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ABSTRACT 

Lead has been at the core of many recent studies on solar cells because it has unique 

properties that enhance light absorption and charge transport. Most of these studies are 

not practically employed due to the toxicity and instability of lead. This study focused on 

finding an alternative to lead that maintains or exceeds its performance in solar cells. The 

development of environmentally friendly, stable, and efficient perovskite materials for 

future solar cell applications has long-term practical significance and can eventually be 

commercialized. The current reported efficiency in MAPbBr3 is of the order of 22%, and 

this research aims to explore whether this efficiency could be improved beyond having 

lead in the crystal. It is for this reason that density functional theory, using the GGA-PBE 

and HSE06 correlation functionals, was employed on CsXBr3 (X=Si, Ge) to understand 

their optoelectronic properties and to calculate their efficiency as potential solar cell 

materials. The trends in electronic band structure in the cubic phase of CsXBr3 all-

inorganic perovskites for X= Cs, Ge were determined. The absorption spectrum was 

calculated using a simplified mathematical function that approximated the real spectrum. 

Here, the absorption spectra of CsXBr3 (X = Si, Ge) perovskites were calculated at the 

quantum-mechanical level of accuracy using the DFT method. This realistic absorption 

spectrum was employed in Quantum Espresso and Siesta, with post-processing using the 

Yambo package. The materials exhibited optical absorption of over 10
5
 cm in the 

ultraviolet spectrum. Determination of elastic, electronic, structural, and optical 

properties in the cubic stable phase of CsXBr3 (X=Si, Ge) was done, and the solar 

conversion efficiency of CsXBr3 (X=Si, Ge) were 11.02 % and 11.65 % respectively, 

under standard solar illumination conditions. The band gap of 0.7eV and the Poisson’s 

ratio (ν) of 0.36 for CsGeBr3 were obtained. While for CsSiBr3, the band gap of 0.29 eV 

and Poisson’s ratio (ν) of 0.255 were obtained. Dielectric constants, which include the 

real (ε1) and imaginary part (ε2) of CsGeBr3 and CsSiBr3, were 2.0 eV and 2.7 eV, and 

the absorption begun from 2.5eV to match the band gap. The results obtained can be 

used in experimental research to develop CsGeBr3 and CsSiBr3 materials as potential 

high-performance solar cells with higher efficiencies and good performance, and to 

verify experimentally the use of CsGeBr3 and CsSiBr3 perovskites in solar cells. The 

results are significant in determining a suitable solar cell material for industrial 

applications. The study dealt only with theoretical findings on the structural, electronic, 

dielectric, and elastic properties of CsGeBr3 and CsSiBr3 at ground-state conditions. The 

structures were optimized using the Murnaghan equation of state in LUNA Quantum 

Espresso. It was concluded that the cubic phase of CsGeBr3 and CsSiBr3 are suitable 

materials for solar cell materials because of their suitable band gap. An extension of this 

work could be to use other exchange-correlation functionals. 

Keywords: Solar Cell, First Principle, Density Functional Theory, Perovskites, 

Quantum Espresso, Siesta. 
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OPERATIONAL DEFINITION OF TERMS 

Band Gap: This is the energy between the valence band maximum of electrons and the 

conduction band minimum of a solid material for an insulator or a 

semiconductor, and consists of the range of energy values that are forbidden 

to electrons in the material. 

Electronic Properties: These are parameters and representations that show how 

electrons behave within a substance. 

Optical Properties: The material's response to incident radiation is characterized by 

reflectance, refraction, transmittance, and absorption. 

 Mechanical Properties: These are the physical properties exhibited by a material upon 

application of forces. These properties include the tensile strength, modulus 

of elasticity, and elongation.                                               

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

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

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

especially by the action of light. 

Photoluminescence: This is the process by which photons or light energy stimulate a 

photon’s emission. A photon may also be emitted by fluorescence, which 

elevates a particle to an excited electronic state.  

 Solar Cell: This is an electrical device that converts light energy directly into electricity 

through the photovoltaic effect. 
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 Young’s Modulus: This characteristic, which is defined as the ratio of malleable 

pressure measure of power applied per unit area) to tensile strain (the 

material's ability to stretch and twist effectively). 

Bulk Modulus: This is the total change in a body's volume caused by a constant, unit 

compressive force operating across the surface, or an elastic pressure. 

 Shear Modulus (G): It is defined as the ratio of shear pressure to shear strain and 

represents the fraction of a material's versatile shear firmness.  

 Anisotropy Factor (E): This has a probability thickness and a single dissipating course 

acting as a boundary. It is the normal of the cosine of the dissipating point. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Introduction 

This section discusses the background of the concepts of solar cells and the problems to 

be addressed for the application of CsSiBr3 and CsGeBr3 in solar cells. It then proceeds 

to state the research problem, outline the objectives and research questions to be 

addressed, and define the study's significance, scope, and assumptions. 

1.2 Background to the Study 

Perovskite is a term given to all compounds that have the general chemical formula 

ABX3 and the crystal structure of calcium titanate, CaTiO3. They are Organic-inorganic 

metal halide perovskites, where A is an organic cation, B is a divalent metal ion, and X is 

a halide such as CH3NH3Pb3 (Methylammonium lead halide). Organic-inorganic hybrid 

perovskite (OIHP) has an ABX3 Structure, where A is methylammonium (MA), cesium 

(Cs), or formamidinium (FA); B is Pb or Sn; and X is I, Cl, or Br (Yu-Ling Sun et al., 

2017). High optical absorption coefficient, high carrier mobility, and long carrier 

diffusion length are significant factors that support OIHP's high efficiency. Currently, the 

efficiency of perovskite solar cells exceeds that of well-established technologies such as 

copper-indium-gallium-selenide (CIGS) and cadmium-telluride (CdTe) due to a 

multilayer coating (Yang, 2016).  

However, the high cost of fabricating single-crystalline silicon (sc-Si) has accelerated 

recent research on next-generation thin-film solar cells to find a solar cell material that is 

cheaper and less toxic than silicon. Electronic and optical properties of perovskites have 

been broadly explored by first-principles calculations based on density functional theory 

(Wang, 2014). Optical activity in a crystal plays a fundamental role in electronic 



2 
 

structure theory and is highly dependent on the electronic band gap (Ling, 2017). Due to 

the self-interaction error, most electronic structure methods underestimate the electronic 

band gap and thus poorly define the optical activity in a crystal (Zekry, 2019). As an 

option to avoid self-interaction errors in DFT, Zhu and co-workers (2014) applied quasi-

particle corrections via the GW approach to achieve a realistic DFT description of the 

orthorhombic and tetragonal MAPbI3 band gaps.  

Solar cells based on hybrid organic-inorganic lead-halide perovskites have significantly 

increased in efficiency in recent years. Lead is toxic, so the primary challenge with this 

material is to replace lead in the perovskite crystal with a less toxic, more efficient metal. 

This has led to the search for related compounds that may replicate the properties of 

hybrid lead-halide perovskites, which are less toxic and more efficient (Noel et al., 

2014), hence the need for this study. 

First-principles computation is a quantum-mechanical method that aims to solve the 

electronic Schrödinger equation using the positions of the nuclei and the number of 

electrons in the system. This numerical simulation is essential in exploring structural, 

electronic, elastic, and optical properties. The studies by Babkin et al. (2011) point out 

that band-structure calculation is an effective theoretical tool for predicting such 

properties. This study endeavors to employ first-principles calculations on the elastic, 

electronic, and optical properties of CsGeBr3 and CsSiBr3 to assess their suitability for 

solar cell applications. 

1.3 Statement of the Problem 

 The problem in this work is two-fold: (i) Lead has been at the core of many studies on 

solar cells in the recent past. It has portrayed excellent performance theoretically. Most 

of these studies are not practically employed due to the toxicity and instability of lead 

(Madeeha, 2020). This study focused on finding an alternative to lead that maintains or 
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exceeds its performance. The development of environmentally friendly, stable, and 

efficient perovskite materials for future photovoltaic applications has long-term practical 

significance and can eventually be commercialized, hence the need for this study. (ii) 

The current reported efficiency in MAPbBr3 is of the order of 22%, which this work 

explored whether this efficiency could be improved, but beyond having lead in the 

equation.  It is for this reason that first-principles calculations were employed on CsXBr3 

(X=Si, Ge) to elucidate their stability, elastic and optical properties, and to assess their 

efficiency as potential solar cell materials.         

1.4 Objectives 

The main objective of this study was to determine the structural, elastic, electronic, and 

optical properties of CsXBr3 (X = Si, Ge) for solar cell applications using Density 

Functional Theory.  

1.4.1 Specific Objectives 

The specific objectives of this study were to; 

i. Determine the stable phase of CsXBr3 (X = Si, Ge) using density functional 

theory, with practical applications as solar cell materials. 

ii. Compute the elastic constants of the cubic phase of CsXBr3 (X=Si, Ge) and their 

application to solar cells using density functional theory. 

iii. Determine the electronic structure of the cubic phase of CsXBr3 (X=Si, Ge) and 

their application to solar cells using density functional theory. 

iv. Study the optical properties of the cubic phase of CsXBr3 (X=Si, Ge) using 

density functional theory and its application to solar cells. 
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1.5 Research Questions 

 In order to guide this study, the following research questions were used: 

i. Which is the stable phase of CsXBr3 (X=Si, Ge) that will have practical 

applications as solar cell materials? 

ii. What are the values of the elastic properties of the cubic phase of CsXBr3 (X=Si, 

Ge) that will render these materials suitable for solar cells? 

iii.  What are the electronic structure properties of the cubic phase of CsXBr3 (X=Si, 

Ge) that make these materials suitable for solar cells? 

iv. What are the optical properties of the cubic phase of CsXBr3 (X=Si, Ge) in 

comparison to other studies that will render them suitable for solar cells? 

1.6 Significance of the Study 

The properties under study were elastic, optical, and electronic, which are used in solar 

cell devices according to Burgelman et al. (2004). The study will provide significant 

information for the design of less toxic, more efficient solar cell devices. It will also 

provide vital information to experimentalists and fabricators of solar cells on the 

elements to be employed to achieve a stable solar cell, as compared to lead-based cells, 

which are unstable and toxic, and whether this type of perovskite will exhibit a longer 

lifespan and higher current density. 

1.7 Justification of the Study 

While there is much published work on perovskites related to inorganic-organic 

compounds, there is insufficient literature on all inorganic perovskites with lead as an 

element in the equation. The toxicity of lead, along with its low efficiency below 22%, 

has intensified research aimed at developing environmentally friendly solar cell materials 

with efficiency above 22%. This will have applications in electronics, solar technology, 
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and optoelectronics. Therefore, by conducting this study on the performance of CsXBr3 

(X=Si, Ge) for solar cell applications to replace lead in the equation, it is expected that 

the results will serve as an essential consideration for experimentalists and solar cell 

manufacturing companies when designing solar cell materials. The study shows that the 

cubic phase of Ge and Si halide perovskite can be used in solar cell fabrication. The 

results of this study should therefore serve as an alternative to the experimental 

fabrication of Ge- and Si-based halide perovskites for solar cells. It is further expected 

that the study's results will contribute to the body of knowledge regarding CsGeBr3 and 

CsSiBr3 halide perovskites. 

1.8 Scope of the Study 

This study focused on the elastic, optical, electronic, and dielectric properties of CsSiBr3 

and CsGeBr3.The findings are crucial for determining the solar-cell applications of all-

inorganic halide perovskites. Computational modeling methods based on Density 

Functional Theory (DFT) were used and limited to the cubic phase of these perovskites. 

Quantum ESPRESSO was used to study electronic properties; the Siesta code was used 

to study Optical and mechanical properties, and Thermo_pw was used to study elastic 

properties.  

All the calculations were done at 0K and 0Gpa. The Plane Waves, as implemented in the 

Quantum ESPRESSO code, were used as the basis sets. The study focused only on the 

cubic phase of these structures after ascertaining its stability. The distortions were mild 

to remain within the structure. 
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1.9 Assumptions 

The following presumptions were made:   

i. Analysis was performed using the plane wave formalism in DFT calculations in 

the Quantum ESPRESSO code, which was utilized in obtaining the desired 

material properties. 

ii. Data and information on the properties of CsGeBr3 and CsSiBr3 and other similar 

works would be available for comparison. 

iii. The time for the research would be sufficient to give answers to the stated 

objectives. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction    

This chapter discusses the properties of inorganic-inorganic perovskites that are relevant 

to their applications in solar cells. Literature on elastic, structural, electronic, optical, and 

the insight of power conversion efficiency will be discussed. The Conceptual framework 

will also be presented and discussed. 

2.2 Perovskites for Solar Cells 

Perovskites are a group of crystals that exhibit characteristics for applications in 

nanotechnology, especially nanostructured solar cells (Logothetidis, 2012). They are 

found as oxides and non-oxides, with silicates being the most common, but they also 

occur as fluorides, arsenides, and intermetallic compounds. While natural perovskite 

minerals are few, synthetic perovskites cut across the periodic table in terms of 

composition of elements, and they can exist in complex formulas such as metallic 

perovskites, hybrid organic–inorganic perovskites, metal-free perovskites, and even inert 

gas-based perovskites. These materials are usually inexpensive to produce and easy to 

manufacture. They have a broad absorption spectrum, fast, long-range electron and hole 

transport, and long carrier separation lifetimes as their intrinsic properties, making them 

suitable materials for solar cells (Logothetidis, 2012). 

Perovskites exhibit an atomic arrangement in a 3-dimensional array of corner-sharing 

octahedra. Conversely, layered perovskites consist of 2-dimensional layers of corner-

sharing octahedra separated by cation layers. Hence, the electronic energy bands of 

perovskites and layered perovskites are unusual, and their structure is unique (Atta et al, 

2016) as in figure 1 below; 
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Figure 1 

Octahedral Structure of Perovskites 

 

           

  

 

 

 

 

 

Inorganic-organic CH3NH3PbI3-based perovskite solar cells have been widely studied 

because, after conversion efficiency reached 15% in 2013, higher efficiencies have been 

achieved across various processes and device structures, with conversion efficiency 

exceeding 20% (Gao et al., 2023). 

With rapid progress in power conversion efficiency (PCE) to reach 25%, metal halide 

perovskite-based solar cells became a game-changer in the photovoltaic performance 

race. The characteristic features of perovskite materials may enable further advancement 

of PCE beyond that afforded by silicon solar cells toward the Shockley–Queisser limit 

(Young et al., 2011). 

Lead-based perovskite material toxicity, device hysteresis, and perovskite material 

stability are major challenges that need to be overcome for it to be practically applied in 

real life. Challenges posed by environmental factors such as moisture, oxygen, 
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temperature, and light remain unanswered. The lead toxicity of PSCs demands a lead 

substitute with no compromise in their efficiency. 

2.3 Solar Cell Structure and Mechanism 

A solar cell is an electronic device that directly converts sunlight into electricity. Light 

shining on the solar cell produces both a current and a voltage, generating electric power. 

This process requires, first, a material in which light absorption raises an electron to a 

higher energy state, and second, the movement of this higher-energy electron from the 

solar cell into an external circuit. The electron then dissipates its energy in the external 

circuit and returns to the solar cell. A variety of materials and processes can potentially 

satisfy the requirements for photovoltaic energy conversion. However, in practice, nearly 

all photovoltaic energy conversion uses semiconductor materials in the form of a p-

n junction. 

Figure 2 

 Solar Cell Structure 

 

. 
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Figure 2 above depicts a commonly used solar cell structure. The absorber layer and the 

back junction layer are both made from the same material. Light enters the device 

through an optical coating, or antireflection layer, which minimizes reflection losses and 

effectively traps light incident on the solar cell by promoting its transmission to the 

energy-conversion layers. 

2.4 Solar Materials Beyond Lead 

 The toxicity of lead-based halide perovskites hinders their large-scale commercial use in 

solar cells. Perovskite solar cells (PSCs), as a promising category of solar cells, have 

attracted attention in the past due to their high absorption coefficient, bipolar charge 

mobility, long carrier diffusion length, low exciton binding energy, low trap-state 

density, and tunable band gap (Xing et al. 2013). 

 Filip et al. (2014) considered stability and the desired band gap as two factors for 

suitable lead-free perovskite materials. They used random structures (atom positions 

and lattice parameters) to investigate the stability of possible lead-free perovskites. 

Considering stability and the band gap as significant factors, the crystal structure retains 

the perovskite geometry after relaxation, and the relativistic band gap is less than 2.0eV. 

In subsequent research, it was shown that Cu, Ag, Bi, and Sb can also replace Pb to 

form perovskites. This study replaced Pb with Si and Ge. To maintain charge neutrality, 

the heterovalent replacement can be divided into three subcategories: cation splitting, 

mixed-valence anion, and ordered vacancy. Cation splitting is used to form a double 

perovskite structure. The perovskite can maintain electrical neutrality by forming 

ordered vacancies. 

Many theoretical studies have been conducted on Pb replacement with various elements, 

e.g., Sn and Bi. These studies reveal the merits and demerits of different lead-free 
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perovskite materials. In the process of studying the optoelectronic properties of MASnI3 

using the GW + SOC method, the researchers found that compared with MAPbI3, 

MASnI3 showed a stronger s-p antibond coupling near the maximum value of the 

valence band (Varmo P.C.,2018). This occurrence was because the Sn 5s lone pair is 

shallower and more active than the Pb 6s lone pair. As a result, the band gap of MASnI3 

is lower than that of MAPbI3.                            

2.5 Ge-Based Perovskite Materials 

Ge could be a suitable substitute for Pb as a new type of lead-free perovskite material. 

Band gaps of the Ge-based perovskites can be tuned to values close to those of 

conventional lead halide photocells (1.5 eV) by altering A-site cations (Bitnar, 2014). 

Kanatzidis et al. (2015) examined a series of AGeI3 perovskite compounds and 

characterized their structural, electronic, and optical properties. The band gaps of the Ge-

based perovskites increase with the increased radius of the A-cation. For instance, 

CsGeI3 has an optical band gap of 1.63 eV, whereas other AGeI3 perovskites universally 

exhibit wide band gaps of ≥2.0 eV (Khan et al., 2013). This study endeavors to ascertain 

whether CsGeBr3 and CsSiBr3 have a band gap wider than this and to determine their 

suitability for the absorption of ultraviolet radiation. 

 Kanatzidis et al. (2015) used the pyramidal [GeI3] building block to synthesize a series 

of Ge-based perovskites and to replace their A-site cations. The experimental data 

showed that CsGeI3, MAGeI3, FAGeI3, and CH3C(NH2)2GeI3 were 3D perovskite 

structures with direct band gaps of 1.6, 1.9, 2.2, and 2.5 eV, respectively. At the same 

time, C(NH2)3GeI3, (CH3)2C(H)NH3GeI3, and (CH3)3NHGeI3 were 1D infinite chain 

structures separately with indirect band gaps of 2.7, 2.5, and 2.8 eV. CsGeI3 exhibited 

the highest optical absorption coefficient and demonstrated greater application potential 

in the photovoltaic field. 
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Ran et al. (2009) reported a uniform, pinhole-free (CH3NH3)3Bi2I9 thin film via a two-

step evaporation spin. They optimized film-forming conditions by comparing the 

integrated current from IPCE measurements and formed packed (CH3NH3)3Bi2I9 thin 

films. Using this strength, they manufactured an inverted planar heterojunction 

photovoltaic device with a PCE of 0.39% and a high Voc of 0.83 V, which gave the 

lowest loss-in-potential to date in (CH3NH3)3Bi2I9-based solar cells.  Park et al. (2015) 

developed more efficient solar cells using MA cations in Bi-based perovskite in place of 

Cs cations. Based on that research, Johansson et al. used Cs3Bi2I9, a bismuth halide, as 

the light absorber in their solar cells. 

Although researchers have achieved positive results with Bi-based perovskites, the 

performance of their perovskite solar cells remains low due to their large band gaps, 

large carrier effective masses, high exciton binding energies, increased internal defects, 

and defect intolerance. This current study focuses on finding an alternative to lead that 

maintains or surpasses its performance. The current reported efficiency in MAPbBr3 is of 

the order of 22%, and this research aims to explore whether this efficiency can be 

improved. It is for this reason that this study employed first-principles calculations on 

CsXBr3 (X = Si, Ge) to understand their optoelectronic properties and to assess their 

performance as potential solar materials. 

2.6 Si-Based Perovskite Materials 

A silicon-based perovskite was investigated within the framework of density functional 

theory (DFT) for application in solar energy harvesting technology. The DFT 

calculations were carried out at the GGA-PBEsol and GGA-HTCH/407 levels of theory 

to explore the structural, electronic, and optical properties of the silicon hybrid organic-

inorganic perovskite, CH3NH3SiI3 (MASiI3), and the results were compared with those 

of the popular Pb-containing perovskite, CH3NH3PbI3 (MAPbI3). The structure of 
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MASiI3 is reported as cubic based on a Goldschmidt tolerance factor of 0.93, which falls 

within the range for the formation of stable cubic perovskites. It is found that MASiI3 is a 

direct-band-gap semiconductor exhibiting n-type extrinsic behavior. The optical 

activities indicate intense absorptions in the ultraviolet and visible regions, which are 

needed for high photovoltaic activity. 

The high absorption coefficient of MASiI3 in the 105 region is comparable to that of 

MAPbI3, indicating that the active absorber layer can be structured into a thin film for 

high-power-efficiency conversion. The results of this study imply that perovskite 

absorbers can incorporate silicon (Si) instead of lead (Pb) to eliminate Pb toxicity, which 

raises environmental concerns in hybrid organic-inorganic perovskites (HOIPs). 

Many modifications were explored to promote the development of Si-based solar cells in 

In order to attain lower fabrication costs. These include structures with micro-gratings 

which have vertical sidewall emitter contacts (Yang, 2012), micro-pillars with Cu 

nanoparticles (Zhang, 2018), nanorods with a high-doped pn-junction in the radial path 

(Garnett, 2008), and npn microstructure based on high-doped wafers (Salem et al,2008), 

among other structures. However, other counterparts are being investigated to achieve an 

optimum efficiency-to-cost ratio. In this regard, many promising materials have been 

recognized for potential use in thin-film solar cells (TFSCs). These materials reveal high 

PCEs, for example, over 25% for perovskite, 21% for CdTe, 23% for copper indium 

gallium selenide (CIGS), and 19% for organic TFSCs (UNIST, 2021). Among these 

materials suitable for TFSCs, perovskite and organic materials have attracted many 

researchers owing to their common advantages, including low cost, low-temperature 

solution processing, and simple fabrication steps (Chen et al., 2021). 
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2.7 Structural and Electronic Properties of Perovskite Materials 

The perovskite solar cell first reported a PCE of 2.2% (Miyasaka et al., 2006), which 

reached 3.8% in 2009. In 2018, a research report on a PCE of 27.6% was published, 

stating that a PCE of 30% or more was possible by the end of 2020, but in 2020, the US 

National Renewable Energy Laboratory certified a perovskite solar cell with a max. PCE 

of 25.5%. Researchers found hope for mixed halide perovskites from a comparative 

study of different structures. Thus, organic-inorganic lead halide perovskite solar cells 

have drawn incredible attention in the scientific community as alternative competitors to 

some inorganic photovoltaic materials, such as copper-indium-gallium-sulfide-selenide 

(CIGS), cadmium telluride (CdTe), amorphous or single-crystal silicon (a-Si or c-Si), 

iron disulfide (FeS2), and gallium arsenide (GaAs). Though multi-junction AlGaInP, 

AlGaAs, GaAs, and GaInAs cells are certified as 47.1% efficient in the present research 

(Geisz et al., 2020), all of these compounds are expensive due to the presence of scarce 

elements, In and Ga, and they are also toxic as they contain As and Pb. Hence, metal 

halide perovskite solar cells have a great potential to replace the dominant Si-based solar 

cells by proper selection of atoms in the right place (Zhang, 2016).  

The three phases (cubic, tetragonal, and monoclinic) of CsGeBr3 were primarily chosen 

as the highest-temperature phases of the cubic structure to perform numerical operations 

for high-temperature device applications. The optimized-cell structure of CsGeBr3 was 

determined, and then the Br atom was replaced by C1 and 1 atoms, which were then 

optimized for CsGeBr3 and CsSiBr3  perovskite structures, as shown in Figure 3 below.  
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Figure 3 

The Cubic Phase of CsGeBr3 and CsSiBr3 represented as balls and sticks. 

 

 

 

 

 

Nonetheless, the present investigation guarantees that multi-junction AlGaInP, AlGaAs, 

GaAs, and GaInAs cells are 47.1% effective (Geisz J.F et al., 2020). Due to the lack of 

components, In and Ga, all of these compounds are expensive and toxic. Additionally, 

because they contain As and Pb, which are toxic. As a result, by properly placing atoms 

in the right positions in the structure, metal halide perovskite solar cells have a good 

opportunity to replace the dominant Si-based solar cells (Zhang, 2016).  

2.8 Elastic Properties of All Inorganic Perovskites for Solar Cell Application 

The crystallinity and stress state of the perovskite layer can strongly affect the absorption 

performance of the perovskite solar cell, and the elastic properties of the perovskite layer 

material can reveal its strain, stress, fracture mechanics, and deformation. So, it is 

necessary to analyze the elastic properties of perovskite in the system for practical 

applications (Krishnamoorthy, 2015). Elastic properties describe the mechanical 

behavior of materials under strain. The elastic constants Cij are obtained by calculating 

the total energy as a function of volume-conserving strains using the Mehl method (Rai, 

2017). According to the obtained elastic constants, the other interesting elastic properties 

for applications such as elastic anisotropic factor (A), bulk modulus (B), shear modulus 
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(G), Young’s modulus (E), and Poisson’s ratio (ν) can be obtained. 

2.9 Optical Properties of Perovskite and Applications in Solar Cells 

Many application fields, such as absorbers, reflectors, optical coatings, and various 

optoelectronic devices, are examined based on their optical responses. In the presence of 

an external electromagnetic wave, the photonic interactions of the material can provide 

information on the properties and application predictions as a function of energy. These 

properties are analyzed for electronic transitions between occupied and empty states, 

band structures, bond types, and the internal structures of the materials based on their 

optical spectra. The Kramers follows the frequency-dependent complex dielectric 

function–Kronig transformation as ε(ω) = ε1(ω) + iε2(ω), which is also related to the 

representation of relative permittivity. The imaginary part of this complex function is,  
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where ω = 2πv is the frequency of the incident photon and e is the electronic charge. 

Whereas, Ψk
c
 and Ψk

v
 are the wave functions of the conduction and valence bands at K, 

respectively. Using ε1 and ε2, other optical properties such as absorption coefficient α(ω), 

optical conductivity σ(ω), loss function L(ω), reflectivity R(ω), and refractive index n(ω) 

can be calculated. 

2.10  Photovoltaic Application of Perovskite 

 In establishing the photovoltaic applicability of perovskite solar cells, Granas et al. 

(2016) investigated the impact of the perovskite structure on photovoltaic performance in 

the presence of different ions at the A, B, and X sites, using electronic structure 

calculations. Their results showed that the level of alignment between the electron- and 

hole-transporting media is key to achieving maximum efficiency in heterogeneous 
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positive-intrinsic-negative (PIN) junctions. Low-dimensional perovskite formed by 

replacing small hydrophilic cations with much bulkier organic ones can improve the 

stability of Hybrid Perovskite Solar Cells (HPSCs) upon exposure to moisture. The 

preferential crystal orientation and high degree of crystallinity are fundamental to 

improving solar cell performance. The 2D/3D-based Hybrid Perovskite Solar Cells are 

highly stable upon exposure to light or ambient conditions, due to the enhanced 

robustness of the perovskite film.  

The power conversion efficiency of perovskite solar cells is high, depending on the 

chemical composition of the perovskite layer and the electronic structure properties of 

the electron- and hole-transporting media, as predicted by the Shockley-Queisser triangle 

(Muhammad et al., 2019). Other approaches will result in lower power conversion 

efficiency. 

2.11 Properties, Advantages, and Challenges of Perovskite Solar Cells 

Some of the properties of organic-inorganic hybrid perovskite materials that make them 

potentially applicable to solar cell devices include: first, their light-harvesting 

characteristics and good hole-transporting properties (Liu et al., 2013). Secondly, the 

printing techniques that use low-temperature solar cell processing enable deposition on a 

flexible substrate (Fan et al., 2014). Thirdly, low energy loss due to increased light 

absorption, thereby increasing photo-generated free charge carrier generation. This 

enables charges to be generated, thereby increasing charge collection at the electrodes 

(Stranks et al., 2013). Lastly, low processing cost and high efficiency, which means a 

low energy payback time. 

Despite the aforementioned advantages of organic-inorganic hybrid perovskites, 

perovskite solar cells still face several challenges that hinder their large-scale 

commercial use. These challenges include, but are not limited to: First, lead, one of the 
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most widely used elements in perovskite solar cells, is toxic and unstable. Hence, 

environmentally friendly materials such as silicon and germanium have recently been 

proposed as alternatives to lead perovskites for solar cell applications. Secondly, 

perovskite materials are crystalline, thus extremely sensitive to humidity and dissolve 

easily. However, it has been addressed by preparing them under an inert atmosphere, as 

described by Mitzi et al. (1995). It is then followed by encapsulating the whole device 

within the air-tight sealant in the same inert condition. This is not cost-effective for 

large-scale production; however, it has been used to reduce the degradation and 

oxidation of Sn 2+ to Sn 4+, thereby increasing the lifetime of tin perovskite solar cells 

for up to 4 months (Noel et al., 2014). Lastly, sequential deposition of the constituent 

perovskite materials has been used to obtain a continuous film over a larger area without 

degradation of cell efficiency (Burschka et al., 2013). 

2.12 Research Gaps 

Lead has been at the center of most solar cell devices because of its lower soldering 

temperatures, superior photovoltaic properties, and high optical absorption coefficient. 

However, its toxicity and its presence in isotopes have limited its use on a large scale. 

Also, the reported efficiency is of the order 25.5% which this study explored, showing 

that higher efficiency can be obtained by substituting lead with germanium or silicon in 

the equation. The optimum bandgap energy Eg for a single-junction solar cell is 1.34 eV 

under AM 1.5G solar illumination, with a PL quantum efficiency of 100%, as derived 

from detailed balance theory. 
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2.13 Conceptual Framework 

Figure 4 

Conceptual Framework 

 Independent Variable                           Intervening Variable          Dependent Variable 

 

 

 

     

     

 

 

 

 

Source: Researchers own conceptualization 

 

Figure 4 above illustrates the conceptual framework. It has three sets of variables: the 

dependent, independent, and intervening variables. The independent variables are the 

material properties obtained from the input files, the pseudopotentials, and thermo-pw. 

The dependent variable is the solar cell application of Ge-halide perovskite, while the 

software used is the intervening variable. It was hypothesized that the stated variables 

would influence the solar cell performance of Ge- and Si-halide perovskite. This general 

hypothesis guided this study. The properties were obtained by calculating total energies 

and lattice parameters, studying band structures, elastic constants, and absorption 

efficiencies. 
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CHAPTER THREE 

RESEARCH   METHODOLOGY 

3.1 Introduction  

In this chapter, an overview of the methods used in performing this research is provided. 

The chapter provides the theory behind Density Functional Theory, and the procedure 

used to obtain the results is discussed. Computational modeling describes the properties 

of matter based on equations.  Computer simulation is performed by running programs 

implemented in the Quantum Espresso and SIESTA codes. The device structure used for 

the simulation and optimization is described. 

3.2 Description of the Working of Quantum ESPRESSO and Siesta Codes 

Quantum ESPRESSO is software for first-principles calculations and modeling, written 

in Fortran. It consists of Theory (DFT), basis sets, and pseudopotentials. The plane-wave 

DFT function of QE was provided by the plane-wave self-consistent field (PWscf). 

These PWscf were used to solve the self-consistent Kohn-Sham equations, perform total-

energy calculations, and enable post-processing for data analysis and plotting. QE 

calculates the ground-state energy and one-electron Kohn-Sham orbitals to determine 

atomic forces, stresses, and structural optimization. Input cards are specific to the 

software code and are used to provide the required input data. The data runs programs 

scf, nscf, and bands to obtain the band structure and optimize the K points, Cutoff 

energy, and Symmetry points. The PWscf modules supported by the software include 

pw.x for input data and pp.x for post-processing. 

The codes for data post-processing (PP) in pp.x extract the specified data from files 

produced by pw.x and prepare the data for plotting by writing them in formats that can 

be read by the plotting programs bands.x, plotband.x and dos.x. The bands.x files 
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produced by pw.x were essential for band-structure plotting. While plotband.x read the 

output of bands.x and produced band-structure plots, dos.x calculated the electronic 

Density of States (DOS). 

Siesta is one of the Max Center of Excellence's codes. It uses the standard Kohn-Sham 

self-consistent density-functional method with the Local density or Generalized Gradient 

approximations. It employs norm-conserving pseudopotentials in their fully nonlocal 

forms. It also employs atomic orbitals with finite support as a basis set, allowing for 

unlimited multiple zeta valence, angular momentum, polarization, and off-site orbitals. 

In its simulation, the code projects the electron wavefunctions and density onto a real-

space grid to calculate the Hartree and exchange-correlation potentials and their matrix 

elements. 

3.3 Structural and Electronic Properties of Ge and Si Perovskites 

All density functional theory (DFT) calculations were performed using the respective 

Perdew-Burke-Ernzerhof (PBE) norm-conserving pseudopotentials. The PBE 

pseudopotentials for Ge and Si, distributed within the QUANTUM ESPRESSO, were 

used for all possible calculations. The cell shape and atomic positions were relaxed in 

DFT, using the standard PBE version of the GGA electron exchange-correlation 

functional. The structural optimization was achieved by performing a variable-cell 

relaxation, as implemented in Quantum Espresso, for self-consistent fields. A structural 

optimization of non-self-consistent fields for band-structure calculation was also 

performed, with the atomic positions in the input file not varied. Electronic structure 

calculations were performed using the desired K-mesh, which yields the density-of-states 

calculation.  
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3.4 Optoelectronic Properties of Germanium Halides 

The functional GGA+U approximation was employed, and the optimization of parameter 

convergence was used to determine how cations influence the band gap and, 

consequently, the overall optical behavior of germanium-based halides. The properties to 

be simulated may include their ionization potentials and the behavior of their electrons. 

3.5 Optoelectronic Properties of Silicon Perovskites 

The essential optoelectronic properties of semiconductors that may be computed include 

light absorption and emission strengths, ionization potentials, and electron affinities 

(Merdasa, 2016). The hybrid functional GGA+U approximation was considered, and 

thus the optimization of convergence parameters was performed to assess how 

significantly the collective alignment of cations present influenced the positioning of the 

band gaps and, hence, the changes in the optical properties of silicon halides. 

3.6 Mechanical Properties of Germanium Perovskites 

The mechanical properties of CsGeBr3 were used to analyze strain, stress, fracture 

mechanics, and deformation of solid absorber layers when these materials are used as 

solar cell materials. This was investigated by the stress-strain method based on the first-

principles calculations. The elastic constants were obtained by calculating the total 

energy by displacing ions from the ground state as a function of appropriate lattice 

deformation. The elastic strain energy was obtained by calculating the full elastic 

constants, which facilitate the complete mapping of Young’s and shear moduli and 

Poisson’s ratios across all crystallographic orientations, to assess their anisotropy. 

3.7 Governing Equations and Theorems in DFT 

 The simulation was based on the Density functional theorem, Born Oppenheimer 

approximations, Hohenberg and Kohn theorems, and the Kohn-Sham equations, which 
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lead to the solution of the Schrödinger equation. The initial step was the direct 

application of density functional theory (DFT) to the calculation of many-body systems. 

The system provides a framework for understanding the collective behavior of a large 

number of interacting particles. DFT is based on the Hohenberg-Kohn (1964) theorem, 

which implies that all ground-state properties of an inhomogeneous electron gas can be 

described by a functional of the electron density. Kohn and Sham (1965) state that this 

one-to-one mapping holds both for an interacting and a non-interacting system, yielding 

the same ground-state density as the interacting system. 

3.7.1 Understanding the Many-Body Problem 

  The time-independent Schrödinger equation has been widely used in many studies to 

investigate the ground-state properties of materials (Rubio, 2020). For a single particle in 

a 1-D field, the equation is given as; 

                                                                            ................…(2)                                                                                                                                                                                                        The LHS of the equation represents the Hamiltonian of the system. For a single particle in 1-D space, the equation 

above is easy to solve. However, when considering a system of many bodies in 3-D 

space, the Hamiltonian takes the form below: 
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In equation (3), the first term represents the Kinetic energy of the system, the second 

term represents the electron-electron potential interaction, and the last term represents 

the electron-nucleus interaction. In many-body systems, the number of particles 

complicates Schrödinger’s equation. Hence, several approximations have to be made. 

These are explained as follows. 
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3.7.2 The Born-Oppenheimer Approximation 

The initial step in reducing the complexity of the Hamiltonian above is to solve the 

interaction between the nucleus and the electrons in the many-body system. The Born-

Oppenheimer Approximation decouples the kinetic energy of the nucleus and the 

electrons by neglecting the kinetic energy of the nucleus and electrons tightly held to the 

core of the atom. The approximation then treats the electrons loosely bound to the atom's 

core as the main contributors to the kinetic energy of the many-body problem (Born and 

Huang, 1954). The Hamiltonian equation above reduces to: 
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The second term represents the electron-electron interaction, while the K.E. of the 

electron gas is represented by the right-hand side. The third term represents the system's 

interactions between the ions and electrons.   

3.7.3 Hartree Approximation 

This approximation uses a product of the orthonormal molecular orbits of the systems to 

approximate the overall wave function of the systems. According to this theory, every 

electron moves independently within its own orbit (Fredkin and Werthamer, 1965). 

However, in terms of electron interchange, it does not meet Pauli's exclusion criterion of 

antisymmetric wave functions (Slater, 1930).   

3.7.4 The Hartree-Fock Approximation 

In this approximation, anti-symmetry could be achieved by adding and subtracting all 

possible permutations of the Hartree product, resulting in the Hartree-Fock wave 

function. The resulting wave function was proven to be a determinant of a matrix 

(Fischer, 1977) and was called the Slater Determinant. The H-F theory showed that the 
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wave function of the many-body system could be expressed by a single Slater 

determinant of N spin-orbitals expressed as: 
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In the expression above, the variable x1... captured the coordinates of space and spin of 

the electrons. In this representation, the wave function ψ is known to capture sufficient 

physics to provide solutions to the Hamiltonian. Finally, the new wave function is anti-

symmetric, in accordance with Pauli’s exclusion principle. When applied to the 

Hamiltonian, the Hartree-Fock methodology reduces the Hamiltonian to the form: 

                              ...  (6)                           

This approach fails when it comes to making quantitative predictions. 

3.7.5 Density Functional Theory 

This is a computational approach applied in materials science and physics to explain the 

dynamics of electrons at the fundamental level (Sholl and Steckel, 2011). The DFT 

approach solves the fundamental problem of Schrödinger’s equation for a many-body 

problem. The Kohn-Sham equation is used to implement DFT calculations.  

3.7.6 Hohenberg and Kohn Theorems 

  Hohenberg and Kohn formulated the following two theorems to explain the basics of 

DFT. The first theorem states that for a given system of interacting particles in an 

external potential, the potential from external fields given by Vext and subsequently the 
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total energy of the system is a unique functional of the ground state electron density 

given by n0(r). From this theorem, it can be inferred that all properties of the system 

being investigated can be determined from the ground-state electron density based on the 

fact that the external potential of the system dictates the Hamiltonian from which the 

wave function of the system being investigated can be inferred (Hohenberg and Kohn, 

1964). 

The second theorem states that the precise ground-state energy of a system is given by 

the minimum value of an overall functional. The theorem also states that the density that 

actually minimizes the given functional is the true ground-state density of the system, 

n0(r) (Hohenberg and Kohn, 1964). 

A mathematical relationship for the functional being explained in the theorem is shown 

below:  

                                                           …  (7)                                                             

 In many-body systems, the function is unknown. However, in single-electron systems, 

the functional is expressed as follows: 

                                                             ... (8) 

3.7.7 Kohn and Sham Equations 

Having broken down the functional into equation 8 above, Kohn and Sham formulated a 

set of equations to identify the electron density that minimizes the functional (Kohn and 

Sham, 1965). These equations are commonly known as the Kohn-Sham equations and 

are represented as follows: 
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3.7.8 Exchange Correlation Functionals 

This approach is based on the uniform gas theorem, in which the electron density is 

assumed to be uniform throughout the system (Sholl and Steckel, 2011). Evidently, this 

approach is incorrect, since in most materials the electron density varies significantly due 

to chemical bonding. In the uniform electron gas approach, the exchange-correlation 

potential in the K-S equation is given as the potential observed at a given arbitrary point 

in the electron density (Sholl and Steckel, 2011). Thus, the exchange correlation 

potential can be explained as: 

                                                                … (10)     

Equation 10 is referred to as the Local Density Approximation, LDA. This approach 

tends to be ineff ective since it does not provide the actual exchange-correlation 

functional. 

3.8 Generalized Gradient Approximation (GGA) 

This method is a continuation of LDA, taking into account both the density of the 

uniform electron gas and its deviation from homogeneity by considering the gradient of 

the charge density. However, LDA and GGA both have limitations when describing the 

correct electronic properties of some materials, for instance, transition-metal oxides and 

strongly correlated systems.  

3.9 Pseudopotentials 

 This has been used to reduce the computational complexity of DFT calculations (Cohen, 

1997). Pseudopotential can be considered to be a replacement of the core electrons of the 

system with a defined density that is consistent with most of the physical and structural 

properties of the actual electron core. An important property of a pseudopotential is its 

transferability. Transferability refers to the ability of a pseudopotential to be placed in a 
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new environment different from the one in which it was created without being modified 

in any major way. Pseudopotentials can be broadly categorized into hard 

pseudopotentials if the required cutoff energies are high or soft pseudopotentials if the 

required cutoff energies are low (Troullier and Martins, 1990). 

3.10 Self-Consistent Iterative Solution 

Density Functional Theory is a method used to describe a system with the use of electron 

density. DFT is used to predict and analyze the electronic and optical properties of 

materials, where the electronic density distribution n(r) is considered. Currently, DFT is 

applied in many first-principles or ab initio codes. The sequence scheme for the 

calculation of material properties can be generalized as shown in the Figure 5 below.   

Figure 5 

Schematic Flow of the solution of the Schrödinger Equation to obtain a self-consistent 

Electron density 
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3.11 Implementation 

The simulations were performed on CsXBr3 (X=Si, Ge) using density functional theory 

(Hohenberg and Kohn, 1964; Kohn and Sham, 1965) as implemented in the Quantum 

Espresso code (Soler et al., 2002).In the calculations, we replaced the core electrons with 

ab initio norm-conserving fully separable (Kleinman and Bylander, 1982) and Troullier-

Martin pseudopotentials (Troullier and Martins, 1991). A Fermi-Dirac smearing 

distribution with energy of 0.075 eV was used to smear the occupancy of the one-particle 

electronic eigenstates. First, to relax the atomic structure and the one particle density 

matrix with a sensible number of k-points 17×17×17 Monkhorst-Pack (Monkhorst and 

Pack,1976) and secondly, freezing the relaxed structure and density matrix, a non-self-

consistent band structure calculation was performed with a much denser sampling of 

60×60×60 in the real space integrations, a uniform grid with an equivalent plane-wave 

cutoff  of 400Ry was used. 

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

Density Functional Theory is used in materials research for calculations in a system of 

periodic atoms in space. A supercell is a cell with atoms repeated periodically; these 

supercells are identified with the lattice vectors a1, a2, and a3. The solutions of the 

Schrödinger equations for a periodic system must be in line with Bloch’s theorem. The 

primitive cell concept in k-space follows the Wigner-Seitz cell, where the reciprocal 

lattice vectors are defined in the same way as in real space. Cells in k space are referred 

to as the Brillouin zone, which contains several k-points with special symmetry. These 

points are given independent identities; one of the most important is the Gamma point (Γ 

point), which is the center of the reciprocal space, implying k = 0 at the Γ point (Saparov 

and Mitzi, 2016). 
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3.13  Elastic Constants 

The elastic constants for the cubic and tetragonal phases of CsGeBr3 and CsSiBr3 were 

determined by accurate structural relaxation of the materials to an approximately zero-

stress state. Subsequently, perturbations are applied to the lattice vectors, and the 

resulting stress tensor is calculated, allowing relaxation of the ionic degrees of freedom. 

The constitutive relations from linear elasticity, which relate stress and strain, are finally 

employed to fit the full 6x6 elastic tensor.  

The equilibrium bulk modulus and its pressure derivative were obtained from the 

Murnaghan EoS. The bulk modulus measures a material's resistance to compression. The 

volume and bulk modulus of materials are inversely related (Singh and Dwivedi, 2012). 

The bulk modulus is given by equation (11). 

                                                                                                                   … (11) 

where V stands for volume, P for pressure, and B for bulk modulus. Equation (12) below 

provides the pressure.  

                                                                                                                     ... (12) 

Equation (12) then reduces (11) into equation (13) 

                                                                                                                …. (13) 

The pressure derivative of the bulk modulus is given by; 

                                                                                        … (14) 

  Elastic properties are crucial for determining the mechanical stability of materials. The 

properties studied in this work are the elastic constants, the bulk, Young, and shear 

moduli, and Poisson’s ratio. The elastic properties were calculated using the thermo_pw 
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within Q.E. Other elastic properties, such as the bulk and shear moduli, the Young’s and 

Poisson’s ratios, were calculated from the elastic constants.  The elastic constants are 

denoted by  and vary from one crystal system to another. From the Born stability 

criteria (Mouhat and Coudert, 2014), these elastic constants need to meet certain 

conditions and be positive for the materials to be considered mechanically stable. In the 

cubic phase, the necessary conditions are given by equations (15) (Hou, 2008; Li et al., 

2017; Mouhat and Coudert, 2014); 

                                                   .........          …(15)    

  A tetragonal material is regarded as mechanically stable if equations (15) are met 

(Dong et al., 2013; Mouhat and Coudert, 2014); 

                                                  ............................. (16) 

   Following the computation of the elastic constants, the moduli are computed using the 

Reuss and Voigt theories, with the Hill averaging scheme used to obtain the average 

(Hill, 1932). Equations (18) and (19), respectively, provide the bulk and shear GV moduli 

of the cubic phase based on the Cij's and the Voigt theory (Dong et al., 2013). 

                                             …. (17) 

            … (18) 

 Equations (19) and (20) can be used to derive the bulk BR and shear moduli from the 

elastic constants in the Reuss theory. 

                                                     ... (19) 

               … (20) 
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The elastic compliances are the Sij. The elastic compliances inversely represent the 

matrix of elastic constants. According to the Hill averaging system, the averages of the 

two theories or equations (21) and (22) provide the bulk BH and shear GH moduli, 

respectively. 

                                                                                                      … (21) 

                                                                                                      … (22) 

The Pugh method (Dong et al., 2013; Pugh, 1954) can be used to determine a material's 

ductility or brittleness by examining the relationship between B/G and the crucial value 

of 1.75. The material is deemed ductile if the ratio B/G is above this value, and vice 

versa. 

Equations (23) and (24) can be used to obtain the Young's modulus and the Poisson’s 

ratio from the shear and bulk moduli, respectively, after the elastic constants and moduli 

have been calculated (Dong et al., 2013; Hou, 2008). 

                         … (23) 

                                                                                                                            

                                                                                      … (24)                      

The cubic phase perovskites satisfy the Born stability criterion and are therefore 

mechanically and elastically stable. The monoclinic structures are mechanically unstable 

because the elastic constants are negative and do not satisfy the Born stability criteria. To 

the best of our knowledge, there is no previous work reported in the literature; hence, we 

could not compare mechanical properties. 
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3.14 Optical Properties                   

The study of optical properties is crucial in solar cells, as it explains how a material 

interacts with light. To study the optical properties, the complex dielectric function is 

investigated. This function is dependent on the electronic band structure of the given 

material and affects its properties. From the dielectric function, the other optical 

properties of the material, such as the refractive index, reflectivity, absorption 

coefficient, and extinction index, can be obtained. The dielectric function is made up of 

the real and imaginary parts and is given by equation (25). 

                                                               … (25) 

where   is the imaginary part and  is the real part. The Kramers-Kronig 

relation can be used to obtain R(ω) once the imaginary part has been determined.   

                                                                   … (26) 

where   is the reflectivity, and   is the refractive index.  is the 

extinction index. 

The coefficient of optical absorption  is   

                           … (27) 

The refractive index is 

                                           … (28) 

the reflectivity  

                                                                … (29) 

the exciton index  as in equation (30)  
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                                            … (30) 

Equation (31) provides the energy loss, the amount of energy lost due to radiation, 

absorption, scattering, and other processes.  

                                                              … (31) 
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CHAPTER FOUR 

RESULTS AND DISCUSSIONS 

4.1. Introduction 

This chapter discusses the results, data on the cubic, monoclinic, and tetragonal phases, 

structural properties, electronic, elastic, and dielectric constants, and the solar cell 

applications of CsSiBr3 and CsGeBr3 perovskites. It compares the results from this work 

with other first-principles research on perovskite materials and other works. In this work, 

the structural, electronic, elastic, and optical properties of CsGeBr3 and CsSiBr3 have 

been calculated using density functional theory as implemented in the QUANTUM 

ESPRESSO computer code (Giannozzi et al., 2009). It uses the pseudopotential 

approach, which allows it to calculate many material properties. It is multi-purpose, 

multi-platform software for ab-initio calculation of periodic and non-periodic condensed 

matter (Perdew et al., 1981). Ion-electron interactions are described using Ultrasoft 

pseudopotentials. To sample the Brillouin zone, k-mesh point densities were used 

according to the Monkhorst-Pack scheme (Monkhorst et al., 1976). To calculate the 

ground-state density, Quantum ESPRESSO uses a self-consistent cycle to solve the 

Kohn-Sham functionals. 

4.2 Phases of CsSiBr3 and CsGeBr3   and Solar Cell Application  

An analysis of cubic, monoclinic, and tetragonal phases of CsSiBr3 and CsGeBr3 was 

done. The original structures from the database and the optimized structures were 

simulated using the same values for ecutwfc and ecutrho, and the structures were 

visualized before and after optimization using XcrySDen (Kokalj, 1999). At the initial 

stage, the structural optimizations for both halide perovskite compounds, CsGeBr3 and 

CsSiBr3, were performed using the GGA-PBE method. Then, we extracted equilibrium 

results for structural parameters such as ground-state energy (𝐸0), unit-cell volume (𝑉0), 
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lattice constants (𝑎0), bulk modulus (𝐵), and the first pressure derivative of the bulk 

modulus𝐵 (𝐵′). Both of these results of CsGeBr3 and CsSiBr3 are expected by fitting the 

variation of the total energy (𝐸) per unit cell as a function of the corresponding unit cell 

volume (V). The findings reveal that the cubic phase of both CsGeBr3 and CsSiBr3 at 

and above room temperature was more stable compared to the tetragonal and monoclinic 

phases, as depicted in the Energy-Volume curve in Figure 6 below. 

Figure 6 

Energy against Volume Curve for the Monoclinic, Cubic and Tetragonal phases of 

CsGeBr3 

 

 

 

 

         

 

 Figure 7 

Energy against Volume Curve for the Cubic, Monoclinic, and Tetragonal phases of 

CsSiBr3 
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From Figure 6, the cubic phase of CsGeBr3 showed the lowest energy of -831.9 Ry at 

1040 (a.u)3, the monoclinic phase showed -417.669 Ry at around 1180 (a.u)3, and the 

tetragonal phase gave −644.0 Ry at 129.0 (a.u) 3 of the equilibrium volume. The 

absolute minimum total energy determines stability. Hence, the cubic phase was more 

stable. From Figure 7, the cubic phase of CsSiBr3 gave -430.760 Ry at 2240 (a.u) ³; in 

the monoclinic phase, the energy obtained was -215.381 Ry at 1120 (a.u) ³; and the 

tetragonal phase gave 319.67 Ry at 129.0 (a.u)³. Stability in this analysis was determined 

by selecting the lowest point on the energy (Ry) versus volume (a.u)3 curve. The curves 

for the cubic phases indicated stability, with energy increasing on either side of Vo due 

to compression or expansion. Hence, the cubic phases for both CsGeBr3 and CsSiBr3 

were concluded to be stable compared to the monoclinic and tetragonal phases at very 

high temperatures.  

4.2.1 Lattice Parameters  

The lattice parameters obtained were a = 8.505 Å, b = 9.232 Å, and c = 15.04 Å. 

Murnaghan’s equation of state was used according to Madsen et al. (2016) to optimize 

volume by minimizing the total energy with respect to volume. The relationship between 

the energy and volume of the three phases of the perovskite cell is represented by the 

energy-volume diagrams (6 and 7) above. 

The lattice constants for CsSiBr3 and CsGeBr3 were calculated to be 5.89 Å and 5.75 Å, 

respectively, and showed good agreement with previously calculated results. Table 1 

below provides a summary of the grid constants for the cubic phase of CsGeBr3 and 

CsSiBr3. 
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Table 1 

 Number of Bonds, the Bond length of Chemical bonding of Cs-Br/Ge-Br and the lattice 

constant of the cubic phase of CsGeBr3 and CsSiBr3 Compounds. 

Point group (Oh) atom-atom   number of bonds   bond length(Å) Lattice Constant(Å) 

CsGeBr3                   Cs-Br                        12                          4.09                       5.75 

                                  Ge-Br                        6                             3.20                       5.76 

CsSiBr3                    Cs-Br                        12                            4.30                       5.89 

                                   Si-Br                         6                             2.79                       5.87 

    

 Table 1 illustrates the achiral octahedral symmetry point group, Oh. This group has the 

same rotation axes as O, but with mirror planes Td and Th. The bond length depicts the 

average distance between nuclei of two bonded atoms in either the CsGeBr3 or CsSiBr3 

molecule. The lattice constant is simply the geometric constant that measures the 

distance between the atoms in this crystal structure. The values for bond length and 

lattice constants in both crystals are not the same because they exhibit body-centered 

cubic structures. 

4.3 Electronic Properties 

4.3.1 Electronic Properties of the Cubic Structures of CsGeBr3 and CsSiBr3  

The band gap of the material is a crucial tenet that determines the efficiency of a solar 

cell. Semiconducting materials with suitable band gaps are crucial for the fabrication of 

solar cells. As the majority of the Sun's radiation that reaches the surface of the Earth has 

energy <2 eV, solar cell materials with band gaps greater than 2 eV and lower than 0.9 

eV are less effective. In addition, materials with a band gap of 0.9–2.0 eV are effective 

not only for single-junction SCs but also for the top and bottom cells in the tandem 

structure (Ming et al., 2023). To probe the electronic  properties, we have calculated the 
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band structures along paths connecting the high symmetry points Γ(0 0 0), X(0.5 0.0 

0.0), M(0.5 0.5 0.0), R(0.5 0.5 0.5), and   Γ(0 0 0) for the Si-based; and Γ(0 0 0), Z(0.5  

0.5 0.5), F( 0.5 0.5 0.0), and Γ(0 0 0) for the cubic phase  of Ge-based compounds 

Figure 8 

Electonic Band Structure for for the Cubic Phase of  CsGeBR3 

Figure 9 

Partial Density of State for the Cubic Phase of CsGeBr3 
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As illustrated in Figures 8 and 9, the cubic phase of the material CsGeBr3 exhibits a 

direct band gap, with the valence band maximum (VBM) and conduction band minimum 

(CBM) located at R for germanium-based perovskites. The band gap for CsGeBr3 is 0.7 

eV at the R point, as depicted in Figures 8 and 9. These band gap value is considerably 

lower than experimental findings, suggesting that the PBE functional tends to 

underestimate band gaps in most cases, except a few lead-based halide perovskites (Ali 

et al., 2020; Zhu et al., 2019). 

To investigate the influence of spin-orbit coupling (SOC), we employed PBE to evaluate 

band gaps with SOC included. It was found that the band gaps for all compositions 

decreased under SOC (PBE+SOC) due to the separation and downward shift of the CBM 

(Qian et al., 2016). Additionally, the SOC values for germanium halides (0.04 eV - 0.06 

eV) are notably lower than those for silicon halides (0.36 eV - 0.37 eV). The electronic 

properties of hybrid halide perovskites are of great importance and need to be studied, as 

these materials are potential light-harvesting materials. We employed PBE-GGA 

exchange-correlation potentials to study various electronic properties, including electron 

density plots, band structures, and energy band gaps. The band structure and the density 

of states (DOS) are important in analyzing the electronic properties of a material. 

The calculated band structure of the cubic phase of CsSiBr3 crystal along the high-

symmetry lines in the first Brillouin zone is presented in Figure 10 below. 
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Figure 10 

 Electronic band structure and Partial Density of State for the Cubic Phase of   CsSiBr3  

 

the cubic crystal of CsSiBr3 has a narrow band gap at the gamma symmetry points, with 

a 0.29 eV band gap energy calculated using DFT exchange–correlation functionals. From 

Figure 10, there is a sharp rise just below EF, then a strong onset above EF. This showed 

a tiny gap of 0.01 eV, suggesting that CsSiBr3 is either metallic or has a small band gap 

at the chosen threshold. 
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 From figures 8, 9, and 10, it is observed that CsGeBr3 and CsSiBr3 have direct band 

gaps of 0.7 eV and 0.01 eV, which are comparable to the values of 0.834 eV and 0.099 

eV reported by Jain et al. (2011). The values are reasonable, since it is known that DFT 

usually underestimates the band gap, while HSE06 provides a more accurate value. 

However, this narrow band gap of CsSiBr3 could be utilized in solar cells, potentially 

absorbing a portion of the infrared spectrum that larger band gaps might lack. 

4.4 Elastic Properties 

4.4.1 Elastic Properties of   CsGeBr3 and CsSiBr3  

The table below shows the elastic properties of the Cubic, Tetragonal, and monoclinic 

phases of CsGeBr3 and CsSiBr3. 

Table 2 

The calculated elastic constants (  ) in ( GPa) 

Material C11     C44 C33   

Ge Cubic 46.866 10.184    9.624    

Si Cubic 47.726 12.325    12.126    

Ge 

Tetragonal 

41.246 21.301 10.486 41.12246 10.486 38.908 9.372 9.372 9.372 

Si 

Tetragonal 

44.894 19.376 11.813 44.894 1.813 39.597 11.683 11.683 11.683 

Ge 

Monoclinic          

43.718 20.416 12.684 43.173 10.678 39.809 10.684 10.237 10.412 

Si 

Monoclinic 

44.194 16.345 14.318 45.498 10.103 28.795 12.386 12.668 12.814 

 

C11, C12, and C44 are three elastic constants that characterize cubic crystals. They are used 

to describe the relationship between stress and strain in a material. C11 describes the 
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uniaxial elastic response of a cubic structure, C12 characterizes the elastic properties of a 

cubic structure, and C44 describes the relationship between strain and stress in a cubic 

structure. 

The bulk and shear moduli in the Voigt and Reuss approximations, along with their 

averages in GPa, are shown in Table 3 below. The , ,  , , ,  are obtained 

from equations (42) and (43) respectively. The cubic structures had the lowest bulk 

moduli, with the germanium compounds having lower moduli than their silicon 

counterparts. We also noted that the monoclinic structures had inconsistent figures of 

both the moduli and elastic constants, showing that they are  highly elastically unstable. 

Table 3 

The bulk ( , , )  and shear ( , , )  moduli in N/m
2
 

Material       

Ge Cubic 22.411 22.411 22.411 13.111 11.883 12.497 

Si Cubic 24.126 24.126 24.126 14.356 13.874 14.115 

Ge Tetragonal 22.883 22.720 22.802 13.002 11.755 12.378 

Si Tetragonal 

Ge Monoclin 

Si Monoclinic       

23.932 

23.686 

24.612 

23.800 

23.739 

24.502 

23.866 

23.497 

24.208 

14.237 

15.383 

15.141 

13.700 

14.141 

13.793 

13.969 

14.749 

12.973 

 The Pugh criterion (Pugh, 1954), which is used to determine the ductile or brittle nature 

of materials, was employed: a material is ductile if and brittle otherwise. The  ratio 

obtained implies that the germanium-containing perovskites are ductile, while the silico-

containing materials are brittle because their   ratios are less than the critical value of 

1.75. The data obtained from the Poisson ratio also agree with these findings.  Using the 
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critical value of the Poisson’s ratio, 0.26, the materials containing germanium at the B 

site show that they are ductile in nature. The perovskite materials with silicon in the B 

site have  indicated that they are brittle, with the monoclinic structure having the 

lowest value,  showing that it is highly brittle, higher than the cubic and 

tetragonal materials.  From the calculations, the Pugh’s criterion and the Poisson ratio are 

consistent in identifying the ductility of materials. This implies that germanium 

perovskite structures would crack easily, especially during materials engineering for 

applications. 

Table 4 

The Poisson's ratio ( ) Young's modulus   in GPa Pugh's ratio  

Material 

 
  

Ge Cubic 1.793 0.264 31.604 

Si Cubic 1.709 0.255 35.433 

Ge Tetragonal 1.842 0.270 31.536 

Si Tetragonal 

Ge  Monoclinic           

Si Monoclinic  

1.708 

1.924 

1.915 

0.255 

0.272 

0.263 

31.063 

30.360 

30.460 

 

From Table 4 above, we find that the Poisson’s ratios of the CsGeBr3 and CsSiBr3 are 

sensitive to the change of bond length and angles. The smallest value of Young’s 

modulus is 31.604 GPa (along the [ 1 0 0 ] directions) and the greatest is 35.433 GPa 

(along the [ 1 1 1] directions) for the cubic phase of CsGeBr3 and CsSiBr3, respectively. 

These values, however, vary with crystal orientation. They also show that these materials 

can withstand external stresses, such as wind and moisture. The cubic phases of 

CsGeBr3 and CsSiBr3 exhibited higher Young’s moduli than the tetragonal and 

monoclinic phases; hence, they are mechanically stable, a tenet essential for long-term 

device performance. 
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4.5 Optical Properties of CsGeBr3 and CsSiBr3 for Solar Cell Application 

The real part  and imaginary part  (ω) were calculated using thermo_pw, a 

Quantum ESPRESSO package. The results were obtained as shown in Figure 11 below; 

Figure 11 

 Relationship between Real part and imaginary part against Energy in eV of CsGeBr3 in 

the Cubic Phase 

 

 

 

 

 

 

For the Real part in Figure 11, at low energy (0–2 eV), ε₁  is very high (~9–10), 

suggesting a strong polarization response at low photon energies. It decreases with 

increasing energy and oscillates around 0–4 between 2–10 eV, showing electronic 

interband transitions. Around 15–20 eV, ε₁  becomes negative at some points. After ~20 

eV, ε₁  stabilizes near zero, showing reduced dielectric response. For the imaginary part, 

a strong absorption peak appears between 2 and 5 eV, with a maximum of ~6. Multiple 

peaks are observed at 6–12 eV, indicating several allowed transitions between the 

valence and conduction bands. Beyond 15 eV, absorption decreases steadily, approaching 

near zero above 20 eV. The analysis reveals that CsGeBr3 shows a high dielectric 

constant at low energies and strong optical absorption in the visible–UV range, with a 

band gap (Eg) of 1.8–2.0 eV. The relationship between the real and imaginary parts 

against the energy of CsSiBr3 is depicted in the graphs below; 
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Figure 12 

 Relationship between Real and Imaginary Parts of CsSiBr3 in Cubic Phase 

 

For the real part in Figure 12, ε₁(ω) starts at a very large negative value (~ –8×10⁹) near 

ω ≈ 0, then rapidly increases toward zero and stabilizes around a negative constant for 

higher photon energies (above ~5 eV). The large negative ε₁(ω) at low energies usually 

suggests metallic screening behavior or a strong Drude-like free-carrier contribution. 

ε₁(ω) does not cross into positive values, implying that CsSiBr3 does not show a 

conventional dielectric optical response in this range. Instead, it indicates a strong 

metallic nature. 

For the imaginary part, ε₂(ω) is also very large and negative (starting from ~ –2×10⁹), 

and then it approaches a less negative constant value with increasing ω. ε₂(ω) indicates 

interband transitions, absorption edges, and energy loss. A sharp peak near low energies 

marked the onset of strong optical absorption. The dielectric response exhibited here is 

highly unusual, with both ε₁(ω) and ε₂(ω) being large negative values. This strongly 

suggests CsSiBr3 behaves like a metallic system with a strong free-carrier contribution. 

Hence, CsSiBr3 is not suitable for solar cell applications.    
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4.6 The Dielectric Constants of Germanium-Based Perovskites 

The optical properties express the interaction of light with the material medium. In this 

study, the optical properties of CsGeBr3 and CsSiBr3  metal halide perovskites based on 

the DFT scheme of measuring the different optical parameters were studied.  In the solar 

spectrum, the visible energy wavelength ranges from around 380-780nm, translating to 

approximately 1.6-3. 25eV.The humps then decrease rapidly, followed by small humps, 

which can be caused by inter-band transitions between the valence band and the 

conduction band. On the other hand, the imaginary part of the dielectric function is a 

measure of the extent of light absorption. High absorption peaks are observed in the 

visible spectral region at energies around 2.5–4.5 eV. Several weak peaks are observed 

in the energy range of 4.5–14 eV. 

Table 5 

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

Compound                               ε 0 (ω)       Band gaps (eV)                 References 

 CsGeBr3                                    4.0                  0.7                            This work 

MAPbI3                                      6.0                   1.7                          Wang et al 2015 

CsSiBr3                                       5.0                   1.73                       Ahmad et al 2017 

 

The absorption coefficient α(ω), the imaginary part of the refractive index k(ω), the real 

part of the refractive index n(ω), and the reflectivity R(ω) have been calculated to 

elucidate better the optical properties of the CsGeBr3 and CsSiBr3 compounds. 

Apparently, these compounds exhibit strong absorption and weak reflectance. The α(ω) 

is equal to 0, and the R(ω) is almost independent of the energy in the visible region, as 

they lack electronic excitation contributions. The rapid increase in the absorption 

coefficient is due to various inter-band transitions. The inverse values of the absorption 
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coefficient are equal to 200 and 100 Å for CsGeBr3 and CsSiBr3, respectively. These 

findings imply that photons propagating through the medium are readily absorbed by the 

medium's rich electronic excitations.  

4.7 Solar Cell Application of CsGeBr3 and CsSiBr3 Perovskites 

Solar cell operation depends directly on the absorber's light-absorbing efficiency. The 

plot shows the absorption spectrum over 130–800 nm, which spans a large portion of the 

solar spectrum. In  Figure 13,  the equivalent plots as a function of energy are presented.  

Figure 13 

 Relationship between absorption against energy of CsGeBr3 and CsSiBr3 in Cubic, 

Tetragonal, and Monoclinic Phases 

 

From Figure 13, germanium (Ge) Phases, the Cubic structure of CsGeBr3 showed an 

absorption that gradually increased at ~0 eV. Peaks strongly around 12 eV (α ~ 35), then 

decays above 15 eV. This implies a broad absorption profile, suggesting efficient 

absorption across a wide range. The tetragonal Ge gave multiple absorption peaks across 
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the range. Strongest absorption near 13 eV (α ~ 38). The Monoclinic Ge generated a 

sharp rise from ~0.5 eV. Strong absorption plateau between 5–10 eV (α ~ 35–38). 

For the Silicon (Si) Phases, the Cubic structure of CsSiBr3 gave an extremely high 

absorption at < 2 eV (~20,000), then decays rapidly and flattens after ~5 eV. This depicts 

metallic-like, strong free-carrier absorption rather than interband transitions. The 

tetragonal Si showed a very weak, fluctuating absorption below ~10 eV. Absorption rises 

linearly after 10 eV, reaching ~20 at 20 eV. This indicates weak optical activity at low 

energies for CsSiBr3. Monoclinic Si showed a clear absorption onset at ~0.5 eV. Then a 

strong, continuous increase up to ~30–35 at ~12–15 eV, where maximum absorption is 

observed. 

The germanium-based perovskite absorbs light in the ultraviolet, visible, and infrared 

regions, whereas CsSiBr3, on the contrary, has an almost zero absorption coefficient in 

the visible and infrared regions. The cubic phase exhibits high conductivity applications 

due to free-carrier behavior. The tetragonal phase exhibits unusual absorption behavior, 

increasing linearity with the monoclinic phase, which has lower-energy peaks (~1 eV). It 

is clear from Figure 13 that in the visible and infrared region, the cubic phase of CsGeBr3     

shows stronger optical absorption at low energies. 
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CHAPTER FIVE 

SUMMARY, CONCLUSION, AND RECOMMENDATIONS 

5.1 Introduction 

This chapter provides a detailed summary of the study, which was carried out with the 

aim of using first-principles computational modeling implemented in the Quantum 

Espresso software based on DFT. The conclusions and recommendations for the study of 

the cubic phases CsGeBr3 and CsSiBr3 are presented.       

5.2 Summary 

The main objective of this study was to determine the structural, optical, elastic, and 

electronic properties of Ge and Si halide perovskites for solar cell applications. To 

exploit the promising properties in solar cell applications, it is necessary to identify an 

appropriate material that improves the stability and the good absorption of Ge- and Si-

halide perovskite-based compounds. In this study, calculations of the electronic, 

structural, elastic, and optical constants of CsGeBr3 and CsSiBr3 were performed, and, 

since it was based on DFT, computations were restricted to ground-state conditions only. 

The results of this study are in agreement with other theoretical predictions and 

experimental values of 16.5 GPa for CsGeBr3. The Fermi level separates the valence and 

conduction bands. Among the total DOS, CsGeBr3 and CsSiBr3 showed semiconductor-

like properties, as deduced from their band structures. From this work, the absorption of 

CsGeBr3 and CsSiBr3 began at 2.5eV, with high absorption coefficients, indicating that 

these materials are suitable for solar cell applications. 

Lattice constants obtained for CsGeBr3 and CsSiBr3 are in agreement with experimental 

and theoretical predictions so far obtained. The Burch-Murnaghan third-order equation 

of state gave a bulk modulus of 17.97GPa, which corresponds fairly well with the 
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experimental value of 16.5 GPa for CsGeBr3. The CsGeBr3 and CsSiBr3  structure has a 

wide and direct band gap of 0.7 eV and 0.29 eV, respectively. A shear modulus G of 

6.0251 GPa was obtained, indicating that the material is rigid towards reversible 

deformation. The Young's modulus (E) values of 31.604 GPa and 35.433 GPa for 

CsGeBr3 and CsSiBr3, respectively, indicate that these materials are tough against linear 

deformation. Pugh’s ratio (B/G) of 1.793 is lower than 1.95, and the poison’s ratio of 

0.26 obtained demonstrates that CsGeBr3 is a ductile material. 

5.3 Conclusion 

Knowledge of the absorption coefficients, lattice parameters, elastic constants, and band 

gap of a material helps engineers design and fabricate suitable materials for solar cells. 

From this study, the results obtained can guide experimentalists in developing CsGeBr3 

or CsSiBr3 materials as potential high-performance solar cell absorbers and as 

benchmarks for developing perovskite solar cells with higher efficiencies. 

5.4 Recommendations 

This research on the study of the properties of CsGeBr3 and CsSiBr3   recommends the 

following; 

i. The study only dealt with theoretical findings on structural, electronic, dielectric, 

and elastic properties of CsGeBr3   and CsSiBr3. An experimental study of the 

cubic, tetragonal, and monoclinic phases of CsGeBr3 and CsSiBr3   is 

recommended. 

ii. The structures were optimized using the Murnaghan equation of state under 

Quantum Espresso. An extension of this work could be done using another 

improved exchange-correlation functional. 
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iii. The band structures, DOS, and charge density maps were only studied in the 

stable cubic Phase. A study can also be undertaken in the tetragonal and 

monoclinic phases. 
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APPENDICES 

Appendix I: Input File for Pwscf Code  CsGeBr3 structure 

This software is an integral component of the open-source Quantum ESPRESSO suite, 

which facilitates quantum simulations of materials. For any publications or presentations 

that result from the use of this program, please reference the following works: "P. 

Giannozzi et al., J. Phys.: Condens. Matter 21 395502 (2009);" and "P. Giannozzi et al., 

J. Phys.: Condens. Matter 29 465901 (2017);" along with the URL http://www.quantum-

espresso.org. Additional information can be found at http://www.quantum-

espresso.org/quote. The parallel version of this program, utilizing MPI, is currently 

operating on 48 processors, with the MPI processes distributed across 2 nodes. The 

division of R & G space is configured as proc/nbgrp/npool/nimage = 48. The program is 

now awaiting input and is reading from the standard input. The current specifications for 

the PWSCF program are as follows: the maximum number of distinct atomic species 

(ntypx) is 10, the maximum number of k-points (npk) is 40,000, and the maximum 

angular momentum in pseudopotentials (lmaxx) is 3. Atomic positions and the unit cell 

have been retrieved from the directory: ./out/aiida.save/. In the iterative solution of the 

eigenvalue problem, subspace diagonalization will employ one subgroup per band group, 

utilizing a ScaLAPACK distributed-memory algorithm with a subgroup size of 4 * 4 

processors. 

 

& CONTROL 

  calculation = 'scf' 

  restart_mode='from_scratch', 

  outdir = './' 

  prefix = 'aiida' 

  pseudo_dir = '/mnt/lustre/users/mnamisi/ken/pseudos' 

  tprnfor = .true. 

  tstress = .true. 

  verbosity = 'high' 

&SYSTEM 

  degauss =   1.4699723600d-02 

  ecutrho =   400 

  ecutwfc =   50 
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  celldm(1) = 10.5971 

  ibrav = 1 

  nat = 5 

  nosym = .false. 

  ntyp = 3 

  occupations = 'smearing' 

  smearing = 'm-v' 

&ELECTRONS 

  conv_thr =   1.0000000000d-09 

  electron_maxstep = 80 

  mixing_beta =   0.7 

ATOMIC_SPECIES 

Br     79.904 br_pbe_v1.4.uspp.F.UPF 

Cs     132.9054519 Cs_pbe_v1.uspp.F.UPF 

Ge     72.64 ge_pbe_v1.4.uspp.F.UPF 

ATOMIC_POSITIONS crystal 

Cs           0.0000000000       0.0000000000       0.0000000000  

Ge           0.5000000000       0.5000000000       0.5000000000  

Br           0.5000000000       0.5000000000      -0.0000000000  

Br           0.5000000000       0.0000000000       0.5000000000  

Br           0.0000000000       0.5000000000       0.5000000000  

K_POINTS automatic 

8 8 8 0 0 0 
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Appendix II: Input File for Pwscf Code  CsSiBr3 structure 
 
 

  &CONTROL 

  calculation = 'scf' 

  restart_mode='from_scratch', 

  outdir = './' 

  prefix = 'aiida' 

  pseudo_dir = '/mnt/lustre/users/mnamisi/ken/pseudos' 

  tprnfor = .true. 

  tstress = .true. 

  verbosity = 'high' 

&SYSTEM 

  degauss =   1.4699723600d-02 

  ecutrho =   400 

  ecutwfc =   50 

  celldm(1) = 10.3593 

  ibrav = 1 

  nat = 5 

  nosym = .false. 

  ntyp = 3 

  occupations = 'smearing' 

  smearing = 'm-v' 

&ELECTRONS 

  conv_thr =   1.0000000000d-09 

  electron_maxstep = 80 

  mixing_beta =   0.7 
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ATOMIC_SPECIES 

Br     79.904 br_pbe_v1.4.uspp.F.UPF 

Cs     132.9054519 Cs_pbe_v1.uspp.F.UPF 

Si     28.0855 Si.pbe-n-rrkjus_psl.0.1.UPF 

ATOMIC_POSITIONS crystal 

Cs           0.0000000000       0.0000000000       0.0000000000  

Si           0.5000000000       0.5000000000       0.5000000000  

Br           0.5000000000       0.5000000000      -0.0000000000  

Br           0.5000000000       0.0000000000       0.5000000000  

Br           0.0000000000       0.5000000000       0.5000000000  

K_POINTS automatic 

8 8 8 0 0 0 
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Appendix III: Input File for CsGeBr3 Elastic Constants 
 
 

          calculation = 'scf' 

  restart_mode='from_scratch', 

  outdir = './' 

  prefix = 'aiida' 

  pseudo_dir = '/mnt/lustre/users/mnamisi/ken/pseudos' 

  tprnfor = .true. 

  tstress = .true. 

  verbosity = 'high' 

&SYSTEM 

  degauss =   1.4699723600d-02 

  ecutrho =   400 

  ecutwfc =   50 

  celldm(1) = 10.5971 

  ibrav = 1 

  nat = 5 

  nosym = .false. 

  ntyp = 3 

  occupations = 'smearing' 

  smearing = 'm-v' 

&ELECTRONS 

  conv_thr =   1.0000000000d-09 

  electron_maxstep = 80 

  mixing_beta =   0.7 

ATOMIC_SPECIES 

Br     79.904 br_pbe_v1.4.uspp.F.UPF 

Cs     132.9054519 Cs_pbe_v1.uspp.F.UPF 

Ge     72.64 ge_pbe_v1.4.uspp.F.UPF 

 MPI processes distributed on     2 nodes 

    R & G space division:  proc/nbgrp/npool/nimage =48 

     Reading input from _temporary_1 

         Info: using nr1, nr2, nr3 values from input 

 Computing the elastic constants at the minimum volume  
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         FFT mesh: (   72,   72,   72 ) 

     Bravais lattice: 

     ibrav=  1: simple cubic 

     Cell parameters: 

            alat=  10.597100 a.u. 

         Starting primitive lattice vectors: 

     crystal axes: (cart. coord. in units of alat) 

                     a(1) = (   1.000000   0.000000   0.000000 )   

               a(2) = (   0.000000   1.000000   0.000000 )   

               a(3) = (   0.000000   0.000000   1.000000 )   

           Starting reciprocal lattice vectors: 

     reciprocal axes: (cart. coord. in units 2 pi/alat) 

              b(1) = (  1.000000  0.000000  0.000000 )   

               b(2) = (  0.000000  1.000000  0.000000 )   

               b(3) = (  0.000000  0.000000  1.000000 )   

     Starting atomic positions in Cartesian axes: 

     site n.     atom                  positions (alat units) 

         1           Cs  tau(   1) = (   0.0000000   0.0000000   0.0000000  ) 

         2           Ge  tau(   2) = (   0.5000000   0.5000000   0.5000000  ) 

         3           Br  tau(   3) = (   0.5000000   0.5000000   0.0000000  ) 

         4           Br  tau(   4) = (   0.5000000   0.0000000   0.5000000  ) 

         5           Br  tau(   5) = (   0.0000000   0.5000000   0.5000000  ) 

     Starting atomic positions in crystallographic axes: 

     site n.     atom                  positions (cryst. coord.) 

         1           Cs  tau(   1) = (  0.0000000  0.0000000  0.0000000  ) 

         2           Ge  tau(   2) = (  0.5000000  0.5000000  0.5000000  ) 

         3           Br  tau(   3) = (  0.5000000  0.5000000  0.0000000  ) 

         4           Br  tau(   4) = (  0.5000000  0.0000000  0.5000000  ) 

         5           Br  tau(   5) = (  0.0000000  0.5000000  0.5000000  ) 

     Total mass of this unit cell        445.2575 a.m.u. 

     Density of this solid                4192.72 kg/m^3         4.1927 g/cm^3 

Parallelization info 

     sticks:   dense  smooth     PW     G-vecs:    dense   smooth      PW 

     Min          71      35     10                 3157     1117     172 

     Max          72      36     12                 3162     1122     175 
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     Sum        3433    1725    497               151635    53715    8289 

            bravais-lattice index     =            1 

     lattice parameter (alat)  =      10.3971  a.u. 

     unit-cell volume          =    1123.9233 (a.u.)^3 

     number of atoms/cell      =            5 

     number of atomic types    =            3 

     number of electrons       =        44.00 

     number of Kohn-Sham states=           26 

     kinetic-energy cutoff     =      50.0000  Ry 

     charge density cutoff     =     400.0000  Ry 

     convergence threshold     =      1.0E-09 

     mixing beta               =       0.7000 

     number of iterations used =            8  plain     mixing 

     Exchange-correlation=  SLA  PW   PBX  PBC 

                           (   1   4   3   4   0   0   0) 

     nstep                     =           20 

           BFGS Geometry Optimization 

     bfgs converged in   1 scf cycles and   0 bfgs steps 

     (criteria: energy <  1.0E-04 Ry, force <  1.0E-03 Ry/Bohr) 

     End of BFGS Geometry Optimization 

     Final energy   =    -417.6696402923 Ry 

      Begin final coordinates 

          ATOMIC_POSITIONS (crystal) 

Cs            0.0000000000        0.0000000000        0.0000000000 

Ge            0.5000000000        0.5000000000        0.5000000000 

Br            0.5000000000        0.5000000000       -0.0000000000 

Br            0.5000000000       -0.0000000000        0.5000000000 

Br           -0.0000000000        0.5000000000        0.5000000000 

End final coordinates 

     Writing output data file .//g8/aiida.save/ 

   Elastic constant     3    3 

         strain       stress (kbar) 

     -0.0075000000      3.4908733529 

     -0.0025000000      1.0377934863 
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      0.0025000000     -1.3157953938 

      0.0075000000     -3.5356393332 

     Polynomial coefficients 

     a1= -0.104400355399E-05 

     a2= -0.318590371959E-02 

     a3=  0.158550587423E-01 

     Elastic constant     1    3 

      strain       stress (kbar) 

     -0.0075000000      0.6034545953 

     -0.0025000000      0.1040516830 

      0.0025000000     -0.4161640423 

      0.0075000000     -0.9204083316 

    Polynomial coefficients 

     a1= -0.105879158704E-05 

     a2= -0.692267786475E-03 

     a3= -0.329110169811E-03 

           Elastic constant     4    4 

     strain       stress (kbar) 

     -0.0075000000      1.4363315890 

     -0.0025000000      0.4798697648 

      0.0025000000     -0.4815352294 

      0.0075000000     -1.4511564565 

     Polynomial coefficients 

     a1= -0.698112450532E-10 

     a2= -0.130843487262E-02 

     a3= -0.894558178058E-03 

     Elastic constants C_ij (kbar)  

    i j=        1           2           3           4           5           6 

    1   468.66254   101.83609   101.83609     0.00000     0.00000     0.00000 

    2   101.83609   468.66254   101.83609     0.00000     0.00000     0.00000 

    3   101.83609   101.83609   468.66254     0.00000     0.00000     0.00000 

    4     0.00000     0.00000     0.00000    96.23869     0.00000     0.00000 

    5     0.00000     0.00000     0.00000     0.00000    96.23869     0.00000 

    6     0.00000     0.00000     0.00000     0.00000     0.00000    96.23869 



68 
 

     1 bar = 10^5 Pa; 10 kbar = 1 GPa; 1 atm = 1.01325 bar; 1 Pa = 1 N/m^2 

     1 Pa = 10 dyn/cm^2; 1 Mbar = 10^11 Pa 

     1 torr = 1 mm Hg = 1/760 bar = 7.5006 x 10^-3 Pa 

          Elastic compliances  S_ij (1/Mbar)  

    i j=        1           2           3           4           5           6 

    1     2.31317    -0.41291    -0.41291     0.00000     0.00000    -0.00000 

    2    -0.41291     2.31317    -0.41291     0.00000     0.00000    -0.00000 

    3    -0.41291    -0.41291     2.31317     0.00000     0.00000    -0.00000 

    4     0.00000     0.00000     0.00000    10.39083     0.00000    -0.00000 

    5     0.00000     0.00000     0.00000     0.00000    10.39083    -0.00000 

    6     0.00000     0.00000     0.00000     0.00000     0.00000    10.39083 

     1/Mbar = 1/10^{11} Pa; 1 Pa = 1 N/m^2 

            Voigt approximation: 

     Bulk modulus  B =    224.11157 kbar 

     Young modulus E =    329.14136 kbar 

     Shear modulus G =    131.10850 kbar 

     Poisson Ratio n =      0.25523 

     Reuss approximation: 

     Bulk modulus  B =    224.11157 kbar 

     Young modulus E =    302.94704 kbar 

     Shear modulus G =    118.83024 kbar 

     Poisson Ratio n =      0.27471 

     Voigt-Reuss-Hill average of the two approximations: 

     Bulk modulus  B =    224.11157 kbar 

     Young modulus E =    316.04420 kbar 

     Shear modulus G =    124.96937 kbar 

     Poisson Ratio n =      0.26449 

     Voigt-Reuss-Hill average; sound velocities: 

     Compressional V_P =     3051.797 m/s 

     Bulk          V_B =     2311.241 m/s 

     Shear         V_G =     1725.897 m/s 

This run was terminated on:  21: 4:36  24Jan2023             

=   JOB DONE. 
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Appendix IV: Output File for CsSiBr3 Elastic Constants 

 

        &CONTROL 

  calculation = 'scf' 

  restart_mode='from_scratch', 

  outdir = './' 

  prefix = 'aiida' 

  pseudo_dir = '/mnt/lustre/users/mnamisi/ken/pseudos' 

  tprnfor = .true. 

  tstress = .true. 

  verbosity = 'high' 

&SYSTEM 

  degauss =   1.4699723600d-02 

  ecutrho =   400 

  ecutwfc =   50 

  celldm(1) = 10.3593 

  ibrav = 1 

  nat = 5 

  nosym = .false. 

  ntyp = 3 

  occupations = 'smearing' 

  smearing = 'm-v' 

&ELECTRONS 

  conv_thr =   1.0000000000d-09 

  electron_maxstep = 80 

  mixing_beta =   0.7 

ATOMIC_SPECIES 

Br     79.904 br_pbe_v1.4.uspp.F.UPF 

Cs     132.9054519 Cs_pbe_v1.uspp.F.UPF 

Si     28.0855 Si.pbe-n-rrkjus_psl.0.1.UPF 

ATOMIC_POSITIONS crystal 

Cs           0.0000000000       0.0000000000       0.0000000000  

Si           0.5000000000       0.5000000000       0.5000000000  

Br           0.5000000000       0.5000000000      -0.0000000000  

Br           0.5000000000       0.0000000000       0.5000000000  

Br           0.0000000000       0.5000000000       0.5000000000  

K_POINTS automatic 

8 8 8 0 0 0 
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Appendix V: Output File for CsGeBr3 Elastic Constants 

 

This software is an integral component of the open-source Quantum ESPRESSO suite, 

which facilitates quantum simulations of materials. For any publications or presentations 

that result from the use of this program, please reference the following works: "P. 

Giannozzi et al., J. Phys.: Condens. Matter 21 395502 (2009);" and "P. Giannozzi et al., 

J. Phys.: Condens. Matter 29 465901 (2017);" along with the URL http://www.quantum-

espresso.org. Additional information can be found at http://www.quantum-

espresso.org/quote. The parallel version of this program, utilizing MPI, is currently 

operating on 48 processors, with the MPI processes distributed across 2 nodes. The 

division of R & G space is configured as proc/nbgrp/npool/nimage = 48. The program is 

now awaiting input and is reading from the standard input. The current specifications for 

the PWSCF program are as follows: the maximum number of distinct atomic species 

(ntypx) is 10, the maximum number of k-points (npk) is 40,000, and the maximum 

angular momentum in pseudopotentials (lmaxx) is 3. Atomic positions and the unit cell 

have been retrieved from the directory: ./out/aiida.save/. In the iterative solution of the 

eigenvalue problem, subspace diagonalization will employ one subgroup per band group, 

utilizing a ScaLAPACK distributed-memory algorithm with a subgroup size of 4 * 4 

processors. 

    The information regarding parallelization has been generated using the Vanderbilt 

code, version 7.3.6, authored by kfg, with the generation date recorded as May 

13, 2013. The original format has been automatically converted, and the Pseudo 

was produced through a Scalar-Relativistic Calculation. The local potential cutoff 

radius is specified as 2.30000000000E+00, with various parameters such as nl, 

pn, l, occupancy, Rcut, Gcut, and pseudopotential values detailed for different 

orbital types, including 5S, 5P, 5D, 6S, and 6P. 

  The header section provides essential details, including the version number, the element  

being analyzed (Cs), and the type of pseudopotential employed (Ultrasoft). It also 

indicates the presence of a Nonlinear Core Correction and specifies the exchange-

correlation functional used, which is the PBE. The valence Z is noted as 9.00000000000, 

with the total energy calculated at -63.00384417630. Suggested cutoffs for 

wavefunctions and charge density are both indicated as 0.00000, while the maximum 

angular momentum component is set at 2, and the mesh comprises 905 points. The 
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number of wavefunctions and projectors is recorded as 5 and 6, respectively, with 

detailed occupancy values for the various wavefunctions. 

  The mesh section outlines the radial coordinates, beginning from 

0.00000000000E+00 and extending to 5.67720230969E-06, providing a 

comprehensive range of values. Additionally, the PP_DIJ subsection lists the 

number of nonzero Dij values, which totals nine. Each entry specifies the indices 

and corresponding Dij values, illustrating the interactions between different 

components, with notable values such as 1.29207215929E+00, -

1.76637262031E+00, and 1.39232024315E+00, among others, reflecting the 

complexity of the system being analyzed. 

 

           MPI processes distributed on     2 nodes 

    R & G space division:  proc/nbgrp/npool/nimage =48 

     Reading input from _temporary_1 

         Info: using nr1, nr2, nr3 values from input 

 Computing the elastic constants at the minimum volume  

         FFT mesh: (   72,   72,   72 ) 

     Bravais lattice: 

     ibrav=  1: simple cubic 

     Cell parameters: 

            alat=  10.597100 a.u. 

         Starting primitive lattice vectors: 

     crystal axes: (cart. coord. in units of alat) 

                     a(1) = (   1.000000   0.000000   0.000000 )   

               a(2) = (   0.000000   1.000000   0.000000 )   

               a(3) = (   0.000000   0.000000   1.000000 )   

           Starting reciprocal lattice vectors: 

     reciprocal axes: (cart. coord. in units 2 pi/alat) 

              b(1) = (  1.000000  0.000000  0.000000 )   

               b(2) = (  0.000000  1.000000  0.000000 )   

               b(3) = (  0.000000  0.000000  1.000000 )   

     Starting atomic positions in Cartesian axes: 

     site n.     atom                  positions (alat units) 
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         1           Cs  tau(   1) = (   0.0000000   0.0000000   0.0000000  ) 

         2           Ge  tau(   2) = (   0.5000000   0.5000000   0.5000000  ) 

         3           Br  tau(   3) = (   0.5000000   0.5000000   0.0000000  ) 

         4           Br  tau(   4) = (   0.5000000   0.0000000   0.5000000  ) 

         5           Br  tau(   5) = (   0.0000000   0.5000000   0.5000000  ) 

     Starting atomic positions in crystallographic axes: 

     site n.     atom                  positions (cryst. coord.) 

         1           Cs  tau(   1) = (  0.0000000  0.0000000  0.0000000  ) 

         2           Ge  tau(   2) = (  0.5000000  0.5000000  0.5000000  ) 

         3           Br  tau(   3) = (  0.5000000  0.5000000  0.0000000  ) 

         4           Br  tau(   4) = (  0.5000000  0.0000000  0.5000000  ) 

         5           Br  tau(   5) = (  0.0000000  0.5000000  0.5000000  ) 

Parallelization info 

     sticks:   dense  smooth     PW     G-vecs:    dense   smooth      PW 

     Min          71      35     10                 3157     1117     172 

     Max          72      36     12                 3162     1122     175 

     Sum        3433    1725    497               151635    53715    8289 

            bravais-lattice index     =            1 

     lattice parameter (alat)  =      10.3971  a.u. 

     unit-cell volume          =    1123.9233 (a.u.)^3 

     number of atoms/cell      =            5 

     number of atomic types    =            3 

     number of electrons       =        44.00 

     number of Kohn-Sham states=           26 

     kinetic-energy cutoff     =      50.0000  Ry 

     charge density cutoff     =     400.0000  Ry 

     convergence threshold     =      1.0E-09 

     mixing beta               =       0.7000 

     number of iterations used =            8  plain     mixing 

     Exchange-correlation=  SLA  PW   PBX  PBC 

                           (   1   4   3   4   0   0   0) 

     nstep                     =           20 

           ATOMIC_POSITIONS (crystal) 

Cs            0.0000000000        0.0000000000        0.0000000000 
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Ge            0.5000000000        0.5000000000        0.5000000000 

Br            0.5000000000        0.5000000000       -0.0000000000 

Br            0.5000000000       -0.0000000000        0.5000000000 

Br           -0.0000000000        0.5000000000        0.5000000000 

End final coordinates 

     Writing output data file .//g8/aiida.save/ 

   Elastic constant     3    3 

         strain       stress (kbar) 

     -0.0075000000      3.4908733529 

     -0.0025000000      1.0377934863 

      0.0025000000     -1.3157953938 

      0.0075000000     -3.5356393332 

     Polynomial coefficients 

     a1= -0.104400355399E-05 

     a2= -0.318590371959E-02 

     a3=  0.158550587423E-01 

     Elastic constant     1    3 

      strain       stress (kbar) 

     -0.0075000000      0.6034545953 

     -0.0025000000      0.1040516830 

      0.0025000000     -0.4161640423 

      0.0075000000     -0.9204083316 

    Polynomial coefficients 

     a1= -0.105879158704E-05 

     a2= -0.692267786475E-03 

     a3= -0.329110169811E-03 

           Elastic constant     4    4 

     strain       stress (kbar) 

     -0.0075000000      1.4363315890 

     -0.0025000000      0.4798697648 

      0.0025000000     -0.4815352294 

      0.0075000000     -1.4511564565 

     Polynomial coefficients 

     a1= -0.698112450532E-10 
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     a2= -0.130843487262E-02 

     a3= -0.894558178058E-03 

     Elastic constants C_ij (kbar)  

    i j=        1           2           3           4           5           6 

    1   468.66254   101.83609   101.83609     0.00000     0.00000     0.00000 

    2   101.83609   468.66254   101.83609     0.00000     0.00000     0.00000 

    3   101.83609   101.83609   468.66254     0.00000     0.00000     0.00000 

    4     0.00000     0.00000     0.00000    96.23869     0.00000     0.00000 

    5     0.00000     0.00000     0.00000     0.00000    96.23869     0.00000 

    6     0.00000     0.00000     0.00000     0.00000     0.00000    96.23869 

     1 bar = 10^5 Pa; 10 kbar = 1 GPa; 1 atm = 1.01325 bar; 1 Pa = 1 N/m^2 

     1 Pa = 10 dyn/cm^2; 1 Mbar = 10^11 Pa 

     1 torr = 1 mm Hg = 1/760 bar = 7.5006 x 10^-3 Pa 

          Elastic compliances  S_ij (1/Mbar)  

    i j=        1           2           3           4           5           6 

    1     2.31317    -0.41291    -0.41291     0.00000     0.00000    -0.00000 

    2    -0.41291     2.31317    -0.41291     0.00000     0.00000    -0.00000 

    3    -0.41291    -0.41291     2.31317     0.00000     0.00000    -0.00000 

    4     0.00000     0.00000     0.00000    10.39083     0.00000    -0.00000 

    5     0.00000     0.00000     0.00000     0.00000    10.39083    -0.00000 

    6     0.00000     0.00000     0.00000     0.00000     0.00000    10.39083 

     1/Mbar = 1/10^{11} Pa; 1 Pa = 1 N/m^2 

            Voigt approximation: 

     Bulk modulus  B =    224.11157 kbar 

     Young modulus E =    329.14136 kbar 

     Shear modulus G =    131.10850 kbar 

     Poisson Ratio n =      0.25523 

     Reuss approximation: 

     Bulk modulus  B =    224.11157 kbar 

     Young modulus E =    302.94704 kbar 

     Shear modulus G =    118.83024 kbar 

     Poisson Ratio n =      0.27471 

     Voigt-Reuss-Hill average of the two approximations: 

     Bulk modulus  B =    224.11157 kbar 
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     Young modulus E =    316.04420 kbar 

     Shear modulus G =    124.96937 kbar 

     Poisson Ratio n =      0.26449 

     Voigt-Reuss-Hill average; sound velocities: 

     Compressional V_P =     3051.797 m/s 

     Bulk          V_B =     2311.241 m/s 

     Shear         V_G =     1725.897 m/s 

     The approximate Debye temperature is      174.272 K 

   This run was terminated on:  21: 4:36  24Jan2023             

=   JOB DONE. 

MPI processes are distributed on     2 nodes 

    R & G space division:  proc/nbgrp/npool/nimage =48 

     Reading input from _temporary_1 

         Info: using nr1, nr2, nr3 values from input 

 Computing the elastic constants at the minimum volume  

         FFT mesh: (   72,   72,   72 ) 

     Bravais lattice: 

     ibrav=  1: simple cubic 

     Cell parameters: 

            alat=  10.597100 a.u. 

         Starting primitive lattice vectors: 

     crystal axes: (cart. coord. in units of alat) 

                     a(1) = (   1.000000   0.000000   0.000000 )   

               a(2) = (   0.000000   1.000000   0.000000 )   

               a(3) = (   0.000000   0.000000   1.000000 )   

           Starting reciprocal lattice vectors: 

     reciprocal axes: (cart. coord. in units 2 pi/alat) 

              b(1) = (  1.000000  0.000000  0.000000 )   

               b(2) = (  0.000000  1.000000  0.000000 )   

               b(3) = (  0.000000  0.000000  1.000000 )   

     Starting atomic positions in Cartesian axes: 

     site n.     atom                  positions (alat units) 

         1           Cs  tau(   1) = (   0.0000000   0.0000000   0.0000000  ) 

         2           Ge  tau(   2) = (   0.5000000   0.5000000   0.5000000  ) 

         3           Br  tau(   3) = (   0.5000000   0.5000000   0.0000000  ) 
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         4           Br  tau(   4) = (   0.5000000   0.0000000   0.5000000  ) 

         5           Br  tau(   5) = (   0.0000000   0.5000000   0.5000000  ) 

     Starting atomic positions in crystallographic axes: 

Program PWSCF v.6.4.1 begins on 31Jan2023 at 20:42:52 

           MPI processes distributed on     2 nodes 

    R & G space division:  proc/nbgrp/npool/nimage =48 

     Reading input from _temporary_1 

         Info: using nr1, nr2, nr3 values from input 

 Computing the elastic constants at the minimum volume  

         FFT mesh: (   72,   72,   72 ) 

     Bravais lattice: 

     ibrav=  1: simple cubic 

     Cell parameters: 

            alat=  10.597100 a.u. 

         Starting primitive lattice vectors: 

     crystal axes: (cart. coord. in units of alat) 

                     a(1) = (   1.000000   0.000000   0.000000 )   

               a(2) = (   0.000000   1.000000   0.000000 )   

               a(3) = (   0.000000   0.000000   1.000000 )   

           Starting reciprocal lattice vectors: 

     reciprocal axes: (cart. coord. in units 2 pi/alat) 

    Min 70 35 10 3122 1101 170 

     Max 71 36 11 3131 1106 175 

     Aggregate 3397 1701 489 150117 52923 8217 

      bravais-cross section list = 1 

     cross-section boundary (alat) = 10.3593 a.u. 

     unit-cell volume = 1111.7093 (a.u.)^3 

     number of iotas/cell = 5 

     number of nuclear kinds = 3 

     number of electrons = 34.00 

     number of Kohn-Joke states= 200 

     active energy cutoff = 50.0000 Ry 

     charge thickness cutoff = 400.0000 Ry 
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Appendix VI: Output File for CsSiBr3 Elastic Constants 

 

          Program PWSCF v.6.4.1 begins on 31Jan2023 at 20:42:52 

           MPI processes distributed on     2 nodes 

    R & G space division:  proc/nbgrp/npool/nimage =48 

     Reading input from _temporary_1 

         Info: using nr1, nr2, nr3 values from input 

 Computing the elastic constants at the minimum volume  

         FFT mesh: (   72,   72,   72 ) 

     Bravais lattice: 

     ibrav=  1: simple cubic 

     Cell parameters: 

            alat=  10.597100 a.u. 

         Starting primitive lattice vectors: 

     crystal axes: (cart. coord. in units of alat) 

                     a(1) = (   1.000000   0.000000   0.000000 )   

               a(2) = (   0.000000   1.000000   0.000000 )   

               a(3) = (   0.000000   0.000000   1.000000 )   

           Starting reciprocal lattice vectors: 

     reciprocal axes: (cart. coord. in units 2 pi/alat) 

    Min 70 35 10 3122 1101 170 

     Max 71 36 11 3131 1106 175 

     Aggregate 3397 1701 489 150117 52923 8217 

      bravais-cross section list = 1 

     cross-section boundary (alat) = 10.3593 a.u. 

     unit-cell volume = 1111.7093 (a.u.)^3 

     number of iotas/cell = 5 

     number of nuclear kinds = 3 

     number of electrons = 34.00 

     number of Kohn-Joke states= 200 

     active energy cutoff = 50.0000 Ry 

     charge thickness cutoff = 400.0000 Ry 

     Trade relationship = PBE ( 1 4 3 4 0 0) 

     celldm(1)= 10.359300 celldm(2)= 0.000000 celldm(3)= 0.000000 
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     celldm(4)= 0.000000 celldm(5)= 0.000000 celldm(6)= 0.000000 

     precious stone tomahawks: (truck. coord. in units of alat) 

               a(1) = ( 1.000000 0.000000 0.000000 ) 

               a(2) = ( 0.000000 1.000000 0.000000 ) 

               a(3) = ( 0.000000 0.000000 1.000000 ) 

     equal tomahawks: (truck. coord. in units 2 pi/alat) 

               b(1) = ( 1.000000 0.000000 0.000000 ) 

               b(2) = ( 0.000000 1.000000 0.000000 ) 

     Called by h_psi: 

     h_psi:pot    :     77.80s CPU     80.41s WALL (    3436 calls) 

     h_psi:calbec :      2.33s CPU      2.38s WALL (    3436 calls) 

     vloc_psi     :     74.15s CPU     76.71s WALL (    3436 calls) 

     add_vuspsi   :      1.31s CPU      1.31s WALL (    3436 calls) 

     General routines 

     calbec       :      2.33s CPU      2.37s WALL (    3436 calls) 

     fft          :      0.01s CPU      0.01s WALL (      13 calls) 

     ffts         :      0.00s CPU      0.00s WALL (       1 calls) 

     fftw         :     72.24s CPU     74.31s WALL (  916496 calls) 

     interpolate  :      0.00s CPU      0.00s WALL (       1 calls) 

     davcio       :      0.07s CPU      0.18s WALL (     324 calls) 

      Parallel routines 

     fft_scatt_xy :      1.89s CPU      2.63s WALL (  916510 calls) 

     fft_scatt_yz :     61.70s CPU     60.33s WALL (  916510 calls) 

      PWSCF        :  11m55.54s CPU  12m19.89s WALL 

   This run was terminated on:  20:55:12  31Jan2023             

 

=------------------------------------------------------------------------------= 
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Appendix VII: Output File for Electronic Band Structure 

 

Program PWSCF v.6.4.1 starts on 25Jan2023 at  5:20:44  

     This program is part of the open-source Quantum ESPRESSO suite 

     for quantum simulation of materials; please cite 

         "P. Giannozzi et al., J. Phys.:Condens. Matter 21 395502 (2009); 

         "P. Giannozzi et al., J. Phys.:Condens. Matter 29 465901 (2017); 

          URL http://www.quantum-espresso.org", 

     in publications or presentations arising from this work. More details at 

     http://www.quantum-espresso.org/quote 

     Parallel version (MPI), running on    48 processors 

            MPI processes distributed on 2 nodes 

     R & G space division:  proc/nbgrp/npool/nimage =      48 

     Waiting for input... 

     Reading input from standard input 

     Current dimensions of program PWSCF are: 

     Max number of different atomic species (ntypx) = 10 

     Max number of k-points (npk) =  40000 

     Max angular momentum in pseudopotentials (lmaxx) =  3 

     Atomic positions and unit cell read from directory: 

     ./out/aiida.save/ 

             Subspace diagonalization in iterative solution of the eigenvalue problem: 

     one subgroup per band group will be used 

     scalapack distributed-memory algorithm (size of sub-group:  4*  4 procs) 

 

     Parallelization info 

     -------------------- 

     sticks:   dense  smooth     PW     G-vecs:    dense   smooth      PW 

     Min          74      37     10                 3346     1177     180 

     Max          75      38     11                 3351     1183     185 

     Sum        3569    1781    509               160707    56667    8733 

      bravais-lattice index     =            1 

     lattice parameter (alat)  =      10.5971  a.u. 

     unit-cell volume          =    1190.0387 (a.u.)^3 
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     number of atoms/cell      =            5 

     number of atomic types    =            3 

     number of electrons       =        44.00 

     number of Kohn-Sham states=          200 

     kinetic-energy cutoff     =      50.0000  Ry 

     charge density cutoff     =     400.0000  Ry 

     Exchange-correlation      =  SLA  PW   PBX  PBC ( 1  4  3  4 0 0) 

     celldm(1)=  10.597100  celldm(2)=   0.000000  celldm(3)=   0.000000 

     celldm(4)=   0.000000  celldm(5)=   0.000000  celldm(6)=   0.000000 

     crystal axes: (cart. coord. in units of alat) 

               a(1) = (   1.000000   0.000000   0.000000 )   

               a(2) = (   0.000000   1.000000   0.000000 )   

               a(3) = (   0.000000   0.000000   1.000000 )   

     reciprocal axes: (cart. coord. in units 2 pi/alat) 

               b(1) = (  1.000000  0.000000  0.000000 )   

               b(2) = (  0.000000  1.000000  0.000000 )   

               b(3) = (  0.000000  0.000000  1.000000 )   

     PseudoPot # 1 for Br read from file: 

     /mnt/lustre/users/mnamisi/ken/pseudos/br_pbe_v1.4.uspp.F.UPF 

     MD5 checksum: d3ffb7b29f6225aa16fe06858fb2a80b 

     Pseudo is Ultrasoft + core correction, Zval =  7.0 

     Generated by new atomic code, or converted to UPF format 

     Using a radial grid of  879 points,  6 beta functions with:  

             http://www.quantum-espresso.org/quote 

     Parallel version (MPI), running on    48 processors 

            MPI processes are distributed on 2 nodes 

     R & G space division:  proc/nbgrp/npool/nimage =      48 

     Waiting for input... 

     Reading input from standard input 

     Current dimensions of the program PWSCF are: 

     Max number of different atomic species (ntypx) = 10 

     Max number of k-points (npk) =  40000 

     Max angular momentum in pseudopotentials (lmaxx) =  3 

     Atomic positions and unit cell read from directory: 
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     ./out/aiida.save/  

             Subspace diagonalization in iterative solution of the eigenvalue problem: 

     one subgroup per band group will be used 

     scalapack distributed-memory algorithm (size of sub-group:  4*  4 procs) 

     PseudoPot # 2 for Cs read from file: 

     /mnt/lustre/users/mnamisi/ken/pseudos/Cs_pbe_v1.uspp.F.UPF 

     MD5 checksum: 3476d69cb178dfad3ffaa59df4e07ca4 

     Pseudo is Ultrasoft + core correction, Zval =  9.0 

     Generated by new atomic code, or converted to UPF format 

     Using a radial grid of  905 points,  6 beta functions with:  

                l(1) =   0 

                l(2) =   0 

                l(3) =   1 

                l(4) =   1 

                l(5) =   2 

                l(6) =   2 

     Q(r) pseudized with  6 coefficients,  rinner =    1.500   1.500   1.500 

                                                       1.500   1.500 

     PseudoPot # 3 for Ge read from file: 

     /mnt/luster/users/mnamisi/ken/pseudos/ge_pbe_v1.4.uspp.F.UPF 

     MD5 checksum: 9c9eaa91e581c3f09632fb3098b2c6b2 

     Pseudo is Ultrasoft + core correction, Zval = 14.0 

     Generated by new atomic code, or converted to UPF format 

     Using a radial grid of  873 points,  6 beta functions with:  

                l(1) =   0 

                l(2) =   0 

                l(3) =   1 

                l(4) =   1 

                l(5) =   2 

                l(6) =   2 

     Q(r) pseudized with  8 coefficients,  rinner =    1.400   1.400   1.400 

                                                       1.400   1.400 

     atomic species   valence    mass     pseudopotential 

        Br             7.00    79.90400     Br( 1.00) 
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        Cs             9.00   132.90545     Cs( 1.00) 

        Ge            14.00    72.64000     Ge( 1.00) 

          Called by sum_band: 

     Called by *egterg: 

     h_psi        :     72.35s CPU     74.88s WALL (    3460 calls) 

     s_psi        :      1.60s CPU      1.60s WALL (    3460 calls) 

     g_psi        :      0.44s CPU      0.44s WALL (    3106 calls) 

     cdiaghg      :    500.78s CPU    511.14s WALL (    3268 calls) 

     cegterg:over :     30.81s CPU     31.75s WALL (    3106 calls) 

     cegterg:upda :     18.68s CPU     18.76s WALL (    3106 calls) 

     cegterg:last :     13.25s CPU     13.29s WALL (     678 calls) 

     cdiaghg:chol :     25.00s CPU     25.64s WALL (    3268 calls) 

     cdiaghg:inve :     28.78s CPU     29.02s WALL (    3268 calls) 

     cdiaghg:para :     56.89s CPU     61.18s WALL (    6536 calls) 

     Called by h_psi: 

     h_psi:pot    :     72.08s CPU     74.60s WALL (    3460 calls) 

     h_psi:calbec :      2.36s CPU      2.41s WALL (    3460 calls) 

     vloc_psi     :     68.16s CPU     70.62s WALL (    3460 calls) 

     add_vuspsi   :      1.55s CPU      1.56s WALL (    3460 calls) 

     General routines 

     calbec       :      2.36s CPU      2.41s WALL (    3460 calls) 

     fft          :      0.01s CPU      0.01s WALL (      13 calls) 

     ffts         :      0.00s CPU      0.00s WALL (       1 calls) 

     fftw         :     66.33s CPU     68.22s WALL (  908854 calls) 

     interpolate  :      0.00s CPU      0.00s WALL (       1 calls) 

     davcio       :      0.07s CPU      0.18s WALL (     324 calls) 

      Parallel routines 

     fft_scatt_xy :      1.75s CPU      2.61s WALL (  908868 calls) 

     fft_scatt_yz :     55.78s CPU     53.98s WALL (  908868 calls) 

      PWSCF        :  11m 0.76s CPU  11m24.44s WALL 

   This run was terminated on:   5:32: 8  25Jan2023             

=------------------------------------------------------------------------------= 
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Appendix VIII: Output File for Optical Properties 

 

 This software is an integral component of the open-source Quantum ESPRESSO suite, 

 which facilitates quantum simulations of materials. For any publications or presentations 

that result from the use of this program, please reference the following works: "P. 

Giannozzi et al., J. Phys.: Condens. Matter 21 395502 (2009);" and "P. Giannozzi et al., 

J. Phys.: Condens. Matter 29 465901 (2017);" along with the URL http://www.quantum-

espresso.org. Additional information can be found at http://www.quantum-

espresso.org/quote. The parallel version of this program, utilizing MPI, is currently 

operating on 48 processors, with the MPI processes distributed across 2 nodes. The 

division of R & G space is configured as proc/nbgrp/npool/nimage = 48. The program is 

now awaiting input and is reading from the standard input. The current specifications for 

the PWSCF program are as follows: the maximum number of distinct atomic species 

(ntypx) is 10, the maximum number of k-points (npk) is 40,000, and the maximum 

angular momentum in pseudopotentials (lmaxx) is 3. Atomic positions and the unit cell 

have been retrieved from the directory: ./out/aiida.save/. In the iterative solution of the 

eigenvalue problem, subspace diagonalization will employ one subgroup per band group, 

utilizing a ScaLAPACK distributed-memory algorithm with a subgroup size of 4 * 4 

processors. 

    The information regarding parallelization has been generated using the Vanderbilt 

code, version 7.3.6, authored by kfg, with the generation date recorded as May 

13, 2013. The original format has been automatically converted, and the Pseudo 

was produced through a Scalar-Relativistic Calculation. The local potential cutoff 

radius is specified as 2.30000000000E+00, with various parameters such as nl, 

pn, l, occupancy, Rcut, Gcut, and pseudopotential values detailed for different 

orbital types, including 5S, 5P, 5D, 6S, and 6P. 

  The header section provides essential details, including the version number, the element 

 being analyzed (Cs), and the type of pseudopotential employed (Ultrasoft). It also 

indicates the presence of a Nonlinear Core Correction and specifies the exchange-

correlation functional used, which is the PBE. The valence Z is noted as 9.00000000000, 

with the total energy calculated at -63.00384417630. Suggested cutoffs for 

wavefunctions and charge density are both indicated as 0.00000, while the maximum 
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angular momentum component is set at 2, and the mesh comprises 905 points. The 

number of wavefunctions and projectors is recorded as 5 and 6, respectively, with 

detailed occupancy values for the various wavefunctions. 

The mesh section outlines the radial coordinates, beginning from 

0.00000000000E+00 and extending to 5.67720230969E-06, providing a 

comprehensive range of values. Additionally, the PP_DIJ subsection lists the 

number of nonzero Dij values, which totals nine. Each entry specifies the indices 

and corresponding Dij values, illustrating the interactions between different 

components, with notable values such as 1.29207215929E+00, -

1.76637262031E+00, and 1.39232024315E+00, among others, reflecting the 

complexity of the system being analyzed. 
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Appendix IX: KUREC Clearance Letter  
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Appendix X:NACOSTI Research Permit  
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Appendix XI: Evidence of Conference Participation  
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Appendix XII: List of Publication  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


