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ABSTRACT 

Thermoelectricity has emerged as one of the potential green energy harvesting technologies 

that provide clean and sustainable energy solutions. This technology relies on the materials that 

efficiently convert waste heat into useful electricity, known as thermoelectric (TE) materials, 

which have a wide span of applications ranging from wearable devices to space applications. 

In recent years, the search for novel TE materials has been extended to the classes of materials 

that simultaneously have decoupled transport parameters with inherently low lattice thermal 

conductivity. We have discussed four such classes of materials, i.e., Zintl phases, half-Heusler 

(HH) compounds, Li-transition-metal nitrides, and pnictide monolayers, and conducted 

extensive first-principles calculations followed by semiclassical Boltzmann transport theory to 

explore their thermoelectric properties of these materials.  

In the first problem, we realized that the carrier concentration optimization is an effective way 

to enhance the TE performance of a material.  We have explored the TE properties of the p-

type RbZn4P3 and n-type RbGaSb2 Zintl compounds at different hole and electron doping 

concentrations, respectively.  A peak ZT value of 0.78 (0.87) at 700 K (900 K) for optimal hole 

(electron) doping concentration of 2×1020 cm-3 (2×1019 cm-3) has been obtained for RbZn4P3 

(RbGaSb2). The key advantages of using Zintl compounds are their complex crystal structure, 

potential rattling of Rb cations, and presence of heavy elements. We have obtained low lattice 

thermal conductivities of both compounds, RbZn4P3 and RbGaSb2. This low thermal 

conductivity allows for the efficient conversion of heat into electricity, making them potential 

candidates for TE applications. In the second problem, we analysed and compared the 

electronic, transport, phononic, and thermal properties of 8 valence electron count (VEC) Li-

based HH compounds LiCaX (X = As, Sb).  The value of the Seebeck coefficient has been 

found to be higher in p-type LiCaX than that of n-type due to flat VB edges. TE performance 

is slightly enhanced with an increase in atomic weight of X atom owing to low 
l  and 

significant power factor (PF). The remarkably low l  of 8-VEC HH compounds LiCaX (X = 

As, Sb) has been understood in terms of different phonon modes and optimization of carrier 

concentration, resulting in an improved ZT at higher temperatures. The optimized carrier 

concentration (~1020 cm-3 for p-type carriers and ~1019 cm-3 for n-type carriers) of the 

investigated compounds was found to be comparable to the experimentally estimated value for 

other 8-VEC Li-based HH. Our study has predicted that the p-type HH alloys LiCaX are 

promising TE materials. In the third problem, we understood the role of lattice dynamics in 
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realizing high TE performance in an already experimentally synthesized layered materials 

Li2MN2 (M= Zr and Hf). We have analyzed how replacing Zr with the relatively heavy element 

Hf in Li₂MN₂ leads to an increase in thermal conductivity instead of a decrease, which is against 

the common notion. We have obtained a lower lattice thermal conductivity (1.52 Wm-1K-1), 

compared to Li₂HfN₂, along the a-axis at 1000 K for Li2ZrN2 which has been attributed to the 

rattling behaviour of Zr that leads to shorter phonon lifetimes. Moreover, the anisotropic 

character owing to the layered structure of Li2MN2 has enabled tuning their transport properties. 

Therefore, a high PF has been obtained along the a-axis for both compounds, which resulted 

in high ZT in this direction. The high figure of merit (1.07) of Li2ZrN2 along the a-axis has 

unravelled its potential for high-temperature TE application. These calculations have provided 

valuable insights into the vibrational properties, including the phonon group velocities, phonon 

lifetime, and phonon frequencies that govern the thermal conductivity and the phonon-mediated 

heat transport.  

In the fourth problem, we explored structural, electronic, and TE properties of 2D YX (X = N, 

P, As) rare-earth pnictide monolayers. The monolayers are found to exhibit high anisotropy in 

the electronic transport properties, which is attributed to their unique crystallographic and 

electronic structure. The dimensionality reduction in these semiconducting materials with 

strong p-d hybridization led to high electron conductivities, thereby resulting in high ZT. The 

phonon band structure shows enhanced coupling between the low-frequency optical and 

acoustic modes. Accordingly, low 
l  obtained, with values 3.335, 1.779, and 1.648 Wm-1K-1 

for YN, YP, and YAs monolayers, respectively, at 500 K. For the p-type materials, the highest 

ZT is achieved in the order YN < YP < YAs in the y-direction, while for n-type materials, it is 

in order YN >YP > YAs in the x-direction. The monolayers YN, YAs, and YP are found to 

exhibit a maximum figure of merit of 2.02, 1.39, and 1.18, respectively, at 500 K, showing 

excellent TE performance.  

Our study outlines some effective approaches for enhancing the TE performance of materials, 

which include carrier concentration optimization, phonon engineering, and dimensional 

reduction. It may open new avenues for future experimental realization of these materials for 

energy harvesting applications in a wide temperature range. This thesis underlines the effective 

use of computational techniques to screen efficient materials for desired applications. These 

techniques save valuable resources and help experimentalists to synthesize the proposed 

materials without resorting to trial-and-error methodology in the wet lab. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview of Thermoelectricity 

Energy is the backbone of modern society, powering everything from the smartphones in our 

hands to the vehicles we travel in and the homes we live in. As technology becomes deeply 

embedded in our daily lives, the ever-increasing demand for energy highlights the pressing 

need for more efficient utilization of resources through modern science and technology. The 

global quest for clean and sustainable energy is rapidly growing due to the extensive use of 

non-renewable energy resources [1]. With the increasing global energy demand and the adverse 

environmental impacts of fossil fuel, which is still a dominant energy source, developing 

alternative technologies and sustainable energy solutions has become paramount. Energy 

efficiency is of utmost importance in the battle against climate change and the wise use of 

resources. Efficient energy use reduces worldwide energy demand and decreases the adverse 

environmental effects of energy production. Renewable energy resources, such as geothermal, 

solar, and wind power, are essential for sustainable development. However, these renewable 

energy resources have their constraints pertaining to weather and location. One of the possible 

solutions to tackle the emerging energy crisis is the recycling of waste heat into useful energy, 

which can be realized through the process known as thermoelectricity [2–4].  

It is a promising technology that directly converts temperature differences into electrical energy 

and vice versa. This technology has great potential to provide sustainable solutions to the 

increasing energy crisis by reducing our dependence on fossil fuels, and the overwhelming 

problem of global warming, and significantly reduce reliance on renewable energy resources.  

Thermoelectric (TE) materials can directly convert waste heat- commonly released from 

industrial processes, vehicle engines, and household appliances (as shown in Figure 1.1) into 

useful electricity [5–7]. This energy recovery approach conserves resources and addresses 

thermal management challenges across various applications.  The TE generators (TEGs) 

possess unprecedented advantages, including eco-friendliness, long working life, a simple 

structure, silent, containing no moving parts, pollution‐free, easy maintenance, and high 

reliability. They hold the potential to play a vital role in achieving energy sustainability, 

particularly when integrated with emerging technologies in nanostructured materials such as 

three-dimensional (3D) and two-dimensional (2D) materials, which have shown promising 

results in increasing TE performance [8]. 
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 Figure 1.1 Sources of the waste heat energy. 

1.2 Application Areas of Thermoelectric Materials 

Thermoelectric materials has multiple applications: waste heat recovery, power generation, 

cooling applications, and wearable and portable electronics [5,9–11]. Waste heat recovery is 

one of the most substantial applications, where TEGs convert industrial waste heat, vehicular 

output, etc., into useful electricity. By converting this heat into power, TE materials help 

improve energy efficiency and reduce operational costs. TEGs provide reliable, maintenance-

free power sources and are especially useful in remote or extreme environments where 

traditional power sources are impractical. For example, they are deployed in spacecraft, remote 

sensors, and deep-sea exploration. They provide silent, vibration-free cooling, which is crucial 

for high-performance computing, sensitive laboratory equipment, and optical devices. These 

materials are used in small cooling devices, from consumer electronics to advanced aerospace 

applications. In some portable devices, TE materials can power small electronics using body 

heat, emphasizing the potential for self-powered devices. Figure 1.2 illustrates the potential 

application that can be explored in this field. 
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Figure 1.2 A diverse range of domains where the application of thermoelectric materials can 

prove to be effective. 

1.3 Thermoelectric effects 

Thermoelectricity is based upon three different effects: the Seebeck, Peltier, and Thomson 

effects.  

1.3.1  Seebeck effect  

In 1821, Thomas Seebeck discovered this effect. He found that when different types of 

materials joined together and were subjected to temperature gradient, an electromotive force is 

produced. The potential difference ( )V  generated is directly proportional to the temperature 

difference ( )T  of the two junctions. Seebeck coefficient ( )S  is the proportionality constant 

and is given by 

 
V

S
T


= −


 (1.1) 

The negative sign indicates that the material is n-type semiconductor and the electrons diffuse 

from hot end to cold end. The reverse sign is for p-type semiconductors in which holes move 

from the hot to the cold end. 
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1.3.2 Peltier effect 

In 1834, Jean Charles Peltier found this effect which is the reverse of the Seebeck phenomenon. 

When an electric current ( )I  passes through the junction of two dissimilar conducting 

materials, A and B, heat ( )Q  may be absorbed or released at the junction depending on the 

direction of the current. Peltier coefficient ( )  is the proportionality constant  

 
Q

I
 =  (1.2) 

1.3.3  Thomson effect 

In 1851, William Thomson (also known as Lord Kelvin) discovered the third TE effect, which 

combines both the Peltier and Seebeck effects. He found that the Seebeck and Peltier 

coefficients are related through thermodynamics. The Peltier coefficient is simply the Seebeck 

coefficient times absolute temperature, i.e., ST = . This relation led Thomson to predict a 

third TE effect, known as the Thomson effect. In this effect, heat is absorbed or released when 

current flows in a material with a temperature gradient ( )T . The heat is proportional to both 

the electric current and the temperature gradient. The proportionality constant, known as the 

Thomson coefficient ( )  is given  

 
Q

I T



=


 (1.3) 

1.4 Thermoelectric figure of merit and efficiency 

Figure of merit (FOM) is a dimensionless quantity, denoted by ZT, which is equal to 

2

e lS T  + , where S, σ, T, e , and l  are the Seebeck coefficient, electrical conductivity, 

absolute temperature, and electronic and thermal contributions to the thermal conductivity, 

respectively. 

The efficiency of an ideal TE material is given by 

 
( )

1 1
1

1

c

h c h

T ZT

T ZT T T


   + − 
= −   

+ +    

 (1.4) 

Where cT  and hT  are the temperatures at the cold and hot sides, respectively.  
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1.4.1 Challenges Pertaining to Efficient Thermoelectric Materials 

A few of the challenges highlighted and shown below are based on the dedicated literature 

review in the field of thermoelectricity. 

• The efficiency of any TE material is measured by the dimensionless quantity, the figure 

of merit, denoted by ZT, which is equal to 
2

e lS T  + , where S, σ, T, e , and l  are 

the Seebeck coefficient, electrical conductivity, absolute temperature, and electronic 

and thermal contributions to the thermal conductivity, respectively. Achieving a high 

ZT is difficult, as optimizing these parameters simultaneously is challenging. Many 

current materials do not have a high enough ZT value to be viable for large-scale 

applications. Therefore, researchers are constantly looking for new materials having 

high ZT and effective strategies that can enhance the TE performance of existing 

materials [12].  

• High-performance TE materials often face issues with stability, especially at elevated 

temperatures. For instance, materials like Bi2Te3, while efficient at room temperature, 

degrade at higher temperatures, which limits their use in high-heat applications [13]. 

Developing materials that are both efficient and stable over a wide temperature range 

is a crucial area of research.  

• For efficient TE performance, materials need low lattice thermal conductivity ( l ) to 

sustain a temperature gradient. However, managing l  is complex. Therefore, 

innovations in nanostructuring and low-dimensional materials show potential in 

addressing this issue by introducing phonon scattering centers but maintaining 

mechanical and chemical stability remains a challenge [14,15]. 

1.4.2 Strategies to optimize Figure of merit 

Over the years various strategies have been used to improve transport properties resulting in 

high ZT, which is an important parameter for TE applications. The most effective way to 

enhance the electronic transport properties is through carrier optimizations by band engineering 

and defects, which effectively decouple σ and S and simultaneously have high values that lead 

to achieving a higher TE power factor (PF). Generally, the optimum carrier concentration for 

mostly excellent TE materials lies in the range 1019 to 1021 cm-3, and the corresponding Fermi 

level is close to the band edge [16].  Another way is to reduce the l  without affecting the 

electronic transport properties, so that enhanced ZT can be achieved. 
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The transport parameters S, σ, and   that affects TE performance are directly related via the 

following relationships:  

1.4.2.1 Band Structure Engineering 

The band structure engineering can be done by doping, strain, and external fields [17–20]. The 

dopant in the host can create new energy levels in the material, resulting in the modification of 

the electronic band structure. This leads to an increase in the effective mass of the electron or 

hole and leads to an increase in available states around the Fermi level, which increases the S 

and hence ZT. The influence of the dopant also increases the charge carrier type (n-type and p-

type) and carrier concentration in the material. Doping increases phonon scattering through the 

additional disorder in the crystal structure [21]. Isovalent elemental doping induces mass 

disorder in the structure, which reduces the lattice thermal conductivity without significantly 

altering the electronic parameters [22]. Lattice strain can arise from the difference in the atomic 

size of dopants, which affects the electronic band structure and phonon scattering [17,23].  

1.4.2.2 Dimensionality Reduction 

It is possible to reduce the interrelation among the transport coefficients by modifying the 

dimensionality of the material. Once the material size decreases to a nanometre length, it can 

offer quasi-independent control to S, σ, and κ due to the quantum confinement. Reducing the 

dimensionality from three-dimensional (3D) to two-dimensional (2D), then one-dimensional 

(1D), and finally from 1D to zero-dimensional (0D), as demonstrated in Figure 1.3, enhances 

the electronic DOS in the vicinity of the Fermi level, leading to an increased S value. The 

quantum confinement opens new opportunities to decouple the dependence of key TE 

parameters and tune them separately. The developments in the direction of obtaining high 

performance TE materials gained a new motivation following Hicks’ and Dresselhaus’ 

suggestion that significant increases in TE performance can be achieved by developing TE 

materials with quantum-well superlattice structures [24,25].  A review paper by Li et al. 

highlights the recent progress in 2D materials with high TE performance [15]. 

 

Figure 1.3 Electronic DOS for different dimensionality. Low-dimensional materials showing 

sharp DOS.  
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1.4.2.3 Phonon Engineering 

In recent years, more and more methods for engineering the phonon transport have been 

reported. For example, the multi-scale scattering centre introduced by defect engineering could 

help shorten the phonon mean free path [26], thus decreasing the l . From the dimensionality 

perspective, in general, defects can be categorized into 0D (point defect), 1D (dislocation), 2D 

(grain boundary), and 3D (nano inclusion or secondary phase) [27]. Point defects, including 

vacancy [28,29], alloying or doping [30], and interstitial atoms [31] can scatter high-frequency 

phonons efficiently. High-density dislocations can scatter mid-frequency phonons, which can 

be introduced via plastic deformation of the samples. A large number of grain boundaries can 

be introduced via nano-structuring, thus forming high-density grain boundary scattering 

centers that can scatter low-frequency phonons. However, it should be noted that the high-

density grain boundary scattering center not only scatters the low-frequency phonon but also 

the charge carriers, having a negative effect on the electronic performance. Introducing these 

kinds of defects in a system, one can construct multi-scale and multi-frequency scattering 

centers, thus realizing the reduction in phonon transport properties. Additionally, the l  can 

also be effectively reduced via a porous structure [32,33], complex crystal structure [34], lattice 

anharmonicity [35]and introducing heavy elements or weak chemical bonding [36]. 

1.5 Thermoelectric materials 

The attempt to improve ZT is either made by discovering new materials or by tuning the 

existing TE materials. As discussed in the previous section, the components of ZT are 

interconnected. Therefore, it is difficult to modify one parameter without affecting the other. 

This section provides a quick review of potential candidates for thermoelectricity, and we focus 

on selected 3D and 2D materials for their unique properties and promising TE performance. 

Also, literature on recent advances in the TE properties of these materials is briefly discussed 

to provide insights relevant to our work. 

1.5.1 Zintl Compounds 

Zintl phases follow valence rules to achieve stable electronic configurations [37,38]. ‘Zintl’ is 

named after the scientist Eduard Zintl, who made the binary phases by the combination of main 

group metalloid, electropositive alkali and alkaline metal. Unlike alloys, where electrons are 

shared collectively, Zintl phase compounds exhibit well-defined oxidation states, with electron 

transfer occurring from electropositive to electronegative elements. However, in many cases, 

the octet rule remains unfulfilled, leading to the formation of anionic covalent networks that 
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ensure closed-shell configurations. The bonding in these systems follows the Zintl-Klemm 

concept, where electropositive elements such as alkali and alkaline earth metals donate 

electrons, and electronegative elements form covalent structures [39].  

Zintl compounds have been studied for the last few years to achieve high TE performance. 

These compounds offer an excellent balance between high PF and low thermal conductivity, 

resulting in remarkable TE performance [40,41]. They exhibit a well-balanced combination of 

covalent and ionic bonding, resulting in a favorable electronic structure that supports high 

Seebeck coefficients.  Their semiconducting nature is ideal for TE applications. Many Zintl 

compounds have shown high TE efficiency due to intrinsically low lattice thermal conductivity 

[42]. This is attributed to their complex crystal structures, which scatter phonons effectively. 

Thus, these compounds exhibit phonon glass electron crystal behaviour. Zintl compounds such 

as binary, ternary, and quaternary are currently under extensive investigation both at 

experimental and theoretical fronts [43–46]. In the present thesis, we have carried out 

calculations to investigate the TE properties of both p-type and n-type Zintl compounds. 

1.5.2 Half Heusler Compounds 

In 1903, Dr. F. Heusler found that the alloy Cu2MnAl is ferromagnetic, even though the 

constituent elements are non-magnetic in nature [47]. This was a groundbreaking discovery of 

that time. Half-Heusler (HH) compounds are a kind of material that falls on the borderline 

between alloys and compounds. They possess some vacant lattice sites, allowing for tunable 

compositions similar to alloys, while the covalent nature of the lattice characterizes them as 

compounds. Later, O. Heusler and Bradley defined the crystal structure of Heusler compounds 

as a structure made from four interpenetrating FCC lattices [48,49]. Nowotny and Juza 

discovered the ternary counterparts of these compounds, known as HH or semi-Heusler 

compounds [50,51]. HH compounds are unique in the sense that the nature of the band structure 

can be determined just by finding the number of valence electrons in the compounds. HH 

compounds having 8 or 18 valence electrons are found to be semiconducting in nature [27,28]. 

Generally, HH compounds crystallize in cubic structures having a space group F¯43m (216). 

These structures exhibit XYZ stoichiometry 1:1:1 and the atoms X and Y have cationic 

characters, with Z being the anionic counterpart.  Also, in a given formula, the elements are 

arranged from the most electropositive to the most electronegative. The electropositive 

elements (X and Y) can be a transition metal, main group element, or rare earth metal, while 

the electronegative element (Z) is typically a main group element, primarily from the p-block. 

The tunable and covalent nature of HH compounds makes them a promising candidate in a 
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variety of fields. Over the decade, HH compounds have made considerable development in TE 

conversion technology [52–55]. These compounds are known for their high thermal stability, 

making them suitable for applications in high-temperature environments. Their robust 

mechanical properties also make them attractive for integration into TE modules. HH 

compounds with 18 valence electrons are semiconducting in nature such as TiCoSb, ZrNiSn, 

and HfNiSn  and were found to have significant values of the Seebeck coefficient and power 

factor, which are essential for TE efficiency of a material [56,57]. The reason behind this is 

their unique electronic and structural properties. Most of the research focussed on the TE 

performance on 18 valence electron HH compounds.  While a few HH compounds have 8 

valence electrons, they are also semiconductors and can exhibit good TE performance [58]. 

The present thesis includes the TE properties of 8 valence electron count (VEC) HH 

compounds. 

1.5.3 Layered Materials 

The main benefit of layered structured materials for TE purposes and applications is that they 

can separate the interrelated electrical and thermal conductivity to improve their contribution 

to TE energy conversion [59]. The anisotropic electronic and phonon transport properties in 

layered materials are the key driving forces behind the increasing attention for this kind of 

materials. Layered materials, such as SnSe, Bi2Te3, and BiCuSeO, have really transformed the 

TE research [60,61]. Strong in-plane and weak out-of-plane bonding in layered materials cause 

bonding heterogeneity, and the subsequent lattice anharmonicity brings down the l . Also, 

weak interactions among layers results in many low-dimensional features in electronic 

transport, such as the quantum confinement of free charge carriers leading to an augmented S 

value. The correspondence of lattice anharmonicity and low-dimensional electronic features, 

making the layered materials perfect for realizing high TE performance as their anisotropic 

phonon and electronic transport properties offer imperative fundamental insights as well. 

Further, nitride semiconductors are highly attractive owing to their potential for environmental 

sustainability, utilization of readily available elements, and desirable electronic properties [62]. 

Extensive research has been conducted to explore the early-transition metal nitrides, such as 

ScN and CrN, and various methods implemented to enhance their performance for their 

potential use in TE applications [63]. And layered nitrides are of much interest regarding TE 

energy conversion as they favour anisotropic properties that ultimately enable the tuning of 

transport properties [64,65]. 
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1.5.4 Two-Dimensional Materials 

2D materials, such as graphene, transition metal dichalcogenides, phosphorene, etc., benefited 

from quantum confinement effects, which enhance their Seebeck coefficient and electronic 

properties [15].  Reduced dimensionality from 3D to 2D leads to enhanced phonon scattering 

and ultralow lattice thermal conductivity, which are vital for achieving high ZT. 2D materials 

can demonstrate lower l , making them highly promising for TE devices. In general, 

decreasing the dimensionality of materials can significantly reduce the average distance that 

phonons can travel freely and increase the scattering of phonons at interfaces. This ultimately 

limits the ability of these materials to transport heat and, consequently, good TE performance. 

The 2D systems, such as transition metal chalcogenides, MXenes, and h-BN, rare-earth 

monolayers with anisotropic properties, have gained extensive consideration as efficient TE 

materials [64,66–68].  Further, strain engineering is a also powerful tool for tuning the 

electronic, phononic, and TE properties of 2D materials [69]. The application of strain induces 

structural and electronic changes, which can enhance or suppress specific material properties. 

By combining the unique properties of 2D materials with the tunability offered by strain 

engineering, one can achieve unprecedented control over TE performance. This synergy 

enables efficient, flexible, and application-specific TE device design. 

1.6 Objectives of the thesis 

The main objectives of the work presented in the thesis are as follows: 

• To investigate the structural, electronic, and thermoelectric properties of some Zintl 

compounds. 

• To understand the thermoelectric properties of Heusler-based materials. 

• To unravel the thermoelectric properties and lattice dynamics of layered materials. 

• To optimize the carrier concentration of some existing two-dimensional materials for 

enhancing their thermoelectric performance. 

1.7 Scope of the thesis 

The importance of the search for novel TE materials is discussed clearly in the previous 

sections. This study outlines some effective approaches for enhancing the TE performance of 

materials, which include carrier concentration optimization, phonon engineering, and 

dimensional reduction. It may open new avenues for future experimental realization of these 

materials for energy harvesting applications in a wide temperature range (from near room 

temperature to moderate temperature to high temperature). This thesis underlines the effective 
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use of computational techniques to screen efficient materials for desired applications without 

resorting to trial-and-error methodology in the wet lab, which results in saving valuable 

resources. We have explored the TE properties of few selected materials that belong to well-

established emerging materials systems, such as Zintl phase, Heusler alloys, layered materials, 

and two-dimensional materials within the framework of Density Functional Theory (DFT) and 

Boltzmann transport equations. These classes of materials have been selected due to their 

promising electronic band structures and tunable thermal transport properties, which are crucial 

for achieving high TE efficiency. We proposed strategies to achieve a high TE figure of merit. 

Moreover, this thesis focuses on the tuning of transport parameters such as electrical 

conductivity and thermopower and reports the possible ways to enhance TE parameters.  The 

findings contribute to the broader development of sustainable technologies for waste heat 

recovery and energy-efficient devices for different temperature applications. Experimental 

synthesis of presented materials and large-scale device implementation are beyond the scope 

of this thesis but remain important avenues for future research.  

1.7.1 Structure of the thesis 

This thesis is divided into seven chapters as described below: 

Chapter 1 gives the origin of TEs and the introduction to 3D and 2D TE materials. It also 

describes the basic concepts involved in determining the transport properties of a material. We 

discussed challenges pertaining to efficient TE materials and focused on parameters involved 

in optimizing the TE efficiency and figure of merit. Moreover, it provides an overview of the 

background history, motivation, and objective of the thesis work. 

Chapter 2 discusses the theoretical methodology used to carry out the research work. The main 

emphasis is given to the DFT to solve body problems.  It briefly introduces the functional used, 

electron-ion interactions, the concept of full-electron scheme, projector augmented wave, and 

pseudopotentials. Different numerical aspects of k-mesh sampling, plane wave cut-off energy, 

etc. In addition, the underlying theory involved in the electronic and thermal transport of solids. 

The TE transport coefficient calculation was carried out using density functional theory and 

semiclassical Boltzmann transport theory. It provides the details of all the computational 

packages used in this thesis to carry out the electronic structure calculations, electronic 

transport, and lattice transport properties. 

Chapter 3 reports the first-principles investigation of high TE transport properties of the p-

type RbZn4P3 and n-type RbGaSb2 Zintl compounds. It elaborates on phonon glass electron 
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crystal behaviour in the Zintl compound. Charge density analysis shows the coexistence of 

ionic and covalent bonding. The electronic band structure calculations reveal that both 

compounds are moderate direct bandgap semiconductors. The high ZT values for a widely 

studied temperature range make these compounds quite promising for future TE material. TE 

investigations suggest that optimizing carrier concentration enhances ZT. As a result, the 

findings in this chapter offer a theoretical foundation for experimental investigations of 

thermoelectricity in the Zintl compound.  

Chapter 4 focuses on the detailed physical insight into the structural, electronic, and transport 

properties of 8-valence electron count (VEC) half Heusler compounds LiCaX (X = As, Sb). 

Our findings validate the high thermal stability and dynamical stability of these compounds. 

Further, it presents and compares the ZT under the constant relaxation time approximation and 

temperature-dependent relaxation time for both hole and electron carriers. We realize the high 

figure of merit of LiCaAs and LiCaSb for both optimal hole and electron carrier doping. Also, 

the ZT was found to be comparable to experimentally synthesized 8 VEC HH compounds. This 

indicates that these compounds are promising candidates for the 8 valence electron HH family 

and carry huge potential for thermoelectric energy harvesting applications.  

Chapter 5 examines the lattice dynamics of Li2MN2 (M= Zr, Hf) layered nitrides to unravel 

the factors contributing to their unique thermal transport properties using first-principles 

calculations. We analyse how replacing Zr with the relatively heavy element Hf in Li2MN2 

leads to an increase in thermal conductivity instead of a decrease. Li2ZrN2 possesses a low 

lattice thermal conductivity owing to the significant reduction in phonon lifetime caused by the 

rattling behaviour of Zr. Moreover, the anisotropic character owing to the layered structure of 

Li2MN2 has enabled tuning their transport properties. These findings on the electronic and 

lattice transport properties of Li2MN2 may open new horizons for the design and synthesis of 

more efficient nitride-based TEs. It also provides valuable insights into exploring the role of 

lattice dynamics in minimizing the lattice thermal conductivity of transition metal nitrides and 

their prospective energy harvesting applications.  

Chapter 6 explores the thermoelectric properties of yttrium pnictides YX (X = N, P, As) 

monolayers. We show that the dimensionality reduction in these semiconducting materials with 

strong p-d hybridization led to dispersive band edges and, consequently, high carrier mobilities 

in these semiconductors. We present a detailed investigation highlighting the merit of yttrium 

pnictides monolayer-based materials for TE applications. High power factor for optimal carrier 
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doping YX monolayers in both the x- and the y-direction is obtained. This, in conjunction with 

low to moderate lattice thermal conductivities of these monolayers at 500 K, leads to high ZTs. 

The high TE performance of these materials by breaking the ZT ~ 1 barrier at 500 K suggests 

the prospect of developing yttrium pnictides monolayer-based materials for energy 

applications. The room-temperature performance of these monolayers is limited, which leaves 

scope for further material optimization.  

Chapter 7 presents the conclusion of the research work done and possible future direction and 

social impact. We summarized all the results of chapters 3-6. In the outlook, we provide the 

future directions, where experimentalists can confirm our findings to develop new members 

for TE applications. 
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CHAPTER 2: THEORETICAL METHODOLOGY 

2.1 Introduction to Many-Body Problem 

In Quantum mechanics, it is well known that the Schrödinger equation for one body problem 

like a Hydrogen atom, can be solved exactly [70]. However, the many-body problem has never 

been solved precisely using this equation. So, what prohibits the solution for the system having 

more than one electron? How to deal with the dynamics of electrons in solids? To answer these 

questions, let us consider a many-body Schrödinger equation 

 ( ) ( )ˆ , ,H R r E R r =  (2.1) 

where Ĥ  and ( ),R r  are the many-body Hamiltonian and wave function of the system, 

respectively. R  and r  are the position coordinates of the nucleus and electrons, respectively. 

E is the corresponding energy eigenvalue of the system. On ignoring the relativistic effects, the 

Hamiltonian can be written as 

 
22 22 2 2

2ˆ
2 2

I JI I
i

I i I J I I i j i jeI i jiI J I

Z Z e Z e e
H

m m r rR R r R 


= − −  + − +

−− −
       (2.2) 

1st and 2nd terms are the kinetic energy of the nuclei and electrons, respectively. 3rd, 4th, and 5th 

terms represent the potential energies from the interactions among nuclei-nuclei, electrons-

nuclei, and electrons-electrons, respectively. 

The electrons are quantum mechanical entities; hence, it is impossible to locate their position 

due to the associated wave nature. Due to the uncertainty in the position of electrons, the 

distance ( )ijr between them cannot be determined exactly, and subsequently, the Hamiltonian. 

Here, the situation is even more complicated since we are dealing with solids having multiple 

electrons interacting with multiple nuclei. Several approximations were made for solving the 

many-body problem and are described as follows:- 

2.1.1 Born-Oppenheimer approximation 

In 1927, Born and Oppenheimer made an assumption that nuclei can be considered fixed in 

comparison to electrons due to the huge difference between their masses ( )~  2000 I em m [71]. 

As a result, from the prospect of electronic motion, nuclei are no longer variable, but only fixed 

parameters. In the background of moving electrons, the nucleus appears to be frozen, like honey 
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bees around an elephant. It allows the decoupling of the nuclear and electronic motion, 

therefore, the total wave function in equation 2.1 can be written as the product of electronic 

and nuclear wave functions 

 ( ) ( ) ( ), ,el NR r R r R  =  (2.3) 

where ( ),el R r  and ( )N R  represent the electronic and nuclear part of the wavefunction. 

This approximation is known as Born-Oppenheimer approximation that reduces many-body 

equation to 

 ( ) ( )ˆ( , ,el el el elH R r E R r =  (2.4) 

where, 

 
2 22 2

2ˆ
2

el
I J I

i
i I J I I i j i je i jiI J I

Z Z e Z e e
H

m r rR R r R 

+ −=  +
−− −

     (2.5) 

Despite having been simplified, solving ˆ
elH  is still a challenge. Thus, more approximations 

are required to solve the equation as discussed in the next section. 

2.1.2 Hartree Approximation 

In 1928, Hartree proposed a method to solve the many-body system, where each electron is 

moving independently [72]. He assumed the N-electron system as a set of N non-interacting 

one-electron systems, where each electron feels an average electrostatic potential due to other 

electrons. According to this approximation, the Schrödinger wave equation (in atomic units) 

can be written as 

 
21

( ) ( )
2

i ext H

i

V V r E r 
 

−  − + = 
 

  (2.6) 

Here, I
ext I i

i I

Z
V

r R
=

−
   i.e., the attractive potential among the nuclei and the electrons, and 

VH is the Hartree potential due to electron-electron Coulomb interaction and given by 

 
'

'

'

( )
H

r
V dr

r r


=

−
  (2.7)                                                                                                                             

This approximation is also known as an independent electron approximation, and the total 

energy ‘E’ can be written as a sum of N one-electron energies: 
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1 2 3     ....  NE E E E E= + + + +   (2.8) 

However, Hartree theory neglects the effect of electron-electron correlation and also violates 

the wave function’s antisymmetric requirements on their exchange, hence requires further 

approximations. 

2.1.3 Hartree-Fock approximation 

In 1930, Fock improved the Hartree theory based on the mean-field approach by taking spin 

into consideration and writing the one-electron wave function in the form of Slater determinant 

as given below [73] 

 ( )

1 1 1

2 2 2

1 2 3

(1)   (2)   ....   ( )

(1)   (2)   ....   ( )
1

, , ,.....     .           .         .          .
!

    .           .         .          .

(1)  (2)  ....   ( )

N

N N N

N

N

r r r r
N

N

  

  



  

=  (2.9) 

Here, 
1

!N
 is a normalization factor. The total wave function written in the form of a 

determinant takes care of the anti-symmetric nature of the fermions, i.e., the sign is changed 

when any two columns or rows are interchanged which ensures the anti-symmetric nature of 

the total wave function. Moreover, suppose any two rows or columns are identical. In that case, 

the determinant is zero, implying that the electronic state having electrons of the same spatial 

and spin coordinates does not exist, thus satisfying the Pauli exclusion principle. 

Now, equation 2.6 is modified as: 

 
21

  ( ) ( )
2

ext iji
i

V V r E r 
 

− − + = 
 

  (2.10) 

Essentially, ijV  is driven by two interactions: Coulomb interaction between electron 

coordinates  i  and j , and an exchange interaction caused by the Slater determinant’s anti-

symmetrical nature. Since exchange interaction will give negative exchange energy, the total 

energy in Hartree and Fock (HF) approximation will be much closer to the ground state energy, 

which is minimized using the variational principle: 

 ( )* ˆ( ) ( )  = 0r H r dr     (2.11) 

Now, the total energy under HF approximation is written as: 
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    ext xHE T E E E= + + +  (2.12) 

where 1st, 2nd, 3rd, and 4th terms are the kinetic energy of electrons, external energy due to the 

interaction between nuclei and electrons, Hartree energy, and the exchange energy. HF theory 

incorporates the exchange interaction but did not consider the electron correlation. The 

neglected correlation was included in the density approach method known as Density 

functional theory (DFT), which is discussed in the next section. 

2.2 Density functional theory 

Solving many-electron systems through the wave function approach is very tedious and 

computationally expensive. The self-consistency scheme used in HF theory makes an initial 

guess on the wave function, which depends on 3N variables for N-electrons. DFT is a powerful 

quantum mechanical method used to explore the electronic structure of many-electron systems 

[74]. It enables us to determine the properties of such systems based on the electron density, 

denoted as ( )r , thus reducing the 3N  variables problem to 3 coordinates (x, y, z) only. 

Solving many-electron systems through the spatially dependent electron density in comparison 

to the wave function approach is a remarkably versatile method and computationally 

inexpensive. The framework of DFT mainly includes the Hohenberg-Kohn theorem and Kohn-

Sham equations, which are discussed in subsequent sections. 

2.2.1 Hohenberg-Kohn Theorems 

Hohenberg and Kohn in 1964 introduced two fundamental theorems on which the theoretical 

foundation of DFT relies, and are given as [75] 

Theorem I states that the ground state energy, E, of a system of interacting electrons, is 

uniquely determined by electron density i.e., ( )E r   .  

Theorem II states that the ( )r can be minimized w.r.t energy using the variational principle. 

If and only if the input density is the real ground-state density ( )( )0 r , the energy functional 

that yields the ground-state energy of the system would have the lowest energy.  

Using the above two theorems, the total energy for many-electron system can be written as 

 ( )
21 1ˆ

2
ext ii

i i j i j

H V r
r r

= − − +
−

   (2.13) 
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here extV  represents the external potential, which includes the interaction between the electrons 

and the nuclei. Using these theorems, Kohn and Sham considered a fictitious system of one 

electron that can replace the N-electron system [76]. The methodology is discussed in detail in 

the next section.                                                                       

2.2.2 Kohn-Sham Approach 

In 1965, Kohn and Sham showed that a many-electron problem can be converted into a problem 

of non-interacting particles, where each particle is moving under an effective Kohn-Sham (KS) 

potential and described by a single-particle Schrodinger equation, and the total energy within 

the DFT formalism is written as [77]: 

 ( ) ( ) ( ) ( ) KS ext H xcr r rE T E E E r   = + + +                (2.14) 

As per KS scheme,  ( )T r represents the independent particle kinetic energy and is expressed 

in terms of the KS orbitals ( )i  as 

 ( ) ( ) ( )* 2

1

1

2

N

i i

i

T r r r  
=

= −      (2.15) 

The square bracket indicates the functional term, implying that energy is a function of electron 

density, which is dependent on the electronic coordinate ( ),  ,  r x y z . The energy derived from 

the external potential, extV , is denoted by ( )extE r    and has the form 

 ( ) ( ) ( )eext xtVE r r r dr  =    (2.16) 

The Coulomb interaction between electrons gives rise to Hartree potential, HV , which is given 

by equation 2.7. The Hartree energy corresponding to HV is: 

 ( )
1 ( ) ( )

2
H

r r
E r drdr

r r

 



=




−
    (2.17) 

During the exchange of two particle position, the wave function changes its sign due to their 

anti-symmetric nature. It is known as the exchange energy ( )xE , and can be formed as follows: 
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r r r r
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    
= −

−
  (2.18) 
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and the collective interaction of all the electrons of a system with one electron is called 

electronic correlation, and the corresponding energy is energy cE . As there is no exact 

formulation for the correlation energy, the combination of the two ( )x cE E+  is together called 

exchange-correlation energy, xcE . The exchange-correlation term, xcV  represented as a 

functional derivative of the exchange correlation energy, is the term that makes DFT efficient 

and beneficial over HF theory: 

 
( )

( )
( )

xc
xc

E r
V r

r




=  (2.19) 

This approach is commonly misunderstood to describe the non-interacting electrons moving in 

a potential determined by the nuclei. In reality, electrons travel in an effective potential  effV , 

which involves electronic interactions, although indirectly. In KS equations, the electron-

electron interaction is substituted by the interaction of electrons with a medium that take care 

of electron-electron interactions. The KS equation in Schrödinger form is represented as: 

 ˆ ( ) ( )KS KS iH r E r =  (2.20) 

The corresponding Hamiltonian is: 

 21ˆ
2

KS effH V= −  +  (2.21) 

effV  is the effective potential, which includes three potential terms ( )ext H xcV V V+ + . To solve 

this Hamiltonian and find the ground state energy and density of the system, an iterative 

technique is adopted, which is known as the self-consistent method. A flow chart of the self-

consistent field cycle is shown in Figure 2.1. The initial guess is made on the ( )r . The trial 

density at which energy is converged is then used to compute each potential term. xcV  is still 

not adequately defined leads to more approximations. 
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Figure 2.1 Flow chart for self-consistent density functional calculations. 

2.3 Exchange-Correlation Functionals 

Now we have a workable framework for solving the electronic ground-state problem and, any 

required property may be determined using KS equations provided the ( )r  is known. 

Without knowing the precise form of the exchange-correlation functional, xcE , a fundamental 

parameter in DFT, the many-electron problem remains unsolved. Several approximations are 

made to define xcE and these functionals can be given as local, semi-local, and non-local 

approximations. The famous and most frequently used approximations are discussed in 

sections 2.3.1, 2.3.2, 2.3.3, and 2.3.4. 

2.3.1 Local Density Approximation 

In 1965, Kohn and Sham presented a simple approximation to define exchange correlation 

functional to achieve a meaningful solution to the many-body problem, called local density 

approximation (LDA) [75]. The electron density in a system is assumed to vary slowly when 

compared to spatial coordinates, such that electrons see the entire system in a similar way as 
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they see it locally. This is similar to the case of a homogeneous gas of free electrons. Under 

such approximation, exchange correlation is given by: 

 ( ) ( ) 3( )LDA

xc xcE r r r d r   =        (2.22) 

where, xc denotes the exchange-correlation energy per particle of the interacting free electron 

gas having density ( )r .  LDA produces good results for metals with uniform electron density. 

It fails for the cases where density varies rapidly, like in molecules [78]. 

2.3.2 Generalized Gradient Approximation 

The generalized gradient approximation technique (GGA) originated from Herman’s (1969) 

proposition that electron density varies as a function of spatial coordinates and that the 

exchange-correlation energy may be represented as the gradient of electron density  [79]. 

Having gradient density as an additional variable, GGA was considered more accurate 

functionals than LDA. Its general expression is given by 

 3[ ( )] ( ) [ ( ), ( ( ))]GGA

xc xcE r r r r d r    =   (2.23) 

Since there is no simpler functional form that accurately captures GGA, 
GGA

xcE  is usually 

expressed by modifying the LDA functional with an additional term ( )F s , which is nothing 

but the gradient correction term: 

 3[ ( ), ] [ ( )] ( ) ( )GGA LDA

xc xcE r s r r F s d r   =    (2.24) 

Here, 
4/3

( )

( )

r
s C

r






= . The usual range of 0 3s = − in solids. Under GGA approximation PW91 

(proposed by Perdew and Wang in 1992) [80,81]and PBE (proposed by Perdew, Burke, and 

Ernzerhof in 1996) [82] are most commonly used functionals. As far as the structural properties 

are concerned, GGA provides better results than LDA. We have used GGA-PBE functionals in 

the present thesis.  However, it somehow underestimates the band gap values, resulting in a 

misleading prediction of transport properties. So, we need to go beyond GGA. This urged the 

need to develop approximations leading to more accurate functionals. 

2.3.3 Tran-Blaha modified Becke-Johnson potential  

Tran and Blaha (2009) introduced an effective exchange correlation functional that was 

subsequently evaluated in various solid materials, including wide band gap insulators, 

semiconductors, and a few strongly correlated 3d transition metal systems. Their findings 
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demonstrated the accurate prediction of band gap values, which were found to be in good 

agreement with experimental results  [83]. Several approaches, such as LDA +U and GW, have 

been presented as extensions to the traditional exchange-correlation functionals LDA and 

GGA. The TB-mBJ functional has garnered increased attention due to its reduced 

computational cost. This approach represents a variation of the exchange correlation method 

first described by Becke and Johnson [84]. It can be mathematically expressed as. 
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is the Becke-Roussel potential.  

The factor ‘c’ was chosen as: 

 3
( )1

( )cell

r
c d r

V r


 




= +

  (2.27) 

where,  and  are the two free parameters and cellV is the unit cell volume. 

The TB-mBJ potential preferably considered in the present work. This potential has shown its 

applicability in determination of band gap of different oxides and other materials which is 

consistent with experimental reports. 

2.3.4 Hybrid Functionals 

In Hybrid functionals, the exact energy term is incorporated by considering the HF term, where 

exchange-correlation energy depends on the orbital-dependent HF and an explicit density 

functional term [85]. The general expression of hybrid functional can be described as: 

 ( )  1

2

HF LDA or GGA

xc xc xcE E E= +  (2.28) 

Hybrid functional produce more accurate results in band structure calculations, consequently, 

the transport properties, but are computationally expensive. To accurately determine the TE 

properties, we have used HSE06 functional, which was developed by Heyd-Scuseria-Ernzerhof 

[86]. 
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2.4 Electron-Ion Interactions 

To solve the KS equations exactly, we need to find the remaining term, extV , which is the 

electron-ion interaction term. Since we are dealing with solids having many electrons, and 

significant electron oscillations near nuclei, defining extV , is difficult. Our main focus is on 

calculating the properties based on valence electrons; therefore, one can approximate the core 

behaviour of electrons in the core region while maintaining the behaviour of valence electrons 

as accurately as possible. The basic approaches used to estimate the electron-ion interactions 

are the all-electrons scheme and the pseudopotential techniques, which are discussed in the 

next sections.   

2.4.1 All-electron scheme 

This scheme considers both the core and the valence electrons as spheres centered on atomic 

sites and interstitial regions, respectively, also known as the Muffin-tin (MT) approximation 

(Figure 2.2). In all-electron scheme, the idea is to consider a basis set where core wave 

functions are expanded in terms of atomic orbitals and the valence region wave functions 

expanded in terms of plane waves, having the constraint of coinciding the wave functions at 

the boundary of the two regions. The method is also known as the Linear Augmented Plane 

wave method (LPAW) [87]. The MT approximation was frequently used in highly coordinated 

(metallic) systems, but for covalently bonded systems this approximation leads to inaccuracy 

in the results. In such cases, the full-potential treatment is essential. 

 

 Figure 2.2 Muffin Tin Approximation 

In the full potential approach, the potential and charge density are expanded into the atomic 

sphere and also in the interstitial region. Thus, they are completely general, so the scheme is 

treated as full potential calculations [88]: 
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In some problems we have employed full potential-LAPW (FPLAPW) method. 

2.4.2 Pseudopotential method 

Using the pseudopotential (PP) method [89,90], we can reduce a many-electron system to a 

significant number of electrons that actually participate in bond formation, subsequently 

reducing the computational cost. Since core electrons are basically localized near the nucleus, 

they rarely participate while forming solids. In this approach, the nucleus plus core can be 

considered frozen while only valence electrons are taken into consideration. The chosen wave 

function used to describe solids may not correspond to the original wave function within the 

core region, but the pseudo wave function, 
PP

i , must coincide with the original wave function 

beyond a certain cut-off region ( )cr . As per PP approach, KS equations can be rewritten as: 

 ( ) ( ) ( )21

2

PP PP

PP i i iV r r E r  
 
−  + =   

 
 (2.30) 

Now the effective potential, effV , is replaced by pseudopotential, PPV , leading to a different 

charge density having the form: 

 ( ) ( )
2

PP

i

i

r r =    (2.31) 

2.4.3 Projector Augmented Wave Method 

This method was proposed in 1994 by E. Bloch and is a generalization of the LAPW method 

and pseudopotentials method. This approach is known as the Projector Augmented Wave 

(PAW) method [91]. The wave function associated with the PAW method has both core ( )core  

and valence ( )val  contributions represented by radial and plane wave expansions, 

respectively. In addition, the overlapping wave function ( )net  is trimmed off to get the final 

wave function ( )PAW . Thus, it is efficient to calculate exact all-electron properties.  

 PAW val core net   = + −  (2.32) 

For some electronic structure computations in this thesis, we employed the PAW technique. 
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2.5 Numerical Aspects 

There are several technical parameters, which help to perform exact and efficient DFT 

calculations, which are discussed below. 

2.5.1 Energy Cut-off 

From Bloch’s theorem [92], the solution of a particle moving in a periodic potential is given as 

 ( ) ( ) .ik r

nk nkr u r e =  (2.33) 

where, ( )nku r  has periodicity of the crystal lattice, i.e., 

 ( ) ( )nk nku r u r R= +  (2.34) 

where, R is lattice translational vector, n is band index and k is the wave vector. 

Further, ( )nku r in terms of Fourier transform of reciprocal space has the form, 

 .( ) ( ) iG r

nk nG

G

u r C k e=   (2.35) 

where, G is the reciprocal lattice vector, and is given by 

 1 1 2 2 3 3    G n b n b n b G= + +   (2.36) 

where, . 2    G R m n=   positive integer and k is wave vector in the first BZ. Thus, equation 

2.33 can be redefined as 

 ( ) ( ) ( ).
,

i k G r

nk n k Gr C k e
+

+=   (2.37) 

which are called plane wave basis set. 

An infinite number of plane waves are required to completely map the whole solid, which is 

computationally not feasible. This can be avoided by limiting the number of plane waves by 

defining a cut-off energy parameter [93]. The kinetic energy associated with the plane waves 

can be expressed as: 

 

22

2
kin

k G
E

m

+
=  (2.38) 

Since, the solutions with lower kinetic energy are more significant than those with higher 

kinetic energy, we can narrow down the infinite plane waves to a practical limit by introducing 

cut-off kinetic energy cut offE −  



26 

 

 

22

2
cut off

k G
E

m
−

+
  (2.39) 

where 

 
2 2

2
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cut off

G
E

m
− =  (2.40) 

and the equation 2.37 becomes: 

 ( )  ( ).

cut

i k G r

nk k G

G k G

r C e
+

+

+ 

=   (2.41) 

This cut offE −  is used as an input parameter while optimizing a particular structure. 

2.5.2 k-mesh Sampling 

A crystalline solid has a periodic arrangement of atoms and is made of unit cells. To deal with 

the entire solid, first, it is converted to a supercell containing multiple unit cells. The periodic 

boundary conditions are then used to expand the supercell to infinity, which is then converted 

into reciprocal space confined within the first Brillouin zone (BZ). In DFT calculations BZ 

reduces the whole deal of work to integrals of the form 

 
( )

( )3
2

cellV
g g k dk


=   (2.42) 

where the integral on R.H.S. is defined in reciprocal space that integrates over only possible k 

values in the BZ [93]. Monkhorst and Pack given a scheme that generates special k points in 

the irreducible BZ (IBZ). IBZ maps the entire solid with the help of symmetry operations, 

allowing us to reduce the BZ further [94]. The points in an IBZ can be represented by k-vectors, 

leading to an infinite number of wave functions. Every k-point carries information about the 

wave vector’s magnitude, direction, and kinetic energy at that particular point.  

 

2.6 Transport in Solids 

2.6.1 Boltzmann Transport Equation 

Boltzmann Transport equation (BTE), a semiclassical approach is a useful technique to gain 

insights into the charge and heat transport of materials. BTE describes the time evolution of 

the distribution function ( ), ,f r k t , which represents the probability of finding a particle at 

position r with wavevector k at time t. The total time derivative of ( ), ,f r k t  is given as 
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df f f r f k

dt t r t k t

    
= + +

    
 (2.43) 

where r t  and k t  , respectively, are the velocity (v) and the external force (F) acting on 

the particle. Based upon the reasonable assumption that the v and F are only related to k and r, 

respectively, we can write  

 ( )
( )F rdf f f f

v k
dt t r k

  
= + +

  
 (2.44) 

If the scattering between different electronic states is the only mechanism to balance the 

distribution function change due to external force and electron diffusion, the equation takes the 

form 

 ( )
( )

scatt

F rf f f f
v k

t t r k

   
= + +

   
 (2.45) 

For an electronic system, the Fermi-Dirac distribution at equilibrium is,  

 
  0

1

exp 1k B

f
E k T

=
− +

 (2.46) 

where kE  describes the energy band for the electrons and holes, and   is the chemical 

potential. At weak E the distribution function f  is close to 0f ; therefore, we assume that f  

like 0f  depends only on the wavevector, and we can neglect the first and second term on right-

hand side of the equation 2.45. For charge transport, ( ) 0F r e E= − , where E is the electric field. 

Considering the group velocity ( ) 1 kv k E k=   the equation takes the form 

 ( ) ( ) 0
0 0

scatt

ff f
e Ev k e Ev k

t  

 
= −  −

  
 (2.47) 

This term deals with the shifting of electrons from k  to k k−  state due to scattering 

mechanisms. If the scattering rate of moving from k state to an empty k  state is k kW − , the 

electron distribution function due to scattering can be expressed as: 

 ( ) ( )( ) ( ) ( )( )
( )

' '

3 '
' '

3
1 1

2
k k k k

scatt

f d k
f k f k W f k f k W

t 
− −

  = − − −
    (2.48) 

Under the relaxation time approximation (RTA) the scattering term can be expressed as 



28 

 

 
( ) ( )

( )
0

scatt

f k f kdf

dt k

−
= −  (2.49) 

where ( )k  is the relaxation time, which is defined as the typical time for a system to return 

to the equilibrium state. This solution forms the foundation for calculating electronic and 

phonon transport properties. 

2.6.2 Electronic Transport 

In order to calculate transport phenomena, which occur at the electronic level, a model of the 

transport process is needed to evaluate the transport coefficient. The transport coefficients can 

be obtained by solving the current density equation, the equation for electric current density 

( )eJ  and heat current density due to electrons ( )QJ  can be written as  

 
( )

( ) ( )3

2

2
e

e
J v k f k dk


=   (2.50) 

 
( )

( )  ( )3

2

2
Q kJ v k E f k dk


= −  (2.51) 

On substituting the distribution function expression, the above integral becomes: 
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  (2.53) 

Where, I  is the response function defined as: 

 ( ) ( )  3 2 01

4

n

n k

k

f
I v k k E dk

E
  

 −
= − 

 
  (2.54) 

This response function is used to determine different TE parameters of the system as discussed 

below: 

TE transport coefficients have been discussed in Chapter 1. Here, we will see how they are 

related to the above response functions. 
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Thermal conductivity: When no electric field is applied i.e., 0E =  the thermal conductivity, 

 can be defined by the relation between the heat current density and the temperature gradient: 

QJ T= −  . Thus, from equations 2.52 and 2.53, 2I T = . 

Electrical conductivity: Under zero temperature gradient ( )0T = electrical conductivity is 

defined as the ratio of electric current density to the electric field generated due to voltage 

gradient: eJ E= . Thus, from equations 2.52 and 2.53 we get 
2

0e I = . 

Seebeck coefficient: It is a measure of the open circuit voltage across the semiconductor that 

has a temperature gradient. So, when, 0eJ = , ocS V T= −  . This gives 1 0S I TI= . This 

becomes more prominent in materials having the asymmetric DOS around the Fermi level. 

We have used a semiclassical approach based on solving the BTE within the relaxation time 

approximation to obtain the above-mentioned transport coefficients. This formalism is 

implemented in BoltzTraP [95], and in a few chapters we used the latest version BoltzTraP2 

[96]; we get 𝜎 and e  in terms of relaxation time as: 𝜎/𝜏 and e  .  The normally adopted 

value of 𝜏 is in the order of 10-14 s, but the actual value might vary depending upon the material. 

So, it is important to calculate 𝜏 for more accuracy, which affects the results of PF and TE 

FOM, etc. 

2.6.2.1 Deformation Potential Theory 

Deformation potential theory (DPT) was first proposed by Bardeen and Shockley to investigate 

the role of acoustic phonons on carrier mobilities in semiconductors like Si, Ge, and Te [97]. 

DPT is a band model that includes only the lattice scattering by the acoustic deformation 

potential (ADP) because the primary scattering comes from low-frequency acoustic phonons, 

and the scattering can be approximated by uniform deformation. It is based on the BTE and 

can be simplified using effective mass approximation; then, one can derive the mobility 

formula for both 3D and low-dimensional materials. The parameters that are in the mobility 

formula can be calculated from the first-principles calculations.  

Using the effective mass approximation the mobility in the 2D and 3D cases is given as 
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Where C is the Elastic modulus of a uniformly deformed crystal, *m  is effective mass, T is 

temperature, e is the electronic charge Bk  is Boltzmann’s constant, and E is the deformation 

potential constant. 

2.6.3 Phonon Transport 

The performance of TE materials not only depends upon electronic transport properties but 

also on the lattice transport properties of the material. Therefore, understanding the transport 

by lattice vibrations is imperative to design high efficiency TE devices. Under non-equilibrium 

conditions, the distribution of phonons deviates from its distribution at equilibrium conditions.  

The transport of phonons is evaluated using the Boltzmann transport formalism. The thermal 

conductivity calculations are done once the phonon modes are computed, and force constants 

are calculated using the finite displacement method and density functional perturbation theory 

(DFPT). In the finite displacement approach, the first-principles calculations on atoms in 

supercell after introducing finite atomic displacements. Then force constants are calculated 

from the dataset displacement and forces from any phonon code. On the other hand, in DFPT, 

direct calculation of force constants at arbitrary wave vector by solving the variation of KS 

orbitals is obtained followed by the interpolation of force constant in reciprocal space by 

Fourier transform. The phonon dispersion curve, which is the relation between the phonon 

frequency and wave vector is thus obtained by either of these methods. All the thermal 

properties are obtained from this relation and the slope of this dispersion relation gives the 

phonon group velocity. There is a wide variety of phonon calculation codes, e.g., Phonopy [98], 

PHONON, ALAMODE [99]. The phonon dispersion curves exhibit two types of phonon 

modes: acoustic and optical. The contribution to the lattice thermal conductivity mainly comes 

from the acoustic phonon modes, possessing much higher phonon group velocity. Once we 

obtain the phonon band structure, the lattice thermal conductivity can be calculated using the 

relaxation time approximation and iterative method. There are several software packages for 

lattice thermal conductivity calculations, e.g., Phono3py [100], ShengBTE [101], almaBTE 

[102], and ALAMODE [99]. In our calculations, we have used the Phono3py package for lattice 

transport property calculations. 

We obtained lattice thermal conductivity, using the single-mode relaxation-time (SMRT) 

approximation and a full solution of the linearized phonon Boltzmann equation (LBTE) by 
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performing first-principles anharmonic lattice dynamics calculations. Within the SMRT 

method, 
l  is calculated as a sum of contributions from individual phonon modes λ according 

to the equation [100]: 

 
1

l C v v
NV

   


 =   (2.57) 

where V is the volume of the unit cell and N is the number of phonons wavevectors, C
are the 

heat capacities, v v   are the tensor products of the group velocities, and 
  are the phonon 

lifetimes. Since the equation is the simple summation over phonon modes, the lattice thermal 

conductivity calculation is obviously analyzed in terms of phonon modes. Another method is 

the direct solution of LBTE, which was developed by Chaput. [103] In this method, huge 

memory and computation time are required due to the larger matrix size. 

2.7 Ab initio Molecular Dynamics 

The success of DFT can be credited to its scalability over the different systems and sizes and 

its remarkable accuracy in finding microscopic ground state properties. Then, a question arises: 

is it possible to study the temperature effect in the system? As a solution, ab initio molecular 

dynamics (AIMD) simulations are successfully utilized to understand the temperature effect 

and structural stability. In classical molecular dynamics, the system is typically assumed to 

consist of rigid and massive point-like nuclei, which are subject to forces derived from 

empirically devised effective potentials. Then one can obtain the microscopic trajectory of each 

atom in the system being studied, integrating Newton's equation of motion. AIMD is based on 

the same consideration, except that the forces calculations are based on electron density 

obtained by DFT, making this method more accurate. In the present thesis, we carried out 

AIMD simulations to investigate the structural properties and stability of the material at or 

above room temperature. Stability is confirmed if the total energy and temperature fluctuate 

within a small range over time. AIMD simulations are performed under two ensembles. One is 

a microcanonical ensemble (NVE), where the number of particles (N), volume (V), and energy 

(E) remain constant. The simulation generates spread-out configurations across the phase 

space, all of which reside on the constant E hypersurface. Another is the canonical ensemble 

(NVT), where N, V, and the thermal averages are computed under a constant temperature (T). 

In the present thesis, we employed the AIMD ensemble to investigate the structural properties 

and stability of the material at or above room temperature. We used the Nose-Hoover 

thermostat to ensure that the system maintained thermal equilibrium by mimicking the coupling 
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to an external heat bath. We have used the NVT ensemble in AIMD to calculate the thermal 

stability of the system at room temperature. Thermal stability is crucial for transport studies, as 

unstable structures may exhibit artificial transport properties. AIMD validates material 

feasibility before proceeding to electronic and phonon transport calculations. 

2.8 Computational Packages 

We have mainly used five packages for the calculations presented in the thesis. Each of these 

packages are discussed in following sections. 

2.8.1 WIEN2k 

In 1990, Peter Balaha and his team developed a code based on the full potential linearized 

augmented plane wave that was known as WIEN2k [17]. In this code, no shape approximations 

are made and the procedure is basically known as the full potential method. To calculate the 

material properties, first, we relax the crystal structure and optimize the lattice parameters.  The 

RMT and cutoff energy are chosen as there is no charge leakage. The appropriate energy 

convergence and cutoff energy of the core and valance were fixed before the SCF calculations. 

The SCF calculations contain all the necessary information regarding total energy, Fermi 

energy, the distance between the atoms, the charge on the atomic sphere, etc.  The SCF cycle 

consists of the following steps: 

LAPW0: generate potential from density 

LAPW1: calculates valance bands 

LAPW2: compute valance density from the eigen values 

LCORE: computes core states and densities 

MIXER: mixes input and output densities 

2.8.2 Vienna Ab initio Simulation Package 

In 1998, George Kresse and his team developed a DFT based package called the Vienna Ab 

initio Simulation Package (VASP) [104,105]. It uses plane-wave basis sets to represent KS 

orbitals and the PAW approach to account for the external interactions between electrons and 

nuclei. In the present thesis, VASP is used to relax the crystal structures, optimize the lattice 

parameter, determine force constants required in Phonopy and Phono3py, determine the 

electronic band structures, the density of state calculations, and many more. VASP mainly 

consists of four input files, which are as follows: 
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1. INCAR: It is a basic “to-do” file, which tells what to do and how to do. 

2. POSCAR: It involves the geometrical details of the crystal structure, such as the lattice 

vectors, types of atoms, and their atomic positions. 

3. KPOINTS: The k-points (Bloch vectors) required to sample the Brillouin zone for the 

computation are specified in the KPOINTS file. For band-structure calculations, it 

contains the high symmetry points along which bands are to be plotted. 

4. POTCAR: This file contains the potential information of every element of the 

compound. The POTCAR file of the compound is generated by concatenating the 

POTCARs of each atomic species which is different for different functionals. 

2.8.3 BoltzTaP 

Madsen et al. developed the BoltzTraP package to calculate the Boltzmann Transport Properties 

[95]. It is based on a semi-classical approach to calculate the electronic transport coefficients 

such as S, 𝜎, and e . It is used as an interface with DFT-based codes such as WIEN2k [95], 

VASP [105]. In the present thesis, we have used BoltzTraP interfaced with WIEN2k. Since 

BoltzTraP was originally developed and interfaced with WIEN2k, they share some common 

input files.  

The required files are: 

• Case.intrans: It contains the information of all the input parameters required to run the 

transport calculations, such as the temperature range, Fermi energy, energy cutoff, etc. Here, 

Case is the name of the directory. 

• Case.struct: The crystal structure information is provided in Case.struct file. 

• Case.energy: It includes the band structure information needed to run Boltz-TraP code. 

2.8.4 Phonopy 

Before computing any material property using DFT, one must ensure the proposed crystal 

structure’s dynamical stability, which is carried out using the Phonopy package [98]. It deals 

with the atom’s response with a thermal perturbation introduced in the system by the supercell 

approach. This software is based on harmonic and quasi-harmonic approximation included in 

the density functional perturbation theory (DFPT). The first and second-order force constants 

are determined using VASP and later are used as an input to find the phonon frequencies at the 

desired q-points using Phonopy as a post-processing tool.  
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2.8.5 Phono3py 

The phonon-phonon coupling is realized using the Phono3py package [100], which is based on 

anharmonic lattice approximations. It uses the supercell approach to create displacements in 

the input structure and then can be used to determine different physical properties related to the 

phonon-phonon interactions. In our work, we used Phono3py to calculate the lattice thermal 

conductivity of the half Heusler compounds. The force constants for the supercells are 

calculated using VASP, which are then treated as inputs to calculate lattice thermal conductivity.  

2.9 Summary 

In this chapter, we discussed the basic methodology to solve the many-body problem, which 

further can be extended to condensed matter systems. We mainly emphasize discussing DFT 

(a first-principles technique) and the associated parameters on which the whole calculations 

rely. We have also discussed Boltzmann transport theory from which we obtained electronic 

and thermal transport properties. We have also discussed the details of the terms needed to 

calculate the TE properties of any system. At the end, we presented a brief discussion of the 

packages employed to calculate the various electronic and thermal properties mentioned in the 

thesis. 
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CHAPTER 3:THERMOELECTRIC PROPERTIES 

OF p-type RbZn4P3 AND n-type RbGaSb2 ZINTL 

COMPOUNDS 

3.1 Introduction 

In Chapter 1, we briefly discussed the concept of TEs. To realize its practicality and 

applications, we need to have a high figure of merit. But, it is difficult to achieve high ZT due 

to the interdependence of transport parameters. However, the unique properties of some 

selected efficient TE materials pave a new path to overcome the problems. As discussed in 

Chapter 1, Zintl compounds are suitable candidates for thermoelectricity. Zintl compounds 

have been studied for the last few years to achieve high TE performance. These materials offer 

an excellent balance between large PF and low thermal conductivity, resulting in impressive 

TE performance [41,106]. Furthermore, their chemical tunability, complex bonding patterns, 

low bandgap, and strong anharmonicity make them suitable TE hosts [40,42]. In these 

compounds, electropositive cations such as alkali and alkaline earth metals donate their valence 

electrons to the anionic network, which further forms covalent bonding according to the Zintl-

Klemm concept to satisfy the valence requirement [39].  

A broad class of Zintl compounds, such as binary, ternary, and quaternary, has been studied 

experimentally and theoretically [43–46]. Among these ternary compounds M2Zn5As4 (M = K, 

Rb) [44], and Sr3GaSb3, [45] etc., exhibit good TE performance. A distinguishable 

characteristic of these TE materials is that they are natively p-type semiconductors having 

moderate to high hole concentrations due to self-doping [107]. It has been seen that As and Sb 

are used as major, and P is used as the minor substituting element [43,44,107]. Recent studies 

show that P-based Zintl compounds, such as NaSnP, CaIn2P2, Ba3Al3P5, and Ba3Ga3P5 have 

tuneable effective mass and carrier concentration with low lattice thermal conductivity and 

exhibit intriguing TE properties [108–110]. Experimentally synthesized p-type RbZn4As3 

shows a high Seebeck Coefficient of about 800 µVK-1 and very high room temperature 

resistivity [111]. So, we envisaged that replacing As with P in RbZn4As3 can lead to better TE 

properties.  

The versatile nature of Zintl compounds occurs both in the n-type and p-type regimes, which 

makes the widespread use of this in TE applications.  Most of the Zintl phases reported in the 
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literature are p-type; however, recently, Gorai et al. [112] computationally predicted ABX n-

type Zintl compounds. It has been also predicted n-type exhibits comparable or even better TE 

properties than their p-type counterparts. Wang et al. [113] experimentally found RbGaSb2 as 

an n-type semiconductor having negative thermopower at room temperature. They suggested 

that the enhancement in the carrier concentration effectively boosts the TE performance. So, 

motivated by the recent experimental synthesis of ternary antimonide RbGaSb2 [113], we 

examine the structural, electronic, and transport properties.   

In this chapter, two Rb-based Zintl compounds, RbZn4P3 and RbGaSb2, are investigated. 

Interestingly, RbZn4P3 shows good p-type TE performance, while RbGaSb2 exhibits strong n-

type behavior. This makes them a valuable pair for developing efficient TE modules, which 

require both p-type and n-type materials. By comparing their structures and electronic and 

transport properties, this chapter aims to understand what leads to their different behaviors and 

how such materials can be designed for better energy conversion efficiency. 

3.2 Computational Details 

The structural, electronic, and TE properties of both compounds were carried out within the 

framework of DFT using Full potential linearized augmented plane wave as implemented in 

WIEN2k software [88]. Their structural optimization was carried out by the GGA-PBE [82]. 

For Brillouin zone sampling, we have used a 20×20×10 and 17×17×9 k-point mesh for 

RbZn4P3 and RbGaSb2, respectively. The number of plane waves in the interstitial region and 

cut-off energy of core and valence states were set as RMT×Kmax = 7 and -6 Ry, respectively. 

Kohn-Sham equations were solved self-consistently with an energy convergence of 0.0001 Ry. 

As in most cases, GGA underestimates the band gaps of semiconductors; therefore, we 

employed TB-mBJ approach to calculate the electronic band structure and transport properties 

[114]. The thermoelectric properties were calculated by solving the BTE under the CRTA and 

RBA as implemented in the BoltzTraP code [95]. A denser k-point mesh was used for this 

calculation. To analyze the extent of decoupling between S and σ/τ, we have calculated EFF 

using transM code for the RbZn4P3 compound [115]. We have obtained the elastic constants of 

RbZn4P3 using the stress-strain relationship using VASP [105]. To check the dynamical 

stability, the DFPT was used to calculate the phonon dispersion of RbZn4P3 by building a 

3×3×1 supercell and using a 9×9×5 k-point mesh employing the Phonopy code [98]. The 

Phono3py code [100] is used for the computation of anharmonic third-order interatomic force 

constants of RbGaSb2, taking interactions up to the fifth nearest neighbour. 
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3.3 Results and Discussion 

3.3.1 Structural Properties 

RbZn4P3 Zintl compound crystallizes in the tetragonal structure having space group P4/mmm 

and has a framework of [Zn4P3]
−  layers with Rb+ atoms between the layers. The unit cell of the 

RbZn4P3 compound is shown in Figure 3.1 (a). The Rb atom occupies the Wyckoff position 1b 

(0, 0, 1/2), Zn and P1, P2 atoms are located at 4i (0, 1/2, 0.1577) and 2h (1/2, 1/2, 0.2864), 1a 

(0, 0, 0), respectively. Each unit cell is made up of four distinct ions due to the varied locations 

of the Phosphorus atoms. We have performed structural optimization of this compound and 

calculated its equilibrium lattice parameters. The optimized structural parameters and bond 

length are listed in Table 3.1, which are in good agreement with the available experimental 

results [111].  

Table 3.1 Calculated structural parameters (a and c in Å and V in Å3) and bond lengths (in Å) 

of RbZn4P3 in comparison with available experimental values. 

 

Structural Parameters Bond lengths (Å) 

a (Å) c (Å) V (Å3) Rb-Zn Rb-P1 Zn-P1 Zn-P2 

Present 

work 
4.080 10.230 170.41 4.068 3.635 2.423 2.591 

Expt. 

Work 

[111] 

4.059 10.069 165.92 3.999 3.586 2.408 2.577 

 

On the other hand, RbGaSb2 ternary antimonide Zintl phase crystallizes in a tetragonal 

structure with space group P42/nmc (space group no. 137). The crystal structure of the 

investigated compound (as shown in  Figure 3.1 (b)) comprises two-dimensional [GaSb2]
- 

tetrahedral layers separated by layer of Rb+ cations. There are two [GaSb2]
- layers in the unit 

cell that are shifted along the [010] direction. This structure results in a high degree of 

anisotropy. The calculated total energy versus deviation from the experimental c/a ratio is 

shown in Figure 3.2. The initial value of c/a ratio is taken from experimental data (1.857), and 

the optimized value is 1.841. The optimized crystal structure parameters and comparison with 

the experimental ones are presented in Table 3.2. The optimized structure is further used to 

evaluate the electronic and transport properties. 



38 

 

Table 3.2 Calculated lattice parameters, volume, and total energy. 

 a=b (Å) c (Å) Volume (Å3) Total energy (Ry) 

This work 8.359 15.390 1075.56 -286007.0047 

Exp. [113] 8.335 15.483 1075.60 - 

 

 

Figure 3.1 Crystal structure of (a) RbZn4P3 and (b) RaGaSb2 compound 

 

Figure 3.2 The optimization of total energy as a function of deviation from experimental c/a 

ratio. The curve is fitted up to a fourth-order polynomial 
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3.3.2 Stability of RbZn4P3 compound 

3.3.2.1 Thermodynamical 

To check the stability of the compound, we have calculated the formation energy 𝐸𝑓𝑜𝑟 using 

the following equation 

 𝐸𝑓𝑜𝑟 =
[𝐸𝑅𝑏𝑍𝑛4𝑃3−(𝐸𝑅𝑏−4𝐸𝑍𝑛−3𝐸𝑃)]

𝑁
  (3.1) 

where 𝐸𝑅𝑏𝑍𝑛4𝑃3
 is the ground state energy of RbZn4P3, N is the total number of atoms in the 

unit cell, and 𝐸𝑅𝑏, 𝐸𝑍𝑛, and 𝐸𝑃, respectively, are the total energy per atom for Rb, Zn, and P in 

bulk form. The calculated 𝐸𝑓𝑜𝑟 is found to be -1.9108 eV/atom, indicating that this compound 

is thermodynamically stable.  

3.3.2.2 Dynamical 

Further to determine the dynamical stability, we have obtained the phonon dispersion along 

with R-Γ-X-M- Γ high symmetry direction in the Brillouin zone, which is presented in Figure 

3.3 (a) using the DFPT approach [98]. Since there are eight atoms per unit cell in RbZn4P3, 

hence there are total 24 phonon branches in the phonon dispersion curve, out of which three 

are acoustic, and 21 are optical branches. The lower branches in the dispersion spectra 

correspond to acoustic branches, and the upper branches represent the optical branches with 

the corresponding frequency range (0-25 cm-1), and (25-144 cm-1), respectively. It can be seen 

that there are no negative frequencies, thereby confirming that the tetragonal phase of the 

RbZn4P3 compound is dynamically stable. Also, no phonon gap between optical and acoustic 

branches is observed, indicating a strong coupling of acoustic-optical phonon modes, which 

might provide a material with low lattice thermal conductivity [116]. The calculated total and 

projected phonon density of states are also shown in Figure 3.3 (b). It can be seen that the 

projected phonon density of states in the uppermost optical phonon density region is mainly 

contributed by the vibrational motion of P-atoms, whilst in the lower optical region, the coupled 

vibrational motion of Rb- and Zn-atoms is dominated. 

3.3.2.3 Mechanical 

The elastic constants of the tetragonal RbZn4P3 compound have been obtained by stress-strain 

relationship. Because of its tetragonal symmetry, this compound possesses six independent 

elastic constants: C11, C12, C13, C33, C44, and C66, as listed in Table 3.3. To check whether this 

compound is mechanically stable, we need to verify the Born stability criteria given as [117]: 
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C11 > 0, C 33 > 0, C44 > 0, C66 > 0, (C11 - C12) > 0,  (C11 + C33 - 2C13) > 0 and (2C11 + C33 + 

2C12 + 4C13) > 0  (3.2) 

 

 

Figure 3.3 (a) Phonon dispersion curve and (b) phonon density of state of RbZn4P3 

compound 

Table 3.3 Calculated elastic coefficients Cij (i,j = 1-6), bulk modulus (B), shear modulus (G), 

Young’s modulus (Y), all in units of GPa, and Poisson ratio (ν). 

Paramet

er 
C11 C12 C13 C33 C44 C66 B G Y ν 

RbZn4P3 
1017.4

2 

126.3

8 

132.6

6 

500.4

2 

205.5

0 

124.3

0 

350.7

8 

229.1

5 

567.5

3 

0.2

3 

 

All calculated elastic parameters completely satisfied the Born mechanical stability criteria for 

tetragonal structure, indicating the mechanical stability of the compound under ambient 

conditions. Further, we have calculated various mechanical properties such as bulk modulus 

(B), shear modulus (G), Young’s modulus (Y), and Poisson ratio (ν), using the elastic parameters 

in order to determine physical properties like stiffness, strength, hardness and ductile or 

brittleness behaviour of RbZn4P3. These mechanical parameter values are also reported in Table 

2, along with elastic constants. We have used the Voigt-Reuss-Hill approximation (VRH) to 

estimate B and G [118]. The mechanical stability is dominated by shear modulus as G is smaller 

than B. Young’s modulus provides the degree of stiffness of a compound; the higher value of Y 

indicates that RbZn4P3 is stiffer. The value of Poisson’s ratio is less than the threshold value (ν 

= 0.26), which predicts the brittle nature of RbZn4P3 [119]. Apart from these, we have also 
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determined Debye temperature ( )D , an essential parameter for calculating lattice thermal 

conductivity. It is linked to elastic constants via average sound velocity ( )mv  as: 

 ( ) ( )

1

33
.

4
D B A m

n
h k N M  



  
=   

  
 (3.3) 

where h is Planck's constant, kB is Boltzmann's constant, NA is Avogadro's number, n is the 

number of atoms in the unit cell, ρ is the density and M is the molecular weight of the 

compound. The average sound velocity is computed using transverse ( )tv  and longitudinal 

sound velocity ( )lv  using elastic constants as expressed by the following equations [120]: 
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The obtained values of lv , tv , mv , and D  for RbZn4P3 are 7.30 kms-1, 12.36 kms-1, 8.09 kms-

1, and 870.03 K, respectively. 

3.3.3 Electronic Structure Properties 

The electronic band structure along with the density of states (DOS) of the compound is 

calculated using the TB-mBJ approach and shown in Figure 3.4. Our calculations have 

predicted a direct bandgap of 1.02 eV at the Γ-point. The projected density of states (PDOS) 

shows that the P atom contributes the most to the valence band (VB), followed by a minor 

contribution from the Zn atom and a very feeble contribution from the Rb atom. In the 

conduction band (CB), s-orbitals of P atom are dominant from 1.5 eV–3.5 eV, and above this 

energy range, its p-orbital is prevalent over the Zn and Rb atoms as presented in Figure 3.5. 

Therefore, we can see clearly from PDOS that the top of the VB is formed mainly by P-p and 

Zn-p, s orbitals, and the bottom of the conduction band is composed of P-s and Zn-p orbitals. 

We obtained that the sharp peak at the top of the VB, which indicates that the large Seebeck 

coefficient and hence the good TE transport properties can be observed for the p-type 

considered material. 
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Figure 3.4 The electronic band structure and DOS of RbZn4P3 calculated within TB-mBJ 

approximation. The Fermi level is set to 0 eV 

 

Figure 3.5 The calculated projected DOS of RbZn4P3 within TB-mBJ approximation. The 

Fermi level is set to 0 eV 
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Figure 3.6 Calculated (a) electronic band structure (b) and (c) density of states of RbGaSb2 

using TB-mBJ approximation.  

The electronic band structure of RbGaSb2 obtained using TB-mBJ is shown in Figure 3.6 (a). 

The conduction band minima (CBM) and the valence band maxima (VBM) are both present at 

M, indicating a direct band gap. The calculated energy band gap of 1.17 eV is close to 

previously estimated value of 1.0 eV. It is experimentally found that RbGaSb2 tends to form n-

type semiconductor near room temperature [113], therefore we only focus on the lower part of 

CB that can determine the transport properties of n-type RbGaSb2. The band structure exhibits 

less dispersion at the M k-point in the lower part of CB, suggesting that the electron effective 

mass is large and high S can be obtained. The density of states is obtained as shown in Figure 

3.6 (b and c). Both VB and CB are predominantly contributed by Sb atoms, while negligible 

contribution of Rb atoms is observed.  The sharp peaks are observed at VBM and CBM. Also, 

the upper part of VB and the lower part of CB are mainly contributed by the p orbital of Sb 

atoms.  

Next, we have calculated the charge density (in units of eÅ-3) of RbZn4P3 in the (010) plane, 

which is shown in Figure 3.7. The purple color shows the large accumulation of electrons in 

the region, while the red color shows the charge depleted region. The charge density analysis 

shows the transfer of electrons among Rb, Zn, and P, which is useful in determining the bonding 
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properties of the compound [121]. The distribution of valence charge density around the Rb 

atom shows that it donates its valence electrons to the network [Zn4P3]
-, and indicates that 

balancing of valence charge is maintained as (Rb+), (Zn2+), (P3-) within its configuration, which 

allows the separation of electron energy bands needed to form a bandgap. Both the VB maxima 

and CB minima are derived from hybridized P and Zn orbitals, which corresponds to the 

significant contribution of covalent Zn-P bonds. Therefore, covalent bonds are present in the 

polyanionic network, which interacts with the electropositive metal cations through ionic 

bonds. Covalent and ionic bonds coexist in the various Zintl phase compounds [21,44], which 

is compatible with the bonding picture. As seen in the PDOS, the major contribution of P and 

Zn atoms is also reflected in the charge density contour plot.  

 

Figure 3.7 The computed charge density (in units of eÅ-3) plot of RbZn4P3 in (010) plane 

3.3.4 Transport properties of RbZn4P3  

We have used CRTA, which means S is independent of scattering rate (τ), and RBA, which 

assumes that doping concentrations and temperature do not affect electronic band structure 

[95]. We have studied the effect of hole doping concentration and temperature on 

thermoelectric properties.  

The Seebeck coefficient can be expressed as: 

 𝑆 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2 𝑚∗𝑇 (
𝜋

3𝑛
)

2

3
 (3.7) 

where m* is effective mass, n is the carrier concentration, and T is the absolute temperature. As 

the doping concentration of hole (n) increases from 1×1018 cm-3 to 1×1021 cm-3, S decreases as 

depicted in Figure 3.8 (a) at different temperatures from 300 K to 700 K. It has been observed 

that the positive value of Seebeck coefficient sharply decreases with increase in the hole doping 

concentrations at fixed temperatures. The maximum observed value of S is 735.43 μVK-1 at 
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700 K, 725.75 μVK-1 at 600 K, 708.58 μVK-1 at 500 K, 683.41 μVK-1 at 400 K, and 641.72 

μVK-1 at 300 K. It implies that for all doping concentrations, the Seebeck coefficient increases 

as the temperature increases. This shows that the material has p-type semiconducting nature. 

The calculated value of S for RbZn4P3 is comparable with the experimentally measured value 

of a similar Zintl compound [111]. The effective mass of electrons and holes is calculated along 

Γ-X direction, which is 0.14 me in the CB and 0.47 me (light hole), 1.31 me (heavy hole) in the 

VB. The high effective mass of holes leads to a high S value of RbZn4P3.  

The calculated σ/τ increases with an increase in hole doping concentration for the entire studied 

doping range (which as per the relation, σ = neµ) as shown in Figure 3.8 (b). It remains almost 

constant up to 1×1019 cm-3 and then slightly increases up to 5×1019 cm-3; after that, it abruptly 

increases and reaches a maximum value of 25.43×1018 Ω-1m-1s-1 at concentration 1×1021 cm-3. 

The observed value of σ/τ versus hole concentration is nearly the same for all temperatures, 

indicating its weak dependence on T. The electronic contribution to thermal conductivity 

( )e   is shown in Figure 3.8 (c). It has a similar behavior to σ/τ, as e  and σ are interrelated 

by the Wiedemann-Franz law, e L T =  where L is the Lorentz number, but highly 

temperature dependent [122].  

The variation of PF for hole doping concentration at different temperatures is shown in Figure 

3.8 (d). As carrier concentration increases from 1×1018 cm-3 to 1×1019 cm-3, PF increases 

slightly first, and after that, it increases sharply for all temperatures and attains a maximum 

value between 4×1020 cm-3 and 7×1020 cm-3. The calculated highest values of PF are 5.57×1011 

Wm-1K-2s-1 at 700 K, 4.89 × 1011 Wm-1K-2s-1 at 600 K, 4.19 × 1011 Wm-1K-2s-1 at 500 K, 

3.46×1011 Wm-1K-2s-1 at 400 K, and 2.65×1011 Wm-1K-2s-1 at 300 K. It can be seen that the 

optimum carrier concentration for RbZn4P3 is of the order of 1020 cm-3.  

We have computed the electronic fitness function (EFF), using transM code [115], which is 

given by the formula ( )( )
2 32S N V 

−
. Based on the complexity of electronic structure, EFF 

helps to detect high-performance TE material. As discussed above, S and σ/τ are correlated, and 

the degree of correlation is to be identified in order to manipulate these parameters 

independently [123,124]. In Figure 3.9, we have plotted EFF with hole doping concentration 

at different temperatures. The maximum observed value is 6.4×10-20 W5/3ms-1/3K-2 at 700 K for 

optimum doping concentration (1×1020 cm-3), which indicates that there is a strong decoupling 

between S and σ/τ. The high value of EFF signifies the good TE behaviour of a material. 
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Figure 3.8 The variation of (a) S (b)    (c) e   and (d) 
2S    with hole doping 

concentration for RbZn4P3 at different temperatures. 

 

Figure 3.9 Computed Electronic Fitness Function with hole doping concentration at different 

temperatures 
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In order to calculate the total thermal conductivity ( )t , we have determined the lattice thermal 

conductivity ( )l  of RbZn4P3 using Slack’s equation [125]:  

 
1 3 3

2

a D
l

AM n

T

 



=  (3.8) 

where Ma denotes the average atomic mass of atoms in the unit cell, δ is the cube root of the 

average volume of the unit cell, γ is the Grüneisen parameter, θD is the 

Debye temperature and A is calculated using γ [126] as: 

 𝐴 =
2.43×10−8

1−0.514𝛾−1+0.228𝛾−2 (3.9) 

Further, we have calculated γ, which is related to Poisson’s ratio as given by the following 

relation 

 𝛾 =
3

2
(

1+𝑣

2−3𝑣
) (3.10) 

The Grüneisen parameter can partially address the issue of anharmonicity of phonon-phonon 

interaction [109,127]. A high Grüneisen parameter implies strong anharmonic phonon-phonon 

scattering. The calculated γ value (1.42) is comparable to that of Bi2Te3 [128]. Figure 3.10 (a), 

inset, shows the variation of lattice thermal conductivity with temperature. It is found that l  

decreases as temperature increases. The observed value of l  at room temperature is estimated 

to be 1.32 Wm-1K-1, and it decreases to 0.56 Wm-1K-1 at a temperature of 700 K. This reduction 

in l  is beneficial for yielding high thermoelectric conversion efficiency of the compound. 

Finally, e   has been obtained using e



  (τ = 10-14 s) and l , as shown in Figure 3.10 (a). 

The calculated value of t  is 2.15 Wm-1K-1 at room temperature for optimum carrier 

concentration, 1020 cm- 3.  

The variation of ZT with hole doping concentration at all temperatures ranging from 300 K to 

700 K is shown in Figure 3.10 (b). At a fixed temperature, ZT increases with the increase in 

hole carrier concentration and reaches its maximum value at ~2×1020 cm-3, then decreases 

significantly. Hence, we have obtained the enhanced FOM for our optimum hole doping 

concentration (~2×1020 cm-3). Moreover, at a fixed doping concentration, ZT increases as 

temperature increases from 300 K to 700 K. The maximum observed ZT values at optimum 

hole doping concentration are 0.78, 0.72, 0.65, 0.52, and 0.33 at temperatures 700 K, 600 K, 
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500 K, 400 K, and 300 K, respectively. This shows RbZn4P3 as a promising candidate for future 

thermoelectric applications. The observed high ZT of this compound is contributed by the low 

t  and a high value of PF.  

 

Figure 3.10 (a) The variation of total thermal conductivity (variation of lattice thermal 

conductivity with temperature is shown in inset) and (b) Figure of Merit ZT with hole doping 

concentration at various temperatures 

3.3.5 Transport properties of RbGaSb2 

The transport parameters of RbGaSb2 are also computed through the solution of the BTE. We 

employed rigid band approximation, which assumes that temperature and doping concentration 

have no impact on electronic band structure, and constant relaxation time approximation, which 

states that S is independent of scattering rate. We have investigated how temperature and 

electron concentration affect TE coefficients. The variation of the S, σ, e  and ZT is obtained 

as functions of electron concentration for both n-type RbGaSb2 in the range 1018-1021 cm-3 

along the [100] (x-direction) and [001] (z-direction) crystallographic directions for temperature 

300, 600, and 900 K. 

The S value decreases with carrier concentration in both directions, as shown in Figure 3.11 

(a-b). The negative value of S signifies the n-type behaviour of RbGaSb2. The maximum S 

value obtained is -633.66 µVK-1 in the x-direction at 900 K for electron concentration of 1×1018 

cm-3. Further utilizing the values of electrical conductivity and S we calculated power factor 

(PF) in terms of relaxation time (τ) at 300, 600, and 900 K in both directions. The PF/τ first 

increases with the increase in electron concentration and then reaches a maximum value, as 

shown in Figure 3.11 (c-d). High PF is obtained in the x- than the z-direction. The optimized 

PF/τ values at 4×1020 cm-3 are 3.13×1011 (x-direction) and 0.25×1011 (z-direction) at 900 K. 
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Figure 3.11 Calculated (a-b) Seebeck coefficient and (c-d) power factor in the x- (solid lines) 

and z- (dotted lines) direction as a function of electron concentration at different 

temperatures. 

 Further, to evaluate ZT, we calculate l  that decreases with the increase in temperature in both 

directions, as shown in Figure 3.12 (a). This decrease in l  at higher temperatures is attributed 

to the phenomenon of Umklapp phonon-phonon scattering. The total thermal conductivity, t  

(Figure 3.12 (b)) of RbGaSb2 was found to be 0.38 Wm-1K-1 at a temperature of 300 K and 

found within the range of previously reported values for antimony-based TE [129]. The 

complex crystal structure, rattling behavior of Rb cation, and the presence of heavy elements 

lead to ultralow thermal conductivity of RbGaSb2 [130].  

The calculated frequency-dependent cumulative lattice thermal conductivity ( c ) shown in 

Figure 3.12 (c) reveals that low-frequency phonon modes contribute most to l  in the x-

direction and then increases slightly. Figure 3.12 (d) shows the c  depends on the mean free 

path. The variation of ZT with electron concentration at different temperatures is shown in Fig. 

4. At a constant temperature, ZT for both directions increases with electron concentration and 
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it reaches optimum value at ~1019 cm-3, after that significantly decreases. The maximum ZT 

values at optimized electron concentration are found to be 0.90 (in the x-direction) and 0.85 (in 

the z-direction) at 900 K. The high ZT value of RbGaSb2 is obtained by ultralow l  and large 

value of power factor. 

 

Figure 3.12 Calculated (a) l  (b) t  (c-d) c  as a function of frequency and mean free path. 

 

Figure 3.13 Calculated ZT as a function of electron concentration of RbGaSb2 (a) in the x-

direction (b) in the z-direction. 
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3.4 Summary 

In this chapter, we have explored the TE properties of RbZn4P3 and RbGaSb2, respectively at 

different hole and electron doping concentrations using first-principles calculations in 

combination with semi-classical Boltzmann transport theory. The obtained structural 

parameters and bond lengths of both compounds are in good agreement with the experimentally 

measured values. The formation energy, phonon dispersion, and elastic properties have 

confirmed that RbZn4P3 is stable thermodynamically, dynamically, and mechanically, 

respectively. Charge density analysis shows the Rb atom completely transfers its valence 

electron to the covalently bonded cluster [Zn4P3]
-, thus confirming the coexistence of ionic and 

covalent bonding in RbZn4P3. The electronic band structure calculations reveal that RbZn4P3 

is a moderate bandgap semiconductor. For RbZn4P3, a peak ZT value of 0.78 at 700 K for 

optimal hole doping concentration (2×1020 cm-3) has been obtained.  The key advantage of 

RbGaSb2 as TE material is attributed to the complex crystal structure, the potential rattling of 

Rb cations, and the presence of heavy elements. This low thermal conductivity allows for the 

efficient conversion of heat into electricity, making it a potential candidate for TE applications. 

The high ZT values for a widely studied temperature range make these compounds quite 

promising for future TE material. The p-type RbZn4P3 and n-type RbGaSb2 make them a 

valuable pair for developing efficient TE modules. We believe that this study would pave the 

way for future experimental TE energy harvesting studies on these materials. 
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CHAPTER 4: AUGMENTED THERMOELECTRIC 

PERFORMANCE OF LiCaX (X=As, Sb) HALF 

HEUSLER COMPOUNDS  

4.1 Introduction 

HH compounds have emerged as promising TE materials due to their favorable combination 

of electrical and thermal transport properties. As discussed in the Chapter 1, their intrinsic 

structural and electronic features make them well-suited for mid-to-high-temperature TE 

applications. This chapter explores the TE performance of HH materials, examining their 

crystal structure, electronic properties, and potential for optimizing energy conversion 

efficiency. Numerous studies are existing in the literature that shows enhancement in TE 

performance of HH alloys realized through optimizing the carrier concentration via doping 

[131], heavy element substitution [132,133], and strain [134]. Rausch et al. [132] have 

synthesized p-type HH alloy Ti0.3Zr0.35Hf0.35CoSb1−xSnx and attained a maximum ZT value of 

0.8 (for x = 0.15) corresponding to an optimal carrier concentration of 1.4 × 1021 cm−3 thereby 

proving that the carrier concentration can be an efficient way for improving TE properties. El-

Khouly et al. [131] have reported that co-doping Hf-Ti in FeVSb increased the ZT value by 

20% as compared to the pristine compound at 873 K. Recently, Shen et al. [135] and Serrano-

Sánchez et al. [136] have demonstrated improved TE performance of NbFeSb and NbCoSn, 

respectively, by doping with heavy elements as it optimizes the PF and reduces the l  by 

causing high scattering of phonons.  

Among the anticipated HH alloys, the Li-based 8-VEC HH compounds exhibit good 

mechanical, dynamical stability, and transport properties [58,137–140]. Few studies have been 

carried out in recent times focussing on their TE properties [141–143]. Very recently, Xiong et 

al. have achieved a significant enhancement in the figure of merit using carrier concentration 

optimization in Li-based 8-VEC HH compounds at 673 K.  They have concluded that this 

compound may be very promising for TE energy harvesting if the thermal conductivity can be 

reduced significantly [144]. This motivated us to look for a unique combination of Li-based 8-

VEC HH compounds with low thermal conductivity, which can be achieved by using heavy p-

block elements such as Antimony (Sb) as it may increase the phonon–phonon scattering rates 

and reduces the phonon group velocities. We observed that all the reported studies on Li-based 
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8-VEC HH compounds lack a crucial thorough investigation of lattice thermal conductivity. 

Moreover, as these Li-based compounds are not experimentally synthesized yet, a clear 

guidance for the experimentalist is missing in reported works, i.e., the thermal stability at 

higher temperatures and phonon dynamics.  

We used the DFT to probe the electronic structure of LiCaX (X = As, Sb) compounds. We 

assessed the thermal stability at different temperatures using AIMD simulations, which 

suggests that these compounds can be used for high-temperature applications. We then 

employed the semiclassical Boltzmann transport theory to calculate TE parameters at different 

temperatures for a given carrier concentration. In order to accurately predict the TE properties, 

a true value of l  is obtained and understood the role of acoustic and optical phonon modes in 

determining l . This work shows that the ZT values of the LiCaAs and LiCaSb could be 

significantly enhanced with optimized carrier concentration, which results in making these Li-

based 8-VEC HH compounds very promising candidates for high-temperature TE applications. 

4.2 Computational Details 

The structural properties of LiCaX were obtained using DFT as implemented in the VASP 

[145]. The GGA-PBE was used for the exchange-correlation potential [82]. For electron-ion 

interactions, we employed the projector augmented plane wave approach [105]. The Brillouin 

zone (BZ) was sampled using a Gamma-centred 11×11×11 k-point mesh, and a plane-wave 

kinetic energy cut-off of 650 eV was used. The geometric structure was fully optimized with a 

convergence threshold of 10-8 eV for energy and -0.001 eV/Å for the force. The AIMD 

simulation was employed, over a 2×2×2 supercell, to check the high-temperature stability of 

the proposed materials [146]. These calculations were carried out in a canonical ensemble 

(NVT) at temperatures 400 and 800 K using a time step of 1 fs, which lasted for 5000 fs.  

The electronic structure and transport properties were calculated using the Full potential 

linearized augmented plane wave method implemented in the WIEN2k [147]. The cut-off 

energy was set to -6 Ry for the core and valence states, and the plane wave cut-off was decided 

by RMT×Kmax = 7. The Kohn-Sham equation was solved self-consistently with an energy 

convergence of 0.0001 Ry/cell. We used TB-mBJ potential for the accurate prediction of band 

gap and transport properties [114]. The TE parameters were estimated via solving the BTE 

under the constant relaxation time approximation, which is implemented in the BoltzTraP code 

[95]. In order to ensure precise TE properties, a dense k-mesh of 34 × 34 × 34 was used for the 

BZ. 
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The Phonopy code [98] was used to obtain the second-order harmonic interatomic force 

constants (IFCs) and phonon structure via the DFPT method [148] using a 2 × 2 × 2 supercell 

on an 8 × 8 × 8 k-mesh. With the same supercell, the Phono3py code [100] was used to calculate 

anharmonic third-order IFCs. Interactions up to the fifth-closest neighbour were taken into 

consideration for the third-order IFCs. The phonon BTE was solved self-consistently to obtain 

the lattice thermal conductivity using a dense 20 × 20 × 20 q-mesh. 

4.3 Results and Discussion 

4.3.1 Structural properties and Thermal stability 

The HH LiCaX crystallizes in the cubic structure, having a space group F43m (no. 216), where 

Li atoms occupy positions 4b (1/2, 1/2, 1/2), Ca atoms occupy positions 4a (0, 0, 0), and X (As 

and Sb) occupy 4c (1/4, 1/4, 1/4). Thus, the crystal structure can be viewed as a zinc blende 

type structure (CaX)-, partially filled by Li+ ions [149]. Thomas et al. have conducted extensive 

ab-initio investigations for the crystal structures of a variety of HHs and have observed the 

above-mentioned structure to be the most favourable for I–II–V HHs [150]. To further verify 

this, we have carried out the total energy calculations of different possible configurations (Type 

I, Type II, and Type III) whose Wyckoff positions are listed in Table 4.1. The total energies 

obtained from the self-consistent calculations for these configurations for both compounds are 

plotted as a function of cell volume Figure 4.1 and curves are fitted in accordance with the 

Birch-Murnaghan equation of states [151]. The results show that the Type I configuration 

corresponds to the minimum energy and thus the most stable for both HH compounds. The 

calculated lattice constants of LiCaAs (6.67 Å) and LiCaSb (6.96 Å) are found to be in good 

agreement with previous studies [143,152]. The computed volume, bulk modulus, and its 

pressure derivative, and ground state energy for both compounds are presented in Table 4.2. 

Table 4.1 Possible Wyckoff positions of atoms for the LiCaX (X = As, Sb) HH compounds. 

 Type I Type II Type III 

Li 4b 4c 4a 

Ca 4a 4a 4b 

X 4c 4b 4c 
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Figure 4.1 Calculated total energy (in Ry) versus volume (in a.u.3) for Type I, Type II, and 

Type III configurations of LiCaAs and LiCaSb 

Table 4.2 Calculated optimized volume (V0), bulk modulus (B), pressure derivative (Bp), and 

total energy (E0) of both LiCaAs and LiCaSb compounds. 

 
V0 (a.u.3) B (GPa) Bp E0 (Ry) 

LiCaAs 501.94 37.5093 3.5402 -5898.249798 

LiCaSb 573.23 30.6543 3.5741 -14343.286715 

 

 

Figure 4.2 The temperature fluctuations versus time for (a) LiCaAs and (b) LiCaSb at 400 K 

and 800 K using AIMD simulations. 
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Thermal stability is a crucial parameter for any material to be used for TE applications. We 

have probed the thermal stability of LiCaX by AIMD simulations using canonical ensemble at 

400 K and 800 K, as shown in Figure 4.2. It is visible that the temperature fluctuations are 

very trivial throughout the 5000 fs AIMD simulations at 400 K and 800 K. These results 

indicate that the structures are thermally stable at ambient as well as elevated temperatures. 

We have also obtained the melting temperature (Tm) of LiCaX using an empirical relation [46]: 

Tm=553 K+(5.91/GPa) C11 ± 300 K. This relation has also been used for other similar Li-based 

8 VEC HH compounds [153]. We have used the elastic package, implemented in WIEN2k 

software, to calculate the elastic constants for cubic systems in order to obtain the value of C11. 

The obtained results are presented in Table 4.3. The value of the bulk modulus (B) is obtained 

by fitting the Birch-Murnaghan equation of states [151]. 

Table 4.3 Calculated elastic constants Cij (GPa), Bulk modulus B (GPa), and melting 

temperature Tm (K). 

 C11 C12 C44 B Tm 

LiCaAs 62.305 25.252 28.220 37.026 921.22 

LiCaSb 53.730 18.346 24.996 30.137 870.54 

 

4.3.2 Dynamical stability 

To confirm the dynamical stability, we have calculated frequency-dependent phonon band 

structure using DFPT as presented in Figure 4.3. The presence of all positive frequency phonon 

modes shows that the structures under investigation are stable. In their primitive cell, there are 

three atoms that give rise to nine different phonon modes, three of which are acoustic (low-

frequency phonon modes) and six of which are optical (high-frequency phonon modes). The 

highest frequencies for LiCaAs and LiCaSb are 10 THz and 8.5 THz, respectively. There is a 

band gap from 6.5 THz to 7.5 THz in LiCaAs, between 5.6 THz to 6.8 THz and slightly from 

3.3 THz to 4.0 THz in LiCaSb. It can be seen that in the entire frequency range the dispersion 

of phonon modes shrinks with an increase in atomic weight of the X atom. This suggests a 

reduction in the corresponding group velocity, which further leads to low lattice thermal 

conductivity [154]. 
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Figure 4.3 The obtained phonon dispersion for (a) LiCaAs and (b) LiCaSb 

It can be seen from Figure 4.4 that the optical phonon modes above the band gap are 

predominantly contributed from the vibrations of Li atoms. This characteristic is the same for 

both structures LiCaAs and LiCaSb. The primary factor separating the phonon DOS of these 

two structures is the vibrations of As and Sb atoms. Owing to the large atomic mass of Sb, its 

vibrational frequencies mainly dominate up to 3 THz in LiCaSb. On the other hand, in the case 

of LiCaAs, the vibrational frequencies dominate up to 5 THz. Also, the minor contribution of 

Ca ions can be seen in the low frequency modes; however, the mid frequency phonon modes 

are largely contributed by the vibrations of Ca ions. 

 

Figure 4.4 Calculated phonon density of states of LiCaAs and LiCaSb 
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Figure 4.5 Calculated mode Grüneisen parameter for (a) LiCaAs and (b) LiCaSb 

The Grüneisen parameter () as a function of frequency is shown in Figure 4.5, its value is 

positive for all modes. It is a measure of anharmonicity, therefore large  reflects the strong 

anharmonicity, thus the low lattice thermal conductivity. The average value  for LiCaAs and 

LiCaSb is 1.28 and 1.20, respectively, smaller than that of other HH alloys [154,155] but 

comparable to promising thermoelectric material PbTe [125]. 

4.3.3 Electronic Structure Properties 

Figure 4.6 shows the energy band structure of LiCaAs and LiCaSb, which is obtained using 

the TB-mBJ potential. The CBM and the VBM of both alloys are found at the X-point and the 

-point in the BZ, respectively. Therefore, both are found to be indirect band gap 

semiconductors. The band gaps of LiCaAs and LiCaSb are calculated to be 1.82 (2.52) eV and 

1.52 (2.09) eV using GGA (TB-mBJ), respectively. The calculated value of the band gap for 

LiCaAs is comparable to previous DFT calculations [143,152]. The band gap of LiCaX 

decreases from As to Sb. Thus, a higher value of the Seebeck coefficient can be expected for 

LiCaAs. Also, the VB edges are flat, indicating strongly localized holes, on the contrary, the 

CB edges are dispersed, showing free electrons. Therefore, we foresee superior TE 

performance for the p-type compounds in comparison to the n-type ones. 

The total and partial DOS of LiCaX HH alloys are depicted in Figure 4.7. It is noticeable that 

the VB is primarily dominated by X (i.e., As and Sb) atoms, and the CB is majorly composed 

of Ca atoms for LiCaX HH alloy. Li atoms give negligible contribution both in CB and VB. It 

is also found that the DOS in the VB is higher than that in the CB. As a result, we anticipate 

superior TE performance in the p-type doping than in the n-type counterpart. 
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Figure 4.6 Calculated electronic band structures of (a) LiCaAs and (b) LiCaSb along the 

high symmetry directions of the BZ as determined using the Tran-Blaha modified Becke-

Johnson potential. The Fermi energy is set to 0 eV. 

 

Figure 4.7 Calculated total and partial density of states of LiCaAs and LiCaSb. The Fermi 

energy is set to 0 eV. 
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4.4 Thermoelectric Properties 

The TE parameters S, σ, and e  are calculated by the following relations [95]: 

  𝑆𝛼𝛽(𝜇, 𝑇) =
1

𝑒𝑇𝜎𝛼𝛽(𝜇,𝑇)
∫ 𝜎𝛼𝛽(𝜀)(𝜀 − 𝜇) (−

𝜕𝑓(𝑇,𝜀,𝜇)

𝜕𝜀
) 𝑑𝜀 (4.1) 

 𝜅𝛼𝛽
𝑒 (𝜇, 𝑇) =

1

𝑒2𝑇𝛺
∫ 𝜎𝛼𝛽(𝜀)(𝜀 − 𝜇)2 (−

𝜕𝑓(𝑇,𝜀,𝜇)

𝜕𝜀
) 𝑑𝜀 (4.2) 

 𝜎𝛼𝛽(𝜇, 𝑇) =
1

𝛺
∫ 𝜎𝛼𝛽(𝜀) (−

𝜕𝑓(𝑇,𝜀,𝜇)

𝜕𝜀
) 𝑑𝜀 (4.3) 

where Ω is the reciprocal space volume, f is the Fermi distribution function, e is the electron 

charge, ε is the carrier energy.  𝜎𝛼𝛽(𝜀) is conductivity tensor can be expressed as: 

 𝜎𝛼𝛽(𝜀) =
1

𝑁
∑ 𝜎𝛼𝛽(𝑖, 𝑘)

𝛿(𝜀−𝜀𝑖,𝑘)

𝑑𝜀𝑖,𝑘  (4.4) 

The transport properties are calculated as a function of temperature and with varying carrier 

concentration (n) ranging from 1×1019 cm-3 to 1×1022 cm-3, which is an optimum range for 

good TE performance [21], with constant relaxation time for the HH alloys LiCaX (X = As and 

Sb). Considering that these compounds are stable at higher temperatures, thereby we calculated 

the transport properties up to 800 K. 

4.4.1 Seebeck Coefficient 

Figure 4.8 depicts the S as a function of carrier concentration (1×1019 cm-3 to 1×1022 cm-3) at 

temperatures ranging from 300 K to 800 K. The absolute value, i.e., |S|, decreases with the 

increase in carrier concentration, which is consistent with the fact that S is inversely 

proportional to n. The S of p-type LiCaAs and LiCaSb is significantly greater than that for the 

n-type because of flat bands in the VB and dispersed bands in CB (which leads to a higher 

effective mass of holes than that of electrons). This indicates that the TE performance of the p-

type LiCaX is better than that of the n-type. We calculated the effective mass (m*) of hole and 

electron carriers using the relation * 2 2 2m E k =    . The calculated value of m* of holes is 

11.86 me, and 5.55 me, respectively, for LiCaAs, and LiCaSb, whereas the corresponding 

effective mass of electron is 0.63 me and 0.54 me, here me is the mass of free electron. The 

maximum obtained value of S for p-type LiCaAs, and LiCaSb, respectively, are 727.31 μVK-1 

and 704.08 μVK-1 at 800 K, whereas the corresponding S values for n-type are -501.54 μVK-1 

and -475.14 μVK-1, respectively. The larger S is obtained for p-type variants, throughout the 

studied carrier concentration range and temperature, of both compounds, which might be 
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because of the higher effective mass of holes than electrons. The optimum carrier concentration 

for which maximum |S| is obtained is 1×1019 cm-3. 

 

Figure 4.8 Calculated Seebeck coefficient of (a) LiCaAs and (b) LiCaSb as a function of 

carrier concentration and for temperatures ranging from 300 K to 800 K. 

4.4.2 Electrical and Electronic Thermal Conductivity  

The magnitude of σ/τ increases with the carrier concentration for both n-type and p-type nature 

of the investigated compounds. Figure 4.9 shows that σ/τ increases sharply beyond carrier 

concentration ~1×1021 cm-3. Also, it can be noted that electrical conductivity shows weak 

dependence on temperature. The value of σ/τ is higher in the n-type than in the p-type due to 

parabolically dispersed CB edges. The thermal conductivity includes both lattice and electronic 

contribution; its electronic component is described by Wiedemann Franz's law [122] that states 

that e  varies linearly with the temperature and electrical conductivity. The obtained electronic 

contribution to thermal conductivity, with respect to relaxation time, i.e., e   presented in 

Figure 4.10, reveals that for the same carrier concentration, the values for LiCaSb are greater 

than those for LiCaAs, and the change in e   with the carrier concentration is similar to that 

of σ/τ. 
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Figure 4.9 Calculated electrical conductivity of (a) LiCaAs and (b) LiCaSb as a function of 

carrier concentration and for temperatures ranging from 300 K to 800 K. 

 
Figure 4.10 Calculated electronic thermal conductivity of (a) LiCaAs and (b) LiCaSb as a 

function of carrier concentration and for temperatures ranging from 300 K to 800 K. 
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4.4.3 Power Factor 

The optimization of the carrier concentration substantially improves the PF of LiCaX HH 

compounds as given in Figure 4.11. With the increase in carrier concentration, the value of PF 

first increases reaches a maximum value, and then starts decreasing. We estimated that the 

optimum carrier concentration for n-type compounds is relatively lower than p-type. For 

LiCaAs, the optimal p-type and n-type PF/τ values are around 10.95×1011 Wm-1K-2s-1 at a 

carrier concentration of 5×1021 cm-3 and 4.99×1011 Wm-1K-2s-1 at 9×1020 cm-3, respectively, 

whereas corresponding values for LiCaSb are 12.53×1011 Wm-1K-2s-1 at 4×1021 cm-3 and 5.30 

× 1011 Wm-1K-2s-1 at 8×1020 cm-3. The comparison of PF/τ shows that p-type LiCaSb has a 

relatively higher value. Therefore, one can expect better TE performance in the case of the p-

type LiCaSb compound. 

 

Figure 4.11 Calculated power factor of (a) LiCaAs and (b) LiCaSb as a function of carrier 

concentration and for temperatures ranging from 300 K to 800 K. 

4.4.4 Lattice thermal conductivity 

To understand the behaviour of l  in LiCaAs and LiCaSb, it is crucial to understand the 

phonon dynamics of both HH alloys. From Figure 4.3, it can be noticed that the LiCaSb has 

overall lower frequencies than that of LiCaAs. Therefore, low l  is expected for LiCaSb. This 

also reflects in its low value of lattice thermal conductivity than that of LiCaAs. The calculated 

temperature-dependent lattice contribution to the thermal conductivity of these HH alloys is 
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shown in Figure 4.12 (a). The room temperature l  values for LiCaSb, and LiCaAs are 1.42 

Wm-1K-1 and 1.90 Wm-1K-1, respectively, but these values decrease 0.66 Wm-1K-1 and 0.88 

Wm-1K-1 at 800 K. These compounds have an intrinsically low value of l  than that of TaFeSb 

based ( l  = 3.1 Wm-1K-1 for Ta0.84Ti0.16FeSb and 2.3 Wm-1K-1 for Ta0.74V0.1Ti0.16FeSb), which 

is amongst the high-performance TE material, [156] and Ti0.5Hf0.5NiSn with 3.2 Wm-1K-1 [155] 

HH alloys. These obtained values of l  at room temperature are comparable to conventional 

promising TE candidates like PbTe (2.2 Wm-1K-1) [157] and Bi2Te3 (1.6 Wm-1K-1) [158]. The 

value of the lattice thermal conductivity of LiCaSb is lower than that of LiCaAs. 

 

Figure 4.12 (a) The lattice thermal conductivity of LiCaAs and LiCaSb as a function of 

temperature (b) The cumulative lattice thermal conductivity as a function of frequency in 

LiCaAs and LiCaSb at different temperatures 300 Kand 800 K 

Further, we have calculated the cumulative thermal conductivity of LiCaAs and LiCaSb at 300 

K and 800 K as a function of frequency (Figure 4.12 (b)). It increases rapidly in the low-

frequency acoustic phonon modes (1 – 4 THz), and this part of the phonons contributes more 

than 80% of the lattice thermal conductivity. Therefore, the high-frequency optical phonon 

modes have a minor contribution (less than 20%) to the thermal conductivity. The relative 

contribution of these phonon modes of both compounds to l   is presented in Table 4.4. 

Table 4.4 Relative contributions of acoustic and optical phonon modes to the lattice thermal 

conductivity ( l ) at room temperature and 800 K for both compounds LiCaAs and LiCaSb. 

 
Temperature 

(K) l (Wm-1K-1) 
Contribution of 

acoustic modes (%) 

Contribution of 

optical modes (%) 

LiCaAs 300 1.90 80.26 19.73 

 800 0.88 81.03 18.96 

LiCaSb 300 1.42 81.49 18.50 

 800 0.66 83.17 17.18 
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4.4.5 Figure of Merit 

The dependence of transport parameters on the carrier concentration and temperature suggests 

that a high FOM can be obtained by tuning the carrier concentration and increasing the 

temperature. As depicted in Figure 4.13, FOM is calculated as a function of carrier 

concentration and for the temperature range 300–800 K in HH LiCaAs and LiCaSb by 

incorporating the PF and t . It is observed that the room temperature ZT values are higher for 

p-type LiCaAs and LiCaSb than those of n-type. It can be seen that the ZT improved at higher 

temperatures at optimized carrier concentrations (~1021 cm-3 for p-type carriers and ~1020 cm-

3 for n-type carriers for both the investigated compounds). The similar values of carrier 

concentrations have been experimentally observed in other Li-based 8 VEC HH compounds 

[144]. It is obvious that as we move towards higher atomic weight element, l  suppressed by 

24%, resulting in an augmentation of TE performance of LiCaSb. However, the final ZT value 

of the two compounds is nearly identical because of the large S value of LiCaAs compared to 

LiCaSb. The low l  and high PF of LiCaX compounds result in high ZT value at higher 

temperatures. This shows that these HH compounds are worthy candidates for further 

experimental investigations. The TE properties of p-type are superior to those of n-type; 

therefore, hole doping seems to be good for improving the performance of these compounds. 

 

Figure 4.13 Calculated ZT values of (a) LiCaAs and (b) LiCaSb as a function of carrier 

concentration within constant relaxation time approximation (i.e., τ = 1× 10-14 s) at different 

temperatures ranging from 300 K to 800 K 
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Further to determine the figure of merit accurately, the temperature-dependent τ of the charge 

carriers, i.e., electrons and holes has evaluated using the deformation potential theory 

developed by Bardeen and Shockley [97], according to which τ is given by the following: 

 𝜏 =
2√2𝜋𝐶𝛽ℏ4

3(𝑘𝐵𝑇𝑚∗)3/2𝐸𝛽
2 (4.5) 

Where, Cβ is the elastic modulus along β axis, m* is the effective mass of charge carriers, kB is 

Boltzmann’s constant, and Eβ is the deformation potential constant along β axis. The m* values 

are written in the text (section 4.4.1) and other parameters- Cβ, Eβ, and τ of charge carriers i.e., 

electrons and holes for both compounds at different temperatures are listed in Table 4.5. 

Table 4.5 The elastic modulus (Cβ), deformation potential constant (Eβ), and relaxation time 

(τ) at 300, 600, and 800 K of electrons and holes for LiCaAs and LiCaSb. 

 LiCaAs LiCaSb 

Carriers type electron hole electron hole 

Cβ (eV/Å3) 0.070146 0.070146 0.063437 0.063437 

Eβ (eV) 1.73353 0.20233 1.58507 0.20083 

 

τ (s) 

300 K 2.56 × 10-13 2.30 × 10-13 3.49 × 10-13 6.60 × 10-13 

600 K 9.06 × 10-14 8.14 × 10-14 1.23 × 10-13 2.33 × 10-13 

800 K 5.88× 10-14 5.29× 10-14 8.02× 10-14 1.52 × 10-13 

 

 

Figure 4.14 Calculated ZT values of (a) LiCaAs and (b) LiCaSb as a function of carrier 

concentration using temperature dependent relaxation time of carriers at different 

temperatures ranging from 300 K to 800 K 
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When the temperature-dependent τ is used the increase in FOM is observed as shown in Error! R

eference source not found. in comparison to constant τ = 1× 10-14 s. The calculated FOM 

values at optimized carrier concentration for both p-type and n-type compounds at 300 and 800 

K are listed in Table 4.6. 

The variation of ZT with the temperature at the optimum carrier concentration using constant τ 

approximation and temperature dependent τ of charge carriers is also shown in Figure 4.15. It 

is found that the optimum carrier concentration for p-type LiCaAs and LiCaSb offers better TE 

performance than the n-type counterparts. 

Table 4.6 Figure of merit of LiCaAs and LiCaSb for both types of carriers at optimized 

carrier concentration 

Figure of merit at optimized carrier concentration 

 

 

LiCaAs LiCaSb 

300 K 800 K 300 K 800 K 

With 

constant 

 

p-type 
0.41 

1×1021 cm-3 

0.79 

1×1021 cm-3 

0.46 

8×1020 cm-3 

0.82 

7×1020 cm-3 

n-type 
0.14 

1×1020 cm-3 

0.64 

1×1020 cm-3 

0.16 

1×1020 cm-3 

0.66 

9×1019 cm-3 

Without 

Constant 

 

p-type 
0.84 

4×1020 cm-3 

0.90 

4×1020 cm-3 

0.89 

1×1020 cm-3 

0.93 

1×1020 cm-3 

n-type 
0.58 

3×1019 cm-3 

0.73 

4×1019 cm-3 

0.62 

2×1019 cm-3 

0.84 

2×1019 cm-3 

 

Figure 4.15 The variation in Figure of Merit with temperature (a) within constant relaxation 

time approximation (b) with temperature dependent relaxation time of carriers for p-type and 

n-type LiCaAs and LiCaSb 
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4.5 Summary 

We have used first-principles calculations in conjunction with semi-classical Boltzmann 

approach, density functional perturbation technique and ab-initio molecular dynamics to 

explore electronic, transport, phononic, and thermal properties of 8-VEC Li-based HH 

compounds LiCaX (X = As, Sb). We have also calculated temperature-dependent relaxation 

time using deformation potential theory. Our calculations have validated the high temperature 

stability and dynamical stability of these compounds. We found that both LiCaAs and LiCaSb 

are indirect band gap semiconductors having band gaps, respectively, of 2.52 eV and 2.09 eV 

estimated using TB-mBJ potential. The value of the Seebeck coefficient is found to be higher 

in p-type LiCaX than that of n-type due to flat VB edges. TE performance is slightly enhanced 

with an increase in atomic weight of X atom owing to low l  and significant power factor. The 

room temperature l  values for LiCaSb and LiCaAs have found to be 1.42 Wm-1K-1 and 1.90 

Wm-1K-1, respectively, but these values have decreased to 0.66 Wm-1K-1 and 0.88 Wm-1K-1 at 

800 K. The remarkably low l  of 8-VEC HH compounds LiCaX (X = As, Sb), which has been 

understood in terms of different phonon modes, and optimization of carrier concentration 

resulted into an improved ZT at higher temperature. The optimized carrier concentration (~1020 

cm-3 for p-type carriers and ~1019 cm-3 for n-type carriers) of the investigated compounds have 

found to be comparable to experimentally estimated value for other 8-VEC Li-based HH. Our 

calculations have predicted that the p-type HH alloys LiCaX are promising thermoelectric 

materials. We are optimistic that this work could lead to future experiments to investigate the 

thermoelectric properties of proposed Li-based half-Heusler alloys. 
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CHAPTER 5: THERMOELECTRIC 

PROPERTIES AND LATTICE DYNAMICS OF 

Li2MN2 (M = Zr, Hf) 

5.1 Introduction 

As discussed in Chapter 1, it is difficult to manipulate the transport parameters simultaneously 

due to their interdependence. Therefore, researchers are constantly looking for new materials 

having high ZT and/or effective strategies that can enhance the TE performance of existing 

materials [12]. Heusler alloys [159–161], Zintl compounds [162–164], oxides- and nitrides-

based materials [63,165–167] are under intense research for their TE properties. Among these, 

nitride semiconductors are highly attractive owing to their potential for environmental 

sustainability, utilization of readily available elements, and desirable electronic properties [62]. 

Extensive research has been conducted to explore the early-transition metal nitrides, such as 

ScN and CrN, and various methods implemented to enhance their performance for their 

potential use in TE applications [168–170]. Investigations have been carried out into the TE 

properties of epitaxial ScN films deposited by magnetron sputtering onto MgO (001) substrates 

[171]. Enhanced transport properties in ScN have been achieved through electronic structure 

engineering via stoichiometry tuning and doping. Saha et al. have examined the temperature-

dependent thermal and TE properties of n- and p-type Sc1-xMgxN thin film alloys up to 850 K 

[172]. Furthermore, a high ZT value of 1.5 has been attained in a ZrN/ScN superlattice [173]. 

These studies shed light on the crucial role of nitride semiconductors in TE applications, 

offering potential improvements in energy conversion efficiency and sustainability. Further, 

layered nitrides are of much interest regarding TE energy conversion as they favour anisotropic 

properties that ultimately enable the tuning of transport properties [64,65]. In a study, Ohkubo 

et al. have found that the transport properties of NaTaN2, which exhibits an anisotropic 

character are potentially superior to that of isotropic KTaO3 [174].  

This chapter aims to investigate the TE properties of Zr- and Hf-based nitride (i.e., Li₂MN₂) to 

analyze their structural properties, electronic structures, transport properties, and potential for 

utilization in TE applications. Furthermore, it is interesting to see the effect of Hf replacing the 

transition metal (M) Zr. Generally, the heavy elements result in a reduced frequency of acoustic 

phonons [175,176], decreased group velocity, and suppressed lattice thermal conductivity. 
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Previous studies identified heavy element usage as a viable approach to suppress lattice thermal 

conductivity and, consequently, the enhanced ZT value [177,178]. However, materials 

containing heavy elements don't always need to have lower lattice thermal conductivity than 

those containing light elements. The lattice thermal conductivity depends on both the phonon 

group velocity, which is associated with mass, and the phonon relaxation time, associated with 

anharmonicity and scattering rate. Our results reveal the underlying mechanisms responsible 

for the high thermal transport properties observed in materials containing heavy elements and 

offer an alternative way to design materials with low lattice thermal conductivity for TE 

applications. 

5.2 Computational Details and Methodology 

The first-principles calculations were performed using the full potential linearized augmented 

plane wave method implemented in the WIEN2k code [147]. The exchange correlational 

functional GGA-PBE was used for structural optimization [82]. A Gamma-centred k-mesh of 

17×17×9 was used to sample the Brillouin zone (BZ). The cut-off energy of valence and core 

states was set to -6 Ry. The Kohn-Sham equations were solved self-consistently until an energy 

convergence of 0.0001 Ry/cell was achieved. The more accurate TB-mBJ functional was used 

for electronic and transport properties, as in most cases, GGA underestimates the band gap of 

semiconductors [114]. The TE properties were calculated by solving the BTE under the 

constant relaxation time approximation as implemented in the BoltzTraP code. We employed 

the finite displacement method to derive the second-order harmonic interatomic force constants 

(IFCs) and the phonon structure. A 3 × 3 × 1 supercell was utilized on an 8 × 8 × 3 k-mesh, and 

the phonopy code [179] was interfaced with the VASP [145] for this purpose. The Phono3py 

code [179] was used to evaluate anharmonic third-order IFCs, and the interactions up to the 

fourth-closest neighbour were taken. The phonon Boltzmann equations were solved self-

consistently using a dense 20 × 20 × 20 q-mesh to calculate the lattice thermal conductivity. 

5.3 Results and Discussion 

5.3.1 Structural Properties 

Li₂MN₂ (M = Zr or Hf) crystallizes in the anti-La2O3 trigonal structure [180,181] with the P3m1 

space group (no. 164). The M atoms occupy Wyckoff positions 1a (0, 0, 0), whereas the Li and 

N atoms occupy the Wyckoff positions 2d (2/3, 1/3, 0.381139) and 2d (2/3, 1/3, 0.775853), 

respectively, as shown in Figure 5.1. Li¹⁺ is bonded to four equivalent N³⁻ atoms to form 

distorted LiN₄ tetrahedra, having three shorter and one longer Li–N bond length. M⁴⁺ is bonded 
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to six equivalent N³⁻ atoms to form MN₆ octahedra, with all M–N having the same bond 

lengths. The bond length, Zr-N, is 2.267 Å, greater than the sum of Zr and N covalent radii, 

i.e., 2.23 Å, which indicates that the Zr atom is located over the ZrN₆ octahedra. As a result, 

the Zr atoms act as a heavy rattler that will strongly scatter the acoustic phonons. On the other 

hand, the Hf-N bond length is smaller than that of Hf and N covalent radii (2.25 Å); therefore, 

it is expected that Li₂ZrN₂ will have superior lattice transport properties. The optimization of 

total energy vs. strain (deviation from initial structure) gives the optimized lattice constants and 

unit cell volume. In Table 5.1, we summarize our optimized structural data for both materials 

and compare them with the available experimental data. The structural parameters (such as the 

bond lengths and lattice parameters) agree with the previously reported experimental values 

[180]. We used the optimized structures for further calculations. 

 

Figure 5.1 The geometrical structure of Li₂MN₂ (M = Zr or Hf). 

Table 5.1 The optimized lattice parameters (in Å) and bond lengths (in Å) of Li2MN2 (M = 

Zr or Hf), along with available experimental values. 

System a=b c 

Bond Lengths 

Li-N M-N M-Li 

Li2ZrN2 

Present work 3.299 5.489 2.090, 2.167 2.267 2.829 

Experiment [180] 3.285 5.461 2.098, 2.268 2.253 2.840 

Li2HfN2 

Present work 3.261 5.474 2.080, 2.180 2.235 2.813 

Experiment [180] 3.246 5.427 - - - 
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3.2 Stability Analysis 

Following the structural optimization, we examine the thermodynamic stability of Li₂MN₂ (M 

= Zr or Hf) by computing their formation energies (𝐸𝑓𝑜𝑟) using the equation [182] given as: 

 𝐸𝑓𝑜𝑟 =
[𝐸Li₂MN₂−(2𝐸𝐿𝑖−𝐸𝑀−2𝐸𝑁)]

𝑛
 (5.1) 

where 𝐸Li₂MN₂ is the ground state energy of Li₂MN₂, 𝐸𝐿𝑖, 𝐸𝑀, and 𝐸𝑁 are total energy per atom 

for Li, M, and N, respectively, in their solid form, and n denotes the total number of atoms in 

their unit cell. The calculated 𝐸𝑓𝑜𝑟 for Li₂ZrN₂ and Li₂HfN₂ are found to be -1.148 and -1.230 

eV/atom, respectively, indicating that both the compounds are energetically stable.  

Next, to investigate the dynamical stability of the proposed structures, we computed the phonon 

dispersion spectra using the finite displacement method. The results are shown in Figure 5.2; 

the absence of negative frequencies in both structures confirms that they are dynamically 

stable. There are five atoms in each unit cell, which means there is a total of 15 phonon 

branches, of which 3 are low-frequency acoustic branches (in-plane Longitudinal Acoustic 

(LA) and Transverse Acoustic (TA) and out-of-plane Transverse Acoustic (ZA)) and 12 are 

optical branches. The D3h symmetry of both structures results in nondegenerate and twofold-

degenerate modes at the  point. As shown in Figure 5.2, there are six distinct eigenmodes that 

can be used to describe the optical spectrum. The four optical modes are nondegenerate (A 

modes), and four are twofold-degenerate (E modes) for both compounds. The overall 

characteristics of the phonon dispersion of both compounds are almost similar, with only a 

slight frequency shift. Additionally, no phonon bandgap is observed, which suggests a coupling 

between the acoustic LA mode and low-frequency optical modes. A coupling between the 

modes indicates that phonons scatter more easily between the acoustic and optical branches, 

resulting in a lower phonon lifetime and, consequently, a low lattice thermal conductivity. This 

coupling is observed more in Li2ZrN2 owing to the proximity of its LA branch at 8.6 THz and 

low-frequency optical branch at 5.7 THz. Further, to analyse the atomic contribution to the 

acoustic and optical modes, the phonon density of states is obtained, as shown in Figure 5.3. 

The high-frequency region is mainly attributed by the oscillations of light-mass Li and N atoms. 

Both Zr and Hf contribute to the low-frequency acoustic modes due to heavier atomic mass. 

Also, the coupling between acoustic and optical branches in frequency range 5.5-8.5 THz in 

Li2ZrN2 is primarily contributed by the oscillations of Zr atoms, that might lead to low lattice 

thermal conductivity. 
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Figure 5.2 The phonon dispersion curves of (a) Li2ZrN2 and (b) Li2HfN2. 

 

Figure 5.3 The total and projected phonon density of states of (a) Li2ZrN2 and (b) Li2HfN2. 

5.3.2  Electronic Properties 

The electronic band structure calculated using TB-mBJ of the investigated systems reveals that 

both are semiconductors, as shown in Figure 5.4. The conduction band minima are located at 

the high symmetry M point. In contrast, the valence band maxima are present at the  point. 

Therefore, an indirect band gap of 2.402 eV and 2.963 eV is observed for Li2ZrN2 and Li2HfN2, 

respectively, which are found even smaller than other nitrides such as Ca5Sn2N6 (3.55 eV), 

Sr5Ge2N6 (3.15) [183], ZnZrN2 (2.77 eV), and ZnHfN2 (3.31 eV) [184] that have shown good 

TE performance. Because of the indirect band gap, these materials must absorb a low-energy 

phonon with high directional momentum to pass electrons through the band gap. The 

significant band gap value obtained will help to reduce the bipolar effect in TE. 

To gain further insight in the electronic properties of these compounds, the density of states is 

obtained as depicted in Figure 5.5 (a)-(d). In both compounds, the valence band (VB) is mainly 
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contributed by the N atom, while the conduction band (CB) is primarily contributed by the M 

(Zr and Hf) atoms. The sharp peaks at VB maxima for both compounds are observed, which 

indicates that the high Seebeck coefficient might be observed. The slight contribution of Zr in 

VB and N in CB, and the negligible contribution of Li atoms are observed in both CB and VB. 

Further, the orbital contribution can be analyzed from projected DOS (Figure 5.5 c and d). The 

N-p and the M-d majorly contribute to the top of VB and the bottom of the CB, respectively. 

 

Figure 5.4 The electronic band structure along the high symmetry K-path -M-K--A of 

Li₂MN₂ (M = Zr or Hf) calculated using TB-mBJ. The Fermi level is set to 0 eV. 

 

Figure 5.5 (a)-(d) The density of states of Li₂MN₂ (M = Zr or Hf) calculated using TB-mBJ. 

The Fermi level is set to 0 eV. 
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5.3.3 Transport Properties 

The transport properties of Li2MN2 are calculated via Boltzmann transport theory along the a- 

and the c-axes as a function of temperature from 300 K to 1000 K. Figure 5.6 (a)–(d) illustrates 

the graphical representation of TE parameters with temperature. It can be observed that these 

parameters exhibit strong anisotropic behaviour for both systems. The variation in S with 

temperature (Figure 5.6 (a)), for both compounds, is trivial along the a-axis, whereas it is quite 

noticeable along the c-axis. The maximum values observed for Li2ZrN2 and Li2HfN2 are 306.71 

and 326.91 µVK-1, respectively, at 1000 K along the c-axis. These values are found to be larger 

than those previously reported for nitride compounds of the type AMN2, where A = Ca, Sr, and 

Ba, and M = Ti, Zr, Hf (~150 µVK-1) [64], as well as for compounds like Sr3SbN (257 µVK-1), 

Sr3BiN (142 µVK-1) [167], and ZnTMN2 with TM = Zr and Hf (with values ranging from 220 

to 275 µVK-1) [184]. The electrical conductivity of both compounds increases with the increase 

in temperature, as illustrated in Figure 5.6 (b). Strong anisotropy in the electrical conductivity 

of both compounds is observed, with σ/τ values along the a-axis much higher than that along 

c. Moreover, σ/τ of Li2HfN2 along the a-axis is slightly greater than Li2ZrN2. At room 

temperature, the σ/τ values for Li2HfN2 and Li2ZrN2 are 0.23 and 0.21×1019 Ω-1m-1s-1, 

respectively. These values increase to 1.45 and 1.43×1019 Ω-1m-1s-1, respectively, when the 

temperature is raised to 1000 K. The e   of Li2ZrN2 exhibits a positive correlation with 

temperature, as shown in Figure 5.6 (c) because with rising temperature, the electrons undergo 

thermal excitations which results in their thermal conductivity augmentation. A slight variation 

in e   values of both systems is observed along the a-axis, whereas this variation is significant 

along the c-axis. The room temperature values of e   along the c-axis are 0.09 and 0.02×1014 

Wm-1K-1s-1 for Li2ZrN2 and Li2HfN2, respectively. The power factor (
2S   ) values show a 

positive relationship with rising temperature, as depicted in Figure 5.6 (d). The anisotropic 

trend between the a- and c- axes, as observed in the electrical and thermal conductivity, is also 

visible here. Our findings show that Li2ZrN2 has slightly higher PF values than Li2HfN2 at 

higher temperatures. The promising PF is observed for both compounds along the a-axis. Also, 

at higher temperatures, it is found that the PF are significantly increased, indicating that these 

compounds are appropriate for high-temperature TE applications. At 1000 K, the Li2ZrN2 and 

Li2HfN2 materials exhibit maximum values of 0.84×1012 and 0.89×1012 Wm-1K-2s-1, 

respectively, along the a-axis. 
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Figure 5.6 The calculated (a) Seebeck coefficient (S), (b) Electrical conductivity (σ/τ), (c) 

Electronic thermal conductivity ( e  ), and (d) Power factor (
2S   ) of Li₂MN₂ (M = Zr or 

Hf). 

To evaluate the precise TE figure of merit, it is imperative to elucidate the lattice dynamics of 

investigated compounds by calculating the lattice thermal conductivity and other associated 

properties. Using the single-mode relaxation-time approximation, l  is calculated as a sum of 

contributions from individual phonon modes λ according to the equation [100]: 

 
1

l C v v
NV

   


 =   (5.2) 

where V is the volume of the unit cell and N is the number of phonons wavevectors, C  are the 

heat capacities, v v   are the tensor products of the group velocities, and   are the lifetimes. 

Therefore, we analysed the phonon dispersion and calculated lattice thermal conductivity, 

group velocity and phonon lifetime for both compounds. The effect of temperature on the 

lattice thermal conductivity of Li2MN2 is shown in Figure 5.7 (a and b). The l  and average 

l  decrease with the increase in the temperature because of Umklapp scattering at higher 

temperature. The findings indicate that Li2ZrN2 exhibits intrinsic lattice thermal conductivity 

values of 1.52 and 0.93 Wm-1K-1 along the a- and c- axes, respectively, at a temperature of 

1000 K, and the corresponding values 1.97 and 0.93 Wm-1K-1 for Li2HfN2. The average value 

of l  at 1000 K is observed as 1.22 and 1.45 Wm-1K-1 for Li2ZrN2 and Li2HfN2, respectively. 

The value of l  is found to be much lower than that of other anisotropic nitride materials, such 
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as NaTaN2 (11.42 Wm-1K-1), NaNbN2 (13.37 Wm-1K-1), CuTaN2 (9.59 Wm-1K-1), and CuNbN2 

(10.86 Wm-1K-1) [174]. It is also comparable to or less than oxide materials like BaTiO3, 

PbTiO3, KNbO3, KTaO3, and NaNbO3, whose thermal conductivity have been measured from 

2 to 390 K [185]. 

 

Figure 5.7 (a) Lattice thermal conductivity, (b) average lattice thermal conductivity, (c), and 

(d) cumulative lattice thermal conductivity of Li2ZrN2 and Li2HfN2, respectively. 

 

Figure 5.8 Calculated phonon group velocities of (a) Li₂ZrN₂ (b) Li₂HfN₂ at 1000 K.  

Calculated phonon lifetimes of (c) Li₂ZrN₂ and (d) Li₂HfN₂ at 1000 K. The colour bar in the 

figure represents the phonon density. A brighter colour means a higher phonon density. 
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We have obtained the cumulative l  (Figure 5.7 c and d) to explore the origin of the low value 

of l . For l  at 300 K along the a- and c-axes, the frequency-dependent cumulative l  shows 

a sharp increase originating from the acoustic phonon modes, followed by a slight increase 

from the low-frequency optical modes and then converges. Further investigations suggest that 

the optical phonons contribute over 35% and 50% to the lattice thermal conductivity of Li2ZrN2 

and Li2HfN2, respectively. It indicates the presence of a coupling effect between acoustic and 

low-lying optical phonon modes, resulting in a restriction of the contribution of acoustic 

phonons to lattice thermal conductivity. 

To unravel the unusual phenomenon that Li2MN2 compound containing light element has a 

lower l  than a heavy element, we first calculated their group velocity as shown in Figure 5.8 

(a and b). The group velocities of Li2HfN2 are comparatively lower than those of Li2ZrN2, 

consistent with their masses. However, it fails to account for the unusual lattice thermal 

conductivities exhibited by these materials. Therefore, the frequency-dependent phonon 

lifetimes are calculated to gain insight into the low and unusual thermal conductivity observed 

in Li₂ZrN₂ than Li₂HfN₂. From Figure 5.8 (c and d), it can be observed that the phonon lifetime 

of low-frequency phonon modes is much longer than that of high-frequency modes for both 

compounds. It means that the acoustic phonon modes contribute mainly to thermal transport, 

which is also consistent with the analysis of the frequency contribution to l .  Based on the 

outcomes of frequency-dependent lattice thermal conductivities, it can be inferred that a shorter 

lifetime contributes to the comparatively lower thermal conductivity of Li₂ZrN₂ compared to 

Li₂HfN₂. The shorter lifetime in Li₂ZrN₂ is due to the Zr atoms acting as a heavy rattler that 

will strongly scatter the acoustic phonons. The lanthanide contraction, which causes strong 

interatomic bonding, leads to a greater phonon lifetime. It means the substitution of Zr with the 

heavier element Hf in Li2ZrN2 does not result in a reduction of the lattice thermal conductivity. 

On the contrary, it leads to a notable increase in l  of Li₂HfN₂. The relatively higher lattice 

thermal conductivity in Li2HfN2 is primarily ascribed to the significant rise in phonon lifetime 

as lanthanide contraction causes strong interatomic bonding. This unusual behaviour is also 

shown in previously reported Zr- and Hf-based nitride halides [186]. Thus, even though 

Li2ZrN2 exhibits higher phonon group velocities, its lattice thermal conductivity is lower than 

that of Li2HfN2.  
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We determined the ZT using values of S, σ and t  for both compounds along the two different 

crystallographic axes, as shown in Figure 5.9. As BoltzTraP code [95] is based on constant 

relaxation time approximation, it gives σ and e  in terms of τ. In our study, we obtained σ and 

e  by employing    and e  , respectively, using τ = 10-14 s. This value has been utilized 

in previous studies as well [159,163,166,167]. The t  is computed by combining the 

contributions from both the electronic and lattice parts of thermal conductivity. We observe that 

the ZT of Li₂ZrN₂ is higher than that of Li₂HfN₂, owing to its low lattice thermal conductivity. 

Also, it is observed that in Li₂ZrN₂, the a-axis shows a higher ZT value compared to the c-axis 

showing a strong anisotropy. The ZT value reached 1.07 and 0.64 along the a-axis at 1000 K 

for Li₂ZrN₂ and Li₂HfN₂, respectively. Despite the large power factor of Li₂HfN₂, it could not 

benefit high ZT because of its unusual high lattice thermal conductivity. Li2ZrN2 appears as an 

intriguing alternative to well-established TE materials since its ZT value exceeds 1. As shown 

in Figure 5.9 (b), the average ZT increases with the increasing temperature, and the maximum 

value of ZT at 1000 K for Li₂ZrN₂ and Li₂HfN₂ are 0.92 and 0.68, respectively. The high ZT 

value is higher than other ternary nitride materials [167,172]. This indicates Li₂MN₂ as efficient 

materials for future TE applications. 

 

Figure 5.9 The variation of (a) ZT along a- and c- axes of Li₂MN₂ (M = Zr or Hf) and (b) 

average ZT with temperature. 

5.4 Summary 

In conclusion, we have explored the role of lattice dynamics on thermal transport in transition 

metal nitrides Li2MN2 (M= Zr and Hf). These materials have been synthesized long ago, but 

no study is available regarding their thermoelectric properties. We have used first-principles 

calculations in conjunction with Boltzmann transport theory to understand the role of lattice 

dynamics in realizing high thermoelectric performance in Li₂MN₂. We have analyzed how 
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replacing Zr with the relatively heavy element Hf in Li₂MN₂ leads to an increase in thermal 

conductivity instead of a decrease, which is against the common notion. The calculated cell 

parameters and various bond lengths are in accordance with previous experimental study. The 

thermodynamic and dynamical stability has been ascertained before calculating the electronic 

and transport properties of both systems. We have obtained a lower lattice thermal conductivity 

(1.52 Wm-1K-1), compared to Li₂HfN₂, along a-axis at 1000 K for Li2ZrN2 which has been 

attributed to the rattling behaviour of Zr that leads to shorter phonon lifetimes. Moreover, the 

anisotropic character owing to the layered structure of Li2MN2 has enabled tuning their 

transport properties. Therefore, a high power factor has been obtained along the a-axis for both 

compounds, which resulted in high ZT in this direction. The high figure of merit (1.07) of 

Li2ZrN2 along the a-axis has unravelled its potential for high-temperature thermoelectric 

application. These calculations have provided valuable insights into the vibrational properties, 

including the phonon group velocities, phonon lifetime and phonon frequencies that govern the 

thermal conductivity and the phonon-mediated heat transport. Our findings on the electronic 

and lattice transport properties of Li2MN2 may open new horizons for the design and synthesis 

of more efficient nitride-based thermoelectrics. 
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CHAPTER 6: REALIZATION OF YX (X = N, P, As) 

PNICTIDE MONOLAYERS AS HIGHLY 

EFFICIENT THERMOELECTRIC MATERIALS  

6.1 Introduction 

In Chapter 1, we discussed reducing the dimensionality has been considered an important 

approach for enhancing TE performance and it was proposed first by Hicks and Dresselhaus 

[24,187]. Since the discovery of graphene, two-dimensional (2D) systems have gained 

extensive attention because of their interesting electronic, mechanical, transport, and optical 

properties and their promising applications in optoelectronics, energy storage and conversion 

devices [15,188–190]. The 2D systems with anisotropic properties have gained extensive 

consideration as efficient TE materials [15,67,68,191–195]. Beginning from the later part of 

the last decade, several computational studies have suggested the potential for developing d1 

transition metal pnictides into a new family of prospective TE materials owing to the strong p-

d hybridization in these materials, which leads to dispersive band edges and consequently, high 

carrier mobilities in these semiconductors. Specifically, Kaur et al. have found ultra-high to 

high carrier mobility that gives rise to large σ (∼108 S m−1) and low to moderate intrinsic lattice 

thermal conductivities in puckered ScP and ScAs monolayers [196].  Also, the study of Zheng 

et al. reveals high carrier mobilities in the hexagonal phase of YN, with hole (electron) mobility 

reaching 103 (104) cm2V-1s-1 [193]. Recently, Loyal et al. reported the rare-earth 

semiconducting YbN thin films, exhibiting a large TE power factor (PF) of 1.93 mWm-1K-2, 

attributed to high σ and a moderately high S at 750 K [197]. Additionally, rare-earth-based 2D 

materials possess high thermal and mechanical stability, which advocates their room 

temperature and elevated-temperature TE applications. For example, ScX (X= N, P, As, Sb) 

have been extensively studied for their strong anisotropic mechanical, electronic and TE 

properties [63,170,171,195,196,198]. 2D monoclinic, hexagonal, and orthorhombic phases of 

ScN have been predicted to have high dynamical and thermal stability, indicating the 

practicability of experimental synthesis of these phases. In addition, hexagonal and monoclinic 

ScN, respectively, exhibit ultrahigh electron mobilities 1.22 × 104 and 3.09 × 104 cm2 V−1 s−1. 

Further particularly, orthorhombic ScN has been found to be a promising 2D ferroelastic and 

auxetic system [198]. Liu et al. found that monolayer ScN (110), bilayer ScN (100), monolayer 

YN (110), and bilayer YN (100), structures are stable thermodynamically. They exhibit 
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semiconducting properties, having band gaps ranging from 0.6 to 2.2 [199]. Experimentally, it 

has been found that ScN thin-film exhibits S of value −86 μVK-1 and a low resistivity of 

2.94 μΩm, resulting in a high PF of 2.5 mWm-1K-2 [170]. Kerdsongpanya et al. have conducted 

both theoretical and experimental investigations into the l  of ScN thin films. The most 

significant influence observed is the reduction in l  associated with domain size, as indicated 

by the obtained values of 20 Wm−1K−1 for single crystal and ranging from 4 to 13 Wm−1K−1 for 

domain sizes 5−20 nm [200]. Recently, the 2D tetragonal YN monolayer has been identified as 

the ferroelastic semiconductor exhibiting low direct band gap. The ferroelasticity indicates that 

the anisotropies of this monolayer can be further influenced through the application of external 

stress. The effective mass anisotropic ratios across the two directions are 2.94 for electrons and 

2.10 for holes, respectively [201].  In addition, Babaee Touski et al. have examined the 

structural, electronic, and optical tetragonal scandium- and yttrium-based pnictides 

monolayers, finding them as promising materials [202]. 

Motivated by these developments, we proposed similar rare-earth 2D TE materials: tetragonal-

structured yttrium pnictides (YX; X = N, P, As) monolayers. The bulk of these materials have 

a rock-salt-like structure with Fm3̅m space group. Amongst these, YN is an indirect band gap 

semiconductor, and rest are metals. It has been reported that 2D YX monolayers can be 

obtained from their bulk structure when exfoliated along the [110] direction [199,201,203]. In 

this chapter, we also show that carrier doping is an effective means to enhance the TE 

performance of YX (X = N, P, As). Furthermore, the insights gained into the electronic 

structure, lattice dynamics, and overall, TE performance of YX monolayers offer important 

strategies for designing novel 2D materials with improved TE performance. The results 

obtained can also pave the way for more focused studies on rare-earth-based monolayers for 

TE applications. We predicted large ZT values at 500 K, but the room-temperature performance 

of these monolayers is limited, which leaves scope for further material optimization. 

6.2 Computational Details 

The calculations were carried out using DFT, as implemented in VASP [145]. The projector 

augmented wave method was used to deal with the electron-ion interactions. The generalized 

gradient approximation within the parametrization of PBE was used for structural relaxation 

[82]. The HSE06 hybrid functional was used to compute the accurate electronic structure of 

YX (X = N, P, As) monolayers [86]. The cutoff energy for plane wave basis functions was set 

at 520 eV, and a width of 0.001 eV for Gaussian smearing was used. A vacuum of 20 Å was 
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used along z-axis to avoid inter-layer interactions. The BZ for these monolayers was sampled 

with 13×15×1 Monkhorst-Pack (MP) k-mesh. All the monolayers were relaxed completely till 

the force on each atom reaches less than 0.001 eVÅ−1. To ensure accuracy, a strict convergence 

criterion for energy was fixed to 1 × 10−8 eV for the self-consistent calculations. The harmonic 

phonon calculations for affirming the dynamical stability of the studied monolayers were 

performed employing a finite differences approach. For each of the studied materials, displaced 

structures corresponding to the 4 × 4 × 1 supercells of the materials were generated using the 

Phonopy package [179]. The sets of forces associated with the atoms of the displaced structures 

were found by performing self-consistent field calculations employing 5 × 5 × 1 MP meshes 

for BZ sampling. The thus obtained force sets for each material were used to extract the 

respective second-order interatomic force constants (IFCs) using Phonopy. To ensure the 

accuracy of the harmonic phonon analysis, particularly in the light of the 2D structure of these 

materials and the limitation of force constant extraction procedure of the Phonopy code, these 

originally extracted second order IFCs were corrected as a post-processing step by enforcing 

rotational sum rules, following the approach of Eriksson et al, using the Hiphive code [204]. 

The AIMD were performed using a 5 × 5 × 1 supercell to observe thermal and energy 

fluctuations, utilizing a time step of 1 fs using the NVT ensemble and with a Nose-Hoover 

thermostat for all three monolayers [146].  The electronic transport properties for YX (X = N, 

P, As) monolayers were calculated using the semiclassical BTE under the CRTA and RBA 

utilizing BoltzTraP2 [96]. The charge carrier relaxation times at the considered temperatures 

were determined within the DPT of Bardeen and Shockley. [97]. The lattice thermal 

conductivities and other anharmonic phonon properties of YN monolayers were evaluated for 

the temperature 300-900 K. For the evaluation of second and third-order force constants to be 

used in these anharmonic phonon calculations, displaced structures corresponding to 4 × 4 × 1 

supercells of the materials were created using the Phono3py code [32]. The self-consistent field 

calculations for obtaining Hellmann-Feynaman forces on the atoms of the displaced structures 

were performed by employing 5 × 5 × 1 MP meshes for BZ sampling. The thus obtained force 

sets were used to extract second and third-order IFCs for each monolayer with the help of the 

Phono3py code. The work of Taheri et al. [205] illustrates the importance of accurately 

capturing the characteristics of the flexural acoustic (ZA) mode in the long wavelength limit to 

attain reliable prediction of lattice thermal conductivities [205,206]. Therefore, to ensure the 

reliability of calculated lattice thermal conductivities, we have applied corrections to these 

originally extracted force constants following the approach of Erikson et al., as implemented 

in the Hiphive [204]. In this approach, the parametrization for the interatomic potential based 



84 

 

on the originally extracted force constants is projected onto the correct subspace respecting the 

symmetries of the crystal structure, to get a new force constant potential from which the 

corrected force constants can be extracted.  Finally, the l  of monolayers were obtained, with 

both single-mode relaxation time approximation (RTA) and solving full Peierls–Boltzmann 

transport equation (fPBTE) employing Phono3py for both cases [100,179]. We solved the 

fPBTE by directly diagonalizing the phonon collision matrices [103]. For both cases, we solved 

phonon BTE using a 60×60×1 q-mesh to sample the BZ.  

6.3 Results and discussion 

6.3.1 Structural properties 

2D YX (X=N, P, As) monolayers are having orthorhombic crystal structure with space group 

no. 59 (Pmmn), exhibiting D2h symmetry, as displayed in Figure 6.1 (a)–(b). This structure 

consists of two Y atoms and two N atoms per unit cell and refers to (110) plane of their bulk 

crystal structure. The optimized lattice parameters of the monolayers obtained using the 

DFT/PBE method are specified in Table 6.1, which agree well with the previously reported 

values [199,201,203]. Along the y-axis, YX systems are buckled into a zigzag line, while along 

the x-axis, they possess a bilayer structure.  These monolayer shows anisotropy because of their 

buckled structure. As the lattice parameter along the x-direction is greater than that in y, 

the bond length of Y–X is longer in the x-direction than that in the y-direction.  

 

Figure 6.1 Crystal structure of tetragonal YX (X= N, P, As) monolayers. (a) The top view and 

(b) the side view of the YX monolayers. 
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Table 6.1 The obtained structural parameters of YX monolayers, the lattice constant (in Å) 

comparable with previous work, buckling height (h), bond lengths (in Å), and bond angles (in 

degree) based on PBE functional. 

Monolayer 
Lattice Constant 

h 
Bond lengths 

Y–X 

Bond 

angles This work  Other work 

YN 

a = 4.618 
a = 4.647a, 4.605b, 

4.63c, 4.567d 
1.305 

along x = 

2.325 

Y1−N2−Y1 

= 125.226 

b = 3.982 
b = 3.974a, 4.024b, 

3.98c, 4.068d 

along y = 

2.242 

Y1−N1−Y1 

= 166.506 

YP 

a = 5.442 a = 5.44c, 5.221d 

1.710 

along x = 

2.748 

Y1−N2−Y1 

= 121.759 

b = 4.749 b = 4.75c, 5.217d 
along y = 

2.718 

Y1−N1−Y1 

= 163.810 

YAs 

a = 5.557 a = 5.56c, 5.353d 

1.912 

along x = 

2.826 

Y1−N2−Y1 

= 120.345 

b = 4.874 b = 4.87c, 5.341d 
along y = 

2.809 

Y1−N1−Y1 

= 159.016 

aRef. [199], bRef. [201], cRef. [203], and dRef. [202] 

6.3.2 Stability 

Keeping in mind the possible experimental synthesis of these monolayers, we explored various 

thermal and dynamical stability criteria. The cohesive energy per atom is calculated as 

( )2 2 4C Y X YXE E E E= + − , where YE , and XE , respectively, are energies of isolated Y and X 

atom; YXE  is the total energy of YX monolayers. The calculated CE  are 5.56, 4.25, and 3.96 

eV per atom for YN, YP, and YAs, respectively, which are consistent with earlier literature 

results [201,203]. The obtained results for CE  indicate that the investigated monolayers are 

energetically favourable structures and these values are comparable with the previously 

reported stable monolayers, like pentagonal tellurene (2.93) [207], phosphorene (3.42) [208], 

low-buckled germanene (4.15) [209], low-buckled silicene (5.16) [209], ScN (5.98) [203], and 

MoSi2N4  (6.51) [210]; all values are in eV per atom. 

The AIMD evolution of energy and temperature fluctuations as functions of time, as illustrated 

in Figure 6.2, examines the thermal stability of all three considered monolayers. The 

temperature profiles of the YN, YP, and YAs monolayers display no significant temperature 
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fluctuations over a range of 0 to 5000 fs at 500 K. This indicates the thermal stability of 

monolayers as no structural phase changes or chemical bond breaking are observed 

during the entire AIMD calculations, confirming that there are ample chances that these 

monolayers can be sustained even above room temperature. Furthermore, the energy 

fluctuation, as shown by the magenta solid line, is below 1.0 eV, which is acceptable and 

consistent with previous findings [211]. 

The phonon calculations for YX pnictide monolayers were computed to get the second-order 

IFCs using the finite difference method, with the displaced atomic configurations generated by 

Phonopy [179]. To enforce rotational sum rules, these force constants were subsequently 

corrected using the Hiphive code, following the methodology outlined by Eriksson et al. [204]. 

The quadratic nature of the lowermost acoustic branch in the long-wavelength limit is apparent 

from the high symmetry path plot of phonon dispersion (as illustrated in Figure 6.3) resulting 

from the corrected IFCs near to Γ-point. The absence of imaginary phonon frequencies 

confirms that the investigated systems are dynamically stable. Four atoms exist in the unit cell 

of YX monolayers; therefore, total 12 vibrational frequencies are present in their phonon 

dispersion. Three acoustics are low-frequency branches and nine optical are high-frequency 

branches. The maximum frequencies observed in YN, YP and YAs are 19, 10.5 and 7.8 THz, 

respectively, which follows the usual trend, i.e., the phonon frequency decreases with the 

atomic mass.  

A significant coupling between the low-frequency optical and acoustic branches is observed in 

all investigated systems, which indicates that phonons will scatter more easily resulting in low 

phonon lifetime and, subsequently, low l . This type of behaviour has been observed in other 

materials [212–215]. To get further insights into the phonon dynamics, the atomic contribution 

of phonon is analysed from the phonon DOS, as depicted in Figure 6.4. The contribution to 

the low-frequency phonon branches mainly arises from Y atoms, and the high-frequency 

phonon branches are contributed by the pnictide atoms in case of YN and YP. Whereas Y and 

As contributed almost equally to both low-frequency acoustic and high-frequency phonon 

modes. Also, the main difference in the phonon DOS of three monolayers is the vibration of 

pnictides. Due to the smaller atomic mass of N atoms, frequencies are up to 19 THz in YN, 

while the phonon modes of P and As ions are up to 10.5 and 7.8 THz, respectively, in YP and 

YAs monolayers. 
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Figure 6.2 AIMD evolution of temperature and energy fluctuations of (a) YN, (b) YP, and (c) 

YAs monolayers at 500 K.  The blue (magenta) solid line is the variation of temperature 

(energy) with time. The insets are snapshots of monolayer structures before (at 0 fs) and after 

AIMD simulations (at 5000 fs). 
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Figure 6.3 Phonon dispersion curves of (a) YN, (b) YP and (c) YAs monolayers. 

 

Figure 6.4 Phonon density of states of YX (X= N, P, As) monolayers.  

6.3.3 Electronic properties 

Based on the optimized geometries and assuring the energetical, thermal, and dynamical 

stabilities of the studied tetragonal monolayers, we then calculated electronic properties of the 

systems. The band dispersion along the high symmetry k-path with the HSE06 functional of 

YX monolayers is illustrated in Figure 6.5 (a)–(c). YN monolayer exhibits direct band gap 

character, i.e., both the valence band maximum (VBM) and conduction band minimum (CBM) 

present at Γ point. For YP and YAs, the VBM and CBM occur along the Γ−Y path and have an 

indirect character. Suitable band gaps of 0.69, 1.65, and 1.67 eV, respectively, for YN, YP, and 

YAs are found that can efficiently overcome the bipolar effect and hence prevent the lowering 

of S. These band gap values are comparable to the previously reported results [199,201,203]. 
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The top valence bands of monolayer YP and YAs show closeness and energy degeneracy 

around the Fermi level. Conversely, the behaviour of the YN monolayer and conduction bands 

(of all three monolayers) around the Fermi level has no such similarity. These degenerate 

valence bands in YP and YAs monolayers will greatly increase the DOS and further increase 

the Seebeck coefficient [216], which directly affects the final ZT. The key finding in the vicinity 

of Fermi level is that the valence band and conduction band exhibit more dispersion for the 

case of YN monolayer than YP and YAs, leading to high carrier mobilities and, consequently, 

higher electrical conductivity. Our findings indicate that the structural anisotropy of these 

monolayers governs the anisotropy of electronic structure. Further, analyzing it, we found that 

the trend of the band gap, from YN to YAs, is accompanied by a flattening of the electronic 

bands constituting the CBM and VBM. Because the bond length in the x- and y- directions 

increases, resulting in weakened bonding, and, consequently, bands become less dispersive. To 

determine the contribution of orbitals in the formation of electronic bands, we computed DOS 

of YX monolayers, which is shown in Figure 6.6. The DOS show that the VB is almost equally 

contributed by the yttrium and pnictides atoms, while most of the CB arises from the yttrium 

atoms. Also, we have observed that the VB is primarily composed of X-p orbital characters and 

a significant contribution of Y-p and Y-d orbitals. The conduction band is majorly contributed 

by Y-d orbital in all investigated systems.  The strong p-d hybridization might result in high 

electronic conductivities in these monolayers. The electronic DOS around the Fermi level is 

higher in YP and YAs compared to YN due to the presence of degenerate valence bands in YP 

and YAs.  

 
Figure 6.5 Calculated electronic structure of (a) YN, (b) YP and (c) YAs monolayers. The 

Fermi level (shown by dotted black line) is set to 0 eV. 
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Figure 6.6 The DOS of YX (X= N, P, As) monolayers in which contribution of different 

atoms and orbitals are labelled. The Fermi level (shown by dotted orange line) is set to 0 eV. 

6.3.4 Transport properties 

Turning to the TE properties, we used the semiclassical Boltzmann formalism under the CRTA 

and RBA for an anisotropic system to calculate the transport coefficients (S, σ, e ) [95]. The 

transport coefficients show the strong dependence on the carrier concentration. Therefore, we 

computed S, σ, e , and the corresponding PF and ZT as a function of carrier concentration 

having range from 1011 cm−2 to 1014 cm−2 in both the p-type and n-type doping. For this 

analysis, we consider three distinct temperatures− 300, 400, and 500 K.  

6.3.4.1 Seebeck coefficient 

The calculated S of YX (X= N, P, As) monolayers is displayed in Figure 6.7 (a)−(f). The 

positive and negative signs of S indicate that the dominant charge carriers are holes and 
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electrons, respectively. The absolute value of S linearly decreases for the whole carrier 

concentration range (1011 cm−2 to 1014 cm−2) in both p- and n-type doping. Mahan−Sofo 

concept states that the S for 2D degenerate semiconductors can be expressed by [21] 
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where h represents the Planck constant, n represents the carrier concentration, and 
*

dm  

represents the DOS effective mass around the Fermi level. Therefore, a competitive 

relationship exists between n and 
*

dm . Our calculations indicate that the S of YX monolayers 

is inversely proportional to n, which aligns well with the Mahan−Sofo theory. 

 

Figure 6.7 Seebeck coefficient (S) versus carrier concentration at 300, 400, and 500 K in 

both directions of (a)–(c) p-type and (d)–(f) n-type YX (X= N, P, As) monolayers 

We can find that S of the YN monolayer shows almost isotropic behaviour for both p- and n-

types. However, S of YP and YAs monolayers show anisotropic behaviour for both p- and n-

types. This behaviour might be attributed to the similar dispersion of the band nearby Fermi 

level along both Γ−X and Γ−Y directions for YN, whereas different dispersions are observed 

for the other two monolayers. In the p-type, the y-direction S value is greater than the x-
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direction S value, but in the n-type, the x-direction S is greater than the y-direction S value. S 

of YX (X = N, P, As) monolayers at 500 K is larger than that observed for 300 and 400 K. The 

highest |𝑆| has a value of 429 (482), 558 (555), and 588 (565) μVK-1 at 1011 cm−2 carrier 

concentration for p-type (n-type) for YN, YP, and YAs monolayer, respectively.  

6.3.4.2 Electrical and Electronic Thermal Conductivity 

Conventional Boltzmann transport theory gives σ in terms of   i.e. σ/τ. Therefore, a method to 

calculate τ should be applied suitably. Generally, the value of   in various materials often 

ranges from (1−2) × 10-14 s, but several works have employed a fixed value to tackle this 

problem [166,216–218]. However, numerous factors can influence the value of , including 

acoustic phonons, nonpolar optical phonons, and ionised impurities. Acoustic phonons are 

widely recognised as the primary factor influencing . Therefore, the   of charge carriers for 

the 2D YX monolayers can be calculated by employing DPT first proposed by Bardeen and 

Shockley as follows [97]: 
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where e is the elementary charge, ħ is reduced Planck constant, C2D is elastic modulus, kB is 

the Boltzmann constant, T is temperature, the 
* * *

d x ym m m= is the average effective mass in the 

x- and y-directions, and Ed refers to the deformation potential constant. 

The effective masses of carriers obtained by parabolic fitting at the CBM and the VBM via the 

expression ( ) ( )* 2 2 21 1 ( )m E k k=   , where E(k) is energy at the band edges. This 

expression indicates that the flat band structure around the band edges results in large effective 

masses of carriers. The lack in symmetry of the electronic structures around the CBM and VBM 

of YX monolayers results in directionally dependent effective masses *

em  and *

hm . As presented 

in Table 2, the *

em  is much higher than *

hm  in both transport directions for all three investigated 

monolayers, except effective masses of YN in the y-direction that are almost equal. This 

indicates that electrons respond to the external field more slowly than holes might result in the 

mobility of electrons being lower than that of holes. This finding agrees with the electronic 

structures as depicted in Figure 6.5. The electronic structures around the CBM exhibit a more 

flattened appearance than those around the VBM. Also, the effective masses of electrons for 

YP and YAs are slightly higher than that of YN. 
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Elastic modulus C2D for 2D structures is calculated by fitting strain-dependent energy (for 

detail, see Figure 6.8 using the following formula: ( ) ( )2 2

2 01DC S E =   , where E is the 

total energy, S0 represents an area of the optimized unit cell, and ε denotes a uniaxial strain 

along the two transport directions. We investigated the elastic modulus within the uniaxial 

strain of −2% to 2% along both directions. Ed is given as, 
d edgeE E =   here edgeE  stands for 

the shift in the energy of the band edges, and energy shifting is also explored in the uniaxial 

strain range of −2% to 2% along both directions. Fitting VBM and CBM, as shown in Figure 

6.9 band energies give the deformation potential constant. Our results indicate that C2D and Eb 

are different along the two transport directions showing anisotropic behaviour. Based on the 

obtained values from m*, C2D, and Ed, we calculated τ along two transport directions as 

presented in Table 6.2. Our obtained results indicate that C2D and Eb are anisotropic along the 

transport directions; thereby allowing the independent tunability in the x- and y-directions. 

Additionally, similar anisotropy has also been reported in many 2D monolayers which leads to 

enhanced TE performances [219–221]. 

Table 6.2 Carrier effective masses m* in units of free electron mass (m0), in-plane stiffness 

C2D (Nm-1), Deformation potential constant Ed (eV), and relaxation time τ (s) at 300 and 500 

K for YN, YP, and YAs. 

System Carrier type m* (m0) C2D (Nm-1) Ed (eV) 
τ (s) × 10-14 

300 K 500 K 

YN 

Electron (x) 1.06 109.981 1.024 124.16 74.49 

Hole (x) 0.27 109.981 17.003 0.82 0.49 

Electron (y) 0.43 39.243 1.335 26.06 15.64 

Hole (y) 0.51 39.243 2.35 15.30 9.18 

YP 

Electron (x) 1.63 91.496 4.852 2.30 1.38 

Hole (x) 0.41 91.496 6.259 3.53 2.12 

Electron (y) 1.12 12.148 3.801 0.50 0.30 

Hole (y) 0.68 12.148 1.869 5.26 3.16 

YAs 

Electron (x) 1.79 78.676 5.269 1.44 0.86 

Hole (x) 0.58 78.676 7.896 1.51 0.91 

Electron (y) 1.38 10.488 3.347 0.48 0.28 

Hole (y) 0.77 10.488 1.501 5.57 3.34 
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Figure 6.8 The energy shifting as a function of uniaxial strain along the x-direction (top 

panel) and y-direction (bottom panel) of (a and d) YN, (b and e) YP, and (c and f) YAs. The 

solid lines indicate the parabolic fitting curves. 

  

Figure 6.9 The band edge position shifts of CBM and VBM as a function of uniaxial strain 

along the x-direction (top panel) and the y-direction (bottom panel) of (a and d) YN, (b and 

e) YP, and (c and f) YAs. The solid lines indicate the linear fitting curves. 

The results for σ of YX monolayers with the effect of carrier concentration at respective 

temperatures for both p- and n-types are summarised in Figure 6.10 (a)–(f). In contrary to S, σ 

is inversely proportional to effective mass and it increases as a function of carrier concentration. 

When it is below 1013 cm−2, σ of 300, 400, and 500 K are comparable for both p- and n-type 
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YX (X=N, P, As) monolayers in both the x- and y-directions. However, σ of 300 K rises rapidly 

than of 400 and 500 K when carrier concentration is greater than 1013 cm−2. The smaller 

electronic band gap of YN monolayer shows large σ compared to YP and YAs for n- and p-

type. A large anisotropy is found in value of σ, with p-type monolayers exhibiting greater σ 

values in the y-direction, and n-type monolayers showing higher values in the x-direction. 

Further, σ is very high for the n-type YN monolayer because of high mobility of electrons. At 

hole concentration of 1011 cm−2, the room temperature σ of YN, YP, and YAs are respectively 

0.18, 0.03, and 0.02 ×106 Ω-1m-1, while at electron concentrations of the same order, these are 

0.82, 0.03, and 0.02 ×106 Ω-1m-1. However, as the hole concentrations increase to 1014 cm−2, 

the σ rises to 36.66, 13.88, and 12.72 ×106 Ω-1m-1 for YN, YP, and YAs, respectively, while for 

the same electron concentrations, the values are 217.84, 14.15, and 7.15 ×106 Ω-1m-1. Similarly, 

the conventional Boltzmann transport theory gives e  in terms of   i.e. e  . Therefore, using 

the values of , as presented in Table 2, we obtained e . The e  shows almost similar 

behaviour as σ for the n- and p-type monolayer as illustrated in Figure 6.11. 

 

Figure 6.10 The electrical conductivity (σ) versus carrier concentration at 300, 400, and 500 

K in both directions of (a)–(c) p-type and (d)–(f) n-type YX (X= N, P, As) monolayers 
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Figure 6.11 Electronic thermal conductivity ( e ) versus carrier concentration from 300 K to 

500 K in the x- and y- directions of (a)–(c) p-type and (d)–(f) n-type YX monolayers 

6.3.4.3 Power factor 

Power factor ( 2PF S = ), depends on S and σ. PF increases as the electron and hole 

concentrations rise to a peak value at (~1013 cm−2), then decreases. As shown in Figure 6.12 

(a)–(f), YX monolayers exhibit highly direction-dependent PF, and a high PF is obtained for 

hole concentration in the y-direction. Conversely, for electron concentration, a high PF is 

noticed in the x-direction. Also, for both the hole and electron concentration, despite large 

Seebeck coefficients in YP and YAs, a high PF is achieved in YN due to its high electrical 

conductivity. Around the hole carrier density of 1013 cm−2 the PF of YN, YP, and YAs at 500 K 

reach 63, 45, and 57 mWm-1K-2, respectively, in the y-direction. On the contrary, the electron 

carrier density of 1013 cm−2 the PF of YN, YP, and YAs at 500 K reach 531, 49, and 27 mWm-

1K-2, respectively, in the x-direction. 

6.3.4.4 Lattice thermal conductivity 

We obtained lattice thermal conductivities through both the solution of the fPBTE, also known 

as the direct solution of the linearized phonon Boltzmann equation, and based on the RTA 

approach. The RTA normal scattering is purely resistive and, so, generally underestimates l in 

comparison to the fPBTE. In certain materials exhibiting particularly weak Umklapp scattering, 

such as diamond, graphene, and carbon nanotubes, RTA has been found to give qualitatively 
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inaccurate solutions. In most bulk materials, where the RTA approach does not completely fail 

it has been found to substantially limit the predictive power of the l  estimation procedure 

[179]. Therefore, we obtained the l  of YX monolayers, with both RTA and solving fPBTE 

employing Phono3py for both cases. We solved the fPBTE by directly diagonalizing the 

phonon collision matrices [103].  

 
Figure 6.12 Power factor ( 2S  ) versus carrier concentration at 300, 400, and 500 K in both 

directions of (a)–(c) p-type and (d)–(f) n-type YX (X= N, P, As) monolayers 

The lattice thermal conductivities and other anharmonic phonon properties of proposed systems 

were evaluated at 7 representative temperatures spanning the temperature range 300 K–900 K. 

Figure 6.13 (a)–(c) shows the temperature-dependent comparative l  of the YX in the x- and 

y-directions calculated using both direct solution and RTA. Figure 6.13 (d) represents a 

comparison of average lattice thermal conductivities found using both approaches at 300 and 

500 K. Obviously, the l  decreases as the temperature rises, in accordance with the T-1 

relationship. The calculated l of the rare-earth YX (X = N, P, As) monolayers at 300 and 500 

K are listed in Table 6.3. It is clear that the RTA approach underestimated each monolayer 

compared to the fPBTE, consequently predicting the overestimated ZT values of these 
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materials. Therefore, for predicting accurate ZT and analyzing further properties, we used the 

l  found by the solution of fPBTE. The l  of YAs are 2.327 and 0.969 Wm-1K-1, respectively, 

in the x- and y-directions at 500 K. As expected, the l  reduced as the atomic weight of the 

pnictide increases. We find that lattice thermal conductivity of these monolayers (2.76–5.76 

Wm-1K-1) at 300 K is low to moderate and is comparable to or even lower than that of the other 

rare-earth monolayers and typical two-dimensional materials such as RTeCl (R = La, Pr, Nd) 

(2.42–4.58 Wm-1K-1) [68] Y2GeX2 (X = Cl, Br, I) (5.55–25.48 Wm-1K-1) [194], square-Ag2X 

(X = S, Se) (3.46 and 2.33 Wm-1K-1) [191], MX (M = Sn, Pb; X = S, Te) (~3–1.16 Wm-1K-1) 

[222]. 

   

Figure 6.13 Lattice thermal conductivities ( l ) of (a) YN, (b) YAs, (c) YP monolayers 

dependent on temperature in the x-direction and y-direction, and (d) Comparison of Average 

lattice thermal conductivities found using fPBTE and RTA approach at 300 and 500 K. 
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Table 6.3 Comparison of l  (in units of Wm-1K-1) for monolayer YN, YP, and YAs found by 

solving the fPBTE and based on the RTA approach in x-direction (xx) and y-direction (yy) at 

300 and 500 K. 

System l  (Wm-1K-1) (xx) 300 K (yy) 300 K (xx) 500 K (yy) 500 K 

YN 
fPBTE 4.157 7.374 2.457 4.213 

RTA 2.978 5.141 1.785 3.009 

YP 
fPBTE 4.558 1.411 2.712 0.846 

RTA 3.610 1.249 2.160 0.751 

YAs 
fPBTE 3.896 1.617 2.327 0.969 

RTA 2.784 1.383 1.674 0.832 

To gain a deeper understanding of the fundamental process that causes significant correlation 

between l  and the pnictide atoms in these monolayers, we analysed the group velocity ( gv )  

and phonon lifetime for the YX (X = N, P, As) monolayers as a function frequency, as displayed 

in Figure 6.14. The phonon gv was obtained from the phonon dispersion relations, which were 

calculated using corrected force constants within harmonic approximation. Thus, the phonon 

gv  for the long wavelength modes was accurately estimated since these modes are the key heat 

carriers in 2D systems. As expected, and illustrated in Figure 6.14 (a)–(c), the nature of 

pnictide atom in these systems has a substantial influence on both the gv of phonons and the 

thermal transport of phonons. Consequently, when the atomic weight of pnictide atom 

increases, the gv  of phonons are noticeably reduced. Increasing the weight of the pnictide atom 

indeed results in narrower dispersions for phonon modes (which is depicted in Figure 6.3) and 

weaker bonds. To characterize the values of gv quantitively for each monolayer, the average 

gv  over phonon branches are evaluated. The average gv of YN, YP, and YAs, respectively, 

comes out to 2.38, 1.57, and 1.39 (km-1). Then, we considered the phonon lifetime to analyse 

the phonon-phonon scattering.  Similarly, the phonon lifetime at 300 K, as demonstrated in 

Figure 6.14 (d)–(f), exhibits a consistent trend, a significant rise in phonon scattering observed 

as the atomic weight of the pnictide increases. Also, based on the distribution of phonon 

lifetimes, it is evident that the primary factor influencing l  is the acoustic branches, whereas 

the optical mode has a lesser impact.  For the YN monolayer, at a low frequency of less than 5 

THz, we can see a broad range of phonon lifetime reaches up to 50 THz. At mid to high 
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frequency spanning range 5-18 THz lifetime are shorter and clustered below 5 ps, indicating 

higher scattering. Similarly, for YP and YAs, the lifetime is shorter in the mid to high-

frequency range.  

 

Figure 6.14 Calculated (a)–(c) group velocity and (d)–(e) phonon lifetime of YX (X= N, P, 

As) monolayers as a function frequency. 

 

Figure 6.15 (a)–(c) Cumulative lattice thermal conductivities ( c ) of YX (X= N, P, As) 

monolayers as function frequency at 300 and 500 K in both directions. 
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Next, the cumulative l  ( c ) of YX systems with varying frequency (Figure 6.15 (a)–(c)) was 

analyzed to determine the origin of the low l . At 300 K, in the x- and y-direction, the c  

showed a significant rise arising from the acoustic phonon modes, followed by a small rise 

resulting from the low-frequency optical modes, and then reached saturation. This suggests that 

the coupling effect between the low-lying optical and acoustic phonon modes, limiting the 

major contribution of acoustic phonons to the l . 

6.3.4.5 Figure of merit  

ZT is directly proportional to the PF and inversely proportional to the thermal conductivity. 

The thermal conductivity consists of two parts: the electronic ( e ) and the lattice component (

l ). Using all electronic and thermal transport parameters described in above sections, we 

evaluated ZT at distinct temperatures (300, 400, and 500 K) as a function of carrier 

concentration. Combining high PF and low thermal conductivity ( e l + ), these monolayers 

have high ZT values with high anisotropy in the x- and y-directions. Figure 6.16 (a)–(f) shows 

computed ZT of studied monolayers for both p-type and n-type systems. For YP and YAs, the 

ZT for p-type is greater than that of n-type, which indicates effectiveness of carrier doping with 

holes rather than electrons, whereas for YN, the n-type ZT value is higher. For p-type and n-

type, respectively, we obtain highest ZT in the y-direction and the x-direction at 500 K. 

The highest ZT  in the y-direction of YN, YP, and YAs are 0.27, 1.18, and 1.39, respectively, at 

optimized hole concentrations of 6×1012 cm−2, 8×1012 cm−2, and 1×1013 cm−2 at 500 K. 

Whereas, for n-type, the highest ZT obtained for the x-direction of YN, YP, and YAs are 2.02, 

0.57, and 0.42, respectively, at optimized electron concentrations of 3×1012, 1×1013, and 1×1013 

cm−2 at 500 K. It is evident that the p-type YP and YAs monolayers give significantly superior 

ZT values than the n-type doping, whereas for the case of YN n-type gives superior 

performance. Additionally, we also calculated the average ZT values of these monolayers. The 

obtained peak values of ZT in the y- and x-direction and their average at the optimized hole and 

electron carrier concentrations for YN, YP, and YAs monolayers at two respective temperatures 

i.e., 300 and 500 K are displayed in Table 6.4. These results show that the peak ZT of these 

studied monolayers is in the range of carrier doping of 1012–1013 cm−2, which is a feasible range 

and can be achieved in real experiments. These findings suggest that the investigated rare-earth 

pnictide monolayers are possessing great potential for beyond and mid-temperature TE 

applications. 
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Table 6.4 Peak figure of merit, ZT in the x-direction, y-direction, and their average values for 

p- and n-type YX (X = N, P, As) monolayers at two different temperatures 300 and 500 K at 

optimized carrier concentration. 

Monolayer 
x-direction y-direction Average 

300 K 500 K 300 K 500 K 300 K 500 K 

YN 
p-type 0.03 0.07 0.11 0.27 0.07 0.17 

n-type 1.10 2.02 0.34 0.78 0.72 1.39 

YP 
p-type 0.15 0.25 0.35 1.18 0.20 0.76 

n-type 0.23 0.57 0.03 0.08 0.13 0.33 

YAs 
p-type 0.07 0.16 0.60 1.39 0.33 0.78 

n-type 0.16 0.42 0.02 0.06 0.09 0.24 

 

 

Figure 6.16 Thermoelectric figure of merit (ZT) with varying carrier concentrations at 300, 

400, and 500 K in the x- and y- directions of (a)–(c) p-type and (d)–(f) n-type YX (X= N, P, 

As) monolayers 
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6.4 Summary 

We conducted extensive first-principles calculations and used semiclassical Boltzmann 

transport theory to explore structural, electronic, and TE properties of 2D YX (X = N, P, As) 

rare-earth pnictide monolayers. We showed that these monolayers are energetically, thermally, 

and dynamically stable. We found that the YN, YP, and YAs monolayers are semiconductors 

with the HSE06 band gaps of 0.69 (direct), 1.65 (indirect), and 1.67 (indirect) eV, respectively. 

The monolayers are found to exhibit high anisotropy in the electronic transport properties, 

which is attributed to their unique crystallographic and electronic structure. The dimensionality 

reduction in these semiconducting materials with strong p-d hybridization led to high electron 

conductivities thereby resulting in high ZT. The phonon band structure shows enhanced 

coupling between the low-frequency optical and acoustic modes. Accordingly, low l  obtained, 

with values 3.335, 1.779, and 1.648 Wm-1K-1 for YN, YP, and YAs monolayers, respectively at 

500 K. For the p-type materials, highest ZT is achieved in the order YN < YP < YAs in the y-

direction, while for n-type materials, it is in order YN >YP > YAs in the x-direction. The 

monolayers YN, YAs, and YP are found to exhibit a maximum figure of merit of 2.02, 1.39, 

and 1.18, respectively at 500 K, showing excellent TE performance. This work has 

demonstrated the tuning of thermoelectric parameters of rare earth pnictides monolayers for 

their potential use in future thermoelectric device applications. 

 

 

 

 

 

 

 



104 

 

CHAPTER 7: CONCLUSION, FUTURE SCOPE, 

AND SOCIAL IMPACT 

In this chapter, we conclude our research work entitled “Computational Investigation of 

Thermoelectric Properties in Selected Two- and Three-dimensional Materials” and provide the 

future prospects of this work. 

7.1 Conclusions 

The four classes of materials, i.e., Zintl phase compounds, half-Heusler compounds, Li based 

transition metal nitrides, and two-dimensional yttrium pnictides within the framework of DFT, 

are reported as promising TE materials for applications over a wide temperature range. 

Combining first-principles calculations with the semiclassical Boltzmann transport theory, we 

evaluated the electronic, phonon, and transport properties of these materials to identify the 

promising materials with high figure of merit for TE applications. We also performed the 

stability analysis to confirm their phonon, mechanical, and thermodynamic viability of selected 

materials. Our work provides deep theoretical insights and an exhaustive data to guide future 

experimental work on these materials. The conclusions of each proposed series of materials are 

as follows:- 

7.1.1 Thermoelectric performance in p-type RbZn4P3 and n-type RbGaSb2 Zintl 

compounds  

We analyzed the thermoelectric properties of RbZn4P3 for various doping concentrations at 

different temperatures (300-700 K). RbZn4P3 is thermodynamically, dynamically, and 

mechanically stable. The electronic band structure calculations reveal that RbZn4P3 is a 

moderate bandgap semiconductor. Rb atom completely transfers its valence electron to the 

covalently bonded cluster [Zn4P3]
-, thus confirming the coexistence of ionic and covalent 

bonding. The key advantage of RbGaSb2 as a TE material is attributed to the complex crystal 

structure, the potential rattling of Rb cations, and the presence of heavy elements. Low thermal 

conductivity of RbGaSb2 allows for efficient conversion of heat into electricity, making it a 

potential candidate for TE applications. 
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7.1.2 Augmented thermoelectric performance of LiCaX (X = As, Sb) Half Heusler 

compounds via carrier concentration optimization 

The high-temperature stability and dynamical stability of these compounds are confirmed. Both 

LiCaAs and LiCaSb are indirect band gap semiconductors. TE performance is slightly 

enhanced with an increase in atomic weight of X atom owing to low l  and significant power 

factor. The remarkably low l  of 8-VEC half-Heusler compounds LiCaX (X = As, Sb), which 

we understood in terms of different phonon modes, and optimization of carrier concentration 

resulted in an improved ZT at higher temperatures. We are optimistic that this work could lead 

to future experiments to investigate the thermoelectric properties of proposed Li-based half-

Heusler alloys. 

7.1.3 Thermoelectric properties and lattice dynamics of Li2MN2 (M = Zr or Hf) 

We have analyzed how replacing Zr with the relatively heavy element Hf in Li₂MN₂ leads to 

an increase in thermal conductivity instead of a decrease. The anisotropic character owing to 

the layered structure of Li2MN2 has enabled tuning their transport properties. A lower lattice 

thermal conductivity (1.52 Wm-1K-1), compared to Li2HfN2, along the a-axis at 1000 K for 

Li2ZrN2 is attributed to the rattling behavior of Zr that leads to shorter phonon lifetimes. The 

high figure of merit (1.07) of Li2ZrN2 along the a-axis has unraveled its potential for high-

temperature thermoelectric application. Our findings on the electronic and lattice transport 

properties of Li2MN2 may open new horizons for the design and synthesis of more efficient 

nitride-based thermoelectrics. 

7.1.4 Realization of YX (X = N, P, As) pnictide monolayers as highly efficient 

thermoelectric materials 

We have explored structural, electronic, and TE properties of 2D YX (X = N, P, As) pnictide 

monolayers. These monolayers are energetically, thermally, and dynamically stable. The 

monolayers are found to exhibit high anisotropy in the electronic transport properties, which is 

attributed to their unique crystallographic and electronic structure. The dimensionality 

reduction in these semiconducting materials with strong p-d hybridization led to high electron 

conductivities thereby resulting in high ZT. The phonon band structure shows enhanced 

coupling between the low-frequency optical and acoustic modes. Low thermal conductivity 

was obtained, with values 3.335, 1.779, and 1.648 Wm-1K-1 for YN, YP, and YAs monolayers, 

respectively, at 500 K. The monolayers YN, YAs, and YP are found to exhibit a maximum 
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figure of merit of 2.02, 1.39, and 1.18, respectively at 500 K, showing excellent TE 

performance. 

7.2 Future Scope 

The computational work presented in the present thesis provides a straightforward approach 

for experimentalists to design efficient TE materials by reducing the dependence on trial-and-

error methods in the wet lab. Our work outlines some approaches, including carrier 

concentration optimization, phonon engineering, and dimensional reduction for enhancing the 

TE performance of bulk and 2D materials; however, several directions remain open for future 

work. It opens new avenues for future experimental realization of these materials for energy 

harvesting applications in a wide temperature range, i.e., from near room temperature to high 

temperature. Also, the experimental validation of the proposed materials is crucial to confirm 

their TE performance under practical conditions. Future work could focus more deeply on 

phonon transport engineering, including the role of anharmonicity, considering different 

phonon scattering mechanisms, and defect-induced phonon changes, to further reduce lattice 

thermal conductivity. Also, Future studies can explore strain engineering, interface effects, and 

heterostructure design to enhance the ZT of the proposed materials. One can apply machine 

learning algorithms to predict novel high ZT TE materials and utilize high-throughput 

screening methods to accelerate material discovery and optimization. 

7.3 Social Impact 

The growing global demand for sustainable and clean energy has highlighted the urgent need 

for advanced materials that can convert waste heat into usable electricity. The present thesis 

focuses on the computational design and understanding of high-performance TE materials. 

These materials hold significant promise for enhancing energy efficiency in a variety of sectors, 

including industrial processes, automotive systems, and even wearable electronics for different 

temperature applications. By identifying and optimizing materials with high TE performance, 

this work contributes directly to the development of technologies that can reduce reliance on 

conventional energy resources. TE devices based on the materials studied here can potentially 

harvest waste heat, converting it to useful electricity without the need of any moving parts, thus 

offering a low-maintenance energy solution. The insights gained from this thesis not only 

advances the fundamental understanding of thermal and electronic transport in novel materials 

but also pave the way for their practical implementation in next-generation energy conversion 

devices, ultimately contributing to a more sustainable and energy-resilient society. 
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