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Abstract 

The cutting-edge research of materials enables the discovery of novel energy harvesting 

materials. In this project the structural, electronic, magnetic, thermodynamic, 

thermoelectric, and optical properties of different energy harvesting materials are 

studied. The main objective of this work is primarily to study thermoelectrically efficient 

half-heuslers and photovoltaically active perovskites. Variant schematics of innovative 

compounds with defect introduction are investigated. The compositionally altered 

compounds designed by introducing crystallographic defects in terms of substitutional or 

interstitial dopants, offer new trends of material properties. To accomplish the task, 

Density Functional theory based computational packages (VASP and Wein2K) are used. 

Using defect and strain engineering, this study explores thermoelectric and photovoltaic 

properties. We have explored state-of-the-art features of defect tolerance, quantum and 

dielectric confinement, low effective masses, and high mobility in perovskites with half-

metallic and thermally stable half-heuslers exhibiting high figure of merit. Our goal is to 

computationally design and study half-Heuslers and perovskites for thermoelectric, solar 

applications, and green energy productions. The computational simulations and 

associated results are consistent with the previous studies to give a better understanding 

of the perovskites and half-heuslers. 

 

Keywords: Density Functional Theory, Half-Heuslers, Perovskites, Solar Cells, 
Dopants.  
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Title and Abstract (in Arabic) 

 ءارضخ ةئیب لجأ نم ةقاطلا داصح داومل ىلولأا ئدابملا ةسارد

 صخلملا

 ةیلكیھلا صئاصخلا ةسارد متت عورشملا اذھ يف .ةقاطلا عمجل ةدیدج داوم فاشتكا داوملل روطتملا ثحبلا حیتی

 يسیئرلا فدھلا .ةفلتخملا ةقاطلا داصح داومل ةیرصبلاو ةیرارحلاو ةیرارحلا ةیكیمانیدلاو ةیسیطانغملاو ةینورتكللإاو

 تیاكسفوریبلاو ةیئابرھكلا ةیرارحلا ةءافكلا تاذ رلسویھ فصن تابكرم ةسارد لولأا ماقملا يف وھ لمعلا اذھ نم

 اًیبیكرت ةلدعملا تابكرملا مدقت .بویعلا لاخدإ عم ةركتبملا تابكرملل ةعونتملا تاططخملا ةسارد مت .اًیئوض ةطشنلا

 صئاصخل اًدیدج اھًاجتا ،ةیللاخلا وأ ةلیدبلا تاطشنملا ثیح نم ةیرولب بویع لاخدإ قیرط نع اھمیمصت مت يتلاو

 .)Wein2Kو VASP( ةیفیظولا ةفاثكلا ةیرظن ىلع ةمئاقلا ةیباسحلا مزحلا مادختسا مت ،ةمھملا زاجنلإ .داوملا

 انفشكتسا دقل.ةیئوضورھكلاو ةیئوضورھكلا صئاصخلا ةساردلا هذھ فشكتست ،داھجلإاو بویعلا ةسدنھ مادختساب

 تیاكسفوریبلا يف يلاعلا لقنتلاو ،ةضفخنملا ةلاعفلا لتكلاو ،لزاعلاو يمكلا سبحلاو ،بویعلا لمحتل تازیملا ثدحأ

 فصن ةساردو میمصت وھ انفدھ.ةرادجلا نم ةیلاع ةجرد رھظُیً ایرارح رقتسمو يندعم فصن رلسوھ فصن عم

 تایلمع قفاوتت .ءارضخلا ةقاطلا جاتنإو ةیسمشلا ةقاطلاو ةیرارحورھكلا تاقیبطتلل اًیباسح تیاكسفوریبلاو رلسویھ

 تیاكسفوریبلل لضفأ مھف ءاطعلإ ةقباسلا تاساردلا عم ،اھیلع لوصحلا مت يتلا جئاتنلا بناج ىلإ ،ةیباسحلا ةاكاحملا

 .زرلوسیھلا فصنو

 

 .تنابودلا ،ةیسمشلا ایلاخلا ،تیاكسفوریبلا ،رلسوھلا فصن ،ةیفیظولا ةفاثكلا ةیرظن :ةیسیئرلا ثحبلا میھافم
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Chapter 1: Introduction 

1.1 Overview 

Energy is the main fuel for life. Since for ages, human energy demands are being 

fulfilled by trivial carbon-based resources (Bei & Wang, 2023). Conversely, these 

depleting fossils fuels with outrageously high cost and hazardously fatal environmental 

concerns require an immediate shift towards replenishable, clean, and affordable energy 

alternatives (Ali et al., 2023). Naturally available renewable energy resources can 

combat unprecedented current energy shortfall. Nonetheless, the technological 

limitations for renewable energy conversions and storages are significant bottlenecks 

which has directed scientific research to investigate the causes, effects, and solutions 

(Shang et al., 2023). This thesis focuses on how science, technology, and innovation can 

assist to promote the usage of energy harvesting materials in global energy crisis. 

1.2 Statement of the Problem 

Solar energy is the most crucial and commonly available renewable energy 

resource (Obaideen et al., 2023). Annually about 23000 TW solar energy hits from sun 

to earth out of which only 16 TW is used. About 60% of solar energy is going unused 

which can serve as a key for global decarbonization by providing 50% of sustainable 

energy in 2050. Besides, a huge amount of heat energy is discarded and goes unused 

during combustion or industrial processes. The efficient usage and restoration of natural 

and synthetic energy from light or waste-heat is the main goal of thermoelectric (TE) and 

photovoltaic (PV) industries. To achieve this objective, the investigation of innovative 

energy harvesting materials including Half-Heusler and Perovskites is an indispensable 

strategy. Commercially available Si-based solar cells are expensive and have limited 

threshold efficiency up to 30%; however, a revolutionary leap of perovskites-based solar 

cells have surpassed the edged efficiency using Tandem based solar cells. Defect and 

strain engineered 2D-perovskites offer desirable bandgaps to enhance photovoltaic 

conversion of solar cells. For energy storage and spintronic applications, a new class of 

half-heuslers is introduced offering 100% spin-polarization, reasonable bandgap, and 

high thermal stability. To help reduce carbon emission and reuse waste heat both these 



2 
 

energy harvesting materials find real life applications, in electricity generation and 

waste-heat recovery, with vast scope of interests in practical world.  

1.3 Research Objectives 

The main research objectives aimed in this thesis are listed as follows. 

1. Investigate the electronic and structural properties of half-Heusler and perovskite 

materials using density functional theory (DFT) simulations.  

2. Design and optimize energy harvesting devices based on half-Heusler and perovskite 

materials, including solar cells, thermoelectric generators, and fuel cells. 

3. Investigate the stability and durability of half-Heusler and perovskite materials under 

various environmental conditions using DFT simulations, such as exposure to 

moisture, heat, and light.  

4. Develop new materials and strategies for improving the performance and stability of 

energy harvesting devices based on half-Heusler and perovskite materials.  

5. Investigate the effect of doping on the electronic and structural properties of half-

Heusler and perovskite materials and optimize their properties for energy harvesting 

applications.  

6. Explore new materials and strategies for improving the scalability and efficiency of 

energy harvesting technologies based on half-Heusler and perovskite materials. 

7. Approximately evaluate the performance of energy harvesting devices based on half-

Heusler and perovskite materials under real-world operating conditions. 

8. Develop a comprehensive understanding of the fundamental properties of half-

Heusler and perovskite materials and their interactions to design hybrid PV-TE 

devices.  

In Figure 1, a model diagram illustrates the complete schematic of the current 

thesis depicting how the input from literature, database, and papers helped to design new 

perovskites and half-heuslers by pairing suitable elements from periodic table. 

Considering the challenges of toxicity, stability, and efficiency, DFT based simulations 

in VASP and WEIN2k packages were performed. Results were plotted using Origin and 

Python codes. Numerous important calculated properties were published in reputed 

journals.   
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Figure 1: The model diagram illustrates the thesis workflow. 

1.4 Relevant Literature 

A concise yet comprehensive overview of two key energy harvesting materials 

that are the focus of our exploration in this work including Half-heuslers and perovskites 

is presented. With details about their discovery, structure, properties, and applications we 

briefly shed light on how these fascinating materials hold great potential in realm of 

energy devices.   

1.5 Half-Heuslers 

The state-of-the-art Half-Heusler (HH) alloys were 1st discovered by German 

mining engineer Fredrick Heusler (“Personal and University News ‘Personal- und 

Hochschulnachrichten’.,” 1936). HH as promising thermoelectric (TE) materials can 

transform dissipated waste heat into useful, environmentally benign, and less costly form 

of energy (electricity) for vast industrial applications. In combustion, hot gases are 

exhausted at very high temperature (600K-1000K) thus forming a hot-end of 

thermoelectric device. HH with high thermal stability can transfer this heat energy into 

electricity. Most generally known TE candidate includes PbTe, oxides, skutterudites, and 

half-Heuslers. The commercial limitations of toxicity and low thermal stability for the 

PbTe and skutterudites favor HH materials as promising TE contenders for abjuration of 

common deficiencies (Huang et al., 2016). 



4 
 

1.5.1 Structure 

Half heuslers with chemical formula of ABX possess cubic-like non-

centrosymmetric symmetry with F4̅3m space group; they are formed by interpenetrating 

face-centered-cubic (FCC) sublattices (Kawasaki et al., 2022). A structure illustration for 

investigated HH material is shown in Figure 2, where the unit cell of half-Heusler 

CrMnS alloy in the C1b structure display three intercrossed FCC sublattices with distinct 

atoms located at 4a (1/4, 1/4,1/4), 4b (1/2, 1/2,1/2) & 4c (0,0,0), with one empty 4d (3/4, 

3/4,3/4) site. In the left visual illustration, the atoms Mn, Cr, and S are represented with 

purple, blue, and yellow colors, respectively. However, the right illustration of half-

heuslers CrVZ (Z= S, Se, Te) have similar structure as CrMnS with green, purple, and 

blue atoms of Z, V, and Cr respectively.  

 

 
Figure 2: Unit cell of the half-Heusler (Left) CrMnS and (Right) CrVZ alloys. 

1.5.2 Properties 

With colossal spin-polarization, half-metallic ferromagnetism, mechanical 

strength and high Curie temperature, and large thermal conductivity, HH alloys promise 

bundle of promising structural, magnetic, electronic, mechanical, thermodynamic, 

vibrational, and thermoelectrical characteristics, as shown in Figure 3. In HH alloys, 

non-magnetic elements combine to form magnetic compound with metallic to half-

metallic nature. For competitive TE technology, HH alloys are desired to have 

dimensionless figure of merit (ZT) greater than 1. ZT is defined by (S2σ/κ) T depending 

on absolute working temperature (T), electrical conductivity (σ), thermal conductivity 
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(κ), and Seebeck coefficient (S) parameters. A higher electrical conductivity and 

Seebeck coefficient with low thermal conductivity is ideal.   

 

 
Figure 3: A few important results obtained while investigating half-heuslers alloys. 

1.5.3 Applications 

Stemming from the astonishing thermoelectric properties, tremendous thermal 

stability, and outstanding elastic properties, HH alloys are projected to inspire numerous 

real-life industrial applications special for waste heat recovery. Their mechanical, 

chemical, vibrational, and thermodynamical stability, with diverse functional properties 

of electrical robustness and high ZT value make semiconducting HH alloys become very 

attractive for power generation, spintronics, and solar cells applications.  

1.6 Perovskites 

Perovskites were first discovered in Ural Mountains of Russia by Gustav Rose in 

1839 and named after German Minerologist Lev Perovski who found trivial inorganic 

perovskites CaTiO3 with prototype ABX3 structure. Since for long, inorganic 3D-

perovskites has ruled the scientific research by offering promising photovoltaic 

properties with considerably high photoconversion efficiency. But the instability of 3D-
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perovskites is an evitable issue that is required to get resolved in order to take complete 

advantages of photovoltaic capability. Another challenge is the presence of toxic lead in 

key lead-based perovskites. Thus, alternative lead-free perovskites are highly necessary 

to effectively introduce perovskites based solar commercially. These two hindrances, 

i.e., instability and toxicity, are the main driving force to launch a new scheming of 

perovskites with hydrophobic and lead-free components.  

1.6.1 Structure 

3D-perovskites with ABX3 structure contains the inorganic metal cation A and B 

with halide anion X, and the cages of 𝐵𝑋!"#octahedronsform a cuboctahedral 

coordination with B-cations. The poor stability of 3D-perovskites is handled by reducing 

their dimensions to 2D counterparts, which have long chains of water-resistant organic 

spacer cations with chemical configuration of [RNH3]nAn-1BX3n+1, where “n” is number 

of layers of corner shared octahedral cages. Depending on how octahedral cages are 

connected to each other, the 3D-perovskites are categorized as corner, edge, and face 

shared perovskites. However, in 2D-perovskites these octahedral layers are connected at 

corners with the organic spacer cations shielding them from moisture attack. An 

illustrative representation of 3D versus 2D perovskites is shown in Figure 4. These 2D-

perovskites are further categorized as Ruddlesden-Popper (RP) and Dion-Jacobson (DJ) 

perovskites. The main distinction lies in the composition of these forms with the 

presence of monoamine and diamine spacer cations for RP and DJ forms, respectively. 

Another difference is the location of spacer cation is off centered in RP than in DJ as 

shown in Figure 4. Joining these octahedral cages along apical and equatorial plane 

resulted in the formation of perovskites crystal structure. By varying the number of 

octahedral layers “n”, the monolayer, bilayer, and multilayer perovskites can be 

synthesized. When n=1, the monolayer perovskites are composed of a solitary sheet of 

octahedral cages, delicately nestled between the hydrophobic spacers. This arrangement 

provides a protective shield to the chemically active octahedrons from potential damage 

caused by moisture, heat, and other environmental hazards (Javed et al., 2022a).  
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Figure 4: The 3D versus 2D perovskites show monolayer and multilayer structures. 

1.6.1.1  Defect Engineering  

Perovskites offer a high flexibility to tune their optoelectronics by altering the 

chemical scheming of constituent elements without getting their structure distorted. 

Using defect engineering, all sites of [RNH3]nAn-1BX3n+1can be replaced partially or 

completely to design new perovskites as shown in Figure 5. To replace toxic lead in 

champion perovskites; the Ge and Sn comprise the suitable option since they belong to 

the same group of Periodic Table, so they retain almost the same chemical properties but 

have no toxicity (Javed et al., 2022a). Similarly, the halide anions can be replaced 

partially or completely with I, Br, and Cl halide anions. For the n=1 configuration, A-site 

gets eliminated so with the chemical formula of RNH3BX4 monolayer perovskites are 

studied with Methylethylammonium(MA) and Phenylethylammonium(PEA) spacer 

cations.  
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Figure 5: Schematic of defect engineering by elemental pairing adopted in this work. 

1.6.1.2  Strain Engineering 

Strain engineering is an advanced measure of introducing structural deformation 

under compression or expansion, a key to modulate electronic and mechanical properties 

(Javed et al., 2023b). The mechanically soft perovskites crystal structures are flexible to 

the applied strain as shown in Figure 6. The manipulated strained-orientation schemes 

play a crucial role in providing the diverse structural stability, energy-level alignment, 

and tunable bandgaps. Thus, highlighting the strain engineering as an incredibly efficient 

method in perovskite research, researchers can adjust and tune the device performance of 

PSCs to achieve promising optoelectronic properties (Islam et al., 2023).  

 
Figure 6: Compressive and tensile strains in 2D-perovskites causing structural 
alterations. 
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1.6.2 Properties 

Perovskites with wonderful optoelectronic properties have proved to be a leading 

candidacy in the next-generation photovoltaics (Dong et al., 2023). With a range of 

desired inherent characteristics (including tunable bandgaps, strong light absorption-

coefficients, high carrier-mobilities, large diffusion-path lengths, and long carrier-

lifetimes (He & Liu, 2023), they have showed an avalanched progress in their efficiency 

in the last few decades, as presented in Figure 7. The single junction-based perovskites 

solar cells sprout with the power conversion efficiency of 3.8% (Kojima et al., 2009) 

have dominantly raised up to 40% by changing the solar cell setup with two or more 

solar cells stacked in the multijunction Tandem solar cell. By stacking the perovskites 

with bandgaps ranging in visible spectrum region (1.6-3.1eV), we can maximize the use 

of solar spectrum and enhance the efficiency (Bati et al., 2023). 

 
Figure 7: The time chart of solar cells showing avalanched performance of perovskites 
solar cells. 

To solve the stability, efficiency, and toxicity issues simultaneously, we have 

studied 32-permutations of [R-NH3] Pb1-xGexX4 systems which are designed by 

introducing Ge (25%, 50%, 75%, 100%) to replace Pb. The consequently designed 2D-
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monolayer perovskites with different spacer cation of Methyl-ethyl-ammonium and 

Phenyl-ethyl-ammonium with chemical formulae of (CH3NH3+) (C6H5[CH2]2NH3+) were 

studied to make a comparative investigation as shown in Figure 8. With the introduction 

of the larger spacer cation, the bond lengths between B-cation and X-anion were 

observed to decrease while the bond angles between B, X, and B atoms increased, which 

induces a lattice alteration and octahedral inclination, responsible for the decrease in 

band gap under compressive stresses. 

  

 
Figure 8: Partial substitution of B-cation Ge in replacement of Pb 

A larger spacer cation also increases the lattice barrier energy to eradicate the 

structural degradation. As shown in the left panel of Figure 9, we have also studied the 

effect of four different spacer cations with non-toxic Tin in combination with three 

different halide anions. Furthermore, to study the effect of the compressional or 

expansional stress, we have applied the stress on 2D-perovskite through introducing a 

flexible atomic positioning coupled with the formation of narrow or wide-bandgap 

perovskites absorbers which can be assembled as sub-cells layers in multijunction all-

2D-Perovskites based tandem solar cells, as shown in the right panel of Figure 9. Thus, a 

rational design approach was implemented to modify the optoelectronic properties by 

altering the organic spacer cation, inorganic cation, and anion. Our findings depict that 

the monolayer perovskites with distinct versatility and performance can serve as 



11 
 

excellent absorbers to maximize the use of light across a wider wavelength invisible-to-

infrared (2.4-1.2 eV) range. With the distinguished features (such as tunable bandgaps, 

dielectric confinement, quantum confinement, and defect tolerance), the investigated 2D-

perovskitesfind a large scope in designing efficient Tandem solar devices. 

 
Figure 9: 2D-monolayer perovskites with defect (left) and strain (right) engineering. 

 

Figure 10: The challenges encountered in commercialization of perovskites solar cell. 
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1.6.3 Applications 

As a cutting-edge scientific discovery, perovskites solar cells hold a great promise 

to produce cheap, sustainable, and clean energy form, thus capturing the attention of 

researchers to seek their practical applications at the domestic and industrial scales. 

Lightweight, flexibly textured, and easily installed perovskites solar cells with unique 

optoelectronic properties have facilitated the wide applications including building-

integrated photovoltaics, solar powered transportation, space applications, battery 

charging, and energy storage, as shown in Figure 11. Tandem solar cell is a breakthrough 

innovation in perovskites photovoltaics, which combine small and large bandgaps based 

single junction solar cells to utilize a bigger portion of incident light energy. Perovskites 

with structural flexibility offer an inherent characteristic of highly tunable bandgaps, 

which encourages researchers to design innovative perovskites. To avoid trial-error 

based expensive experimental designing, the theoretical screening and investigation of 

lead-free perovskites with high stability and low dimension become highly useful and 

meaningful, which is hopeful to exhibit exclusive structure-property features endowing 

them with state-of-art optoelectronic efficiency and versatile functionality. But to 

upscale the lab-scale perovskites solar cells in the commercial applications, we need to 

cope with challenges (as shown in Figure 10) related to instability, lead-toxicity, low 

efficiency, and the design of versatile perovskites is suitable for all-perovskites, or 

Si/perovskites based Tandem solar cells. 

 
Figure 11: Illustration of Tandem solar cells with their multiple practical applications. 
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Chapter 2: General Discussions 

2.1 Research Design 

The leading energy harvesting materials have attracted relentless efforts due to 

their astonishing properties. To achieve the goal, different possible configurations will be 

sampled computationally, where two density functional theory based computational 

packages,WEIN-2k (Blaha et al., 2020) and Vienna ab-initio simulation package (VASP) 

(Hafner & Kresse, 1997), will be used to execute systematic calculations. 

2.1.1 Density Functional Theory 

Density functional theory (DFT) is a quantum mechanics-based tool used to solve 

many particles problems in materials science by establishing a good balance between 

computational accuracy and efficiency. According to Hohenberg-Kohn (HK) 1st-

theorem, the DFT originates its name from energy functional as energy is function of 

electron density 𝑛(𝑟)which itself is function of spatial coordinate 𝐸	[𝑛(𝑟)]. Electron 

density makes the calculation computationally simpler by reducing the 3N spatial degree 

of freedom to only three if N is number of interacting electrons. The many-body 

perspective simplification to DFT perspective is picturized in Figure 12.  

 
Figure 12: The many-body versus DFT perspective to treat the problem of many-
particles. 

The simpler form of Schrödinger equation is given in equation 1 (Harshman, 

2019; Shankar, 2012), where H!  is Hamiltonian operator acting on 𝜓 eigenstate and 

results in 𝐸 energy eigen value.  
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 𝐻!𝜓 = 𝐸𝜓      Eq. 1 

It can be easily solved for H-atom but for complex systems with many-body 

system to solve the many-electrons based Schrödinger equation, the Density functional 

theory serves an effective computational tool operated in VASP and WEIN2k packages. 

The extended form of Schrödinger equation is given in equation 2 (Harshman, 2019; 

Shankar, 2012) where total energy is divided into kinetic energy (cyan) and potential 

energy (red).  

 

  Eq. 2 

Here, 1st term indicates the kinetic energy of interacting electrons, 2nd term is 

kinetic energy of interacting nuclei, 3rd term is nucleus-electron attractive potential, 4th 

term is electron-electron repulsive potential, and 5th term is nucleus-nucleus repulsive 

potential. The symbols 𝛻𝑖2, 𝑟"⃗ 𝑖𝑗, and 𝑅""⃗ 𝐴𝐵 are defined in Eq. 3 (Harshman, 2019; Shankar, 

2012). 

𝛻𝑖2 =			
𝜕2

𝜕𝑥𝑖2
+ 𝜕2

𝜕𝑦𝑖
2 +

𝜕2

𝜕𝑧𝑖2
	 , 𝑟"⃗ 𝑖𝑗 = $𝑟"⃗ 𝑖 − 𝑟"⃗ 𝑗$	, 𝑅""⃗ 𝐴𝐵 = %𝑅""⃗ 𝐴 − 𝑅""⃗ 𝐵%  Eq. 3 

According to the Born Oppenheimer approximation, the nuclei that are three 

times heavier than electrons can be considered static, therefore, 2nd term in Eq. 2 

vanishes. Similarly, the 5th term is also ignored for representing a constant potential 

operating between static nuclei. The Hohenberg- Kohn (HK) 2nd-theorem states that an 

electron density is associated to the ground state if it gives an energy that approaches the 

minimum value of ground state.  

2.1.2 Kohn Sham Approach 

Kohn-Sham (KS) theorem later further improved the HK theorem by replacing 

the static external potential of interacting many-particle electrons to a fictitious model of 

non-interacting electrons pertaining effective Kohn-Sham potential 𝑉𝐾𝑆[𝑛(𝑟)], given in 

Eq. 4 (Hu et al., 2021; Wang and Zhang, 2013). 
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*− 𝛻2

2 + 𝑉𝐾𝑆[𝑛(𝑟)]+𝜓𝑖(𝑟) = 𝐸𝑖𝜓𝑖(𝑟)         Eq. 4 

In Eq. 4, the Kohn-Sham potential 𝑉KS(𝑟) is also called the effective potential, 

which consists of external potential, Hartree potential, and exchange-correlation 

potential, given in Eq. 5 (Hu et al., 2021; Wang and Zhang, 2013). 

𝑉𝐾𝑆(𝑟) = 𝑉𝑒𝑥(𝑟)+ ∫ 𝑛(𝑟′)
!𝑟−𝑟′!𝑑

3𝑟′ + 𝑉𝑋𝐶[𝑛(𝑟)]   Eq. 5 

Here, in Eq. 5, the term 𝑉ex(𝑟) is the external potential, the 2nd Hartree term 

represents electron-electron Columb repulsion, and 𝑉𝑋𝐶 is exchange correlation potential. 

The last two terms depend on electron density 𝑛(𝑟) which depend on Kohn-Sham 

orbitals 𝜑𝑖which in return depends on effective potential, thus solving the DFT problem 

in self-consistent (SCF) iterations. Staring from a guess electron density, a corresponding 

effective potential is calculated by solving the KS equations for 𝜑𝑖. From 𝜑𝑖again 

electron density is calculated as given in Eq. 6 (Hu et al., 2021; Wang and Zhang, 2013). 

𝑛(𝑟) = ∑ |𝜑>(𝑟)|?@
>AB      Eq. 6 

The resulting density is again used to calculate to new potential until electron 

density approaches its minimum value for which ground state energy is obtained and 

convergence is reached. The SCF cycle is shown in Figure 13. 

 
Figure 13: The self-consistent iterative cycle performed in density functional theory. 
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2.1.3 Exchange-correlation potential 

The unknown part of KS equation is exchange correlation potential VXC[n(r)], as 

given in Eq. 7 (Burke and Wagner, 2013). 

𝑉𝑋𝐶[𝑛(𝑟)] =
𝜕𝐸𝑋𝐶[𝜌]
𝜕𝜌(𝑟)      Eq. 7 

There are many approximations designed for 𝑉𝑋𝐶 offering a competitive balance 

between accuracy and computational cost. The simplest one is local density 

approximation (LDA) for which the energy functional depends on local electron density 

as given in Eq. 8 (Perdew et al., 2005). 

𝐸𝑋𝐶𝐿𝐷𝐴[𝑛(𝑟)] = ∫𝐸𝑋𝐶(𝑛)𝑛(𝑟)𝑑
3𝑟    Eq. 8 

The LDA approximation splits the exchange and correlation part with an 

assumption of having homogenous density all where, but this causes an error due to 

underestimating exchange and overestimating correlation energies. This inaccurate 

compensation of exchange and correlation parts lead to consider real inhomogeneous 

electron density in terms of its gradient. This improved Functional is referred to as 

generalized gradient approximation (GGA) given in Eq. 9 (Perdew et al., 1992). 

  𝐸𝑋𝐶𝐺𝐺𝐴[𝑛↑, 𝑛↓] = ∫𝐸𝑋𝐶(𝑛↑, 𝑛↓, 𝛻𝑛↑, 𝛻𝑛↓)𝑛(𝑟)𝑑
3𝑟   Eq. 9 

2.2 Data Collection 

The DFT-based licensed packages of Wien2k (Kojima et al., 2009) and VASP 

(Bati et al., 2023) are available in the UAEU-HPC system, which were used to perform 

all computational works. VASP and wein2K use the periodic boundary conditions and 

pseudopotential method with the plane wave basis set. According to the periodic 

boundary conditions, the molecular wavefunctions should become zero at the infinite 

spatial coordinates and molecule is placed alone in unit cell of comparatively very higher 

dimensions.  
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2.2.1 Input Files 

1. INCAR 

It is the main input file for VASP code as shown in Figure 14, which defines the 

algorithms and parameters used in calculations. The main input tags mentioned in table 1 

set the convergence conditions for ionic and electronic relations. After getting a relaxed 

structure, the INCAR-tags are changed for calculating further properties as shown in 

Figure 15 and 16. 

Table 1: The list and description of important INCAR tags used in calculations. 
INCAR Tags Description 

ENCUT Sets the cutoff energy for convergence 

NSW Sets the maximum number of electronic steps to prevent non-converged 

calculations up on going forever 

EDIFF Defines breakdown condition for electronic relaxation self-consistent 

loop 

EDIFFG Defines breakdown condition for ionic relaxation self-consistent loop 

ISIF Describe which degrees of freedom are variable (position, cell 

volume/shape)  

IBRION Defines which algorithm is used for ionic relaxations 
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Figure 14: INCAR file for structure relaxation with all used tags and their set parameters 
with brief description in brackets. 

 
Figure 15: INCAR file used to calculate the density of states plots after performing 
single point calculation. 
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Figure 16: INCAR tags are used specifically to perform Mechanical calculation using 
Hessian matrix. 

2. POSCAR 

The second mandatory input file to run VASP calculations is POSCAR (as shown 

in Figure 17), which contains complete information about structure in term of ionic 

positions, lattice constants, and categories of elements, and number of each element in 

the formation of that specific configuration. 

 
Figure 17: The POSCAR file displays the lattice parameters, types and number of 
elements, and positions of all atoms. 

3. POTCAR 

The POTCAR file consists of the pseudopotential for each element in the main 

structure, as shown in Figure 18. For more than one element, the POTCARs for all 

elements are concatenated in one POTCAR file, where the order of elements should be 

the same as set in the POSCAR file. VASP has a library of projected augmented wave-

based pseudopotentials for all elements (Kresse & Joubert, 1999). Figure15 shows that 

the projected augmented plane wave potential with PE (Perdew-Ernzerhof) 

pseudopotential is used (Blöchl, 1994). For example, Br atom has seven valence 

electrons (ZVAL = 7.0) with the valence configuration of [s2p5]. The pseudopotentials 

are used to exclude core electrons by treating them as inactive core electron density. 
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Figure 18: The POTCAR file used for defining pseudopotentials for VASP calculations. 

4. KPOINTS 

The fourth input file for VASP calculations is KPOINTS, which specifies the k 

points (Bloch vectors) of the considered Brillouin zone (see Figure 19). A k-mesh is 

designed by subdividing the lattice vectors into the numbers being inversely proportional 

to dimensions of unit cell along x, y, and z axis. In the study of two-dimensional 

monolayer perovskites, the unit cell is extended along z-axis leading to k-point mesh of 

4×4×1 dimensions.   

 
Figure 19: KPOINTS file used for relaxation and post processed calculations. 

2.2.2 Output Files 

The CONTCAR file (sharing the same scheme of POSCAR) has the position 

coordinates of the relaxed structure, which can be visualized by using XcrysDen and 

Vesta. To display the output data in plots, Origin and Python codes were used. The main 

output files include: 

1. CONTCAR: Contains the atomic coordinates of the relaxed structure. 

2. OSZICAR: Contains data of electronic and ionic steps. 

3. OUTCAR: Contains the complete information about the performed calculation. 

4. CHGCAR: Contains the charge density of the relaxed system. 
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5. DOSCAR: Contains the partial and total density of states. 

Novel Half-Heuslers and Perovskites will be investigated through calculating 

their structural, mechanical, electronic, thermodynamic, thermoelectrical properties, 

power factor and photovoltaic efficiency. By introducing the partial defects, the whole 

chemical scheming will be altered, thus offering a new material with diverse 

photovoltaic properties. The desirable material should be more efficient, less toxic, more 

stable, and cost effective (Javed et al., 2022b, 2020; Sattar et al., 2023). 

2.3 Results and Discussions 

In this sub-section, we have comprehensively discussed the main results and 

findings obtained under this project.  

2.3.1 Article I 

A DFT-based study of structure and electronic scheming of undoped (pure) and 

doped (R-NH3)2Pb1−xGexI4configurations was presented using spin-orbit coupling. 

Depending on the organic-spacer-cations [R-NH3]+ of methyl-ammonium (CH3NH3+) 

and Phenyl-ethyl-ammonium (C6H5[CH2]2NH3+),varied compositions of Ge cation in 

replacement of Pb cation at varying concentration of x (0.0, 0.25, 0.50, 0.75, 1.0), 32-

configurations were designed. Depending on location of Ge dopant, we got four 

permutations for 25% Ge, six permutations for 50% Ge (four Columns & two 

Battenberg), and four permutations for 75% Ge, as shown in Figure 8. An intriguing 

interplay between the structural distortion and angular tilting is discovered, which leads 

to the bandgap bowing for mixed Pb-Ge compositions (Javed et al., 2022a). 

2.3.2 Article II 

We also analyzed the effect of different spacer cations [R–NH3] +on the 

conjunction with different inorganic halide anions by introducing a novel class of 2D-

perovskites. A larger spacer cation was found to reduce the band gap. Interesting features 

of dielectric confinement, quantum confinement, defect tolerance, low effective masses, 

and high mobility were explored by understanding a relationship between the 

compositional and electronic variations (Javed et al., 2023a). 
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2.3.3 Article III 

We also investigated the effect of the biaxial strain on novel 2D-perovskites and 

found that the band gap decreases under compression and increases under elongation. 

Formation of PHI trap states in CBM and Ii trap states in VBM under tensile and 

compressive strains are responsible for bandgap alterations, thus a significant impact on 

electronic properties opened the exciting possibilities for controlling and manipulating 

their optoelectronic devices (Javed et al., 2023b).  

2.3.4 Article IV 

We have designed a novel Half-Heusler CrMnS alloy and investigated its 

structural, elastic, magnetic, thermodynamic, and thermoelectric properties. The alloy 

was found to be chemically, thermodynamically, and vibrationally stable with an 

optimized lattice parameter 5.49 Å at -92.4 eV. Cohesive and formation energy analysis, 

along with the phonon dispersion curve, also supported this stability. The CrMnS hold 

half-metallic nature with their spin-up and spin-down channels showing metallic and 

semiconductor nature as found from spin-polarized band structures and density of states 

plots. Slater Pauling rule also satisfy the 100% polarization with 1 𝜇L magnetization. 

CrMnS serves as a potential candidate for thermoelectric and spintronic applications 

with ZT curve approaching 0.72 value at 600K temperature (Javed et al., 2022b). 

2.3.5 Article V 

A novel series of Cr-based Half-Heuslers alloys CrVZ was investigated with three 

p-block chalcogenides including S, Se, and Te. The electronic studies found all 

structures are half-metallic with CrVSe exhibiting direct bandgap of 1.07 eV for spin-up 

states. CrVSe and CrVTe structures were found structurally, thermodynamically, and 

vibrationally stable except CrVS with presence of soft imaginary phonon due to smaller 

sized S-ion. Interestingly CrVS and CrVTe were found to have similar indirect bandgap 

of 1.14 eV for spin-up states. But the thermoelectric performance of CrVTe is found 

extremely higher as compared to S- and Se-based alloys. Te-based alloys with the largest 

Seebeck co-efficient and highest power factor proved to be a promising choice for 

thermoelectric applications (Javed et al., 2020). 
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Chapter 3: Conclusion and Future Perspectives 

An organized investigation on the structure, property, performance, and 

processing establishes an important paradigm in material sciences. To achieve the 

sustainability development goals (SDGs) by 2030, the renewable energy-based devices 

are required to be explored, improved, and commercialized, so as to introduce a green 

environment. To meet the ever-increasing worldwide electricity demand through 

reducing air-polluting carboneous fuels consumptions with industrial waste-heat 

emissions, there is a direct need to launch photo-converted and thermoelectric modes of 

electricity generation. In this regard, two energy harvesting materials (perovskites and 

half-heuslers) have become one of the research hotspots. 

3.1 Photovoltaic Implications 

To evaluate the photovoltaic performance of perovskites absorber, a deep 

theoretical investigation of crystal structure, optoelectronic behavior and mechanical 

stability is required. In this work, the role of defect engineering (by doping A, B, and X 

ions) and strain engineering is analyzed and studied theoretically with the main 

conclusive explanations of bandgap tunning, octahedral distortion, octahedral tilting, 

energy level alignments, spin-orbit coupling effect, quantum and dielectric confinement, 

and defect tolerance.  

3.2 Thermoelectric Implications 

Half-heuslers alloys with excellent thermodynamic, mechanical, vibrational 

stabilities and promising thermoelectric features have emerged as an ideal candidate for 

economically designing the viable, energy efficient and environmentally friendly 

devices. In this work, CrMnS, CrVS, CrVSe, CrVTe, VCrTe, VFeTe, and VCoTe were 

investigated. Besides, anti-perovskites A3OX (A = K, Na, Li and X = Br, I, Cl) were also 

found to be breakthrough thermoelectric candidates. Also, the electronic, elastic, 

structural, magnetic, thermodynamic, vibrational, and thermoelectric properties of these 

materials were calculated. Designing novel HH alloys through defect engineering is 

found to remarkably enhance the thermoelectric performance of these materials. Our 

findings pave the way to implement these innovative HH alloys in the pursuit of real-

world TE and spintronic applications. 
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3.3 Future Prospectives 

In the pursuit of scientific progress and sustainability, the primary objective of 

this project is to significantly contribute towards the goals of sustainable development by 

launching the improved, cost-effective, stable, and convenient energy harvesting 

materials. The efficient perovskites and promising thermoelectric half-heuslers alloys 

can be further harnessed with the potential of machine learning, which can train a model 

feature and engineer the components focused on calculated bandgaps. It empowers us to 

conduct the robust research for even more efficient materials. The experimental 

synthesis of these innovative materials will actualize the long-term goal of natural 

energy harvest facilitated with mass production of cutting-edge technologies, fostering 

the global economy and industrialization. 

The overarching grand goal of this thesis is to delve deep into a comprehensive 

understanding of the electronic, structural, and optical properties of the investigated 

perovskite and half-Heusler materials. A thorough understanding and knowledge of all 

these properties can facilitate designing and optimize energy harvesting devices based on 

these materials. The results of this thesis hold immense potential for developing the next-

generation energy harvesting technologies, propelling us closer to the grand ambition of 

achieving sustainable and clean energy for all. Thus, an awe-inspiring fusion of scientific 

exploration, sustainability, and technological innovation can play a pivotal role in the 

pursuit of a greener future.  
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Density Functional Theory based computational study of innovative energy 
harvesting materials: Half-Heuslers and Perovskites class is presented with deep 
understanding and investigation of their structural, electronic, magnetic, optical, 
mechanical, thermoelectric, and thermodynamic properties under defect and strain 
engineering highlighting their role as promising next-generation photovoltaic and 
thermoelectric contenders with a structure-characteristics-property-processing-
performance relationship. 
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