovskite Solar Cells

Perovskite solar cells have been classified based on electrical properties (conducting or non-
conducting), charge carriers (p- or n-type) and morphology (mesoporous or flat thin films)
which offer the perovskites a wider variety than any other category of solar cells
(Fakharuddin et al., 2016). Figure 5 illustrates the classification of the perovskite solar cells’
architectures. Under all these designs perovskite solar cells can be produced as; the normal or
regular p-n type and the planar type; the latter is either conventional planar (n-i-p) as

illustrated in Fig. 5 (b) or inverted planar (p-i-n) cell in Fig. 5 (c). The first type, conventional



planar structured perovskite device can also be divided into two; the mesoporous and meso-
superstructure as seen in Fig. 5 (a) and (d) (Mali & Hong, 2016). The mesoscopic n-type
TiO2 film can be deposited on a conductive glass coated with a compact TiO2 layer forming a
hybrid perovskite with high power conversion efficiency. The TiO2 acts as an electron
transport layer (ETL) forming about 100-200 nm porous thick film which helps in blocking
the holes. A perovskite absorber layer accounts for about 200-250 nm layer above the ETL.
Another thin layer of hole transport material (HTM) like Spiro-MeOTAD, CuSCN, PTAA or
Cu20 is then deposited above the perovskite to block the electrons and provide selectivity for

the holes.
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Figure 5: Perovskite solar cells device architectures: (a) n-i-p mesoscopic, (b) n-i-p
planar, (c) p-i-n planar, and (d) p-i-n mesoscopic (Mali & Hong, 2016)

2.3  Components of a Perovskite Solar Cell
2.3.1 The Blocking Layer

This is usually a metal oxide directly deposited onto the conducting glass substrate forming a
compact continuous n-type contact serving the purpose of providing electron selectivity to
slow down the recombination between the holes in the perovskite and the electrons deposited
on the conductive oxide layer. The TiOz is mostly chosen as a blocking layer which is usually
deposited by aerosol spray pyrolysis, through spin-coated precursor sintering or atomic layer
deposition method (Kavan et al., 2014; Ke et al., 2015; Wu et al., 2014). This layer is also
known as the ETL. Another blocking layer is SnO2 which has shown excellent results with
open-circuit voltages over 1200 mV and appreciable power conversion efficiency above 21%
(Anaraki et al., 2016; Baena et al., 2015). In Fig. 6 (a) and (b), the blocking layer is that

containing compact TiOz as shown in light-grey colour.



2.3.2 The Mesoscopic Scaffold

This is a thin layer deposited on top of the blocking layer and is usually made of
nanoparticles of metal oxide. It provides a high contact area for the injection of electrons
before the recombination. The material which has been used historically as a mesoporous
substrate is TiO2 semiconductor with a band gap of 3.2 eV which gives an ability to absorb
only in the ultraviolet region of the spectrum (O'Regan & Gratzel, 1991). In Fig. 6 (a), the
mesoscopic scaffold is represented by the mesoporous TiO2 layer. Titanium oxide is non-
toxic as well as cheap compared to other materials of the same characteristics like ZrO2. The
anatase phase of TiO2 is mostly preferred in perovskites because it performs better than the

other phases by allowing higher power conversion efficiencies (Kavan et al., 2014).
2.3.3 The Absorber Layer

The perovskite itself acts as the absorber layer responsible for photons absorption and the
generation of free charges, it is usually photo-active in the visible region of the solar
spectrum. The perovskite material acts as the absorber layer in all designs of perovskite solar
cells. As it is seen in Fig. 6 (a) and (b), the layer with the perovskite is the absorber layer.
There are other two outer layers in the perovskite solar cell architecture, the metal-electrode
(in this case Au) and FTO layers. The Au electrode plays part in collecting the holes that have
been transferred to the HTM, and the FTO is a conductive layer that receives the electrons
generated by light irradiated on the perovskite absorbing material. The two outer layers are

connected and current flows in the outer circuit.
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Figure 6: The architecture of heterojunction perovskite solar cells: (a) mesoscopic and
(b) planar (Calio et al., 2016)
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2.4  Transport Materials for Perovskite Solar Cells

The PSCs durability can be governed by several factors one being the charge transport
materials, ETMs and HTMs. Some transport materials are not good under certain conditions
of exposure to UV light, moisture, or temperature as their stability is directly affected and can
later affect the durability of the cell. The necessities for ideal charge transport materials
suitable for solar cells involve a low surface recombination rate, a suitable energy level and
high conductivity (Wang et al., 2020). However, the stability of the PSC is strongly
influenced by the choice of the ETM and HTM (Divitini et al., 2016; Ono & Qi, 2018).

2.4.1 Electron Transport Materials

The electron transport layer in PSCs plays an important role in extracting and transporting the
electrons generated by sunlight on the perovskite layer to the cathode of the cell to prevent
recombination at the interface of the ETL and absorber layer. Many ternary metal oxides
have attunable electrical and optical properties which is a potential for ETLs especially in
planar PSCs (Thambidurai et al., 2020). Titanium oxide is among the widely utilized ETM
for PSCs which can be affected by UV light irradiation by creating oxygen vacancies which
reduce the stability of the material (Leijtens et al., 2013). The PSCs with TiO2 as ETM
perform very well in terms of PCE but the big problem is its effects when exposed to UV
light as well as poor electron mobility that is why other ETMs have been developed to
replace it without weakening the high performance (Dong et al., 2014; Liang et al., 2017; Liu
et al., 2018; Shin et al., 2015; Zhu et al., 2016). Other oxides like Al20s, ZnO, SrTiO3, SOz,
Zn2Sn0a, ZrO2, BaSnOs have been used as ETMs for PSCs (Bera et al., 2014; Bi et al., 2013;
Carnie et al., 2013; Jiang et al., 2018; Mali et al., 2015; Oh et al., 2014; Shin et al., 2015;
Zhang et al., 2009). The efficiency of PSCs increased from 6.6% to 7.5% when Al203 was
used to passivate TiO2 (Ogomi et al., 2014). With the use of Cs2COs for surface modification,
the PSCs efficiency increased to 14.2% which minimized back recombination in the cells
(Dong et al., 2014). The SnO2 has shown a high PCE of more than 20% when used as ETM
in PSCs due to its high charge mobility (electron mobility) as high as 412 cm? V-1 St (1 cm?
V-1 ST for TiO2) as well as possession of a proper band gap with good alignment to the
perovskite (Jia et al., 2020; Zhu et al., 2020).
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2.4.2 Hole Transport Materials

Hole transport materials are responsible for the transportation of charge and improving the
stability of PSCs due to the possession of proper energy levels and having high charge carrier
mobility. There are two common classes of hole transport materials in PSCs; organic and
inorganic. The inorganic HTMs have become more common than organic because of their

low cost and stability.

Spiro-MeOTAD (2,2’,7,7’-tetrakis-(N, N-di-4-methoxyphenylamino)-9,9’-spirobifluorene)
has frequently been used as HTM for testing PSCs due to its simplistic implementation with
high performance. Similarly, Spiro-MeOTAD has been used in other applications besides
solar cells due to its desirable properties. However, Spiro-MeOTAD is under debate
regarding its cost-performance, long-term stability, temperature degradation issues, the
quality of the film, coating technologies compatibility, and hysteresis (see section 2.5.3)
(Hawash et al., 2018). Currently, there are more than 30 HTMs that have been investigated to
be incorporated in perovskite materials for solar cells in order to replace the Spiro-MeOTAD
(Hawash et al., 2018). Examples of the HTMs that have been developed to replace Spiro-
MeOTAD include CrOx, CoOx, NiOx, CuSCN, Cu20, CuOx, CuO, PTAA, P3HT,
PEDOT:PSS, MoOx, VOx and their composites (Hawash et al., 2018; Kung et al., 2018).
Table 1 lists the HTMs that have been tested in perovskite solar cells with their respective
power conversion efficiencies. The organic and inorganic HTMs are competing in
performance where the NiO, MoSz and CuOx HTMs have shown a remarkable performance

when compared to the well-known Spiro-MeOTAD HTM, a step forward to its replacement.
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Table 1: Hole transport materials for PSCs with their PCE

HTM Perovskite material PCE, % Ref.
Spiro-OMeTAD  CHsNHasPbls 19.71 Ahn et al. (2015)
PBDTT-FTTE CH3NH3Pbls 11.6 Gaml et al. (2017)

FDT FAPbIs/MAPbBrs3 20.2 Saliba et al. (2016)

P3HT CHsNHsPbls 15.3 '(*Z?)blize”tinger et al
PTAA (FAPDI3)1-x(MAPDBTI3)x 20.2 Yang et al. (2015)
PEDOT:PSS CH3NHsPbls 18.1 Heo et al. (2015)

NiOx CH3NH3Pbls 17.3 Park et al. (2015)

CuSCN (FAPDbI3)oss(MAPbBrs)o1s 18 Jung et al. (2016)

Cuz20 CH3NH3Pbls 11.03 Yu et al. (2016)

CuOx CH3NHsPblz«Clx 19 Rao et al. (2016)

CuO CHsNH3sPbls 12.16 Zuo and Ding (2015)
FBT-Th4/CuOx CH3NHsPbls 18.85 Guo et al. (2018)

CuS NPs CHsNHsPbls >16 Rao et al. (2016)

CuGaO:2 CH3NHsPblz«Clx 18.51 Zhang et al. (2017)

MoS: CH3NH3Pbls 20.43 é%qghpousm et al
NiO CH3NHsPblz«Clx 22 Zhao et al. (2018)

2.5  Perovskite Solar Cell Challenges
2.5.1 Lifetime and Instability of Perovskite Solar Cells

Although there is an enormous improvement in the power conversion efficiency of perovskite
solar cells, they are still facing issues of stability and lifetime. However, it has been reported
that when TiO2 is employed as an electron transport material there is the emergence of
oxygen vacancies in the TiO2 when there is an exposure of the perovskite device under UV
light which is among the causes of instability (Leijtens et al., 2015; Leijtens et al., 2013). The
BaSnOs has recently shown better characteristics over TiOz as an electron transport material
for PSCs to minimize the issue of stability under UV light (Shin et al., 2017).

Moisture and higher temperature have also been obstacles to the stability of PSCs. Practical
applications of solar cells and other devices occur at a temperature up to 80 °C when exposed

to light while most studies on long term stability of PSCs are carried out at room temperature.
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It has been found that the organic species of the PSCs are affected by moisture where they
react with water to produce the halide of hydrogen and the organic-inorganic compound
(Pathak et al., 2014; Weerasinghe et al., 2015). Metal oxide transport materials like ZnO as
ETL and NiOx as HTM have shown improved stability under water exposure as compared to
the organic transport materials (Fu et al., 2020). However, numerous investigations have
concentrated on encapsulation techniques to anticipate UV exposure, oxygen introduction,
and moisture entrance (Pathak et al., 2014; Weerasinghe et al., 2015). Every technique has
given an incremental change of the stability of the sun-powered cells, some with promising
strong qualities of over a year of task (Grancini et al., 2017).

Another obstacle to the PSCs is the continuous dark/light cycle-induced perovskite device
fatigue (CIPDF) which induces performance loss whereby the device performance is reduced
to less than 50% of its initial efficiency in an open circuit after dark ageing (Fu et al., 2020;
Huang et al., 2016). The ionic vacancies, as well as lattice interstitials, are caused by the
defects in the PSC layer as a result of the cyclic charge carrier movement. However, studies
have shown that the initial efficiency of the PSCs can be recovered or even increased after
dark ageing (Anaraki et al., 2016) although the mechanisms of how the dark/light cycle
affects their performance and stability are still not yet clear (Fu et al., 2020).

2.5.2 Lead Toxicity and its Replacement

The impressive performance of the PSCs which has attracted the attention of researchers has
been achieved by the lead halide perovskites. Human beings and the ecosystem, in general,
can be harmed due to the environmental pollution caused by the toxic solution formed when
lead compounds dissolves in water. The toxicity issue of lead is well known and has been
addressed by several publications (Hailegnaw et al., 2015; Shahbazi & Wang, 2016), and an
increasing number of researchers have attempted to find a suitable replacement of lead in
PSCs (Hao et al., 2014). The tin (Sn-based) perovskite can be viewed as the most suitable
lead replacement due to its similar chemical nature as group 14 metal and has a higher PCE
as compared to other replacements. Still, the stability issue of Sn with self-doping has limited
the development of Sn-based perovskites (Koh et al., 2015). This calls for the need to study
the interfacial characteristic of the lead-free perovskites (Sn-based in particular) in order to
develop materials that may replace the toxic lead and still maintain the attractive properties

played by the lead perovskites such as producing solar cells with high efficiency.
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2.5.3 Hysteresis

Hysteresis of PSCs has received much attention and is related to the processes of interfacial
charge transfer. The origin of PSCs hysteresis activity is thought to be a high density of traps
at the window/perovskite interface caused by non-radiative recombination (Shao et al., 2014;
Snaith et al., 2014). However, the reversible canvassing behaviour found in PSCs cannot be
explained by the trap mechanism. Other processes, such as ionic motion, have been suggested
by researchers for the cause of hysteresis (Leijtens et al., 2015). Planar perovskite devices
have shown higher hysteresis behaviour than the mesoporous one; and also those based on
metal oxide transport materials have higher hysteresis compared to those using organic
transport materials (Stranks & Snaith, 2015). When considering the inverted PSCs made of
organic charge transport materials, hysteresis issue is less common (Heo et al., 2015) and
also decreased in the mixed halide PSCs (Zhang et al., 2016). The ion diffusion, defect
concentration along self-healing ability of the PSCs are largely affected by the stoichiometric
ratios of the materials which lead to hysteresis in the PSCs. Additionally, the morphology of
the perovskite material can affect the interface together with the grain boundaries of the
perovskite films (Frost & Walsh, 2016). Moreover, the ionic motion inside the PSCs, the
ferroelectric polarization and also the bias-dependent traps occurring at the PSCs interfaces
have also been considered as hysteresis causing behaviours (Ono & Qi, 2016). The
phenomena related to the hysteresis problem has been widely investigated to include
ferroelectricity (Fan et al., 2015; Leijtens et al., 2015), ion migration (Miyano et al., 2016)
and charge build-up (Tress et al., 2015) although there are no practical guidelines on set to
test the PSC devices in order to handle the hysteresis phenomena (Fu et al., 2020). Therefore,
it is important to shed light on the structural and electronic properties of perovskite/HTM
interfaces to suppress recombination of the interfacial carriers, fasting separation of the

carriers and efficient extraction of charges.
2.5.4 Areaand Flexibility

In order to obtain PSCs which are flexible and suitable for large areas, materials with low
energies of formation in deposition are needed for large-volume manufacturing techniques
with low capital expenditure and low production costs (Ye et al., 2016). Photovoltaic devices
with a large area can be affected by nonradiative recombination losses which occur at the
interior and on the interface as a result of bulk, surface and interfacial defects caused by the

introduction of recombination centres resulting in the reduction of the fill factor, short circuit
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current in addition to open-circuit voltage (Fu et al., 2020). Different fabrication procedures
have been developed to address the challenges of large area and flexible devices to include
the printing and doctor-blading, spray coating, direct contact intercalation and the
electrodeposition method (Williams et al., 2016; Yang et al., 2015).

2.5.5 The Perovskite Solar Cells Interface

Several factors influence the efficiency of PSCs including optical losses, contact energy
offsets, recombination of charge carriers together with nonideal transport layers which reduce
the open-circuit voltage and the fill factor of the cell (Sha et al., 2015; Sherkar et al., 2017).
The surface of a perovskite absorber layer in PSCs is usually covered with the two charge
transport layers ETL and the HTL forming an interface. The interface barriers between the
electrode, absorber and transport layers are usually treated as secondary problems in PSCs
whereas the generation and preservation of charge carriers in the absorber is the primary
concern (Zhou et al.,, 2014). At the interface, there is the so-called nonradiative
recombination which severely impacts the performance of the PSCs regarding not only the
efficiency but also the hysteresis and stability (Baena et al., 2015; Habisreutinger et al., 2014,
Shao et al., 2014; Sherkar et al., 2017).

In open-circuit conditions, losses due to energy-level mismatch, un-intimate contact, or
interfacial defects cause high charge accumulation, resulting in a drop in perovskite material
performance (Chen et al., 2014). A number of ways have been used to improve the quality of
the perovskite interfacial layers to include; compositional engineering (Jeon et al., 2015),
interface passivation (Abate et al., 2014), and through other processing methods such as gas-
phase coupled with vacuum-assisted deposition but the performance is still low (Hwang et
al., 2015). From these observations, there is a need to study the perovskite/HTM interface
and do some device engineering such as replacing MA-cation with other cations to improve

the performance of lead-free perovskites.
2.6 Theoretical approaches used in crystals’ simulations
2.6.1 Density Functional Theory

The DFT is a quantum mechanical technique used for the determination of atomic and
molecular structures and electronic features. It is a phenomenally efficient way to find

solutions to a fundamental Schrddinger equation that explains the quantum behaviour of
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atoms and molecules. For the study of different material properties, DFT uses the electron
density of atoms. Since the main chemical features of a material depend on the valence
electrons in the external shell, DFT concentrates on the electrons in the external shell. For
defining internal and external electron density, DFT uses various functionals (Sholl &
Steckel, 2011). In quantum mechanics, the particle’s state is defined by its wave function.
The Schrodinger equation is a partial differential equation that is used to find the wave

function and a particle’s energy by solving the time-independent Schrodinger equation.

Two basic math theorems proved by Kohn and Hohenberg and Kohn and Sham deriving from
a number of equations in the mid-1960s provide the whole field of density functional theory.
The first theorem of Hohenberg and Kohn states that the ground state energy of the system is
a special electron density functional. This theorem notes that the mapping of the ground-state
wave function and ground-state energy is one to one, as E can be represented by ground-state
density E [n(r)], in which n(r) is an electron density. The time independent equation of

Schrodinger is given by:
HY = EY ©)

With H being the Hamiltonian operator, ¥ stands for the wave function of the system and E is
the eigenvalue energy of the stationary state ¥. Here, the Hamiltonian operator can be

expanded as:
hZ
H= =t S0 + SV () + 1 5 UG ®

Equation 4 has three terms with the first term representing the total kinetic energy of all
electrons in the system, the second term is the system’s potential energy as a result of
Coulomb interaction, and the last term defines the interaction energy between one electron
and another. The term V(r) represents the external potential responsible for the electron-

nuclei interaction, me stands for the electron’s mass.

The electronic density n(r) at the ground state wavefunction is also a function of the external

potential since the wavefunction is decided by V(r) considering the expression:
n(r) = [, dr|¥(r, 1, .., i |? (5)
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The external potential and the Hamiltonian can be affected by the ground-state electron
density and in this manner, all the ground state system’s properties can be obtained. The n(r)
and V(r) functions are obtained self consistently since they are interdependent. Unfortunately,
although the first theorem by Hohenberg-Kohn strictly shows that the Schrodinger equation
has a functional electron density, the theorem does not tell anything about what is actually
functional. The second theorem of Hohenberg-Kohn describes an important functional: “the
electron density that reduces the energy in the general functional is the actual electron density

that corresponds to Schrodinger’s equation complete solution” (Martin, 2020):

E[n(r)] > Eo[ng(r)] (6)

However, the energy function can be separated into two parts with one of the parts having a

known value and the other unknown:

E[lpi] = Eknown[‘/)i] + Ey. [lpl] (7)

Here, the recognized term consists of four terms: electron kinetic energy, electron-electron
Coulomb interaction, electron-nuclei Coulomb interaction, and nuclei-nuclei Coulomb
interaction. The unknown term is the term for exchange-correlation, which requires and needs

to be approximated by purely quantum mechanical effects.

In order to find the system’s ground state energy from electron density, the establishment of
functional exchange-correlation is needed. It is well known that the functional exits of
exchange-correlation, but unfortunately, no one knows the exact functional exchange-
correlation, so in order to get the results, different approximations have been established. The
local density approximation is one of the simplest exchange-correlation functions (LDA). The
local electron density is believed to be that of a homogeneous electron gas in LDA, which is
known to describe the functional approximate exchange-correlation. In the case of
generalized gradient approximation, both the local electron density and its gradient are
known for approximation (GGA). Continuous research is underway so as to enhance this

practical exchange-correlation in order to obtain accurate results.

Kohn and Sham provided a series of equations to solve the Schrédinger equation to basically

use density functional theory in order to achieve the ground-state electron density in which
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only one electron is involved in each equation. The Kohn Sham scheme is provided in the

form:

(272 4 V) + Vi) + Ve ) = ) @)

The terms in Equation 8 are defined as the electron’s kinetic energy, the external potential
V(r) between the electron and nuclei, the Hartree potential (Vn), which includes the electron’s
Coulomb self-interaction with the density of the electrons. Here, the exchange-correlation

potential is Vxc, which needs to be approximated by practical exchange-correlation.

A series of Kohn sham equations are solved by DFT using a self-consistent scheme. First,
any estimated electron density (trial n(r)) is guessed, which is used to solve the Kohn sham
series of equations in order to obtain a single electron wave function wi(r). It recalculates the
electron density, which is n(r), from the obtained single electron wave function. The self-
consistency in any loop can be found when the “measured” electron density is near enough to
the trial electron density and then one can obtain the density of the ground state. Both the
structural and electronic properties of the system can be determined after the calculation of
the ground-state electron density (Sholl & Steckel, 2011).

In Kohn-Sham DFT, all the exchange and correlation effects are integrated into the functional
exchange-correlation Exc[n], which depends on the density n(r). The approximations for Exc
all require some approach to the use of knowledge extracted from some many-body system.
The Generalized Kohn-Sham method offers a basis for theories that explain more than just
the ground state. Within this approach, the values of the equations can be properly viewed as

energy approximations for adding and removing electrons:

e? ZZje?

I 2 Zje?
H= = oS0 =5, o+ S e B v 25, 2 ©

The Kohn-Sham solution to the complete interaction of many-body problems is to rewrite the

Hohenberg-Kohn expression for ground-state energy functionality in the form:

EKS = Ts[n] + fdrVext(r)n(r) + EHartree [Tl] + EII + EXC [Tl] (10)
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where Ts is the independent-particle kinetic energy, Vex(r) is the external potential due to the
nuclei and other external fields, Enartree is the Hartree energy, Eu is the interaction between

the nuclei and Exc is the exchange-correlation energy.

In the flow diagram in Fig. 7, the Kohn-Sham equations are summarized. They are a group of
independent particle-equations, such as Schrodinger, which must be resolved if the effective

potential V.. -(r) and density n(r,c) are consistent. The explicit reference to spin is dropped

unless necessary and Vetr and n are assumed to indicate space (r) and spin (c) dependences.
The true calculation uses a numerical method that adjusts Vert and n successfully in order to
reach the solution self-consistently. The computer-intensive step is the ‘solve KS equation’
for a certain Vet potential. This phase is called a ‘black box’ that uniquely solves the
equations in order to determine an output density n° for a given input V, i.e., V" — n°,
Conversely, as seen in the second box, for a given form of the XC functional, any density n
defines a possible Vess. The problem arises as the input and output possibilities and densities
do not agree, except for the exact solution. A new potential n®* — V™ is operationally
specified to arrive at the solution, which can then start a new cycle with V™" as the new
potential for input. The progression converges with the proper selection of the new potential

in terms of the potential or density detected at the previous stage.
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Figure 7: Schematic representation of the self-consistent loop for the solution of the
Kohn-Sham equations (Martin, 2020)

2.6.2 Periodic Potentials

The Bravais lattice that forms a crystal is periodic in nature, which implies that the unit cell
repeats in all directions in a regular array. This leads one to think that in neighbouring cells,
the electrons that are prescribed to each atom should each encounter the same setting as their
image. If V/(r) is the potential of the system, then it can be described as V(r+R) = V(r) where
R is the linear combination of the primitive lattice vectors. This also ensures that the ground
state wave functions within each crystal are similar in each cell and obey the translational
periodicity of the crystal (Kohanoff, 2006) since the potential defines the force acted upon by

the electrons. This has major implications, leading to the theorem of Bloch.
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2.6.3 The Bloch’s Theorem

The macroscopic objects of a crystal can contain atoms in the order of 1023 repeated in all
directions of the primitive lattice vectors. The relation between the properties of an electron
in an infinite periodic system and those of the unit cell is what Bloch’s theorem allows one to
do (Kohanoff, 2006). The potential in a crystal lattice can be expected to differ from cell to
cell periodically. Thus, the one-electron wavefunction can be written together with an
imaginary phase factor (which manages the translational symmetry) (Ashcroft & Mermin,
1976) as the product of a function with an equal periodicity as the potential, so that it follows
the boundary conditions of the Born-von Karman:

Y, = e®TU,(r) with U,(r) = U,(r +a;) whereby k is the reciprocal space crystal

momentum vector. When the wavefunction is displaced with a unit vector R it produces:
Pi(r +R) = e RU(r) (11)

which is valid for every R coming from the Bravais lattice. When one tries to find the

probability distribution, the phase factor tends to drop out (Kohanoff, 2006):
("R (M) |e™Fepi () = Iy (M (12)
The phase factor must have the relationship expressed by Equation 13 as:

kR = g2ml — 1 vy [ (13)

This limits the k values to the G reciprocal lattice vectors, thus further reducing the
complexity of the solution technique. The reciprocal lattice is defined by its relation to the

primitive vectors of the direct lattice (Ashcroft & Mermin, 1976):

a, X az a, X ag a,; X a,
by=2m—2 2 p =gt 2 p =g T2
a;.(a; X az) a;.(a; X as) a;.(a; X az)

2.6.4 Brillouin Zone Sampling and Irreducible Brillouin Zones

The Brillouin zones are volumes in reciprocal space separated by reciprocal lattice bisecting
Bragg planes (Martin, 2020). With the first Brillouin zone described as the volume initiating
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from the origin and ending on the first Bragg plane, they are ordered by their distance from
the origin. This particular Brillouin region, with a volume of Vsz = 2x/Q, is synonymous with
the Wigner-Seitz primitive cell in the reciprocal space, making it the smallest repeating unit
developed from the k-points. The second Brillouin zone is the volume beyond the first
Brillouin zone, which ends on the next Bragg planes it encounters, etc. (Ashcroft & Mermin,
1976). According to Bloch's theorem, it is necessary to evaluate only the electronic wave
functions inside the unit cell, as only the phase factor can vary between the neighbouring
cells (Kohanoff, 2006). However, for the computation of the all-electron wavefunction in the
infinite solid, a finite number of electrons will be mapped to the wavefunction in the first

Brillouin zone and will, in theory, require an infinite number of k-vectors.

In practice, this is only achieved in the first Brillouin zone using a finite number of k-points,
although this value depends on different system features and desired properties (Kittel et al.,
1996; Kohanoff, 2006). The lattice structure’s symmetrical features allow for reductions in
the number of k-points. Combinations of point symmetries (reflections, rotations and
inversions) and translations leave the system unchanged and commune mostly with the
Hamiltonian for periodic systems (Martin, 2020). The symmetric Ri and translational ti
operation on the wavefunction can be shown that are the Hamiltonian eigenfunctions

producing the same &f:

YRR + ) = Yk@) YR EE) = pERr + 1) (14)

This result enables us to identify what is known as the irreducible Brillouin zone (IBZ),
which is the smallest portion of the Brillouin zone that contains all the information required
for measuring the electronic structure. The use of IBZ can take drastic roles, which involve
just a 1/48 of the entire Brillouin zone for high-symmetry cubic crystals to decrease the
number of k-points to the sample (Kohanoff, 2006). Choosing k-points may also have a
dramatic impact on the computation’s performance. In this study, BZ sampling employed the
procedures suggested by Hinuma and coworkers (Hinuma et al., 2017) and Setyawan and
Curtarolo (Setyawan & Curtarolo, 2010) for orthorhombic systems. In k-points sampling, the
framework developed by Monkhorst and Pack in 1976 (Martin, 2020) has been widely used
in this research. For all symmetries, the Monkhorst-Pack-Grid is well known for metal

systems, which need even finer sampling in order to monitor the Fermi surface shape. A set
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of k-points are generated by the general algorithm from a linear combination of the reciprocal

lattice-vectors and coefficients determined by a set of natural numbers that end at q:

2r—q—1

k = nlbl + nzbz + n3b3 ni = Zq

r=123,...,q

2.7 Approximations used in the First Principal Calculations
2.7.1 Exchange-correlation Functional

The resulting energy from the potential for exchange-correlation constitutes just a small
portion of the total energy, normally less than 10 per cent, but affects many properties of the
studied materials. How the semi-local functionals underestimate the band differences, for
example, is understood because the derivative discontinuity is wrong. The characteristics of
the studied material must govern the selection and the construction of the potential. The
potential can be decomposed into two parts in order to simplify this procedure: one for the

pure exchange and the other for pure correlation functional:
Exc[n] = Ex[n] + Ec[n] (15)

The potential is, therefore, more versatile, and experimental data can also be used to suit it in
the case of hybrid functionals. The most popular approaches to defining the Exc in DFT are
Local Density Approximation (LDA) and Generalized Gradient Approximation (GGA)
which are both employed in this research.

2.7.2 The Local Density Approximation

The LDA is generated on the presumption that the density is constant locally and it is equal to

the corresponding homogeneous electron gas:

Exe’n()] = Exc[n(r)lr=r] = [ drExc (n(r))(n(r)) (16)

For the case of a homogeneous gas of electrons (Haynes, 1998), the term Exc(n(r)) is the
exchange-correlation single electron energy and can be evaluated using the Monte Carlo
simulations. The technique was one of the firstly applied and can explain the behaviour of

certain metallic materials accurately. The LDA XC functional was employed in this study to
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determine the structural, electronic and thermodynamic properties of MASnIs perovskites

using the QE package, its detail is explained in the next sections.
2.7.3 The Generalized Gradient Approximation

If density variation is significant, as in the case of molecular systems, the system definition
can be improved, taking into account the density gradient, and a similar claim can be applied

to the higher-order derivatives:

Egx In(r)] = Exc )= V() ly=pts o, V) | 2p] (17)

The function is defined with the GGA if the equation is truncated after the first derivative and
it is called meta-GGA when the Laplacian (or other terms) are also considered. With respect
to the kinetic energy density which includes the self consistently determined Kohn-Sham
orbitals, this kind of functional can similarly be expressed and therefore take the name of the
semi-local because a portion of the locality existing in the case of LDA and GGA is lost
(Cramer, 2013).

The PBE (Perdew et al., 1996) and PBEsol (Perdew et al., 2008), developed by the Perdew
group, are examples of GGA functionals. They do not provide adaptation to experimental
data, but the ability to better explain different aspects of a system is provided by various
functional expansions of the functional. The PBEsol, for example, is deduced from the PBE
functional and it is designed to clearly replicate long-range interactions in the best way. This
results in a better explanation of the equilibrium properties of solid-state materials, but at the
expense of a more rough description of cohesive energy (Brivio, 2016). In this work, the two
XC functionals, PBE and PBEsol, were employed to explore the structural, electronic as well
as thermodynamic properties of MASnIs. The PBE XC functional gave good results with the
MASNI3 compared to LDA and PBEsol, and it was later used in this study to determine the
structural, electronic and thermodynamic properties of GUAXa.

2.7.4 Hybrid Functionals

It has been found that most DFT problems emerge from the definition of the function of
exchange-correlation. The LDA and GGA methods have been shown to be based on the local
description of the electronic interactions, or semi-local. This implies that the energy

correction depends on the electron density value at a particular point. Additionally, the exact
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energy exchange obtained via the Hartree-Fock method is not a local one, therefore, integrals
on the entire space have to be taken into account to quantify it. The exchange-correlation
feature must be replaced by a linear combination of either LDA or GGA functionals together
with a HF exchange in order to incorporate a non-local energy correction within a DFT

approach. Generally, the functionality obtained can be expressed as:
Exc = (1—ERET +oc EJF (18)

It is possible to fit the linear combination parameter a with post-HF calculations or
experimental data. The above equation can be extended to strengthen the functionality with
the inclusion of extra terms. The B3LYP (Becke, 1997; Schmider & Becke, 1998) potential is
a particularly effective example of the hybrid potential, which can be characterized as a linear
combination of various contributions from various previous functions. The functional is
widely utilized in molecular calculations. More recently, the PBE functional has emerged as a
mother of the hybrid functionals such as PBEO (Adamo & Barone, 1999; Adamo et al., 1999)
and HSEO6 (Heyd et al., 2003).

The PBEO functional is expressed as:
Exc = EZ4 + 0.25(EHE — EZ4) (19)

In addition, through the presence of a screening parameter that yields the GGA functional
response at great distances, the HSEQ6 functional is extracted from the PBEO as well as long-

range corrections.
2.7.5 Many-Body Interaction

In the DFT method, the presence of exchange-correlation functionals defines electron-
electron interaction as a means of solving the Schrddinger equation. An impossible or
unrealistic system of equations is caused by the express treatment of the interactions between
the particles. For instance, if an electron system is considered: one electron’s energy hinges
on the positions of the other alternative electrons, but the positions and also the energy of all
the other particles hinge on the electron itself at the same time. For this reason, the fraction of
a particle’s energy which depends on the reaction of the system in relation to a particle itself
is typically termed self-energy. The contribution of self-energy is absent within the DFT

formalism. The multi-body effects are clearly approximated, and the functional exchange-
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correlation involves them. This method helps us to measure, with a good balance of cost and

precision, the properties of extended materials.

If for example, electrons are strongly correlated or in excited-state energy ought to be
considered for particular conditions and materials, accurate self-energy measurement is
important to prevent anomalous effects. The self-energy is also measured using the Hartree-
Fock method to urge the properties of the ground state, or through the Configuration
Interaction (CI) to describe the excited state, or with a linear response strategy that describes
a system's response to a little external disturbance. Typically, these methods are self-
consistently solved, allowing us to achieve greater accuracy and to accurately explain various
results, but these require a more rigorous computational cost. Another choice is the GW
approximation that extends the multi-body portion of the interaction of the electron in terms
of Green functions (G) by considering a screened Coulomb interaction (W). Within the GW
approximation, the limitations for self-energy solving present within the DFT can be
specifically determined. A single-particle view for the electronic structure is maintained by

the GW formalism and depends on a perturbative approach.

If two-body interactions are especially important, the Bethe-Salpeter equations (BSE), of
which the GW approach is also a special case, need to be resolved within the Green
formalism. While computationally inexpensive in comparison to BSE resolution, the GW
method is very demanding and calculations are built using different approximations and
methods. These efforts are carried out because the GW techniques allow the implementation
of a concept that defines electronic screening that is not present in HF, retaining local, non-
local, and multi-body effects at the same time.

A starting ground state wavefunction is required since GW is a perturbation theory. It is
typically sufficient to enhance the description of electronic bands, a function especially useful
in the study of semiconductors, beginning with an LDA solution. Sadly, this is not a
structured strategy with a predictable outcome. Different GW methods have been developed
to enhance this aspect. These approaches include self-consistent enhancement strategies, not
just the exchange-correlation aspect of the Hamiltonian ground-state, but also the potential
for screening. The most common approach is the method of GOWO (Hedin, 1965; Reining,
2018). The initial wave function is presumed to be the same as the LDA calculation in this
approximation, and the first-order disturbances are the only to be taken into account for the

self-energy correction. This correction is carried out with the application of a single
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measurement, i.e., without using the self-consistent scheme. With the quasi-particle GW, the

GOWO can be further improved.
2.7.6 Plane-wave Basis Sets

Electronic structure calculations are performed using a finite number of basis functions,
which are preferably functions that imitate real orbitals (Jensen, 2017). When it comes to
periodic systems, a good basis set is made up of a series of plane waves, since these systems
are described by several attractive features. One concerns the solution of the condensed phase
electronic structure, which means periodicity that it does not breach the Bloch theorem. In
order to find the right solutions, the wave functions must have a periodic part and phase
factor with frequencies relative to the vectors of the lattice (Martin, 2020). Plane waves
conform naturally to this situation in the presence of constant external potential (Martin,
2020) and lead to a solution of the Schrddinger equation. However, the potential becomes
drastically different as one moves closer to the nuclei, so a linear combination of increasing
numbers of plane-waves is thus needed. Other reasons for this choice of 