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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 CH3NH3SnI3 (MASnI3) 

and guanidinium tin halides C(NH2)3SnX3 (GUASnX3), X = Cl, 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 

MASnI3, 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 MASnI3 into the solid-state materials, SnI2 and CH3NH3I, with reaction enthalpy, ΔrH°(0 

K) = 37 kJ mol–1, and enthalpy of formation ΔfH°(CH3NH3SnI3, 0 K) = –390 kJ mol–1, have 

been evaluated showing the stability of the O-phase perovskite at low temperature. For the 

guanidinium-tin perovskites GUASnX3, 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)3SnCl3, C(NH2)3SnBr3 and C(NH2)3SnI3, 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 GUASnX3 compounds, the 

thermodynamic stability to different decomposition routes is examined, the standard 

enthalpies of formation are obtained: –673 (GUASnCl3), –541 (GUASnBr3), and –401 kJ 

mol–1 (GUASnI3). The interface between the hole transport material Cu2O and perovskite 

MASnI3 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%). 

 

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 CaTiO3 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 
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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. 

 

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 Cl, Br and 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, rB 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 
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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 BX6 octahedral tilting and symmetry lowering hence 

the formation of other structures (Mitzi et al., 2001; Travis et al., 2016). 

𝑡 =
𝑟𝐴+r𝑋

√2(𝑟𝐵+𝑟𝑋)
            (1) 

Secondly, the octahedral factor µ 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: 

𝜇 =
r𝐵

r𝑋
             (2) 

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 104–105 cm−1 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 Sb, Bi, Cu, 

Ge, and Sn, have been studied and they have lower efficiencies (Jiang et al., 2018; Zhao et 
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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 CH3NH3SnI3 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 CH3NH3SnI3 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 Cu2O 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 

(i) To determine the structural, electronic and thermodynamic properties of 

methylammonium tin iodide perovskite. 

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

materials to enhance their performance. 

(iii) Engineering of the MASnX3 (X = Cl, Br, I) through the replacement of the MA-cation 

with GUA-cation and determination of the electronic, structural, and thermodynamic 

properties. 

1.5 Research Questions 

(i) What are the structural, electronic and thermodynamic properties of MASnI3 as 

compared to MAPbI3? 

(ii) 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? 

(iii) 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.  
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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 (γ) phase which is stable. When the 

temperature increases to 160 K, there is the appearance of a tetragonal (β) phase which tends 

to replace the previous orthorhombic (γ) phase. When the temperature keeps increasing 

further to about 330 K and above, the tetragonal (β) 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.  

 

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 
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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 

Cu2O is then deposited above the perovskite to block the electrons and provide selectivity for 

the holes. 

 

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 TiO2 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 TiO2 as shown in light-grey colour. 
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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 & Grätzel, 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. 

 

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 Al2O3, ZnO, SrTiO3, SnO2, 

Zn2SnO4, ZrO2, BaSnO3 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 Al2O3 was 

used to passivate TiO2 (Ogomi et al., 2014). With the use of Cs2CO3 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 cm2 V–1 S–1 (1 cm2 

V–1 S–1 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).  



12 

 

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, Cu2O, 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, MoS2 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 CH3NH3PbI3 19.71 Ahn et al. (2015) 

PBDTT-FTTE CH3NH3PbI3 11.6 Gaml et al. (2017) 

FDT FAPbI3/MAPbBr3 20.2 Saliba et al. (2016) 

P3HT CH3NH3PbI3 15.3 
Habisreutinger et al. 

(2014) 

PTAA (FAPbI3)1−x(MAPbBr3)x 20.2 Yang et al. (2015) 

PEDOT:PSS CH3NH3PbI3 18.1 Heo et al. (2015) 

NiOx CH3NH3PbI3 17.3 Park et al. (2015) 

CuSCN (FAPbI3)0.85(MAPbBr3)0.15 18 Jung et al. (2016) 

Cu2O CH3NH3PbI3 11.03 Yu et al. (2016) 

CuOx CH3NH3PbI3−xClx 19 Rao et al. (2016) 

CuO CH3NH3PbI3 12.16 Zuo and Ding (2015) 

FBT-Th4/CuOx CH3NH3PbI3 18.85 Guo et al. (2018) 

CuS NPs CH3NH3PbI3 >16 Rao et al. (2016) 

CuGaO2 CH3NH3PbI3−xClx 18.51 Zhang et al. (2017) 

MoS2 CH3NH3PbI3 20.43 
Kohnehpoushi et al. 

(2018) 

NiO CH3NH3PbI3−xClx 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 

BaSnO3 has recently shown better characteristics over TiO2 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 Area and 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 Schrödinger equation that explains the quantum behaviour of 



17 

 

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 Schrödinger equation is a partial differential equation that is used to find the wave 

function and a particle’s energy by solving the time-independent Schrödinger 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 

Schrödinger is given by: 

𝐻𝛹 = 𝐸𝛹                       (3) 

With H being the Hamiltonian operator, Ψ stands for the wave function of the system and E is 

the eigenvalue energy of the stationary state Ψ. Here, the Hamiltonian operator can be 

expanded as: 

𝐻 = −
ℏ2

2𝑚𝑒
∑ 𝛻𝑖

2𝑁
𝑖=1 + ∑ 𝑉𝑁

𝑖=1 (𝑟𝑖) + ∑ ∑ 𝑈(𝑟𝑖𝑟𝑗𝑗<𝑖
𝑁
𝑖=1 )       (4) 

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) = ∫ 𝛱𝑖=2
𝑁 𝑑𝑟𝑖|𝛹(𝑟, 𝑟2, … , 𝑟𝑁|2          (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 Schrödinger 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 Schrödinger’s equation complete solution” (Martin, 2020): 

𝐸[𝑛(𝑟)] > 𝐸0[𝑛0(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[𝜓𝑖] = 𝐸𝑘𝑛𝑜𝑤𝑛[𝜓𝑖] + 𝐸𝑥𝑐[𝜓𝑖]          (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 Schrödinger 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: 

[
−ℏ2

2𝑚𝑒
𝛻𝑖

2 + 𝑉(𝑟) + 𝑉𝐻(𝑟) + 𝑉𝑥𝑐(𝑟)] 𝜓𝑖(𝑟) = 휀𝑖𝜓𝑖(𝑟)       (8) 

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 (VH), 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 ψi(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: 

𝐻 = −
ℏ2

2𝑚𝑒
∑ 𝛻𝑖

2
𝑖 − ∑

𝑍𝐼𝑒2

|𝑟𝑖−𝑅𝐼|
 𝑖,   𝐼 +  

1

2
∑

𝑒2

|𝑟𝑖−𝑟𝑗|𝑖≠𝑗 − ∑
ℏ2

2𝑀𝐼
𝐼 𝛻𝐼

2 +
1

2
∑

𝑍𝐼𝑍𝐽𝑒2

|𝑅𝐼−𝑅𝐽|𝐼≠𝐽    (9) 

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] + ∫ 𝑑𝑟𝑉𝑒𝑥𝑡(𝑟)𝑛(𝑟) + 𝐸𝐻𝑎𝑟𝑡𝑟𝑒𝑒[𝑛] + 𝐸𝐼𝐼 + 𝐸𝑋𝐶 [𝑛]              (10) 
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where Ts is the independent-particle kinetic energy, Vext(r) is the external potential due to the 

nuclei and other external fields, EHartree is the Hartree energy, EII 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 𝑉𝑒𝑓𝑓
𝜎 (𝑟) and density n(r,σ) are consistent. The explicit reference to spin is dropped 

unless necessary and Veff and n are assumed to indicate space (r) and spin (σ) dependences. 

The true calculation uses a numerical method that adjusts Veff and n successfully in order to 

reach the solution self-consistently. The computer-intensive step is the ‘solve KS equation’ 

for a certain Veff potential. This phase is called a ‘black box’ that uniquely solves the 

equations in order to determine an output density nout for a given input V, i.e., Vin → nout. 

Conversely, as seen in the second box, for a given form of the XC functional, any density n 

defines a possible Veff. The problem arises as the input and output possibilities and densities 

do not agree, except for the exact solution. A new potential nout → Vnew is operationally 

specified to arrive at the solution, which can then start a new cycle with Vnew 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:  

𝜓𝑘 = 𝑒𝑖𝑘.𝑟𝑈𝑘(𝑟)   𝑤𝑖𝑡ℎ   𝑈𝑘(𝑟) = 𝑈𝑘(𝑟 + 𝑎𝑖) whereby k is the reciprocal space crystal 

momentum vector. When the wavefunction is displaced with a unit vector R it produces: 

𝜓𝑘(𝑟 + 𝑅) = 𝑒𝑖𝑘.𝑅𝑈𝑘(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): 

〈𝑒𝑖𝑘.𝑅𝜓𝑘(𝑟)|𝑒𝑖𝑘.𝑅𝜓𝑘(𝑟)〉 = |𝜓𝑘(𝑟)|2                  (12) 

The phase factor must have the relationship expressed by Equation 13 as: 

𝑒𝑖𝑘.𝑅 = 𝑒2𝜋𝑖 = 1     ∀  𝑘                   (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): 

𝑏1 = 2𝜋
𝑎2 × 𝑎3

𝑎1. (𝑎2 × 𝑎3)
       𝑏2 = 2𝜋

𝑎1 × 𝑎3

𝑎1. (𝑎2 × 𝑎3)
      𝑏3 = 2𝜋

𝑎1 × 𝑎2

𝑎1. (𝑎2 × 𝑎3)
 

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 VBZ = 2π/Ω, 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 휀𝑖
𝑘: 

𝜓𝑖
𝑅𝑖𝒌(𝑅𝑖𝑟 + 𝑡𝑖) = 𝜓𝑖

𝒌(𝑟)     𝜓𝑖
𝑅𝑖

−1𝒌(𝑟) = 𝜓𝑖
𝒌(𝑅𝑖𝑟 + 𝑡𝑖)               (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: 

𝑘 = 𝑛1𝑏1 + 𝑛2𝑏2 + 𝑛3𝑏3    𝑛𝑖 =
2𝑟 − 𝑞 − 1

2𝑞
  𝑟 = 1,2,3, … . , 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: 

𝐸𝑋𝐶
𝐿𝐷𝐴[𝑛(𝑟′)] = 𝐸𝑋𝐶[𝑛(𝑟)|𝑟=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 MASnI3 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:  

𝐸𝐸𝑋
𝐺𝐺𝐴[𝑛(𝑟′)] = 𝐸𝑋𝐶[𝑛(𝑟)|𝑟=𝑟′𝛻𝑛(𝑟)|𝑟=𝑟′; … , 𝛻𝑛𝑛(𝑟)|𝑟=𝑟′]               (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 MASnI3. 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 GUAX3. 

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−∝)𝐸𝑋𝐶
𝐷𝐹𝑇+∝ 𝐸𝑋

𝐻𝐹                   (18) 

It is possible to fit the linear combination parameter α 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 PBE0 (Adamo & Barone, 1999; Adamo et al., 1999) 

and HSE06 (Heyd et al., 2003). 

The PBE0 functional is expressed as: 

𝐸𝑋𝐶 = 𝐸𝑋
𝐺𝐺𝐴 + 0.25(𝐸𝑋𝐶

𝐻𝐹 − 𝐸𝑋
𝐺𝐺𝐴)                  (19) 

In addition, through the presence of a screening parameter that yields the GGA functional 

response at great distances, the HSE06 functional is extracted from the PBE0 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 Schrödinger 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 G0W0 (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 



28 

 

measurement, i.e., without using the self-consistent scheme. With the quasi-particle GW, the 

G0W0 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 Schrödinger 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 basis are that plane-

waves are mutually orthogonal, agree reasonably well with physics, are easily determined 

using fast Fourier transformations, and tend to converge with the addition of more basis 

functions (Kohanoff, 2006). These are all characteristics that follow the instructions provided 

by Jensen (Jensen, 2017). To see how plane-waves fit into this image is instructive. The 

functions’ Fourier transform is written as: 

𝑢𝑘(𝑟) = ∫ 𝑒𝑖𝑔.𝑟 �̅�𝑘(𝑔)𝑑𝑔                   (20) 

The values of g are restricted to the reciprocal of the lattice vector G by using Bloch’s 

theorem which results in the general expression for the wavefunction as: 

𝜓𝑘(𝑟) =
𝑒𝑖𝑘.𝑟

√Ω
∑ 𝐶𝑘

∞
𝐺=0 (𝐺)𝑒𝑖𝐺.𝑟                  (21) 

with Ω representing the volume of the cell, the plane-wave basis set functions can be 

described as: 

𝜙𝐺(𝑟) =
1

√𝛺
𝑒𝑖𝐺.𝑟                    (22) 
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followed by the orthogonalization and normalization procedures which gives: 

〈𝜙𝐺|𝜙′𝐺〉 =
1

𝛺
∫ 𝑒(𝐺−𝐺′).𝑟

𝛺
𝑑𝑔 =

1

𝛺
(𝛺𝛿𝐺,𝐺′) = 𝛿𝐺,𝐺′                (23) 

which results in the wavefunction for different eigenstates j. 

𝜓𝑗
𝑘(𝑟) = 𝑒𝑖𝑘.𝑟 ∑ 𝐶𝑗𝑘

∞
𝐺=0 𝜙𝐺(𝑟)                  (24) 

2.7.7 Pseudopotentials 

The pseudopotential principle dates back to Hans Hellman’s 1935 work, whereby an effective 

potential for the valence electron scattering from metallic ion cores was developed. However, 

these pseudopotentials were too hard, and perturbation methods did not allow for accurate 

calculations at that time (Kohanoff, 2006). Shortly after that, Slater (1937) and Herring 

(1940) suggested the use of augmented plane-wave expansions with spherical solutions for 

the atomic problem, and the linear combination of the plane wave and core wave functions 

for valence states (Martin, 2020). The wavefunctions are orthogonal to the core states to 

acceptable choices for the expansion coefficients of the orthogonalized plane-wave method, 

and the use of core orbitals dramatically reduces the number of plane-wave components 

required for reproduction of the valence states.  

In the familiar paper from Phillips and Kleinman in 1959, these advances led to further 

innovations and the roots of the modern pseudopotential method (Phillips & Kleinman, 

1959). These authors formed the valence electron equations based on a weaker (softer) 

effective potential as additional information to the orthogonalized plane-wave method 

(Kohanoff, 2006). The nucleus and core electrons’ strong Coulomb potential is replaced by 

the powerful ionic potential acting on the valence electrons in order to counteract the use of 

larger basis sets (Kohanoff, 2006). Thus, in an atomic reference configuration with frozen 

core approximation, the core states are essentially set and the ground state pseudo wave 

function identically mimics the all-electron wavefunction beyond the core cut-off radius 

(Singh & Nordstrom, 2006). Compared to all-electron wave functions, the fitting of 

pseudopotentials is normally done, with the benefit of reducing the number of electrons, 

electronic states, and basis sets to be considered, and thus the cost of calculation (Martin, 

2020). 
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For electronic structure calculations, there are two general types of pseudopotentials. The first 

one created is the norm-conserving and has its origins in many simple physical consideration 

ideas. On Kohanoff ideas (Kohanoff, 2006), the norm-conserving pseudopotentials should 

consider atomic reference states where all-electron and pseudo-valence eigenvalues agree. 

Also, beyond a chosen core radius, all electron and pseudo-valence wavefunctions, as well as 

the integrated charge for each wavefunction, must agree. On the other hand, taking the 

logarithmic derivatives of the pseudo wavefunction and all-electron wavefunction and also 

the first energy derivative of the log derivatives of both wavefunctions agree at the core 

radius. 

These characteristics have the effect of generating an accurate charge-density transferable 

wavefunction and are the reason for their success and continued use in research today (Singh 

& Nordstrom, 2006). The detriment to the norm-conserving potential is that a low cut-off 

radius (creating a hard potential) is needed in order to provide a pseudopotential that has high 

accuracy and transferability. Computational factors, however, lead one to want the least 

number of basis sets (cost scales as a power of the requested number of Fourier components) 

to generate smooth curves that are inherently restricted to larger cut-off radii (Kohanoff, 

2006). 

The norm-conserving pseudopotentials are faced with problems of hardness and high energy 

cut-off values. Vanderbilt (1990) proposed an option to mitigate this complication, whereby 

the norm-conserving restriction was relaxed, allowing for softer potentials with a significant 

reduction in energy cut-off values (Singh & Nordstrom, 2006). This became the basis for 

ultrasoft pseudopotentials. The softness of these potentials is correlated with their use of 

fewer base sets, re-expressing the issue in terms of a smooth function and an auxiliary 

function located around the core to reflect the density area that varies rapidly, enabling larger 

cut-off radii (Kohanoff, 2006). An additional term is added in the calculation to account for 

the difference in charge density since it is a function of the wavefunction to obtain the right 

results from all-electron wavefunctions (Martin, 2020). For example, in the simulation of 

oxygen with ultrasoft pseudopotential, Koval et al. (2005) acquired significant reductions in 

the energy cut-offs for plane-wave calculations, providing the same degree of accuracy with a 

decreased energy cut-off value from 150 Ry to 40 Ry. This study adopted the ultrasoft 

pseudopotentials from the QE website generated using the atomic code developed by Dal 

Corso (2014).  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Theoretical Background 

In this section, the theory for simulations is discussed and the software and parameters used 

are explained. In this work, quantum chemical computational methods were employed for 

structural optimization and electronic properties estimation of the crystal compounds. The 

study comprises of running experiments on a computer to obtain and interpret results without 

real physical experiments. That approach can save a great deal of effort and time. The 

benefits of the computing methods are their flexibility, accuracy and relatively modest 

expenditures. The structures and atom constraints can easily be modified for emphasis on the 

specific instances to analyze the system’s behaviour. 

Here, the Quantum ESPRESSO (QE) simulation package was used for DFT calculations 

(Giannozzi et al., 2009) running on a 12 cores machine with 32 GB of RAM and 2 TB HDD. 

A step by step method of employing QE in computing the electronic and thermodynamic 

properties is found in appendix 6. The DFT states that electron density distribution, which 

can be used to quantify different electronic properties of the system, can approximate the 

ground state energy of a system. 

3.2 Introduction to Quantum ESPRESSO 

The Quantum ESPRESSO (opEn Source Package for Research in Electronic Structure, 

Simulation and Optimization) open-source computer code (Giannozzi et al., 2009) was used 

in the electronic and thermodynamic calculations. Using plane-wave basis sets and 

pseudopotentials to characterize the interaction of nuclei and electrons, the Kohn-Sham 

equations are solved within a density functional theory formalism. It is possible to download 

source files and binaries from the website http:/www.quantum-espresso.org under the GNU 

General Public License, along with advanced calculation plug-ins and some third-party 

packages. Once compiled, one can simulate several periodic and aperiodic networks using 

optimized mathematical libraries (BLAS, LAPACK, and FFTW) and parallel algorithms for 

high performance, being especially suitable for infinite crystalline systems. In combination 

with many common exchange-correlation functions (LDA, GGA, GGA+U), ultrasoft and 

norm-conserving pseudopotentials, as well as projector-augmented waves, can be used. 



32 

 

Pseudopotentials can either be downloaded from the website of Quantum ESPRESSO, taken 

from other UPF (Unified Pseudopotential Format) libraries, or generated using Quantum 

ESPRESSO’s atomic code (Giannozzi et al., 2009).  

The relaxed crystal structures generate lattice constants and other physical quantities with 

properly selected pseudopotentials, which are extremely similar to experimentally measured 

values, to signify the robust ability of this software. A multitude of calculations and post-

processing tools are also included in this software package. Just some of the procedures that 

can be chosen are Kohn-Sham orbitals and energies for isolated or periodic structures, 

structural optimizations using Hellmann-Feynman force, magnetic and spin-polarized 

ground-states, ab initio MD within a range of ensembles, and transition-path optimization. It 

is easy to plot quantities such as charge and spin density, Scanning Tunneling Microscope 

(STM) images, and electron localization functions and combine them with other tools, e.g. 

XCrySDen (Kokalj, 1999), for other applications. 

With the PWscf (v 6.4.1) package, standing for Plane-Wave self-consistent field, structural 

optimization can be performed. In order to achieve self-consistency in the context of the 

pseudopotential method (Giannozzi et al., 2009), this package uses an iterative approach with 

diagonalization techniques at each step. One can locate the equilibrium structure of ground-

state energies by individually adjusting the lattice parameters. Determination of atomic forces 

and stresses, macroscopic polarization and Berry phases, orbital magnetization, minimum 

energy paths with the nudged elastic band system and Born-Oppenheimer or Car-Parrinello 

MD are other procedures available from the PWscf package.  

Post-processing of the output data files allows the extraction of specific information from the 

calculations of the self-consistent field and position it in a format appropriate for graphical 

representations. The PostProc (v 6.4) package from Quantum ESPRESSO manages these 

routines. Charge density, the local density of states, selected squared wavefunctions, STM 

images, electron localization functions, the integrated local density of states, and different 

potentials are some of the quantities that can be plotted. It is possible to define various types 

of plots (line, plane, three-dimensional, polar) and output formats (including the common 

cube format). In addition, data can be stored in an intermediate (formatted) file so that further 

data sets can be summed up or subtracted at a later time. Output files can be read directly by 

the free plotting device Gnuplot (1D or 2D plots), or by the code plotrho.x that comes with 

PostProc and generates PostScript 2D plots, or by the advanced plotting applications 
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XCrySDen and gOpenMol (3D plots). These can also be made in different planar slices for 

multi-dimensional plots, giving one the freedom to choose particular axes for contour plots or 

values along a line. 

The bands.x code reads data files, extracts the eigenvalues, and then regroups them into 

bands. The output is written to a file in a simple format that can be read and translated 

directly to a plottable format through the plotband.x auxiliary code. If k-points are not 

sequenced along lines, or if two consecutive points are the same, unpredictable plots can 

result. The symmetry study of the band structure is also carried out by the code bands.x.  

The projwfc.x code calculates wavefunction projections over atomic orbitals. Atomic wave 

functions are those found in the pseudopotential files. The population analysis of Lowdin is 

currently applied (similar to the Mulliken analysis). You can also measure and write the 

predicted density of states (DOS) and projected DOS (PDOS), i.e., the DOS projected onto 

atomic orbitals, into a file. The data generated by the code projwfc.x can be further analyzed 

using the auxiliary codes sumpdos.x (the selected PDOS are summed through specifying the 

names of the files containing the desired PDOS) and plotproj.x. 

3.3 Determination of Structural and Electronic Properties of the Orthorhombic 

MASnI3 

The CH3NH3SnI3 crystallographic information (CIF) files were collected from the Open 

Crystallography Database (Gražulis et al., 2009; Stoumpos et al., 2013) and the Materials 

Project (Jain et al., 2013), which are free crystal structure databases. The crystal structural 

properties were determined using the XCrySDen (Kokalj, 1999) and VESTA (Momma & 

Izumi, 2008) software and the band gaps and densities of states were estimated using 

Quantum ESPRESSO. 

The input files for the QE were generated according to the program manual’s instructions 

(Giannozzi et al., 2017). The initial simulation data were produced by convergence tests run 

on the structure by self-consistent field (SCF) calculations; the convergence values for the 

plane wave cut-offs (ecutwfc), lattice parameters along with the charge density cut-offs 

(ecutrho) in relation to the total energies were determined. Three separate functions of 

exchange-correlation (XC) were used with the ultrasoft pseudopotentials, Local Density 

Approximation (LDA), Perdew, Burke and Ernzerhof (PBE), (Ceperley & Alder, 1980; 

Perdew et al., 1996), and Perdew-Burke-Ernzerhof revised solids (PBEsol) (Perdew et al., 
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2008). Via convergence checks, ecutrho and ecutwfc were obtained as, 490 with 70 Ry, 600 

with 60 Ry and 450 with 50 Ry, respectively for the PBEsol, PBE, and LDA functionals. As 

defined by Hinuma et al. (Hinuma et al., 2017) and Setyawan, Curtarolo (Setyawan & 

Curtarolo, 2010) for orthorhombic structures, Brillouin zone sampling was performed. Cell 

relaxation (cell optimization) was carried out using the algorithm by Broyden-Fletcher-

Goldfarb-Shanno (BFGS), as defined in the Quantum Espresso input file (Giannozzi et al., 

2017; Giannozzi et al., 2009). The obtained coordinates after relaxation of the system are 

reported in Appendix 1. The method of vibration frequencies can be used when interested in 

the phonons and the vibration spectra by employing the density functional perturbation theory 

(DFPT) with the ph.x code implemented in QE (Baroni et al., 1987). The DFPT has grown in 

popularity as a technique for analyzing the vibrational and spectroscopic properties of 

materials, consistently yielding phonon frequencies and dielectric properties with only a few 

percent of the inaccuracy of experiment. However, because the focus of this research was on 

electrical and thermodynamic properties, the BFGS algorithm was sufficient. For each XC 

functional, the atomic structure positions and cell parameters were relaxed to a convergence 

energy threshold of 1.0E-08 Ry with a convergence force threshold of 1.0E-04 Ry/Bohr, 

which was adequate to attain a relaxed structure file (Giannozzi et al., 2017; Giannozzi et al., 

2009). Furthermore, the QE database ultrasoft pseudopotentials consistent with the three 

exchange-correlation functions (PBEsol, PBE, and LDA) were used for both band structures 

and projected densities of states calculations. The code band.x was used to analyze the bands 

of the materials and the projwfc.x was employed in determining the projections of the 

wavefunctions over atomic orbitals. 

3.4 Calculation of Structural and Electronic Properties of the Orthorhombic 

GUASnX3 

First-principles calculations were adopted using Quantum ESPRESSO software package code 

(Giannozzi et al., 2009). The initial structures were created by substituting the MA-cations 

with GUA-cations and using the proposed Hautier and co-workers model (Hautier et al., 

2011) for structure predictions with the aid of Avogadro (Hanwell et al., 2012) and VESTA 

(Momma & Izumi, 2008) editing and visualization tools, based on the orthorhombic 

structures of methylammonium tin halide perovskites available in the Materials Project 

database (Jain et al., 2013). For the determination of the electronic and structural properties 

of C(NH2)3SnX3, X = Cl, Br, I, the PBE XC functional (Perdew et al., 1996) was employed. 
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In the simulation, a bulk crystal system with eight formula units (112 atoms) was used to 

preserve the symmetry. Following the usual procedures described in the literature, the 

structural parameter optimizations were performed at a 1.0E-04 Ry/Bohr mechanical force 

(Giannozzi et al., 2017; Giannozzi et al., 2009) which resulted in strong convergence of the 

internal forces along with the system’s total energy. The optimized coordinates are recorded 

in appendix 2. Via several convergence tests, the cutoff charge and energy were obtained as 

480 Ry and 60 Ry, respectively. The Martyna-Tuckerman method with truncated Coulomb 

interaction was used for the gaseous molecules and charged particles; the method is 

implemented in the QE software package. In the namelist SYSTEM, a related variable in the 

pw.x input is called assume_isolated, and the measurements are done by placing the species 

in large boxes based on their actual sizes. The system’s minimum energy is found by 

optimizing the species using a self-consistent method. 

3.5 Computation of Thermodynamic Properties of MASnI3 

The decomposition of the methylammonium tin iodide, CH3NH3SnI3 into its solid-state 

products proceeds as shown by the following equation: 

CH3NH3SnI3(s) = CH3NH3I(s) + SnI2(s)                 (25) 

The energy of this reaction ΔrE was found through the total energies E of the components:  

ΔrE = E(CH3NH3I) + E(SnI2) – E(CH3NH3SnI3)                (26) 

The total energies E were computed for the relaxed structures of all the participants by using 

the three DFT XC functionals. Based on the enthalpy of reaction ΔrE, the determination of 

the enthalpy of formation of the orthorhombic phase of CH3NH3SnI3 perovskite was carried 

out using the individual enthalpies of formation of the given precursors:  

ΔfH°(CH3NH3SnI3, s, 0 K) = ΔfH°(CH3NH3I, s, 0 K) + ΔfH°(SnI2, s, 0 K) – ΔrH°(0 K).    (27) 

3.6 Computation of Thermodynamic Properties of GUASnX3, X = I, Br, Cl 

The thermodynamic stability of the guanidinium halides, GUASnX3 compounds was 

evaluated through the given decomposition routes: 



36 

 

GUASnX3, s = GUAX, s + SnX2, s               (R1) 

GUASnX3, s = SnX2, s + HX, g + CH5N3, g               (R2) 

GUASnX3, s = SnX2, s + X−, g + GUA+, g               (R3) 

The reactions energies, ΔrE were calculated employing the total energies E obtained for the 

individual components: 

ΔrE = ΣE(products) − E(GUASnX3, s)                 (28) 

On the basis of the energies of the reactions, ΔrE, the enthalpies of formation of the 

GUASnX3 were assessed. 

3.7 Evaluation of the CH3NH3SnI3/Cu2O Interface Properties 

3.7.1 Slabs Preparation 

An orthorhombic phase of CH3NH3SnI3 was used as an absorber material and Cu2O as a 

HTM (Fig. 8) to study the interaction between the two surfaces when they come in contact. 

The slabs for the two structures were prepared using VESTA software (Momma & Izumi, 

2008) after relaxing the individual structures to save some computation time during the 

relaxation of the slabs. In order to obtain the common match in the dimensions of the two 

materials during the preparation of the heterostructure, Cu2O was transformed by 2x3 in a 

and b directions, respectively (Fig. 9) to match the a and b lattice parameters of CH3NH3SnI3. 
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Figure 8: (a) Orthorhombic phase CH3NH3SnI3 and (b) Cuprous oxide crystal (a 

direction is pointing into the page) 

The lattice constants of the orthorhombic CH3NH3SnI3 and cubic Cu2O were fixed to the 

relaxed values. The (001) surface was exposed in the slab models of the CH3NH3SnI3 with 

both MAI and SnI2 termination models for proper studying of these surfaces (Fig. 10). The 

bottom layers of the atoms were fixed during the geometric relaxations and a vacuum of 20 Å 

was set above MASnI3 in the c-direction to prevent the interaction between the upper and 

lower surfaces (Fig. 11). 
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Figure 9:  CH3NH3SnI3 (a) and Cu2O (b) slabs to be simulated individually 

 

Figure 10:  CH3NH3SnI3 slabs (a) with MAI termination and (b) with SnI2 termination 

The Cu2O/MASnI3 interfaces are constructed by connecting the Cu2O slab to the MAI−T or 

SnI2−T (three MAI and three SnI2 layers) slabs, leaving 20 Å of orthogonal vacuum in the 
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direction of the surface along the non-periodic direction (Fig. 11). To prevent contact 

between anion−anion, i.e. I−O, Cu2O slabs have been slightly moved in certain locations. 

 

Figure 11:  CH3NH3SnI3/Cu2O composite (a) SnI2-T and (b) MAI-T 

3.7.2 Evaluation of the Binding Energy of the Composites 

The PBE XC functional employed in the QE package was used to determine the binding 

energy of the composites. A 48 Ry kinetic-energy cutoff was set with a charge density cutoff 

of 432 Ry which were obtained through convergence tests performed using different values. 

The atomic positions (see Appendix 3) and cell parameters were relaxed with the PBE XC 

functional to energy convergence threshold of 1.0E-08 Ry and a force convergence threshold 

of 1.0E-03 Ry/Bohr which were enough to obtain a relaxed structure employing the Broyden-

Fletcher-Goldfarb-Shanno algorithm (Giannozzi et al., 2017; Giannozzi et al., 2009). In 

addition, ultrasoft pseudopotentials from the QE database were used in determining all 

properties of the material under this study. 

In order to understand the interfacial properties of the composite, the binding energies Eb 

were calculated and compared through employing the relation: 

Eb = Etotal−EHTM−EP                     (29) 
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where Etotal, EHTM and EP represent the total energies of the composite MASnI3/Cu2O, Cu2O 

and MASnI3, respectively. 

  



41 

 

CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Structural, Electronic and Thermodynamic Properties of the MASnI3 obtained 

with LDA, PBE, and PBEsol XC Functionals 

4.1.1 Structural Properties of MASnI3 

Through convergence tests on the cell parameters of MASnI3 as well as the kinetic energy 

and charge density cutoffs, the equilibrium structures were obtained using the LDA, PBE and 

PBEsol XC functionals as represented in Fig. 12-14. The lattice parameter for celldm(1) is 

approximately equal to 8.5 Å as estimated by all three XC functionals while for celldm(2) 

and celldm(3) different values were obtained by using the three functionals, the PBE XC 

functional giving the closest values to the experimental parameters as summarized in Table 2. 
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Figure 12:  The convergence for lattice parameters (celldm) and kinetic energy cutoff 

(ecutwfc) obtained for the MASnI3 using the LDA XC functional 
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Figure 13:  The convergence for lattice parameters (celldm) and kinetic energy cutoff 

(ecutwfc) obtained for the MASnI3 using the PBE XC functional 
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Figure 14:  The convergence for lattice parameters (celldm) and kinetic energy cutoff 

(ecutwfc) obtained for the MASnI3 using the PBEsol XC functional 
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The orthorhombic phase of MASnI3 was considered with 48 atoms per cell. Through the use 

of the same values for ecutwfc and ecutrho, both the original database structure (unrelaxed 

structure) and the optimized structures were simulated to verify the validity of structure 

optimization prior to simulation. The applications, VESTA (Momma & Izumi, 2008) and 

XCrySDen (Kokalj, 1999), were used before and after optimization to display the structures. 

A corner-sharing network of [SnI6] octahedrons with the iodide anions and Sn-site cations, 

and the organic cation [CH3NH3]+ between the octahedral corners is included in the structure 

(Fig. 15). If compare the lattice parameters before optimization and after during the structural 

relaxation there was no visible deformation of the structures, just minor changes can be 

observed in the lattice parameters and cell volume.  

(a) (b)  

Figure 15:  The orthorhombic phase unit cell of MASnI3 as visualization by VESTA 

(Momma & Izumi, 2008), (a) balls and sticks, and (b) polyhedral style 

The structural properties of methylammonium tin iodide employing different exchange-

correlation functionals compared to previous studies are summarized in Table 2.  
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Table 2: The structural properties and band gap of MASnI3 using different XC 

functionals 

Lattice parameters (Å) Volume 

(Å3) 

Eg 

(eV) 
XC functional Ref. 

a b c 

8.505 13.156 9.149 1023.70 0.88 PBE This work* 

    0.82 PBEsol ibid 

8.500 12.880 9.120 998.46 0.46 LDA This work** 

8.490 13.020 9.150 1011.44 1.12 PBE ibid 

8.500 13.000 9.140 1009.97 0.98 PBEsol ibid 

8.556 12.428 8.326 885.34 1.70 HSE06 Feng and Xiao (2014) 

8.56 12.41 8.43 895.52 1.27 HSE06 Wu et al. (2016) 

8.83 12.68 8.51 952.82 0.60 PBE(GGA) Peng and Xu (2018) 

    0.94 PBE Suhaili et al. (2017) 

*Eg estimated with the original lattice parameters obtained from the database (Jain et al., 2013; Stoumpos et al., 

2013) 
**Eg estimated with optimized parameters 

4.1.2 Band Structure and PDOS of MASnI3 

There are important factors to explore the electronic structure of the hybrid halide 

perovskites, as these materials can be used as a light-harvesting medium. The determined 

band structures in the first Brillouin zone along the high symmetry lines are presented in Fig. 

16-19 for both the unoptimized and optimized orthorhombic crystal of MASnI3.  

The orthorhombic crystal of MASnI3 has a direct band gap at gamma point as estimated with 

various DFT functionals such as LDA, PBE and PBEsol. The Fermi levels are all between the 

conduction band minimum and valence band maximum for the three exchange-correlation 

functionals. Various Eg values of MASnI3 have been obtained using the DFT functionals; 

PBEsol, PBE and LDA. The best possible accuracy of the band gap energies is obtained for 

the optimized MASnI3 structure, i.e., 0.98 eV (PBEsol) and 1.12 eV (PBE), which are 

analogous to the experimental results 1.2-1.35 eV (Huang et al., 2019; Stoumpos et al., 

2013). The Eg = 0.46 eV obtained using the LDA functional is much smaller than the 

experimental value. This finding is not unexpected because, generally speaking, the LDA XC 

functionality of the standard DFT method has the tendency to underestimate the band gap 

energy of solid-state semiconductors, as well as insulators by approximately 40 per cent 

(Perdew et al., 2017; Perdew & Zunger, 1981), resulted from the assignment of a physical 

value to the Kohn-Sham energy level rather than from the inherent errors of the DFT methods 
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(Morales-García et al., 2017). The unoptimized PBEsol and PBE functional values for O-

phase are significantly underestimated in the band gap values of 0.82 eV and 0.88 eV, 

respectively, suggesting apparently that the crystal structure should be relaxed before the 

electronic properties are measured. It is important to note that other MASnI3 orthorhombic 

structure DFT studies (Feng & Xiao, 2014; Peng & Xu, 2018; Suhaili et al., 2017; Wu et al., 

2016) performed with different XC functionals recorded band gap values in a large range, in 

between 0.6 and 1.7 eV.  
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Figure 16:   LDA optimized band structure of MASnI3 
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Figure 17:   PBE optimized band structure of MASnI3 
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Figure 18:  PBEsol band structure and PDOS of MASnI3 
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Figure 19: Unoptimized orthorhombic MASnI3 band structure using PBE XC 

functional 

Using the code projwfc.x, as implemented in the Quantum ESPRESSO package, the 

projected total state densities (TPDOS) and the projected state densities (PDOS) of the 

orthorhombic MASnI3, were determined. The PDOS reveals the interaction between orbitals 

to comprehend the relation among the atoms in the system (Fig. 16-19, right-hand side). The 

study offers a clearer understanding of the changes in the band gap as affected by the 

electronic conditions of the atoms, tin and iodine. With minor overlaps with 5s states, the 5p-

state atoms of iodine are the primary contributors to the valence band’s maximum value. The 

5p-states of Sn atoms are involved in creating the minima of conducting band with a minor 

contribution from the 5p-state of the iodine atoms. The position of the Fermi level situated 

between the valence and conduction band is calculated based on the electron density of the 

Sn and I atoms’ p-states in the perovskite.  

4.1.3 Thermodynamic properties of MASnI3 

In determining the stabilities of materials when exposed to light, moisture, and heat, the 

decomposition reactions energy, and the enthalpy of the formation of many photovoltaic 

materials are important. Both methylammonium-based tin and lead halide perovskites 

undergo rapid conversion into halides under high humidity conditions (Nagabhushana et al., 

2016; Zhao & Park, 2015). The decomposition of MASnI3 into the solid-state products of 
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CH3NH3I(s), and SnI2(s) is shown via Equation 25. Through the total energies E of the 

reacting components, the energy of the reaction ΔrE was found:  

ΔrE = E(SnI2) + E(CH3NH3I) – E(CH3NH3SnI3).                (30) 

The total energies E of the components were computed using the three DFT XC functionals 

mentioned earlier for the relaxed structures of all the participants (Table 3). As can be shown, 

the XC feature significantly affects the measured ΔrE: 9 kJ mol–1 (PBEsol), 37 kJ mol–1 

(PBE) and –22 kJ mol–1 (LDA). The orthorhombic MASnI3 is considered to be stable at 

temperatures below 110 K (Parrott et al., 2016; Takahashi et al., 2013), so the PBE outcome 

seems most rational. The enthalpy of formation of the orthorhombic phase CH3NH3SnI3 can 

be calculated on the basis of the ΔrE by means of the enthalpies of precursor formation:  

ΔfH°(CH3NH3SnI3, s, 0 K) = ΔfH°(SnI2, s, 0 K) + ΔfH°(CH3NH3I, s, 0 K)– ΔrH°(0 K).     (31) 

There are available reference values: ΔfH°(CH3NH3I, s, 298 K) = –200.7 kJ mol–1 (Wilson, 

1976) and ΔfH°(SnI2, s, 0 K) = –152.4 kJ mol–1 (Gurvich et al., 1992). Assuming that the 

correction of lattice vibration energies for the reaction 24 is negligible, ΔrE ≈ ΔrH°(0 K) is 

acceptable here. Furthermore, the study proposes that the increase in enthalpy H°(298) – 

H°(0) for CH3NH3I does not exceed a few kJ mol–1. Ciccioli and Latini (2018) considered 

similar assumptions for the decomposition reaction of lead perovskites CH3NH3PbX3(s) = 

PbI2(s) + CH3NH3X(s), X = Cl, Br, I. The enthalpy of the formation of O-phase tin perovskite 

CH3NH3SnI3 was thus obtained (Table 3). As discussed in the previous parts, in determining 

the electronic properties, the PBE XC functional outperformed the other two, so the 

considered accurate values of the enthalpy of formation and reaction are ΔfH°(CH3NH3SnI3, 

0 K) = –390 kJ mol–1 and ΔrH°(0 K) = 37 kJ mol–1 respectively. 

Table 3: The thermodynamic properties of methylammonium tin iodide 

XC 

functional 

–E, Ry ΔrH°(0 K), 

kJ mol–1 

–ΔfH°(0 K), 

kJ mol–1 MASnI3 MAI SnI2 

LDA 303.095607 73.460970 229.651248 –21.8 331 

PBE 303.298946 73.449692 229.821122 36.9 390 

PBEsol 302.377144 72.961524 229.408919 8.8 362 
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These findings are worth comparing with the available literature data for the 

methylammonium lead perovskite, CH3NH3PbI3(s). The decomposition reaction enthalpy 

ΔrH°(298 K) = 34.5 ± 1.0 kJ mol–1 was measured by solution calorimetry (Nagabhushana et 

al., 2016) for the tetragonal phase of MAPbI3. The exploitation of the enthalpy of formation 

of PbI2, ΔfH°(PbI2, s, 298 K) = –176 kJ mol–1  (Gurvich et al., 1992), the enthalpy of 

formation of CH3NH3PbI3(s) can be estimated as ΔfH°(CH3NH3PbI3, s, 298 K) = –411 kJ 

mol–1. The calculation of the ΔfH°(MAPbI3, O-phase, 0 K) ≈ –414 kJ mol–1 was considered 

by taking into account the enthalpy of phase transition from tetragonal to orthorhombic of 3 

kJ mol–1 (Onoda-Yamamuro et al., 1990) and neglecting the enthalpy increment, H°(298) – 

H°(0). Compared to this value (− 414 kJ mol−1), the result for the enthalpy of formation of 

the tin perovskite (− 390 kJ mol−1) is in a good accordance. It is also important to note that 

the difference in enthalpy of formation, ΔfH° between the methylammonium tin and lead 

perovskites (24 kJ mol–1) appeared to be almost equal to the difference between PbI2 and SnI2 

(23 kJ mol–1). So, the evaluated values of the enthalpy of the reaction ΔrH°(0 K) = 37 kJ mol–

1 and enthalpy of formation of the O-phase perovskite ΔfH°(CH3NH3SnI3, 0 K) = –390 kJ 

mol–1 indicate the stability of the O-phase CH3NH3SnI3 at low temperature, in agreement 

with experimental findings. 

4.2  Structural, Electronic and Thermodynamic Properties of the GUASnX3, X = Cl, 

Br, I 

4.2.1 Structural Properties of GUASnX3 

Convergence tests were conducted for the kinetic energy cutoff with the total energy of the 

GUASnX3 system by using the PBE XC functional. Through these tests, the equilibrium 

structures were obtained at the minimum energy for GUASnCl3, GUASnBr3, and GUASnI3, 

respectively, as presented in Fig. 20. 
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Figure 20:  The convergence for the kinetic energy cutoff (ecutwfc) of GUASnX3 (X = 

Cl, Br, I) using the PBE XC functional 

The C(NH2)3SnX3 crystals under analysis with a Pbca space group, group number 61 and D2h 

symmetry have an orthorhombic perovskite structure. Unlike the methylammonium cation, 

CH3NH3
+ with C3v symmetry (Angell et al., 1957), the guanidinium cation, C(NH2)3

+ has a 

D3h symmetry structure (Chiarella et al., 2008). Optimized unit cells from the crystals 

C(NH2)3SnCl3, C(NH2)3SnBr3, and C(NH2)3SnI3 are shown in Fig. 21. Also is seen the A-

cation C(NH2)3
+ incorporated in the structure of tin halide perovskites. Table 4 summarizes 

the computed equilibrium lattice constants of C(NH2)3SnX3 (X = Cl, Br, I) together with the 

theoretical data for similar tin halide perovskites available in the literature. No experimental 

or theoretical data for either lattice constants or the band gaps for the orthorhombic 

C(NH2)3SnX3 (X= Cl, Br, I) compounds are available in the literature to the best of our 

knowledge.  
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Figure 21:  The optimized orthorhombic phase unit cells (a) C(NH2)3SnCl3, (b) 

C(NH2)3SnBr3, and, (c) C(NH2)3SnI3 as visualized by using VESTA 

(Momma & Izumi, 2008) software 

The volume of orthorhombic guanidinium perovskites is clearly shown to rely on the halide 

attached; the unit cell of GUASnI3 has the largest volume in comparison to Br and Cl 

guanidinium perovskites due to the largest iodine dimension. In the latter, parameter c 

contributes more to the cell volume due to its largest size among the three lattice parameters; 

a, b, and c, of the crystal structure; c> b> a. Taking into account the other tin halide 

perovskites mentioned in Table 4, their cell volume does differ widely as from the most 

compacted cubic unit cell of CH3NH3SnBr3 with the lowest volume of 204.34 Å3 to the 

lowermost symmetry trigonal unit cell of trimethylammonium tine iodide perovskite 

(CH3)3NHSnI3 with the highest volume of 16093 Å3 due to their different crystal systems. 

However, depending on the structure of the perovskite to be unique due to the A-cation 

attached, their band gaps range between 1.12 and 3.69 eV.  
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Table 4:  The C(NH2)3SnX3 (X = Cl, Br, I) equilibrium lattice parameters and band 

gaps along with other structures of the tin halide perovskite crystals 

Compound 
Crystal 

phase 

Lattice parameters (Å) Volume 

(Å3) 

Eg 

(eV) 
Ref. 

a b c 

C(NH2)3SnCl3 orthorhombic 8.054 12.405 17.827 1781.09 3.00 This work 

C(NH2)3SnBr3 orthorhombic 8.424 12.862 18.373 1990.71 2.47 ibid 

C(NH2)3SnI3 orthorhombic 8.958 14.172 19.020 2414.64 1.78 ibid 

CH3NH3SnCl3 
monoclinic 5.690 8.230 7.940 371.82 3.69 

Chiarella et 

al. (2008) 

CH3NH3SnBr3 
cubic 5.890 5.890 5.890 204.34 2.15 

Chiarella et 

al. (2008) 

CH3NH3SnI3 orthorhombic 8.490 13.020 9.150 1011.44 1.12 This work 

(CH3)3NHSnI3 
trigonal 16.040 16.040 72.226 16093.0 2.55 

Stoumpos et 

al. (2017) 

κ-[C(NH2)3]SnI4 
orthorhombic 13.047 13.558 9.348 1653.58 2.10 

Stoumpos et 

al. (2017) 

θ-C(NH2)3SnI3 
hexagonal 9.3309 9.3309 21.546 1624.59 1.90 

Stoumpos et 

al. (2017) 

(CH3)4NSnI4 
orthorhombic 8.8370 8.6191 27.562 2099.30 2.60 

Mitzi 

(1996) 

µ-CH3CH2NH3SnI3 
hexagonal 8.966 8.966 23.079 1606.70 2.18 

Stoumpos et 

al. (2017) 

HC(NH2)2SnI3 
orthorhombic 12.512 12.517 12.510 1959.20 1.41 

Stoumpos et 

al. (2013) 

θ-CH3C(NH2)2SnI3 
hexagonal 9.2277 9.2277 15.286 1127.22 2.15 

Stoumpos et 

al. (2017) 

C3N2H5SnI3 
trigonal 9.2735 9.2735 34.921 2601.00 2.20 

Stoumpos et 

al. (2017) 

4.2.2 Electronic Properties of GUASnX3 

For the three GUASnX3 perovskites, the measured band structures along the high symmetry 

points in space are shown in Figs. 22-24. For these three perovskites, the band structures 

display a direct band gap at the gamma symmetry points, which accords to that recorded for 

guanidinium lead halide perovskites (Dimesso et al., 2016; Jodlowski et al., 2017). The band 

gap is reduced from 3.0 eV (GUASnCl3) to 1.78 eV (GUASnI3). The band gap is usually 

underestimated by DFT, as have shown by several studies (Borriello et al., 2008; Chiarella et 

al., 2008; Perdew et al., 2017; Takahashi et al., 2011; Umari et al., 2014). The SOC-GW 

method was suggested in Umari et al. (2014) to improve the results; the band gaps of the 

MAPbI3 and MASnI3 estimated using this method seemed to agree well with the 
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experimental values. The spin-orbit coupling effect was investigated in Pb and Sn perovskites 

(Even et al., 2013; Even et al., 2014; Umari et al., 2014), with the effect in the Sn perovskites 

being three times less. The relativistic effects may be expected to be less pronounced in 

guanidinium perovskites, and they may be exempted for Sn-based perovskites. 

Studies (Chiarella et al., 2008; Mitzi et al., 1995) have shown that the transport properties of 

CH3NH3SnX3 species have progressed in the Cl  Br  I sequence from semiconductivity to 

metallicity, as reflected by their decrease in band gap from MASnCl3 to MASnI3. Thus, for 

the studied guanidinium compounds, identical conductivity character transformation is also 

seen. However, the halogen can be considered as the only distinct structural element in the 

GUASnX3, Cl is more electronegative than Br and I, it can be inferred that with the increase 

in electronegativity of X, the band gap of GUASnX3 increases. As the atomic size decreases 

as one moves down the periodic table of elements group, the bond length Sn-X (X = Cl, Br, I) 

increases in the order Sn-Cl  Sn-Br  Sn-I, resulting in a decrease in bond strength. With 

the Sn-X bond elongation, the octahedra network tilting gradually decreases. The tilting 

behaviour is induced by the GUA-cation’s ionic radius along with its planar form (Nazarenko 

et al., 2019), and the Sn-X-Sn bridging angles (Borriello et al., 2008). The increased 

octahedral tilting happened to reduce the overlap between the Sn and X orbitals (Prasanna et 

al., 2017), allowing the bands to shift to higher energies and widening the band gap. In this 

analysis, as the octahedral tilting from Cl to I decreases, the band gap decreases as well, as 

seen in the guanidinium tin halides. 

The band gap expansion from MASnX3 to GUASnX3 (X = Br, I) is observed; for example, 

the band gap is 1.12 eV for CH3NH3SnI3 (see section 4.1.2) and 1.78 eV for C(NH2)3SnI3; 

this widening is most likely due to the GUA-cation’s much greater ionic radius than the MA-

cation. It is well known that bulky cations are much difficult to organize inside the inorganic 

networks because their size causes the 3D frame to break down and evolve into a 2D-like 

structure, which widens the band gap (Kieslich et al., 2014, 2015). These hypotheses are 

supported by an experimental analysis by Szafranski and coworkers (Szafrański, 1997), who 

discovered the instability of iodoplumbate compounds based on GUA, together with a stable 

phase yellow in colour and a reddish metastable phase for the GUAPbI3, with the yellowish 

evolving as a 2 dimension layered system having a larger band gap. The wider perovskite 

band gap results in an improvement in the open-circuit voltage of photovoltaic devices (Luo 

et al., 2018). Studies show that iodide perovskites are promising photovoltaic materials with 
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light absorption in the 1.2 - 1.7 eV spectral region (Stoumpos et al., 2013). Among the 

guanidinium perovskites studied, GUASnI3 has an acceptable band gap in the range within 

the spectral region that supports its application in photovoltaics.  

For further reference, the band structure estimation for the perovskite methylammonium lead 

iodide (MAPbI3) (Fig. 25) was done using the same theoretical method employed to 

guanidinium perovskites. The MAPbI3 band gap equal to 1.69 eV was estimated; in 

reasonable agreement with known theoretical results (Brivio et al., 2014; Geng et al., 2014; 

Quarti et al., 2016; Umari et al., 2014); and experimental value 1.65 eV (Quarti et al., 2016). 

This agreement validates the computing approach utilized in this analysis. The band gap 

sequence in the series MASnI3 1.12 eV  MAPbI3 1.69 eV  GUASnI3 1.79 eV  

GUAPbI3 1.92 eV (Dimesso et al., 2016) shows that the band gap increases from Sn to Pb 

with the same cation as well as from MA to GUA for the same metal. It is seen from the band 

gap that, GUASnI3 will behave like MAPbI3 when the MA-cation in the tin halide perovskite 

is replaced with the GUA-cation (Fig. 26), a step forward in solving the toxicity issue of 

perovskites containing lead. 
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Figure 22: The band structure and PDOS of the C(NH2)3SnCl3 



55 

 

Γ X S Y Γ Z U R T Z|YT|UX|S R

-4

-2

0

2

4

-4

-2

0

2

4

0 20 40 60 80 100 120

BZ Sampling

E
-E

F
 (

e
V

)
 Sn-s

 Sn-p

 Br-s

 Br-p

 TPDOS

PDOS (arb. units)  

Figure 23: The band structure and PDOS of the C(NH2)3SnBr3 

Γ X S Y Γ Z U R T Z|YT|UX|S R

-4

-2

0

2

4

-4

-2

0

2

4

0 20 40 60 80 100 120 140

E
-E

F
 (

eV
)

BZ Sampling PDOS (arb. units)

 Sn-s

 Sn-p

 I-s

 I-p

 TPDOS

 

Figure 24: The band structure and PDOS of the C(NH2)3SnI3 
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Figure 25: The band structure and PDOS of the CH3NH3PbI3 
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Figure 26: The band structures of C(NH2)3SnI3 and CH3NH3PbI3 
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When the perovskites are considered to be light-harvesting materials, the individual element 

states contributions are critical in favouring the electron-hole pairs spatial separation once 

photon absorption occurs, which may cause a longer lifetime of the charge carriers (Tuoc & 

Huan, 2020). Fig. 27-29 display the approximate projected densities of states with the 

contribution pattern of the s- and p-states of the halogens and Sn atoms. The atomic orbitals 

of tin and halogen show their individual contribution to the TPDOS of the perovskites. The s-

states of the Sn atom are mostly located in the valence band (VB) with the p-states 

dominating in the conduction band (CB), clearly portrayed in Fig. 22-24; 27 and 28. On the 

other hand, VB is dominated by the p-states of the halogens, with the minimum contribution 

of the s-states in the valence and conduction bands (Fig. 22-24; 27). Therefore, in all 

compounds examined, the p-states of the halogens primarily apply to the VB while the Sn-p 

state dominates in the conduction band of the guanidinium halide perovskites.  

The GUASnI3 PDOS is compared to MASnI3 and MAPbI3 in Fig. 29. There is a correlation 

in contribution behaviour between the tin and lead states in the three perovskites, namely the 

p-states of the metals that are mainly active in the CB. Simultaneously, the contribution of the 

Sn atom in GUASnI3 is higher than that of the lead p-state in MAPbI3 (see insert in Fig. 29). 

Observations are consistent with those previously recorded for the CH3NH3SnX3 (Sun et al., 

2016; Umari et al., 2014) of the s- and p-state contributions of halogens and Sn atoms in 

GUASnX3. Figure 30 summarizes the contribution of the states in GUASnI3 and MAPbI3 

where it is clearly seen how the behaviour of Sn-states contribution changes when the GUA 

cation replaces the MA cation in the tin perovskites and its resemblance with Pb. 
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Figure 27:  The projected density of states computed for the GUASnX3 and MASnI3 

perovskites 
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Figure 28:  The contribution of the p-states of the tin atom to the VB and CB in the 

GUASnX3 and MASnI3 perovskites 
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Figure 29:  The contribution made by the p-states of the tin, lead, and iodine atoms to 

the VB and CB in the GUASnI3, MASnI3, and MAPbI3 perovskites 
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Figure 30:  The contribution made by the s- and p-states of the tin, lead and iodine 

atoms to the VB and CB in the GUASnI3 and MAPbI3 perovskites 
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4.2.3 Thermodynamic Properties of GUASnX3 

The stability of perovskites is of significance for practical applications. High humidity and 

the tendency of converting to their halides (Nagabhushana et al., 2016; Zhao & Park, 2015) 

can affect lead and tin halide perovskites’ performance. In relation to various decomposition 

processes, material stability can be evaluated. In this study, the GUASnX3 was decomposed 

into component products through R1-R3 channels and reaction energies were obtained with 

Equation 28. Complete reactant energies were measured at a theoretical level and indicated in 

Table 5. Enthalpies of reactions, ΔrH°(298 K) were accepted to be equal to reaction energies, 

ΔrE values, i.e. the thermal and vibrational energy contributions were omitted. It is believed 

that the increment in enthalpy, Δr[H°(298)–H°(0)] is just a few kJ mol–1; a similar assumption 

was made in Ciccioli and Latini’s (Ciccioli & Latini, 2018) analysis of methylammonium 

lead perovskite. 

Table 5: The total energies computed for the components of reaction R1-R3 

System –E, Ry 

Cl–, g 30.9881 

Br–, g 29.9741 

I–, g 33.4927 

HCl, g 32.0599 

HBr, g 31.0149 

HI, g 34.5060 

SnCl2, s 224.9058 

SnBr2, s 222.8403 

SnI2, s 229.8336 

CH5N3, g 79.7123 

C(NH2)3
+, g 80.5638 

C(NH2)3Cl, s 111.9733 

C(NH2)3Br, s 110.9369 

C(NH2)3I, s 114.4224 

C(NH2)3SnCl3, s 336.8908 

C(NH2)3SnBr3, s 333.7833 

C(NH2)3SnI3, s 344.2837 
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Table 6: The standard enthalpies of formation for products of decomposition reactions 

R1-R3 

System –ΔfH°(298 K), kJ mol–1 Ref. 

Cl–, g 233.67 Gurvich et al. (1992 

Br–, g 219.03 ibid 

I–, g 195.04 ibid 

HCl, g 92.31 ibid 

HBr, g 36.29 ibid 

HI, g –26.50 ibid 

SnCl2, s 333 ibid 

SnBr2, s 253.60 ibid 

SnI2, s 153 ibid 

CH5N3, g –31.8 Marcus (2012) 

C(NH2)3
+, g –462.00 ± 3 ibid 

C(NH2)3Cl, s 324.93±0.88 Matyushin et al. (1985) 

C(NH2)3Br, s 278.7 This study 

C(NH2)3I, s 213.2 ibid 

Table 7:  Enthalpies of reactions R1-R3 and calculated enthalpies of formation for 

GUASnX3, in kJ mol–1 

 Reaction equation GUASnX3 
ΔrH° 

(298 K) 

–ΔfH° 

(298 K) 

R1 GUASnX3, s = GUAX, s + SnX2, s GUASnCl3 15.4 673.3 

  GUASnBr3 7.9 540.2 

  GUASnI3 36.4 402.6 

R2 GUASnX3, s = SnX2, s + HX, g + CH5N3, g GUASnCl3 279.5 673.0 

  GUASnBr3 283.3 541.4 

  GUASnI3 304.3 399.0 

R3 GUASnX3, s = SnX2, s + X–, g + GUA+, g GUASnCl3 568.7 673.4 

  GUASnBr3 531.8 542.4 

  GUASnI3 516.7 402.7 

The computed enthalpies of decomposition channels and enthalpies of formation of the 

GUASnX3 are recorded in Table 7. Every decomposition route R1, R2, or R3 for GUASnX3 

has a unique heat effect; with reaction R1 having the smallest ΔrH°, thus being the most 
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feasible, whereas the other two, R2 and R3, are highly endothermic with ΔrH°, ranging from 

279 to 569 kJ mol–1. The enthalpies of reactions for GUASnX3 are displayed in Fig. 31; the 

MAPbX3 data (Brunetti et al., 2016; Ciccioli & Latini, 2018) is shown for comparison. The 

findings for the GUASnI3 do not contradict to findings (Ciccioli & Latini, 2018) that the 

decomposition channel of MAPbX3 into solid CH3NH3X(s) and PbX2(s) products has also 

been shown to be the most viable in comparison to other paths. At the same time, when 

comparing the enthalpy trends in the Cl-Br-I sequence, they differ for the GUASnX3 and 

MAPbX3: the ΔrH° values obtained vary from about 8 kJ mol–1 for GUASnCl3 to 36 kJ mol–1 

(GUASnI3), while for the MAPbX3, within the uncertainty limits, the experimental enthalpies 

of the decomposition reactions into solid constituents are almost equal to each other (Brunetti 

et al., 2016; Ciccioli & Latini, 2018).  

It was also thought that the formation of volatile products as a result of perovskites 

degradation was significant (Brunetti et al., 2016; Ciccioli & Latini, 2018; Ivanov et al., 

2018). In this work, for the decay of GUASnX3 into gaseous materials in R2, the enthalpies 

ΔrH° decrease from I to Cl; that is, in accordance with experimental evidence of Knudsen 

effusion mass spectrometry (Brunetti et al., 2016) calculated for the related reaction of 

methylammonium lead halide, CH3NH3PbX3(s) decomposition, CH3NH3PbX3(s) = 

CH3NH2(g) + PbX2(s)+ HX(g): 208.4 ± 10.9 kJ mol–1 (X = I), 207.8 ± 10.5 (X = Br), 190.4 ± 

8.0 (X = Cl). 
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Figure 31:  Enthalpies of decomposition reactions R1 (left), and R2, R3 (right) of the 

GUASnX3 perovskites (our results), and MAPbX3 (Brunetti et al., 2016; 

Ciccioli & Latini, 2018) 

The ionic decay products GUA+ and X– are formed in reaction R3; the values of ΔrH°(R3) 

gradually decrease in series Cl-Br-I; this pattern is expectable since it normally occurs for the 
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degradation of simple metal halides, e.g., SnX2 or PbX2. To summarize this analysis, the 

irregular Cl-Br-I pattern in the stability of the perovskites regarding the decomposition routes 

R1, R2, and R3 should be emphasized. The higher stability of the GUASnI3 to the most 

feasible route R1 may be contributed by a steric factor when a greater size of iodine leads to 

tighter lattice packing that hinders the withdrawal of GUAI. 

The enthalpies of the formation, ΔfH°(298 K) of the guanidinium tin halide perovskites were 

evaluated via each route using the ΔrH° obtained (Table 7). The reference values for the 

standard enthalpies of formation of the reactions products were adopted from literature 

(Gurvich et al., 1992; Marcus, 2012; Matyushin et al., 1985) and listed in Table 6. As is 

shown, the values of ΔfH°(298 K) determined from these three reactions for each halide agree 

perfectly well with each other, indicating the reliability of the results. The average values of 

standard enthalpy of formation, ΔfH° (298 K) are accepted for GUASnCl3, GUASnBr3, and 

GUASnI3 as –673, –541, and –401 kJ mol–1, respectively. For the GUASnX3 in sequence Cl-

Br-I, a gradual ascending of the enthalpy of formation, ΔfH° is observed (Fig. 32); and it 

seemed to comply well with the experimental data that has been previously recorded for the 

lead halide perovskites MAPbX3 (Brunetti et al., 2016; Ciccioli & Latini, 2018; Ivanov et al., 

2018; Nagabhushana et al., 2016). It should be noted that the enthalpies of formation of the 

GUASnX3 and corresponding MAPbX3 are very similar to each other. The perovskites plots 

have identical but steeper paths than those for the dihalides, SnX2 and PbX2, respectively. At 

the same time, relative to other substances, the line slope is smoother for the GUAX. It can 

also be observed that enthalpies of perovskite formation GUASnX3 are nearly equal to the 

sum of all ΔfH° values for SnX2 and the respective GUAX. It suggests that the perovskite 

behaviour in the Cl–Br–I order is mainly determined by the metal dihalide, SnX2 or PbX2, 

while the effect of guanidine is less expressed.  
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Figure 32:  Trends in enthalpies of formation for PbX2 (Gurvich et al., 1992), SnX2 

(Gurvich et al., 1992), GUAX (Matyushin et al., 1985), MAPbX3 (Brunetti et 

al., 2016), and GUASnX3 (this work) 

4.3 CH3NH3SnI3/Cu2O Interface Properties 

The distinct PCE achieved by different synthetic methods for PSCs suggests the complexity 

and significance of the interface structure in the efficient separation of charges (Geng et al., 

2016). This implies that interactions at the interface are very complex and the mechanism of 

interfacial transmission of electrons remains unknown, so it is important to investigate the 

structural, electronic properties of different interfaces with perovskites. In this work, the 

interface of the MASnI3 perovskite with the HTM Cu2O is considered. 

4.3.1 Structural Properties 

The optimized structures of the MASnI3/Cu2O interface for two cases, for Cu2O on MAI and 

SnI2, terminated surfaces, are presented in Fig. 33 and 34, respectively. The (001) surface of 

the CH3NH3SnI3 perovskite considered in this analysis, includes the units SnI2 and CH3NH3I 

which are constructed along the c direction (Fig. 10). The perovskite is composed of MAI 

and SnI2 layers along the c axis, so the (001) perovskite slab has two types of terminations: 

the MAI termination with MA+ and I− ions (MAI−T), and SnI2 termination with Sn2+ and I− 

ions (SnI2−T). Both the SnI2 and MAI termination surfaces of CH3NH3SnI3 were considered 

for electronic structure calculations in this study. The optimized cell parameters are listed in 

Table 8. The obtained lattice parameter for the cubic phase of Cu2O (4.31 Å) has been 

overestimated when compared to the experimental value of 4.27 Å (Wang et al., 2014). The 

overestimation and underestimation of electronic properties of semiconductors by DFT have 
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been reported previously (Perdew et al., 1981; Perdew et al., 2017). For both the Cu2O/MAI 

and Cu2O/SnI2 interfaces, O atoms are much closer to MAI or SnI2 surface than to the Cu 

atoms (Figs. 33 and 34). The observed conformation infers the attractive and repulsive 

electrostatic interactions of the positively charged Cu with the negatively charged I and 

positively charged Sn on the MASnI3 surfaces, respectively. A similar observation was made 

by Geng et al. (2016) on MAPbI3/TiO2 interface and Yang et al. (2018) on MASnI3/TiO2 

interface where the O atoms of TiO2 were closer to the perovskite surface than the Ti atoms 

leading to the breaking of the O-Ti bond due to interaction with the Pb and Sn atoms, 

respectively.  

 

Figure 33: The optimized structure of MASnI3/Cu2O slab with MAI termination (a) and 

the interaction taking place at the surface portrayed by the Cu-I and H-O 

bonding (b) 

Table 8: The optimized parameters for Cu2O, CH3NH3SnI3, and CH3NH3SnI3/Cu2O 

slab 

Material 
Lattice parameters (Å) 

Volume (Å3) 
a b c 

Cu2O 4.31 4.31 4.31 79.97 

CH3NH3SnI3 8.49 13.02 9.15 1011.44 

CH3NH3SnI3 / Cu2O 8.49 13.02 29.15 3222.24 
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Figure 34:  The optimized structure of MASnI3/Cu2O slab with SnI2 termination (a) 

and the interaction taking place at the surface portrayed by the Sn-O and 

Cu-I bonding (b) 

The interaction between Cu2O and the perovskite occurs mainly due to the perovskite iodine 

atoms and under-coordinated Cu atoms on the Cu2O surface, as shown in Fig. 33 and 34. 

Table 9 displays the bonding properties of the CH3NH3SnI3 perovskite/Cu2O interface. Minor 

distortion of the structure is observed at the interface, such as change of the interlayer 

undercoordinated I atoms leading to surface SnI6 octahedron distortion. The SnI6 octahedron 

structure is the CH3NH3SnI3 perovskite skeleton, and the bond angle Sn−I−Sn between the 

octahedrons of SnI6 is very flexible, which may decrease to stabilize the structure when the 

phase changes; while the bond angle I−Sn−I within the octahedron of SnI6 is rigid and it lies 

always around 180°. As previously pointed out by Geng et al. (2016), the I−Pb−I interface 

angle may decrease to about 174° relative to 176° in the interior; a behaviour observed in 

lead perovskites surfaces and the bulk of the tetragonal phase. A similar trend is clearly seen 

in Fig. 34 (a) where the I-Sn-I angle lying on direction b confirms the interface interaction. 

Interestingly for the SnI2/Cu2O system, the formation of O−Sn−O bonding is observed 

without breaking the Cu−O bond. There is a movement of the interfacial Sn atoms towards 

the perovskite which makes the Sn−O and the Cu−I bonds to shorten after optimization to 

1.998 Å and 2.417 Å, respectively, a property that indicates a stronger interaction between 

the two surfaces. However, some of the Cu2O interfacial O atoms rise slightly from the initial 

O−Cu bond broken to create a new O−H bond. Molecular parameters, internuclear distances 
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re and dissociation energies D0, of diatomics SnI, CuI, SnO and CuO, (Krasnov et al., 1979) 

are shown in Table 9 for comparison. It is seen that the Sn-O bond is stronger than Sn-I; this 

apparently favours the bond Sn-O forming, and thus the interface binding. At the same time, 

the parameters of the CuI and CuO molecules, where the Cu-I distance is longer than Cu-O, 

and the dissociation energies D0 are comparable; indicate the interlayer interaction due to the 

formation of the new Cu-I bond is less probable, still, the hydrogen bond is expected to form 

(see Fig. 33). These speculations accord well with the study done by Castellanos-Águila et al. 

(2020) in which similar behaviour was observed for MAPbI3/Cu2O interface where the Cu-O 

bonds were broken to create the O-H and Pb-O bonds enhancing interaction between the two 

surfaces. 

Table 9:  The bond lengths at the MASnI3/Cu2O interface and parameters of diatomic 

molecules adopted from Krasnov et al. (1979). 

Bonds 

Bond length, Å In Diatomics 

Before 

optimization 

After 

optimization 
re, Å D0, kcal/mol 

Sn-I 3.223 3.057 2.70 55±10 

Cu-I 4.267 2.417 2.338 69±15 

Sn-O 2.823 1.998 1.832 126±2 

Cu-O 1.845 1.856 1.725 63±10 

H-O 2.335 1.336   

4.3.2 Electronic Properties 

The calculated electronic properties of the MASnI3/Cu2O composite are listed in Table 10. 

The percentage analysis of the lattice mismatch between the two surfaces is less than 2% in 

magnitude with more than 98% lattice match signifying a good atom arrangement match 

between the perovskite and Cu2O surfaces. The lattice match can be seen in optimized 

structures in Fig. 33 and 34 where all the interfacial atoms are involved in chemical bonding.  

The Henkelman Group program (Tang et al., 2009) was used to calculate the Bader atom 

charges (Bader & Laidig, 1990) for the analysis of spatial charge redistribution across the 

MASnI3/Cu2O interfaces. The atomic Bader charge is defined as the total electrical charge 

(including that of the core electrons) of the atomic boundary, determined by the topological 

properties of the electron density. When the two components form an interface, there is a 

transfer of electrons from the MASnI3 slab to the Cu2O slab due to the difference in the Fermi 
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levels between the perovskite and Cu2O. This phenomenon leads to an electric field built-in 

from the perovskite to Cu2O in contrary to the charge transfer making the interface to be at 

equilibrium. The charge transfer has been quantified as Bader charges, and the values 

obtained here are negative for both surface terminations, −0.063 for SnI2-T/Cu2O and −0.097 

for MAI-T/Cu2O, indicating the direction of charge transfer from the perovskite to Cu2O for 

the SnI2-T/Cu2O and from the Cu2O to the perovskite for the MAI-T/Cu2O composite. The 

MAI-T/Cu2O has weaker charge transfer compared to the SnI2-T/Cu2O interface which 

concludes a stronger capability of separation of hole-electron at the SnI2-T/Cu2O interface. 

Table 10: The calculated binding energy, Bader charge and lattice mismatch at the 

interface  

Interface Bader Charge Lattice mismatch (%) Binding energy (eV) 

CH3NH3I/Cu2O −0.097 −1.51(a); 0.69(b) −3.63 

SnI2/Cu2O −0.063 −1.51(a); 0.69(b) −5.94 

The binding energy of the materials at the interface has been obtained using Equation 29. As 

it is reported in Table 10, the interface with SnI2 termination is thermodynamically more 

stable than that with MAI-T by about 2.3 eV influenced by the type of interaction at the two 

surface terminations. The type of interaction existing between the MAI-ions of the MAI-T 

and other ions is either Van der Waals or hydrogen bonding which is weak resulting in small 

binding energy. On the other side, the Sn ions of the SnI2-T interacts with the other atoms 

chemically connecting the perovskite and Cu2O as a bridge. The same observation has been 

made by Geng et al., 2016 on the analysis of the MAPbI3/TiO2 interface. From this study one 

can suppose that the relatively large binding energies obtained (3.63 and 5.94 eV) are 

attributed to the electrostatic Coulomb interaction which is larger compared to other bonding 

types like for example, in fullerene and zinc phthalocyanine (Qin et al., 2020) on the surface 

of a perovskite. The intermolecular interactions are relatively small and only have a slight 

impact on the alignment of the energy levels. The calculated binding energy values obtained 

in present study indicate that the loss of energy did not affect the systems’ energy as the 

lattice mismatch are all small to affect the interaction between the atoms at the surface.   
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

Basing on the findings obtained, the following conclusions can be made: 

(i) The structural, electronic, and thermodynamic properties for the orthorhombic phase 

of the methylammonium and guanidinium tin perovskites, CH3NH3SnI3 and 

GUASnX3, X= Cl, Br, I, have been studied. For the MASnI3, various exchange-

correlation functions LDA, PBE, and PBEsol have been considered; the PBE XC 

functional outperforms the other two with a band gap of 1.12 eV close to the 

experimental value, 1.2 eV. Similarly, band gaps of 3.00, 2.47 and 1.78 eV for 

GUASnCl3, GUASnBr3, GUASnI3, respectively, have been obtained using the PBE 

XC functional. 

(ii) The projected density of states analysis has shown that the p-states of the halogens 

primarily correspond to the valence bands of the CH3NH3SnI3 and GUASnX3, and the 

p-states of the tin atoms mainly participate in the materials’ conduction bands, in 

consistency with results previously published for the CH3NH3SnX3 perovskites.  

(iii) Based on the thermodynamic approach, a stable low-temperature material has been 

reported for MASnI3 perovskite that is in good accordance with the literature data on 

the phase transformations in the crystal. For the GUASnX3 decomposition channels 

into solid and gaseous products, the ΔrH° values did not always tend to change 

regularly in the series Cl – Br – I. The comparison of GUASnX3 findings with the 

available experimental data for MAPbX3 shows higher stability of the former in the 

related reactions as well as a certain similarity in the behaviour of the two perovskite 

groups. 

(iv) The interface between the perovskite MASnI3 and HTM Cu2O has been investigated. 

Formation and breaking of bonds observed at the surface show that interaction occurs 

at the MASnI3/Cu2O interface; the Sn-O, H-O, and Cu-I bonds are predicted to form. 

(v) Through the analysis of the binding energy between MASnI3 and Cu2O, it can be 

concluded that Cu2O can be a good candidate as a HTM for the MASnI3 as the two 

components are expected to bind well in both SnI2/Cu2O and MAI/Cu2O terminations. 
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5.2 Recommendations 

This study recommends the following: 

(i) Experimental work should be conducted to verify the electronic data obtained for 

GUASnX3 materials and test their application in the solar cells. Some methods for 

preparation and characterization of perovskite materials are reported in appendices 4 

and 5 respectively. 

(ii) A high-performance computer (HPC) with at least 100 cores should be used to study 

the band gap, density of states and other electronic properties at the interface between 

MASnI3 and Cu2O. The study of the interface characteristics can be extended to the 

interface of MASnI3 with other HTM like NiO, CuSCN, and others which have 

shown high PSC power conversion efficiency with MAPbI3. 

(iii) For GUASnX3, optical properties can be computed to analyze the spectroscopic 

behaviour of the materials. 

(iv) The interface between tin guanidinium halide perovskites and HTMs can also be 

considered and the electronic properties can be computed. 

(v) Based on the GUASnX3 full cell structure with all components can be modelled to 

analyze the electronic properties and power conversion efficiency of the solar cells. 

(vi) The area of this research, solid-state matter, is a very complicated branch of Physics 

and Chemistry and requires good basic knowledge and profound computer skills so, 

the study recommends that, one should get familiarized with the theoretical aspect of 

it before experimentation or computation for better understanding of what is being 

done and easier the whole process of interpretation of the results.  
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APPENDICES 

Appendix 1: The optimized geometric parameters of the O-phase of MASnI3 using 

LDA, PBE and PBEsol XC functionals as represented by Tables A1(a) – 

A1(c) 

Table A1(a): The coordinates for MASnI3 using LDA XC functional

ATOM 
ATOMIC POSITIONS (Å) 

X Y Z 

Sn −0.5247 0.0083 0.0453 

Sn 3.8050 −0.0381 4.5448 

Sn 4.7796 6.4387 3.8406 

Sn 0.5142 6.4772 0.7132 

I 1.0939 0.1165 3.4421 

I 7.0266 13.0371 6.4525 

I 2.7257 12.8340 7.2515 

I 5.2470 0.0715 1.1184 

I 5.7905 6.5359 0.7806 

I 1.0364 6.8149 7.1030 

I 5.2776 6.7298 6.6156 

I 1.5501 6.5756 3.7644 

I 0.7731 3.5514 9.6819 

I 7.9335 9.9812 −0.2033 

I 3.7466 9.9313 4.7205 

I 5.0350 3.5141 4.0382 

C 0.8787 3.1914 5.4956 

C 7.7586 9.7493 4.4625 

C 3.4759 9.6692 0.1384 

C 5.0542 3.1206 8.2297 

N 0.2847 10.0266 5.4708 

N 8.6351 3.4167 4.2499 

N 4.3453 3.3820 0.3273 

N 4.4742 9.9189 8.2583 

H 0.2923 9.3022 6.2300 

H 8.9372 4.3296 3.8219 

H 4.6764 4.2914 0.7401 

H 4.4837 9.1642 7.5284 

H 4.2599 10.8307 7.7798 

H 4.5442 2.6152 1.0152 

H 8.8435 2.6468 3.5690 

H 0.1003 10.9581 5.9177 

H −0.5619 8.7479 4.0406 

H 9.1620 4.0051 6.2087 

H 4.8375 3.9201 7.5022 

H 3.6546 8.6765 0.5781 

H 3.5743 10.4460 0.9137 

H 4.7457 2.1401 7.8321 

H 9.0855 2.2167 5.9218 

H −0.6626 10.5109 3.6695 

H 1.9592 3.1923 5.2612 

H 6.7534 9.7970 4.9255 

H 2.4605 9.7163 −0.3023 

H 6.1398 3.1111 8.4367 

H 1.2685 10.0492 5.0757 

H 7.5894 3.4454 4.3719 

H 3.2982 3.4374 0.2208 

H 5.4638 9.9765 8.6347 
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Table A1(b): The coordinates for MASnI3 using PBE XC functional

ATOM 
ATOMIC POSITIONS (Å) 

X Y Z 

Sn −0.1364 −0.0860 −0.0097 

Sn 4.1236 −0.0920 4.6127 

Sn 4.4042 6.4279 4.5743 

Sn 0.1400 6.4184 0.0393 

I 1.6636 0.3608 2.6987 

I 6.8415 12.8178 6.4026 

I 2.5948 12.8194 7.3134 

I 5.9166 0.3610 1.8596 

I 5.8962 6.2877 1.8122 

I 2.6023 6.8869 7.2969 

I 6.8502 6.8872 6.4107 

I 1.6373 6.2896 2.7447 

I 0.3401 3.4251 9.0279 

I 8.1628 9.9384 0.1192 

I 3.9128 9.9364 4.4505 

I 4.5931 3.4283 4.7003 

C 0.2743 3.3066 5.1479 

C 8.2315 9.8462 4.0010 

C 3.9824 9.8457 0.5689 

C 4.5218 3.3069 8.5797 

N 0.3255 9.8485 5.3732 

N 8.1799 3.3072 3.7760 

N 3.9288 3.3077 0.7933 

N 4.5753 9.8477 8.3550 

H 0.0307 9.0011 5.8983 

H 8.4970 4.1431 3.2443 

H 4.2476 4.1430 1.3251 

H 4.2792 9.0005 7.8298 

H 4.2560 10.6818 7.8227 

H 4.2257 2.4611 1.3184 

H 8.4764 2.4603 3.2508 

H 0.0063 10.6829 5.9055 

H 0.0723 8.9488 3.4763 

H 8.4384 4.2056 5.6727 

H 4.1864 4.2062 8.0555 

H 4.3226 8.9482 1.0933 

H 4.3180 10.7445 1.0941 

H 4.1820 2.4096 8.0543 

H 8.4339 2.4098 5.6740 

H 0.0678 10.7446 3.4753 

H 1.3640 3.3043 5.0547 

H 7.1416 9.8436 4.0928 

H 2.8924 9.8432 0.4773 

H 5.6116 3.3045 8.6725 

H 1.3650 9.8643 5.3224 

H 7.1405 3.3211 3.8280 

H 2.8896 3.3218 0.7431 

H 5.6148 9.8635 8.4052 
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Table A1(c): The coordinates for MASnI3 using PBEsol XC functional

ATOM 
ATOMIC POSITIONS (Å) 

X Y Z 

Sn −0.1364 −0.0860 −0.0097 

Sn 4.1236 −0.0920 4.6127 

Sn 4.4042 6.4279 4.5743 

Sn 0.1400 6.4184 0.0393 

I 1.6636 0.3608 2.6987 

I 6.8415 12.8178 6.4026 

I 2.5948 12.8194 7.3134 

I 5.9166 0.3610 1.8596 

I 5.8962 6.2877 1.8122 

I 2.6023 6.8869 7.2969 

I 6.8502 6.8872 6.4107 

I 1.6373 6.2896 2.7447 

I 0.3401 3.4251 9.0279 

I 8.1628 9.9384 0.1192 

I 3.9128 9.9364 4.4505 

I 4.5931 3.4283 4.7003 

C 0.2743 3.3066 5.1479 

C 8.2315 9.8462 4.0010 

C 3.9824 9.8457 0.5689 

C 4.5218 3.3069 8.5797 

N 0.3255 9.8485 5.3732 

N 8.1799 3.3072 3.7760 

N 3.9288 3.3077 0.7933 

N 4.5753 9.8477 8.3550 

H 0.0307 9.0011 5.8983 

H 8.4970 4.1431 3.2443 

H 4.2476 4.1430 1.3251 

H 4.2792 9.0005 7.8298 

H 4.2560 10.6818 7.8227 

H 4.2257 2.4611 1.3184 

H 8.4764 2.4603 3.2508 

H 0.0063 10.6829 5.9055 

H 0.0723 8.9488 3.4763 

H 8.4384 4.2056 5.6727 

H 4.1864 4.2062 8.0555 

H 4.3226 8.9482 1.0933 

H 4.3180 10.7445 1.0941 

H 4.1820 2.4096 8.0543 

H 8.4339 2.4098 5.6740 

H 0.0678 10.7446 3.4753 

H 1.3640 3.3043 5.0547 

H 7.1416 9.8436 4.0928 

H 2.8924 9.8432 0.4773 

H 5.6116 3.3045 8.6725 

H 1.3650 9.8643 5.3224 

H 7.1405 3.3211 3.8280 

H 2.8896 3.3218 0.7431 

H 5.6148 9.8635 8.4052 
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Appendix 2: The optimized geometric parameters of the O-phase of GUASnX3 using 

PBE XC functional as represented by Tables A2(a) – A2(c) 

Table A2(a): The optimized geometric parameters of GUASnCl3

ATOM 
ATOMIC POSITIONS (Å) 

X Y Z 

Sn 5.4703 9.5517 6.7808 

Sn 1.4432 9.0551 11.0458 

Sn 2.5840 3.3494 2.1325 

Sn 6.6111 2.8528 15.6942 

Sn 2.5840 2.8528 11.0458 

Sn 6.6111 3.3494 6.7808 

Sn 5.4703 9.0551 15.6942 

Sn 1.4432 9.5517 2.1325 

Cl 7.0724 9.6881 4.7353 

Cl 3.0453 8.9187 13.0913 

Cl 0.9818 3.4859 4.1780 

Cl 5.0089 2.7164 13.6487 

Cl 0.9818 2.7164 13.0913 

Cl 5.0089 3.4859 4.7353 

Cl 7.0724 8.9187 13.6487 

Cl 3.0453 9.6881 4.1780 

Cl 5.3900 12.0606 7.0757 

Cl 1.3629 6.5462 10.7510 

Cl 2.6642 5.8583 1.8376 

Cl 6.6913 0.3439 15.9890 

Cl 2.6642 0.3439 10.7510 

Cl 6.6913 5.8583 7.0757 

Cl 5.3900 6.5462 15.9890 

Cl 1.3629 12.0606 1.8376 

Cl 7.5761 9.3773 8.2856 

Cl 3.5490 9.2295 9.5411 

Cl 0.4781 3.1750 0.6278 

Cl 4.5052 3.0272 17.1989 

Cl 0.4781 3.0272 9.5411 

Cl 4.5052 3.1750 8.2856 

Cl 7.5761 9.2295 17.1989 

Cl 3.5490 9.3773 0.6278 

C 1.5088 0.3485 6.4859 

C 5.5359 5.8537 11.3408 

C 6.5455 6.5508 2.4275 

C 2.5183 12.0560 15.3992 

C 6.5455 12.0560 11.3408 

C 2.5183 6.5508 6.4859 

C 1.5088 5.8537 15.3992 

C 5.5359 0.3485 2.4275 

N 0.6357 0.1031 5.4954 

N 4.6629 6.0991 12.3313 

N 7.4185 6.3054 3.4179 

N 3.3914 12.3014 14.4087 

N 7.4185 12.3014 12.3313 

N 3.3914 6.3054 5.4954 

N 0.6357 6.0991 14.4087 

N 4.6629 0.1031 3.4179 

N 2.3258 1.4044 6.3862 

N 6.3529 4.7978 11.4405 

N 5.7284 7.6067 2.5271 

N 1.7013 11.0001 15.2995 

N 5.7284 11.0001 11.4405 

N 1.7013 7.6067 6.3862 

N 2.3258 4.7978 15.2995 

N 6.3529 1.4044 2.5271 

N 1.5604 11.9508 7.5521 

N 5.5875 6.6559 10.2745 

N 6.4939 5.7486 1.3612 

N 2.4667 0.4537 16.4655 

N 6.4939 0.4537 10.2745 

N 2.4667 5.7486 7.5521 

N 1.5604 6.6559 16.4655 

N 5.5875 11.9508 1.3612 

H 0.0815 11.6499 5.4812 

H 4.1086 6.9568 12.3455 

H 7.9727 5.4477 3.4321 

H 3.9456 0.7546 14.3945 

H 7.9727 0.7546 12.3455 
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H 3.9456 5.4477 5.4812 

H 0.0815 6.9568 14.3945 

H 4.1086 11.6499 3.4321 

H 0.7494 0.5782 4.6046 

H 4.7765 5.6241 13.2221 

H 7.3049 6.7804 4.3088 

H 3.2777 11.8263 13.5179 

H 7.3049 11.8263 13.2221 

H 3.2777 6.7804 4.6046 

H 0.7494 5.6241 13.5179 

H 4.7765 0.5782 4.3088 

H 2.1426 2.1153 5.6760 

H 6.1697 4.0869 12.1507 

H 5.9116 8.3176 3.2373 

H 1.8845 10.2892 14.5893 

H 5.9116 10.2892 12.1507 

H 1.8845 8.3176 5.6760 

H 2.1426 4.0869 14.5893 

H 6.1697 2.1153 3.2373 

H 2.9914 1.6399 7.1211 

H 7.0185 4.5624 10.7055 

H 5.0628 7.8421 1.7922 

H 1.0357 10.7646 16.0345 

H 5.0628 10.7646 10.7055 

H 1.0357 7.8421 7.1211 

H 2.9914 4.5624 16.0345 

H 7.0185 1.6399 1.7922 

H 0.9299 11.1507 7.6395 

H 4.9570 7.4561 10.1872 

H 7.1243 4.9485 1.2738 

H 3.0972 1.2538 16.5528 

H 7.1243 1.2538 10.1872 

H 3.0972 4.9485 7.6395 

H 0.9299 7.4561 16.5528 

H 4.9570 11.1507 1.2738 

H 2.0869 12.2184 8.3839 

H 6.1140 6.3884 9.4427 

H 5.9673 6.0161 0.5294 

H 1.9402 0.1861 17.2973 

H 5.9673 0.1861 9.4427 

H 1.9402 6.0161 8.3839 

H 2.0869 6.3884 17.2973 

H 6.1140 12.2184 0.5294 
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Table A2(b): The optimized geometric parameters of GUASnBr3

ATOM 
ATOMIC POSITIONS (Å) 

X Y Z 

Sn 6.1808 10.1096 6.8652 

Sn 1.7724 9.4292 11.3589 

Sn 2.6360 3.5966 2.2469 

Sn 7.0444 2.9163 15.9772 

Sn 2.6360 2.9163 11.3589 

Sn 7.0444 3.5966 6.8652 

Sn 6.1808 9.4292 15.9772 

Sn 1.7724 10.1096 2.2469 

Br 7.8159 10.2852 4.6759 

Br 3.4075 9.2536 13.5483 

Br 1.0009 3.7722 4.4362 

Br 5.4093 2.7407 13.7879 

Br 1.0009 2.7407 13.5483 

Br 5.4093 3.7722 4.6759 

Br 7.8159 9.2536 13.7879 

Br 3.4075 10.2852 4.4362 

Br 5.8741 12.7655 7.1559 

Br 1.4657 6.7733 11.0682 

Br 2.9427 6.2525 1.9561 

Br 7.3511 0.2604 16.2680 

Br 2.9427 0.2604 11.0682 

Br 7.3511 6.2525 7.1559 

Br 5.8741 6.7733 16.2680 

Br 1.4657 12.7655 1.9561 

Br 8.3867 9.9892 8.4976 

Br 3.9783 9.5496 9.7265 

Br 0.4301 3.4762 0.6144 

Br 4.8385 3.0367 17.6097 

Br 0.4301 3.0367 9.7265 

Br 4.8385 3.4762 8.4976 

Br 8.3867 9.5496 17.6097 

Br 3.9783 9.9892 0.6144 

C 1.6950 0.4087 6.6928 

C 6.1034 6.1042 11.5313 

C 7.1218 6.9216 2.4192 

C 2.7134 12.6171 15.8049 

C 7.1218 12.6171 11.5313 

C 2.7134 6.9216 6.6928 

C 1.6950 6.1042 15.8049 

C 6.1034 0.4087 2.4192 

N 0.7977 0.1627 5.7238 

N 5.2061 6.3503 12.5003 

N 8.0191 6.6756 3.3882 

N 3.6107 12.8632 14.8359 

N 8.0191 12.8632 12.5003 

N 3.6107 6.6756 5.7238 

N 0.7977 6.3503 14.8359 

N 5.2061 0.1627 3.3882 

N 2.5134 1.4627 6.5700 

N 6.9218 5.0502 11.6541 

N 6.3034 7.9756 2.5420 

N 1.8950 11.5632 15.6821 

N 6.3034 11.5632 11.6541 

N 1.8950 7.9756 6.5700 

N 2.5134 5.0502 15.6821 

N 6.9218 1.4627 2.5420 

N 1.7705 12.6321 7.7568 

N 6.1789 6.9067 10.4673 

N 7.0463 6.1192 1.3552 

N 2.6379 0.3938 16.8689 

N 7.0463 0.3938 10.4673 

N 2.6379 6.1192 7.7568 

N 1.7705 6.9067 16.8689 

N 6.1789 12.6321 1.3552 

H 0.2325 12.3402 5.7362 

H 4.6409 7.1986 12.4880 

H 8.5843 5.8273 3.3759 

H 4.1759 0.6857 14.8482 

H 8.5843 0.6857 12.4880 

H 4.1759 5.8273 5.7362 

H 0.2325 7.1986 14.8482 

H 4.6409 12.3402 3.3759 

H 0.8995 0.6146 4.8191 

H 5.3079 5.8984 13.4050 

H 7.9172 7.1275 4.2929 

H 3.5089 12.4113 13.9312 



100 

 

H 7.9172 12.4113 13.4050 

H 3.5089 7.1275 4.8191 

H 0.8995 5.8984 13.9312 

H 5.3079 0.6146 4.2929 

H 2.2869 2.1921 5.8912 

H 6.6952 4.3208 12.3329 

H 6.5299 8.7051 3.2209 

H 2.1215 10.8337 15.0032 

H 6.5299 10.8337 12.3329 

H 2.1215 8.7051 5.8912 

H 2.2869 4.3208 15.0032 

H 6.6952 2.1921 3.2209 

H 3.1900 1.6993 7.2936 

H 7.5984 4.8136 10.9305 

H 5.6268 8.2123 1.8184 

H 1.2184 11.3265 16.4057 

H 5.6268 11.3265 10.9305 

H 1.2184 8.2123 7.2936 

H 3.1900 4.8136 16.4057 

H 7.5984 1.6993 1.8184 

H 1.1374 11.8346 7.8540 

H 5.5458 7.7042 10.3701 

H 7.6794 5.3217 1.2581 

H 3.2710 1.1913 16.9660 

H 7.6794 1.1913 10.3701 

H 3.2710 5.3217 7.8540 

H 1.1374 7.7042 16.9660 

H 5.5458 11.8346 1.2581 

H 2.2925 12.9098 8.5892 

H 6.7009 6.6290 9.6349 

H 6.5243 6.3969 0.5228 

H 2.1159 0.1160 17.7013 

H 6.5243 0.1160 9.6349 

H 2.1159 6.3969 8.5892 

H 2.2925 6.6290 17.7013 

H 6.7009 12.9098 0.5228 
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Table A2(c): The optimized geometric parameters of GUASnI3 

ATOM 
ATOMIC POSITIONS (Å) 

X Y Z 

Sn 6.3207 11.0161 7.1720 

Sn 1.8418 10.2422 11.8484 

Sn 2.6370 3.9300 2.3382 

Sn 7.1158 3.1561 16.6822 

Sn 2.6370 3.1561 11.8484 

Sn 7.1158 3.9300 7.1720 

Sn 6.3207 10.2422 16.6822 

Sn 1.8418 11.0161 2.3382 

I 8.1412 11.0451 4.7918 

I 3.6623 10.2132 14.2286 

I 0.8165 3.9590 4.7184 

I 5.2953 3.1271 14.3021 

I 0.8165 3.1271 14.2286 

I 5.2953 3.9590 4.7918 

I 8.1412 10.2132 14.3021 

I 3.6623 11.0451 4.7184 

I 6.0880 13.9014 7.4487 

I 1.6092 7.3569 11.5717 

I 2.8696 6.8153 2.0615 

I 7.3484 0.2708 16.9590 

I 2.8696 0.2708 11.5717 

I 7.3484 6.8153 7.4487 

I 6.0880 7.3569 16.9590 

I 1.6092 13.9014 2.0615 

I 8.6542 10.7687 9.0351 

I 4.1754 10.4896 9.9853 

I 0.3034 3.6826 0.4751 

I 4.7822 3.4035 18.5454 

I 0.3034 3.4035 9.9853 

I 4.7822 3.6826 9.0351 

I 8.6542 10.4896 18.5454 

I 4.1754 10.7687 0.4751 

C 1.7421 0.3537 6.9488 

C 6.2209 6.7325 12.0717 

C 7.2155 7.4398 2.5614 

C 2.7367 13.8186 16.4590 

C 7.2155 13.8186 12.0717 

C 2.7367 7.4398 6.9488 

C 1.7421 6.7325 16.4590 

C 6.2209 0.3537 2.5614 

N 0.9740 0.0185 5.9013 

N 5.4528 7.0677 13.1192 

N 7.9836 7.1046 3.6089 

N 3.5048 14.1538 15.4115 

N 7.9836 14.1538 13.1192 

N 3.5048 7.1046 5.9013 

N 0.9740 7.0677 15.4115 

N 5.4528 0.0185 3.6089 

N 2.4944 1.4601 6.8807 

N 6.9732 5.6260 12.1398 

N 6.4632 8.5463 2.6295 

N 1.9844 12.7121 16.3909 

N 6.4632 12.7121 12.1398 

N 1.9844 8.5463 6.8807 

N 2.4944 5.6260 16.3909 

N 6.9732 1.4601 2.6295 

N 1.7596 13.7600 8.0425 

N 6.2384 7.4983 10.9780 

N 7.1980 6.6739 1.4677 

N 2.7192 0.4122 17.5527 

N 7.1980 0.4122 10.9780 

N 2.7192 6.6739 8.0425 

N 1.7596 7.4983 17.5527 

N 6.2384 13.7600 1.4677 

H 0.4296 13.3292 5.9035 

H 4.9084 7.9291 13.1169 

H 8.5280 6.2431 3.6067 

H 4.0492 0.8430 15.4138 

H 8.5280 0.8430 13.1169 

H 4.0492 6.2431 5.9035 

H 0.4296 7.9291 15.4138 

H 4.9084 13.3292 3.6067 

H 1.1376 0.4392 4.9901 

H 5.6164 6.6470 14.0304 

H 7.8200 7.5253 4.5201 

H 3.3412 13.7331 14.5003 
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H 7.8200 13.7331 14.0304 

H 3.3412 7.5253 4.9901 

H 1.1376 6.6470 14.5003 

H 5.6164 0.4392 4.5201 

H 2.2861 2.1692 6.1761 

H 6.7649 4.9169 12.8443 

H 6.6715 9.2553 3.3341 

H 2.1927 12.0030 15.6863 

H 6.6715 12.0030 12.8443 

H 2.1927 9.2553 6.1761 

H 2.2861 4.9169 15.6863 

H 6.7649 2.1692 3.3341 

H 3.0896 1.7464 7.6558 

H 7.5684 5.3397 11.3647 

H 5.8680 8.8325 1.8544 

H 1.3892 12.4258 17.1660 

H 5.8680 12.4258 11.3647 

H 1.3892 8.8325 7.6558 

H 3.0896 5.3397 17.1660 

H 7.5684 1.7464 1.8544 

H 1.2195 12.8951 8.0955 

H 5.6983 8.3632 10.9250 

H 7.7381 5.8090 1.4148 

H 3.2593 1.2771 17.6057 

H 7.7381 1.2771 10.9250 

H 3.2593 5.8090 8.0955 

H 1.2195 8.3632 17.6057 

H 5.6983 12.8951 1.4148 

H 2.1933 14.0836 8.9080 

H 6.6721 7.1747 10.1125 

H 6.7643 6.9975 0.6023 

H 2.2855 0.0886 18.4182 

H 6.7643 0.0886 10.1125 

H 2.2855 6.9975 8.9080 

H 2.1933 7.1747 18.4182 

H 6.6721 14.0836 0.6023 
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Appendix 3: The optimized geometric parameters of MASnI3/Cu2O composite using 

PBE XC functional 

ATOM 
ATOMIC POSITIONS (Å) 

X Y Z 

Sn 0.0000 0.0000 0.0000 

Sn 0.6494 −0.5184 11.0685 

Sn 4.2516 0.0000 4.6050 

Sn 4.2516 6.3696 4.6050 

Sn 0.0000 6.3696 0.0000 

Sn 0.7399 7.0224 11.2133 

H 0.0095 4.0243 3.2534 

H 4.2611 4.0243 1.3516 

H 4.6893 8.6884 7.9227 

H 4.7020 10.3631 7.9097 

H 4.2611 2.3453 1.3516 

H 0.0095 2.3453 3.2534 

H 0.0946 8.6567 3.5315 

H 4.5206 3.9720 8.3908 

H 4.3462 8.6567 1.0735 

H 4.3462 10.4519 1.0735 

H 4.2037 2.4515 9.2780 

H 0.0946 10.4519 3.5315 

H 1.3463 3.1848 5.0914 

H 2.9053 9.5543 0.4864 

H 5.4566 3.5893 9.8691 

H 1.3508 9.5543 5.4060 

H 2.9008 3.1848 0.8010 

H 5.9164 9.5243 8.7489 

H 8.4085 2.2872 5.6785 

H 8.4085 4.0824 5.6785 

H 7.1569 9.5543 4.1186 

H 4.1570 2.2872 28.1366 

H 4.1570 4.0824 28.1366 

H 5.5979 3.1848 28.7236 

H 4.2251 8.6670 10.3244 

H 2.9707 9.5252 9.3665 

H 4.2003 10.4622 10.2720 

H 8.4936 8.7148 5.9566 

H 3.7275 5.1613 10.4096 

H 4.2420 8.7148 27.8584 

H 4.2420 10.3938 27.8584 

H 3.3564 3.6860 11.2652 

H 8.4936 10.3938 5.9566 

H 7.1524 3.1848 3.8040 

H 2.5205 4.2052 9.7950 

H 5.6024 9.5543 28.4090 

C 0.2544 3.1848 5.1603 

C 3.9972 9.5543 0.5553 

C 4.4750 3.5073 9.3823 

C 8.2488 9.5543 4.0497 

C 4.5059 3.1848 28.6547 

C 4.0149 9.5454 9.7048 

I 1.7030 0.2851 2.7009 

I 5.9545 0.2851 1.9041 

I 5.9545 6.0845 1.9041 

I 2.8547 6.6502 7.2041 

I 6.8364 6.5930 5.9166 

I 1.7030 6.0845 2.7009 

I 0.1375 4.6227 9.7706 

I 3.9185 9.5543 4.4623 

I 4.5847 3.1848 4.7477 

I 0.3331 3.1848 29.0673 

I 2.9191 12.5212 7.2455 

I 8.1701 9.5543 0.1427 

I 8.4502 9.5211 9.2844 

I 6.8585 12.5098 5.8998 

N 0.3111 9.5543 5.4332 

N 3.9405 3.1848 0.8282 

N 4.8939 9.5292 8.4997 

N 8.1920 3.1848 3.7768 

N 4.5627 9.5543 28.3818 

N 3.4632 4.1837 10.2306 

Cu 0.2838 0.0906 13.7063 

Cu 0.0000 0.0000 17.8046 

Cu 0.0422 4.1682 13.7645 
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Cu 0.0000 4.3046 17.8046 

Cu 0.0950 8.4712 13.6680 

Cu 0.0000 8.6092 17.8046 

Cu 3.6164 0.0074 13.3686 

Cu 4.3046 0.0000 17.8046 

Cu 4.3657 4.1295 13.6641 

Cu 4.3046 4.3046 17.8046 

Cu 4.5646 8.2660 13.5897 

Cu 4.3046 8.6092 17.8046 

Cu 2.1239 2.2685 13.5343 

Cu 2.1523 2.1523 17.8046 

Cu 2.5269 6.3153 13.4824 

Cu 2.1523 6.4569 17.8046 

Cu 1.8668 10.7303 13.5314 

Cu 2.1523 10.7615 17.8046 

Cu 6.1810 2.0328 13.7720 

Cu 6.4569 2.1523 17.8046 

Cu 6.5170 6.3909 13.5250 

Cu 6.4569 6.4569 17.8046 

Cu 6.6024 10.6385 13.5702 

Cu 6.4569 10.7615 17.8046 

Cu 2.0781 0.1414 15.7344 

Cu 2.1656 4.4077 15.7352 

Cu 1.9886 8.8301 16.1947 

Cu 6.1933 −0.0468 15.6791 

Cu 6.3986 4.3869 15.8389 

Cu 6.3906 8.6735 15.7430 

Cu 0.1713 2.1635 15.7796 

Cu 0.1481 6.4203 15.7226 

Cu 0.0568 10.5997 15.7721 

Cu 4.1980 1.9974 15.6810 

Cu 4.3782 6.3961 15.8070 

Cu 4.4762 10.5361 16.0641 

O 1.0390 1.1220 14.5505 

O 1.2011 5.4550 14.5130 

O 1.0927 9.5031 14.6720 

O 4.9766 0.7652 14.4737 

O 5.4011 5.3562 14.6350 

O 5.3214 9.6820 14.5671 

O 3.2284 3.2284 16.7285 

O 3.2284 7.5330 16.7285 

O 3.2284 11.8376 16.7285 

O 7.5330 3.2284 16.7285 

O 7.5330 7.5330 16.7285 

O 7.5330 11.8376 16.7285 

O 7.5616 11.6897 12.3968 

O 7.3656 3.0880 12.9963 

O 7.5467 7.4295 12.4045 

O 2.4449 11.8475 12.2077 

O 3.3337 3.1567 12.5423 

O 3.8048 7.0838 12.4843 
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Appendix 4: Processing of perovskite solar cell films 

The processing of the halide perovskite films involves the reaction of an organic halide with a 

metal halide such as SnI2 or PbCl2. The crystallization process is followed by a series of 

colour changes from yellow to light brown and dark brown upon annealing indicating the 

formation of the perovskite as a final product (Fakharuddin et al., 2016). In order to achieve 

highly crystalline films which are smooth and with the ability to absorb a large amount of 

incident light from the sun, crystallization should be sharply controlled and monitored. There 

are various synthesis routes for perovskite solar cells which are; single-step deposition, 

double step deposition, vacuum-assisted evaporation, as well as dual-source evaporation. 

Single-Step Deposition Method 

Single-step deposition (Fig. 35) is a low cost and the simplest way in processing high-

performance halide perovskite solar cells. The deposition of the perovskite absorber is 

usually done from a solution of the metal halide and the organic halide in a solvent which is 

polar like DMSO (Conings et al., 2014), DMF (Jeng et al., 2013), or mixed solvents (Kim et 

al., 2014). Slot die coating and blade have been demonstrated as the most suitable methods 

for large areas coating but for lab-scale, spin coating technique is mostly preferred (Razza et 

al., 2015; Schmidt et al., 2015; Yang et al., 2016). The deposition process is usually followed 

by annealing at temperatures 70-110 °C to evaporate the solvent so as to crystallize the 

perovskite (Troughton et al., 2016). The annealing process can also be accompanied by the 

incorporation of the hole and electron transport materials. Despite the simplicity of the single-

step deposition method, the choice of solvents and the preparation of the precursors from the 

deposition to the annealing stage may cause a reduction in efficiency of the device as a result 

of reduction of absorption capability (Colella et al., 2013; Eperon et al., 2014; Wang et al., 

2015). In order to reduce these effects, the modified single-step deposition method is adopted 

by engineering the solvent by dripping or drop-casting as well as solvent-solvent extraction 

which help to control the crystallization of very uniform and dense perovskite solar cell films 

(Xiao et al., 2014; Zhou et al., 2016; Zhou et al., 2015). This method has been widely used in 

the lab and was able to produce cells with efficiency greater than 18.8% (Saliba, Matsui, et 

al., 2016). 
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Figure 35: Schematic illustration of a single step deposition technique for lead 

perovskite thin films (Chaudhary et al., 2020). 

Double Step Deposition Method 

The double step deposition method was introduced for mesoporous TiO2 cells which involve 

the deposition of metal halide through the spin coating and then followed by the immersion 

into a solution of the organic halide and finally drying for 30 min at 70 °C (Burschka et al., 

2013). This method is better than the single-step deposition because the film morphology can 

be easily controlled and has better pore filling as the metal halide is instantaneously 

converted to the perovskite (Yantara et al., 2015). The intermolecular exchange process is 

one of the effective double step deposition approaches where the DMSO can act as a solvent 

and a reactant for the metal halide at the same time which prevents non-controlled self-

assembly crystallization between the metal halide and the organic halide (W. S. Yang et al., 

2015). Double step deposition has also presented some limitations like higher cost and 

additional steps than the single step. However, this method has been able to produce cells 

with efficiency greater than 20% (Kim et al., 2018; W. S. Yang et al., 2015; Yi et al., 2016). 

Fig. 36 illustrates how the double step deposition method is carried out. 

 
Figure 36: Schematic illustration of a double step deposition technique for lead 

perovskite thin films (Chaudhary et al., 2020).  
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Advanced Three-step Method 

The three-step advanced method (Fig. 37) was developed by Okamoto and co-workers after 

finding out that the organic halide PSCs prepared by the two-step method contains unreacted 

metal halide at the interface between the perovskite layer and the ETL (Okamoto et al., 

2018). The unreacted metal halide was then resolved by the addition of MAI/FAI through the 

spin coating on the two-step prepared PSC film. The PCE of the PSCs increased by the 

optimized addition of the FAI on top of the two-step prepared PSC through spin coating. 

 
Figure 37: The advanced three-step method using FAI spin coating on a two-step 

prepared MAPbI3 PSC film to produce a multiple band structure film 

(Okamoto et al., 2018).  



108 

 

Appendix 5: Characterization of perovskite materials 

Perovskite materials requires several equipment in their analysis depending on the specific 

property of interest. Here is a list of equipment required when characterizing these materials: 

X-ray diffraction (XRD) 

This is used to examine the crystal structures of the materials using Cu Kα radiation 

Ultraviolet visible (UV-vis) spectrophotometer 

The materials’ absorption properties are evaluated using the UV-vis spectrophotometer to test 

the light absorption ability. 

Fourier transform infrared (FTIR) 

The material’s spectra are collected with the FTIR to confirm the functional groups’ 

existence due to engineering (doping). 

Scanning electron microscopy (SEM) 

Scanning electron microscopy equipped with energy-dispersive X-rays (EDX) and a focused 

ion beam SEM is used to assess the morphology and structure of the particles. 

Transmission Electron Microscopy (TEM) 

The crystal structure, stoichiometry, and size of perovskite particles can all be investigated 

using various transmission electron microscopy techniques. A Philips CM300 UT with a 300 

kV acceleration voltage can be used to perform selected area electron diffraction (SAED). 

Atomic force microscopy (AFM) 

The data is acquired by using a mechanical probe to “feel” the surface. The scanning is made 

possible by piezoelectric devices, which permit tiny but exact and precise movements on 

(electronic) command. Electric potentials can also be scanned using conducting cantilevers, 

and currents can be sent through the tip to investigate the underlying surface’s electrical 

conductivity or transport. According to Hooke’s law, when the tip comes into contact with a 

sample surface, forces between the tip and the sample cause the cantilever to deflect. 

Mechanical contact force, van der Waals forces, capillary forces, chemical bonding, 
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electrostatic forces, magnetic forces, Casimir forces, solvation forces, and other forces are 

measured in AFM depending on the scenario. 

Electrochemical impedance spectroscopy (EIS)  

Electrochemical impedance spectroscopy is used in the dark with frequencies ranging from 

20 mHz to 200 kHz, a bias of 0 V, and a 20 mV amplitude. 

Brunauer-Emmett-Teller (BET) 

Nitrogen adsorption-desorption experiments based on Brunauer-Emmett-Teller (BET) theory, 

is performed on the Micromeritics ASAP 2020 device, to reveal the materials’ specific 

surface area. 

Solar simulator 

To replicate solar irradiation, a sun simulator (Polaromix K201, Solar simulator LAB 50, 

McScience K3000) with an intensity of 100 mW cm2 can be employed. 
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Appendix 6: Step by step computation of the materials properties using QE 

1. Collection of crystallographic information (CIF) files from online database if available.  

2. Preparation of the input files: opt.in, scf.in, band.in, bands.in, pw.in. 

3.  Optimization of the system by minimizing the energy, forces and pressure using the pw.x 

code. 

Command: pw.x –in input file > output file. 

4.  Self-consistency calculation using the optimized coordinates to generate the charge 

density. 

Command: pw.x –in scf.in > scf.out. 

5. Computation of the band structure. 

Command: pw.x –in band.in > band.out. 

6.  Extraction of the bands using the code bands.x. 

Command: bands.x –in bands.in > bands.out. 

7.  Computation of the projected density of states using the code projwfc.x. 

Command: projwfc.x –in pw.in > pw.out. 

8.  Extraction of the states (s, p, d, .) contribution from the total projected density of states 

using the code sumpdos.x. 

Command: sumpdos.x –in pdos.dat.pdos_atm# 

For example for Sn the contribution of s, p and d states are summed as: 

sumpdos.x –in pdos.dat.pdos_atm#1\(Sn\)_wfc#1\(s\) dos.dat.pdos_atm#2\(Sn\)_wfc#1\ 

(s\) pdos.dat.pdos_atm#3\(Sn\)_wfc#1\(s\) dos.dat.pdos _atm#4\(Sn\)_wfc#1\(s\) > Sn1s 

sumpdos.x –in pdos.dat.pdos_atm#1\(Sn\)_wfc#2\(p\) pdos.dat.pdos_atm#2\(Sn\)_ wfc#2 

\(p\) pdos.dat.pdos_atm#3\(Sn\)_wfc#2\(p\) pdos.dat.pdos_atm#4\(Sn\)_wfc#2\(p\) > 

Sn2p 

sumpdos.x –in pdos.dat.pdos_atm#1\(Sn\)_wfc#3\(d\) pdos.dat.pdos_atm#2\(Sn\)_wfc#3 

\(d\) pdos.dat.pdos_atm#3\(Sn\)_wfc#3\(d\) pdos.dat.pdos_atm#4\(Sn\)_wfc#3\(d\) > 

Sn3d 

9. Calculation of the thermodynamic properties follows the decomposition routes listed for 

each system reported in this dissertation. The energies of the reacting species is obtained 

following step 1, 2 and 3 above and the enthalpy of reaction is calculated. After obtaining 

the reaction enthalpy, the enthalpy of formation of the perovskite can be calculated. 
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