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Synopsis

Transport properties of semiconductors are one of the major research areas in

the 21st century. Three primary types of carrier action occur inside the semicon-

ductors: drift, diffusion, and recombination processes. Drift happens due to the

movement of charged particles under an electric field, which determines the cur-

rent flow in photovoltaics cells and various Field Effect Transistors (FETs). On

the other hand, the diffusion mechanism works when the particle moves due to

concentration gradient or temperature gradient as the current flow in p-n junc-

tions. The recombination processes are necessary to design light-emitting diodes

(LED). Apart from the above transport phenomena, there is also an active re-

search area where heat transport is studied to generate electric current, where

scatterings and band engineering play a major role. Here we are mostly interested

in studying charge carrier mobility driven by drift mechanisms and phonon and

charge transport due to heat difference in layered as well as bulk semiconductors.

In this thesis, we shall discuss various mechanisms and descriptors to enhance the

thermoelectric performance of layered and bulk semiconductors, where one needs

to increase also the magnitude of drift mobility and conductivity apart from a few

other factors.
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The first chapter of the thesis is the introduction chapter, which is followed by

six work chapters. The thesis ends with a summary in the conclusion and outlook

chapter. Chapter 2 discusses the mechanism to achieve ultrahigh carrier mobility

in -TeO2 by application of strain. In chapter 3, we study vibrational spectra of MO

(M=Sn/Pb) in their bulk and single-layer forms along with the signature of avoided

crossing in their thermodynamic properties. Chapter 4 explores the superlattice of

SnO-PbO which can be used as new oxide material for thermoelectric applications

with a moderate zT value at high temperatures. In chapter 5, we demonstrate the

role of Gd doping in bulk PbTe in terms of electronic as well as phonon transport

properties for their thermoelectric applications. Chapter 6 aims to study the 3d-

transition metal incorporated hexagonal phase of monolayer SnTe, which exhibits a

relatively higher thermoelectric figure of merit at elevated temperatures. Finally,

chapter 7 discusses the innovative approaches, such as, the Rashba effect and

entropy engineering that enhance the thermoelectric performance in β-Ag2Se at

the near-room-temperature. Finally, chapter 8 summarizes all the major findings

in the six work chapters.

In the Introduction chapter, we have discussed the recent energy crisis and

the possible solutions in terms of the renewable sources. Both photovoltaic and

thermoelectric applications generate electric current from renewable sources, such

as, solar energy, heat energy, geothermal energy. To utilize this waste energy,

we design new energy materials for such applications, which have been discussed

comprehensively in this thesis. To understand the quantities accurately, we have

solved Boltzmann transport equations (BTE) within deformation potential the-

ory (DPT) to estimate Seebeck coefficients, relaxation time for electron and hole,

charge carrier mobility, electrical conductivity, relaxation times for phonons, ther-

mal conductivity. In fact, the scattering information including phonon-phonon,

phonon-charge carrier, and charge carrier-charge carrier has been taken into con-

sideration while calculating the transport coefficient. Furthermore, we have thor-
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oughly described the computational methodology, which is based upon density

functional theory (DFT) and density functional perturbation theory (DFPT) im-

plemented in Quantum Espresso (QE) and Vienna Ab-initio Simulation Package

(VASP). For finite temperature calculations, we have used ab-initio molecular dy-

namics (AIMD) simulation, which is implemented in VASP codes. All of these have

been discussed in detail. Finally, the introduction chapter ends with a summary

of the results of each of the subsequent chapters.

In Chapter 2, we have discussed the layered structure of β-TeO2 that exhibits

high carrier mobility together with a broad band gap, which could be a promising

candidate for nanoelectronics applications. Suitable mechanical flexibility per-

mits strain-engineering in such layered structures to manifest carrier transport

anisotropy. In this context, we have used the ab-initio based density functional

theory (DFT) method along with the Boltzmann transport equation (BTE) to

explore the estimation of strain-induced charge carrier mobility. In fact, the lone

pair associated with tellurium atoms leads to transport anisotropy in electron and

hole mobility. Interestingly, we find that at some uniaxial compressive strain along

a particular direction results in sudden enhancement in one type of carrier mo-

bility, while for a certain uniaxial compressive strain in perpendicular direction

results in sudden enhancement of exactly opposite carrier mobility. These findings

have been rationalized based on carrier scattering information and carrier effective

mass derived from the electronic dispersion curve. All these findings point towards

layered β-TeO2 as an emerging candidate for power electronics applications.

First-principle calculations of the phonon dispersion relation on the bulk and

single layers of SnO and PbO have been studied in chapter 3. In agreement with ex-

perimental observations of Raman spectroscopy measurement, we find A1g mode is

higher in frequency than that of Eg mode. Moreover, the reason behind the shift of

A2u mode to a higher frequency for the monolayer of both SnO and PbO is clearly

understood from our calculations. In addition to the vibrational spectroscopy, we
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also find avoided crossing or Landau quasi-degeneracy between longitudinal acous-

tics (LA) and low energetic transverse optical (TO) modes in both bulk forms of

SnO, PbO, and in a monolayer of SnO. The signature of such avoided crossing

can be observed in the specific heat and vibrational entropy. While specific heat

and entropy both decrease at the temperature corresponding to the avoided cross-

ing region, the specific heat value shows a kink in that region. In contrast, such

lowering/kink in thermodynamic variables do not appear in monolayer PbO. The

reason behind the avoided crossing has been analyzed using the concept of Born

effective charge and dielectric tensor.

Chapter 4 demonstrates the oxide materials which can be used in thermoelec-

tric applications due to their low toxicity, environmentally friendly, high melting

point, affordable cost, and good stability in the air. These materials play a signifi-

cant role in the energy crisis that the world is facing today if they can be efficiently

utilized as high-performance thermoelectric material in the 21st century. In this

context, we have designed a layered oxide material, SnO-PbO, in its superlat-

tice form. Our ab-initio calculations indicate that the layered crystal structure is

dynamically and thermodynamically stable at ambient as well as at elevated tem-

peratures. Furthermore, the lone pair associated with Sn and Pb atoms introduce

crystallographic anisotropy which strongly scatters low energetic heat-carrying

acoustics phonons and consequently reduces lattice thermal conductivity. On the

other hand, degenerate bands and sharp peaks in the electronic density of states

(DOS) give rise to higher Seebeck coefficients and the covalent bonding of Sn-O

and Pb-O facilitate moderate electrical conductivity. In this work, deformation

potential theory (DPT) coupled with Boltzmann transport formalism has been

adopted to obtain carrier scattering information involving charge carrier mobility

and hence carrier conductivity. As a consequence of this bonding hierarchy and

crystallographic anisotropy, SnO-PbO could be considered as a next-generation

oxide-based thermoelectric (TE) material.
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Chapter 5 describes the role of Gd atoms in n-type PbTe which generally lacks

behind due to the simplicity of its conduction band compared to the rich valence

bands. In this study, we have shown the enhancement of the Seebeck coefficient

and lowering of the lattice thermal conductivity of n-type PbTe by Gd doping.

Gd doping in PbTe not only increases the electron effective mass via flattening

of the conduction band but also introduces a non-interacting single band that ex-

hibits non-dispersive feature at point along with dispersive nature in L −→ Γ

over the Brillouin zone. This non-dispersive flat band significantly improves the

Seebeck coefficient. As a lanthanide, Gd prefers to attain a high coordination

number, thereby remaining locally off-centered from the regular octahedral posi-

tion of PbTe lattice, which introduces significant lattice anharmonicity. Due to

Gd doping, a low energy nearly flat optical phonon mode originates in the phonon

band structure. As a result of the flat optical phonon band, anharmonic phonon

scattering strength drastically increases by several folds and subsequently lowers

lattice thermal conductivity to a low value of 0.78 Wm−1K−1 at 735 K. As a re-

sult, we obtain a high zT of 1.2 at 783 K for the Gd-doped PbTe system. The

present results indicate that enhanced thermoelectric performance in n-type PbTe

can be realized by synergistic integration of electronic structure modulation and

enhanced phonon scattering.

Chapter 6 focuses on the newly explored hexagonal phase of 2D SnTe that

has been shown to be thermodynamically stable and exhibits high thermoelectric

performance. In this study, we mainly investigate the effect in terms of electrical

as well as thermal transport properties due to the doping of 3d-transition metals

(TM). Based on first-principles calculations and Boltzmann transport theory, our

study encompasses that both V- and Mn- doped SnTe show moderate lowering of

intrinsic carrier mobility due to lower elastic constant and higher carrier effective

mass. Furthermore, V and Mn doping slightly enhance the Seebeck coefficient,

while Fe and Co doping indicate semiconductor to metallic transition. Due to such
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metallic transition, the Seebeck coefficient drastically decreases for both Fe and Co

doping, and in turn, the power factor diminishes. In the case of thermal transport,

V and Mn doping show a reduction in lattice thermal conductivity than pristine

2D SnTe due to enhanced phonon-phonon scattering, and as a result, we achieve

very high zT ≈ 2.24 at 900 K for Mn-doped SnTe. The replacement of Sn by

cost-effective and environmentally-friendly 3d-TM with enhanced thermoelectric

performance would be beneficial for the energy crisis.

Chapter 7 aims to shed light on designing a near-room-temperature n-type ther-

moelectric material with high zT . Generally, pristine Ag2Se exhibits low thermal

conductivity along with high electrical conductivity and Seebeck coefficient, which

leads to high thermoelectric performance (n-type) at room temperature. We have

reported in this chapter a pseudoternary phase, Ag2Se0.5Te0.25S0.25, which shows

improved thermoelectric performance (zT ≈ 2.1 at 400 K). Our study reveals that

the Rashba type of spin-dependent band spitting, originated because of Te-doping,

enhances the carrier mobility. Interestingly, locally off-centered S atoms and rising

configurational entropy via substitution of Te and S atoms in Ag2Se significantly

reduce the lattice thermal conductivity (κlat κ 0.34 at 400 K). In order to accu-

rately obtain electrical as well as thermal transport coefficient, we adopt defor-

mation potential theory based on Boltzmann transport formalism. The combined

consequence of the Rashba effect coupled with configurational entropy synergisti-

cally results in such high thermoelectric performance with the development of a

new n-type thermoelectric material working at the near-room-temperature regime.

Finally, in chapter 8, which is actually the summary and outlook chapter, we

have summarized all the main results of each of the six work chapters and their

contributions toward electronic and thermoelectric applications. Since we have

worked on both layered as well as bulk systems, we have described the correct

descriptors to control carrier transport in device applications. In the near future,

we are planning to predict new advanced materials with better thermoelectric ef-
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ficiency using the high-throughput approaches together with other functionalities,

namely, topological insulators and time-reversal symmetry breaking topological

phases, etc.
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6.6 Partial density of states (pDOS) of (a) V@SnTe and (b) Mn@SnTe

systems. It has been observed that V:3d orbital (shown in magenta

color) has a significant contribution in both valence and conduction

band near Fermi level, while Mn:3d orbital (maroon color) has a

very little contribution in the conduction band. The Fermi level

(EF ) is set to zero. . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

6.7 Electronic band structures of (a) 2D β′-SnTe, (b) V@SnTe, (c)

Mn@SnTe systems, along the high symmetry points in the Brillouin

zone. We consider a 2 x 1 supercell to plot the electronic dispersion

curve. The reference level is set as Fermi level (zero energy level). . 164

6.8 (a) charge carrier mobility , (b) electrical conductivity at the tem-

perature range (100-900K). . . . . . . . . . . . . . . . . . . . . . . . 165

6.9 (a) Seebeck coefficient S as a function of temperatures. The esti-

mated S for both V@SnTe and Mn@SnTe are slightly higher than

pristine 2D SnTe. On the other hand, the Seebeck coefficient turns

out to be very low for Fe- and Co-doped 2D SnTe due to the metal-

lic nature of the electronic band structure. (b) the temperature

dependent lattice thermal conductivity κlat. . . . . . . . . . . . . . 166

6.10 (a) power factor (PF) at temperature range (100-900K). We achieve

moderate power factor for both V@SnTe and Mn@SnTe, while PF

becomes a very small value over the temperature range (100-900K)

in case of Fe@SnTe and Co@SnTe. (b) thermoelectric figure of merit

(zT ) at the temperature range (100-900K). . . . . . . . . . . . . . . 168



7.1 Crystal structure of Ag2Se at room temperature. Silver atoms are

shown in blue colours, selenium atoms in light green colours. (a)

Ag2Se crystal structure viewed from a-axis. Local atomic coordi-

nation of Ag atoms in the crystal structure where (b) Ag1 atoms

are in tetrahedral geometry. (c) the coordination sphere of Ag2 is

triangular geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . 184

7.2 Phonon dispersion curve of (a) Ag8Se4, (b) Ag8Se3S, (c) Ag8Se3Te,

(d) Ag8Se2TeS, have been calculated using DFPT and plotted as

a function of q-point. The lattice dynamics curves signify both

pristine and doped Ag2Se are dynamically stable. The green and red

color phonon band represent longitudinal and transverse acoustics

mode, respectively. On the other hand, blue color phonon band

signifies low energy optical phonon mode. . . . . . . . . . . . . . . . 185

7.3 Electronic band structure of (a) Pristine, (b) S doped, (c) Te doped,

(d) Te & S co-doped, Ag2Se, along the high symmetry k-points.

All the band dispersions are plotted including spin-orbit coupling

(SOC) due to the presence of heavy metals in the unit cell. The

Fermi level is considered as a reference for each figure. . . . . . . . . 186

7.4 PBE-SOC band gap for pristine and doped Ag2Se . . . . . . . . . . 187

7.5 Rashba type effect in Ag8Se4. The PBE-SOC electronic band struc-

ture of (a) Ag8Se4, (b) Ag8Se3S, (c) Ag8Se3Te, (d) Ag8Se2TeS, have

been plotted for a dense k-grid. The Rashba splitting for Ag8Se2TeS

system in both VBM and CBM along the M −→ Γ and K −→ Γ

directions are prominent. Interestingly, momentum offset (k) for co-

doped systems are not equal for VBM and CBM which transform

direct to indirect bandgap and effectively help to reduce electron-

hole recombination rates. . . . . . . . . . . . . . . . . . . . . . . . 189



List of Tables 36

7.6 Energy profile vs. coordinate of displacement of sulphur (S) atom

from its equilibrium position. Through the displacement (around
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1
Introduction

1.1 The energy crisis

At the start of 2021, the Energy industry continues to find itself in an ever shifting

landscape. The last few years have been quite challenging for conventional energy

sectors, such as oil & gas and mining and fossil fuel, while there has been great

excitement around the new and innovative developments in green energy sectors.

Furthermore, the dramatic impact that COVID-19 had on the global economy,

the changing perspectives and accelerating trends on climate change and energy

transition, all point to one direction: changes are needed with much vigor. Today,

the energy industry finds itself in an incredibly exciting position. As researchers

worldwide work towards a cleaner and greener future, the technology becomes

more innovative, combining traditional fuels and resources with fresh and newer

ideas.

Renaissance of interest have been to explore highly efficient electronic and ther-

moelectric materials as possible routes to address worldwide energy generations,

utilizations, and managements. Along with these, there have been huge strides in

the discovery of isolating newer materials with exotic transport properties leading

to technological developments.

1
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Figure 1.1: (a) 2015 share of total energy. (b) Statistic and estimated global energy consumption
by source of 2005, 2015, and 2040. Reproduced with permission from International Energy Outlook
2016, and U.S. Energy Information Administration 2016.

1.2 The Past and the Future

Almost all the applications till today depend heavily on existing fuel resources

which are diminishing at the fast pace and there have been many forums where

the end of the fuel resources have been predicted. The world energy mostly con-

sists of a variety of fossil fuels, mainly the variance of these three: oil, coal and

natural gas. Many energy outlooks suggest that fossil fuel will remain dominant

energy resources for next two to three decades. In fact, a report suggests that

we are using different forms of fossil fuels-from solid (coal) to liquid (oil) to gas

(natural gas)-as energy sources from the very beginning. Parallelly, the improved

quality of life demands more consumption of fuels. According to British Petroleum

statistical review of world energy, consumption of natural gas, global oil and coal

has increased by 3%, 1.8% and 1% respectively. Figure 1.1(a) shows that almost

90% of the total power supply still depends upon conventional fossil fuels, and

Figure 1.1(b) shows that the energy demand has been significantly rising.[1] Fur-

thermore, ≈ 70% of the energy consumption of conventional fossil fuels[2] has been

wasted in the form of heat by engines or factory systems, which was emitted with

exhausted gas (300 K – 900 K) or taken up by the cooling systems. In fact, the
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magnitude of waste energy is tremendous, considering the total consumption of

energy is equivalent to up to 13 billion tonnes of oil equivalent in 2015 (Figure

1.1(a)).[1] Therefore, it is urgently needed to seek alternative energy sources or to

apply sustainable solutions to increase the energy efficiency of fossil fuels.

Furthermore, the processes of fossil fuels, consisting of extraction, transporta-

tion, and refining of fossil fuels as well as the medium of use have caused detri-

mental impacts on the world economy; both directly and indirectly. In fact, coal

excavation in many places is banned due to many reasons; spills and leakages

are common phenomena during withdrawal, carrying and storage of oil and gas

leads to water and air pollution. Irrespective of the processes (heating, electricity

production etc), the use of fossil fuels always involves combustion. Since carbon

and hydrogen are the primary components of these fuels along with a few other

elements (which were either present from the beginning or were added during re-

finement), most often, the byproducts are various gases (CH, COx, SOx, NOx),

droplets of tar, soot, ash, and other organic compounds. These directly cause air

pollution and soil pollution. Many studies have reported that through chemical

reactions, these primary pollutants might be converted to secondary pollutants,

like aerosol, ozone, peroxyacyl nitrates, various acids, etc causing acid rain (which

disturbs the whole terrestrial and aquatic ecosystems) or ozone layer depletion

(allowing ultra-violet ray to enter the earth surface) and many other adverse ef-

fects. The major by-products of these reactions are CO2, CH4, N2O, CHCl3 which

are familiar as greenhouse gases, that effectively maintain an optimum world tem-

perature, but excess abundant of these causes adverse effect in the environment,

such as, rise in sea level, melting of ice caps, change in climate, leading to what is

known as ‘greenhouse effects’.

Over time there is a general trend of one fossil fuel[3] surpassing another. For

example, in the nineteenth century, coal overtook biomass as the biggest global

energy supplier, but it was overthrown by petroleum in the 20th century; in fact,



1.2. The Past and the Future 4

petroleum became the big energy supplier as coal. The limited quantities of these

fuels pose a concern as the demand increases rapidly with the world population

and economic growth in developing and under-developed countries. Statistics tell

us that with the current consumption rates, we will run out of oil and gas in 20-30

years, and coal by 68 years.

The future lies in developing various forms of renewable resources, where most

of the research in the world has been concentrating on. The renewable resources

are too many, namely, solar spectrum, CO2 reduction, Li, Na and Mg ion recharge-

able batteries, light to electricity and heat to electricity conversions, to name a

few. In fact, research works on each of these topics have been proceeding at an

enormously fast pace worldwide. Renewable energy sources have come up as a

promising remedy for the last few decades and a “transition from fossil fuels” is

gaining prominence. Commonly known renewable energy sources are hydropower,

biomass, geothermal, solar tidal, wind, hydrogen energy etc. However, engineer-

ing practicality, applicability, reliability, economy, scarcity of supply, public aware-

ness, acceptability etc are issues which limits the utilization of renewable resources.

Technological improvements have been a great concern for scientists over the years.

With time, different groups have come up with new and revised strategies on the

improvement of renewable energy techniques. For example, the following figure

shows by 2050 how various countries would like to develop renewable resources

(Shown in Figure 1.2).

We, however, will limit our discussion to various processes in which energy can

be produced in terms of electricity. Three such applications will be discussed in

detail. They are (i) Photovoltaic devices, which converts light energy to electrical

energy, (ii) Field effect transistors, which convert electromagnetic field or electric

field or bias to electrical current and finally (iii) Thermoelectric devices, which

converts heat energy at a range of temperature to electrical energy.
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Figure 1.2: Projected energy consumption by 2050. This figure is taken from cleantecnica.com.

1.3 Photovoltaic, Field Effect Transistor and Ther-

moelectric Devices

The major devices which generate or produce electric energy are of three types

(i) Thermoelectric, (ii) Photovoltaic and (iii) Transistor devices. While the first

one converts heat energy to electrical energy at almost all temperature scales,

the 2nd device converts light energy to electrical energy for almost all frequency

light and the last device produces electric current either from electric field or elec-

tromagnetic field through a third electrode, called Gate. In all of these devices,

electron and hole dynamics, phonon dynamics, innovative scatterings mechanism

and band structure engineering with respect to electric field play major roles in

applications. A good thermoelectric material requires band-like charge carrier

transport and glass-like thermal transport. Like thermoelectric materials, photo-

voltaic solar cells should possess large electron-hole carrier mobility in combination
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Figure 1.3: Sources of the waste heat energy. This figure is taken from https: //prometeon.it/.

with weak exciton (electron hole bound pair) binding energy.

Around 60-70% of the energy produced by fossil fuels burning or by fission

nuclear power plants is lost mainly in the form of waste heat (Shown in Figure

1.3). High performance thermoelectric (TE) materials which can directly and re-

versibly convert heat energy to electrical energy have thus drawn much attention

academically as well as economically in the last few decades. There is a huge

scope to recover large quantities of thermal energy all over the world. Thermo-

electric systems are an environment-friendly energy conversion technology, where

various advantages can be envisaged; small size, adaptable shape, high reliability,

no pollutants and feasibility in a wide temperature range. The only weak point of

the currently available TEG (TE Generators) technologies is low efficiency. The

effective efficiency of the best TEGs is based on the Seebek effect, currently avail-

able, in fact, doesn’t exceed 5-6%. Moreover, also the cost/watt is still too high.

Presently, the thermoelectric conversion efficiency is low due to the low perfor-
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Figure 1.4: Schematic diagram of Thermoelectric device.

mance efficiency of the thermoelectric materials. The ecological benefits to the

planet and the potential market of a new TEG technology offering high efficiency

at affordable costs, are simply impressive.

Figure 1.4 shows a typical schematic diagram of a TE device, where both n-

and p-type TE materials are connected and can be combined with electrodes to

form TE generators (TEGs).[4] The advantages of using TEGs are that they can

collect waste heat covering a very wide temperature range without any noise, vi-

bration, or gas emission, and TEGs do not need refueling or maintenance for a

very long period.[5–7] As a consequence, TEGs can improve the energy efficiency

of fossil fuels and provide power supply simultaneously. Moreover, in many appli-

cations, specific power (power produced by per unit of mass, Wkg−1)[8] and power

density[9] (power produced by per unit of area, Wcm−2) are introduced to evalu-

ate the power output ability of TEGs in order to achieve high energy output with

smaller size and weight. With the development of highly efficient TE materials,

TEGs are expected to provide robust energy support in many fields and play very

pivotal roles in reducing the consumption of fossil fuels.
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1.4 Materials Selections

1.4.1 Photovoltaic Solar cell

The photovoltaic solar cells absorb light mainly coming from the sun in the visible

range. The photons in light excite some of the electrons in the semiconductors to

generate electron-hole (negative-positive) pairs or exciton pairs. These e-h pairs

turn out to be long-lived exciton formation in line with weakly interacting bound

states. Depending on the interactions between the electron and hole, there are

strong and weak exciton formation. Strong and small volume exciton recombine

to give rise to light, while the weak and large volume excitons can be separated.

Since there is an internal electric field generated, these weakly bound electron-

hole pairs are induced to separate. However, the recombination competes with

the efficient separation of charge carriers. Once separated, the electrons move to

the negative electrode while the holes move to the positive electrode with high

equivalent electron-hole mobility. As a result, an electric current is generated to

supply the external load. This is how photovoltaic effects work in a solar cell.

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

halide perovskite-based solar cells became a game-changer in a photovoltaic per-

formance race. Many inorganic metal oxides, such as BaTiO3, PbTiO3, SrTiO3,

BiFeO3, etc., were found to have the perovskite structure, so therefore, perovskite

compounds are more commonly known as metal oxides, with formula ABO3. Gen-

erally, oxide perovskites are in use in various ferroelectric, piezoelectric, dielectric,

and pyroelectric applications. But except for some limited compositions, like in

LiNbO3, PbTiO3, and BiFeO3, which show weak but finite PV effect due to fer-

roelectric polarization (known as ferroelectric photovoltaics).[10] However, these

metal oxide perovskites do not exhibit good semiconducting properties that would

make them suitable for PV applications. Interestingly, there exists a class of halide
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perovskites, which differ from oxide perovskites such that there are halide anions

in place of oxide anions (ABX3; A = cation, B = divalent metal cation, X = halo-

gen anion), which shows the semiconducting properties that are desired for PV

applications. The discovery of such halide perovskites dates back to the 1890s.

In 1893, Wells et al. performed a comprehensive study on the synthesis of lead

halide compounds from solutions including lead halide and cesium, CsPbX3 (X

= Cl, Br, I),[11] ammonium (NH4),[12] or rubidium, RbPbX3.[13] Much later, in

1957, the Danish researcher, C. K. Møller found that CsPbCl3 and CsPbBr3 have

the perovskite structure,[14,15] existing as a tetragonally distorted structure which

undergoes a transition to a pure cubic phase at high temperature.[16]

In addition to A3Sb2I9 class of materials, Sb2S3 with 1D chain structure and

A2Sb8S13 (A = Cs+ , MA+ ) with 2D layered structures, show semiconduct-

ing properties with band gap values, 1.72 eV, 1.85 eV, and 2.08 eV for Sb2S3,

Cs2Sb8S13, and MA2Sb8S13, respectively.[17] From the electronic structures, the

work function and ionization potential were also calculated, shedding light on

possible contact materials for the PV applications.

Recently, it has been established that 3D layered structures work better as

light harvesters than lower dimensional structures because of their lower band

gap and lower exciton binding energy. Thus, attempts were made to form 3D

structures consisting of Sb and Bi trivalent metal ions. This led to exploring the

possibilities of heterovalent substitution of Pb2+ by incorporating trivalent met-

als (Bi, Sb) in combination with monovalent metals, such as, silver (Ag), gold

(Au), copper (Cu), and potassium (K) into the perovskite structure, forming dou-

ble perovskites possessing molecular structure of A2MM
′
X6 (A = Cs, MA; M =

Bi, Sb; M = Ag, Au, Cu, K; X = I, Cl, Br).[18] Among many combinations

of double-perovskite materials, Cs2BiAgBr6 and Cs2BiAgCl6 have been explored

earnestly. Both Cs2BiAgBr6 [20,21] and Cs2BiAgCl6 [19] exhibit wide and indi-

rect band gaps. Only a few studies have reported employment of Cs2BiAgBr6 for
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PV device applications. Efficiencies of the cells of different architectures including

Cs2BiAgBr6 as the absorber vary in the range 13%, depending on architecture and

preparation conditions.[20-22] Even though these attempts[20,21] have shown that

double perovskites based on AgBi combination can be a promising replacement

for lead perovskites, Savory et al. reported its limitations to achieve high power

conversion efficiency (PCE) (maximum limit is 10%), owing to its wide indirect

band gap and large carrier effective masses. Theoretical investigation suggests

that this limitation can be overcome by replacing Ag with indium (In) or thal-

lium (Tl). Bi-In- and Bi-Tl-based double-perovskite materials possess direct band

gap of ≈ 2 eV.[23] It has been found experimentally that the replacement of Ag

with Tl in (MA)2AgBiBr6 also results in direct band gap of ≈ 2 eV. Unfortu-

nately, in addition to such wide band gap ( ≈ 2 eV) which is perfectly suitable for

PV applications, higher toxicity of Tl (than Pb) limits use of BiTl perovskites in

PSCs.[24]

1.4.2 Field Effect Transistors (FETs)

The charge carrier generation along with current modulated by gate voltage should

drive higher electron-hole mobility on either side of source and drain in transistors.

Despite the rapid advancement of optoelectronic applications, a big gap remains

in understanding the fundamental transport properties of organo-lead halide per-

ovskites, namely charge carrier character, mobility and charge transport mecha-

nisms. To fill this gap, studies of basic field-effect transistor (FET) devices are

urgently needed. Historically, related tin(II)-based 2D hybrid perovskites have at-

tracted major interest for FET fabrication because of their attractive layered struc-

ture, with demonstrated field-effect mobilities up to 0.62 cm2V−1s−1 and Ion/Ioff

ratio above 104 [25]. Improvement of mobility can be achieved by substitution

of organic cation in hybrid perovskite, yielding FET saturation-regime mobility
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as high as 1.4 cm2V−1s−1, and nearly an order of magnitude lower linear-regime

mobility[26]. Further improvement was demonstrated through melt processed de-

position technique, where saturation and linear mobilities of 2.6 and 1.7 cm2V−1s−1

with Ion/Ioff of 106 were achieved[27]. Conversely, only rare examples of 3D hy-

brid perovskites FETs can be found in the literature with limited hole mobility of

the order of ≈ 10−5 cm2V−1s−1 in the case of CH3NH3PbI3 and strong hystere-

sis due to ionic transport, which so far have hindered the development of FET

applications.

Moreover, two-dimensional (2D) transition metal di-chalcogenides (TMDCs)

have emerged as excellent candidates for future low-power electronics and op-

toelectronics. Thanks to the sizable and thickness-dependent bandgaps in semi-

conducting 2H-phase crystals, TMDC field effect transistors (FETs) offer sufficient

Ion/Ioff ratio for logic applications. This attribute makes 2D TMDC FETs promis-

ing devices beyond graphene FETs which cannot be effectively switched off due to

its zero bandgap. Molybdenum disulfide (MoS2), a forerunner in the TMDCs fam-

ily, has been extensively employed for making 2D FETs. Importantly, compared

with other TMDCs, MoS2 processes larger energy barriers against oxidation[28]

and degradation[29] , making even its single-layer (1L) form stable in ambient,

enabling persistent and robust 2D FETs. Various studies have been performed

to demonstrate single-, few- and multilayer MoS2 field effect transistors [30-31].

Although these studies reveal that MoS2 FETs display a very high On/Off ratio

(up to 106 - 108 ), most of these FETs suffer from relatively low mobility (espe-

cially compared to graphene FETs). Despite the demonstration of very high hall

mobility of 34,000 cm2V−1s−1 for six-layer MoS2 at low temperature using careful

contact engineering and dielectric encapsulation[32] , at room temperature, the

highest field effect mobility is still around 500 cm2V−1s−1 for multilayer MoS2

FETs[33].
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1.4.3 Thermoelectric Materials

Thermoelectrics is one of the major fields of study worldwide, where a tempera-

ture gradient can be converted to electrical power and vice versa. The efficiency

of a thermoelectric material is directly proportional to its Figure of merit (zT ),

defined as S2σ
κ

T, where S is the Seebeck coefficient or thermopower, σ is the elec-

trical conductivity (S2σ is called power factor), and κ is the thermal conductivity,

including both from electrons (κe) and lattice vibrations (phonons, κlat) as heat

carriers at a thermodynamic temperature, T . However, the optimization of these

three parameters (S, σ, κ) to achieve high zT has become the key challenge due

to their complicated interdependence. They are all strongly dependent on the

material’s band structure, transport properties and carrier concentration.

Table 1.1: Parameters which govern thermoelectric performance of a material.

Material σ (S/m) S (µV/K) κ (W/mK)
Metal Very high (' 107) Low (' 10) High (' 102)
Insulator Very low (' 10−10) High (' 500− 900) Low (' 10−3)
Semiconductor Moderate (' 10−3) High (' 120) Low (' 10)

In literature, there are various approaches to improve zT , such as modifying

band structure,[34,35] band convergence,[36,37] combination of flat bands (high ef-

fective mass) and dispersive bands (low effective mass) in electronic band structure

to increase the power factor (PF). On the other side, several phonon-engineering

strategies have been employed in semiconductors, such as, large anharmonicity,[38-

39] large molecular weight,[40,41] complex crystal structure,[42] charge density

distortion,[43] nanostructuring, (PbTe,[44-45] half-Heusler,[46-47]), rattling modes

(skutterudites,[48,49] clathrates[50-53]), to name a few, to reduce thermal conduc-

tivity.

Many promising thermoelectric materials emerged in an endless stream till to-
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Figure 1.5: Status of Thermoelectric figure of merit.

day (Figure 1.5). Specifically, near room temperature (300–500 K) thermoelectrics

include (Bi,Sb)2(Se,Te)3 based alloys and MgAgSb alloys.[54-55] Intermediate-

temperature (500–900 K) thermoelectrics include Pb(Te, Se, S), Sn(Se, S),[56-62]

SnTe,[63,64] GeTe,[65] Cu2(Te, Se, S),[66,67] Mg2(Si, Sn, Ge),[68-69] BiCuSeO,[70-

71] Zn4Sb3,[72] In4Se3,[73] Ba8Ga16Ge30,[74] skutterudites,[76-77] and tetrahedrites.

[78] At high temperature (> 900 K), SiGe,[79] (Pr, La)3Te4,[80,81] Yb14MnSb11,[82]

and half-Heusler (HH) alloys[83-85] are very promising thermoelectric candidates.

Although PbTe is a simple binary compound, its performance stands out

among intermediate-temperature thermoelectrics. PbTe possesses several out-

standing unique electronic band structures, superior electrical conductivity from

high-symmetry cubic crystal structure, and low thermal conductivity caused by

strong anharmonicity due to the Pb local off-centering.[86-88] To date, PbTe is still

a research hot spot in the thermoelectric community. A large amount of achieve-

ments have been reported in PbTe-based thermoelectrics, which are evidenced by

zTmax ≈ 2.2 in p-type PbTe-SrTe in 2012,[89] zTmax ≈ 2.0 in p-type PbTe-MgTe
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in 2013,[90] zTmax > 2.0 in p-type PbTe-PbS in 2014,[91] zTmax ≈ 2.5 in p-type

PbTe-SrTe in 2016,[92] zTmax ≈ 1.8 in n-type PbTe-InSb,[93] and zTmax ≈ 1.8 in

n-type PbTe-Sb-I in 2017, etc. Therefore, it is essential to update these research

progresses in PbTe-based thermoelectrics.

1.5 Theoretical formulation

Boltzmann transport equation method involves finding the transport parameters,

such as, electronic conductivity, Seebeck coefficient and lattice thermal conductiv-

ity and associated terms (like mobility, relaxation time etc). Boltzmann transport

equation (BTE) theory is a semi-classical theory and it includes different relaxation

times for different scattering mechanisms like charge carrier-charge carrier scatter-

ing, charge carrier-phonon scattering, boundary scattering, defect scattering etc.

All the relaxation times can be combined using Matthiessen rule, as

1

τ
=

1

τch−ph
+

1

τch−ch
+

1

τph−ph
+

1

τch−imp
+

1

τimp−imp
+

1

τdefect−defect
+ ... (1.1)

1.5.1 Boltzmann Transport Theory

The intrinsic carrier mobility of a charged particle characterizes how quickly it can

travel inside a material due to the external electric field. In fact, mobility strongly

depends on the carrier scattering phenomena within the material. Predominantly,

scattering caused by lattice vibrations determines intrinsic carrier mobility at high

temperatures and constitutes the upper limit for free-standing defectless bulk and

layered semiconducting materials. Besides phonons, the other scattering processes

that contribute to the phenomenon are defects scattering, boundary scattering,

impurity scattering which make it challenging to measure intrinsic mobility ex-
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perimentally; as such, it is usually obtained theoretically.[94] Several methods

available in the literature to calculate the carrier (electron/hole) mobility, such as

the deformation potential theory (DPT)[95] using Boltzmann transport equation

(BTE) theory. The BTE basically takes into account the electron-phonon cou-

pling (EPC) matrix elements by which scattering rates and relaxation time are

calculated from first principles.[96] The Boltzmann transport equation[97] (BTE)

for electron distribution f(εkn) = fkn reads

∂fkn
∂t

+ vkn.∇rfkn +
F

~
.∇kfkn = (

∂fkn
∂t

)coll (1.2)

where the labels n and k denote the band index and k point, respectively. The

velocity is defined as v = 1
~∇kεkn, and F = q(E + v × B) is the external force.

The right-hand side of the above equation includes different scattering and dis-

sipation processes that eventually drive the system to attain equilibrium. For a

homogeneous system in a static electric field and zero magnetic fields, the BTE

simplifies to

qE

~
.∇kfkn = (

∂fkn
∂t

)coll (1.3)

Considering f1 = f−f0 is linear in the applied electric field and for consistency,

we neglect the term 1
~ .∇kf1(−eE), then BTE in the relaxation time approximation

transforms to

∂f

∂t
+ v.∇f1 −

eE

~
.∇f0 = −f1

f0

(1.4)

By solving the equation for relaxation time (τ), we obtain the intrinsic carrier

mobility σ = eτ
m∗

. where e is the basic unit of charge; m* denotes the effective

mass of carriers. However, to obtain intrinsic mobility that is more accurate and

reliable, it is required to calculate the matrix elements of EPC for each scattering
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process over the full Brillouin zone. There are available methods such as solving

the Boltzmann transport equation (BTE) using the carrier-phonon coupling (EPC)

method by which we can estimate carrier scattering strength and relaxation time

from first principles. The carrier relaxation time due to carrier-phonon scattering

is given by Fermi’s “golden rule” as[98],

1

τep(k)
=

2π

~
Σk′| < k′|∂qV |k > |2[A+B](1− vk′ .vk

|vk′ ||vk|
) (1.5)

A = (fk′ + nq)δ(Ek − Ek′ + ~ωq)δk+q,k′+G (1.6)

B = (1 + nq − fk′)δ(Ek − Ek′ − ~ωq)δk−q,k′+G (1.7)

where k, k
′
, and q are wave vectors of the initial and final electronic states and the

participating phonon state; Ek, Ek′ , and ωq are their respective energies; fk, fk′ ,

and nq are their equilibrium distribution functions; < k′|∂qV |k > is the electron-

phonon matrix element; G is a reciprocal lattice vector, and vk and vk′ are the

group velocities of the initial and the final states. The factor (1 − vk′ .vk
|vk′ ||vk|

) takes

into account the momentum loss in the inelastic scattering processes, and thus the

defined relaxation time is usually named “the momentum relaxation time” and

used for calculating carrier mobility. Here, the challenging part is to calculate the

electron-phonon matrix element, < k′|∂qV |k >. This term is computationally very

expensive because it considers electrons can interact strongly with longitudinal

as well as transverse optical phonon modes, which give rise to electron-phonon

coupling matrix elements. Once the relaxation time is calculated throughout the

Brillouin zone, we estimate the intrinsic carrier mobility accurately. Although the

consideration of EPC matrix elements for each scattering process over the full

Brillouin zone effectively determines accurate and reliable carrier mobility, it is
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computationally very expensive.

This complexity can be overcome by considering deformation potential the-

ory (DPT) which is not only simple to understand but also computationally less

expensive. Recently, it is extensively used to obtain intrinsic carrier mobility. Un-

der DPT, the directional dependent carrier relaxation time,τβ(i, k) can be derived

considering the collision term in the Boltzmann Transport Equation (BTE)[99],

1

τβ(i, k)
= kBT

4π2(Ec
β)2

hC3D

∑
j,k′∈BZ

(1− vjk′

vik
)δ[Eik − Ejk′ ] (1.8)

where C3D is elastic modulus. ~: Planck constant; kB: Boltzmann constant; Here

C3D is expressed as,

2(E − E0) = C3DS0(
∆l

l0
)2 (1.9)

where E0 and S0 are the energy and lattice volume of the unit cell without strain

and E is the energy of the strained system. The parabolic equation is used to

calculate the value of C3D. And the deformation potential constant, Eβ
c is derived

as,

Ec
β =

∆Eband
∆l
l0

(1.10)

where ∆Eband is a shift in energy level at the band edge position because of lat-

tice strain ∆l
l0

. To compute charge carrier mobility, we use Boltzmann transport

formalism within deformation potential theory (DPT). Here, the band energies

(εi) and carrier group velocities (vi = ∇Ei(k)
h

) are obtained from the first-principle

calculations. The carrier (electron and hole) mobility along the direction is defined

as,

µ
e/h
β =

e

kBT

∑
i∈CB(V B)

∫
τβ(i, k)v2

β(i, k)b(k)dk∑
i∈CB(V B)

∫
b(k)dk

(1.11)
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b(k) = exp[∓Ei(k)

kBT
] (1.12)

here, e and T are electronic charge and absolute temperature, respectively. In fact,

Bardeen and Shockley in 1950 derived charge carrier mobility expression for three

dimensional (3D) nonpolar semiconductors considering DPT.[100] Here, acoustics

phonon limited intrinsic carrier mobility of a 3D non-polar semiconductor can be

written as:

µ =
23/2π1/2

3

C3D~4e

E2
1m
∗5/2(kBT )3/2

(1.13)

In 1969, Kawaji modified the theory mobility expression for 2D electron gas

where the effect of anisotropic effective mass was incorporated into the theory.

The 2D mobility expressions were written as[101-102]:

µj =
Cj~3e

E2
jmjmdkBT

(1.14)

where j = x, y , and md = (m∗xm
∗
y)

1/2 is the average effective mass along x−

and y− directions while m∗j is the direction-dependent carrier effective mass. Cj

is the directional dependent elastic constant for 2D materials. Once mobility is

obtained, we calculate electrical conductivity using the Drude formula σ = neµ.

The thermopower or Seebeck coefficient (S) can be derived by solving BTE in the

presence of a temperature gradient. Seebeck coefficient is enumerated using the

following equation,[103]

S = −π
2

3e
k2
BT

∂ln(DOS(E))

∂E
(1.15)

here, kB: Boltzmann constant and DOS(E): energy-dependent DOS. We also solve

BTE to compute phonon relaxation time (τiq) is employed to calculate lattice

thermal conductivity. The lattice thermal conductivity can be written as,
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κlat =
∑
i,i′,q,q′

Ciqviqvi′q′τiq (1.16)

where Ciq is the specific heat, viq is the phonon group velocity and τiq is the phonon

relaxation time.

1.5.2 Electronic structure calculations

In quantum mechanics, all kind of characteristics of a system is stored in the

corresponding wave function. Electronic information like energy, momentum etc

can be derived with the help of corresponding operators from this wave function.

It is denoted by a symbol Ψ, and written as Ψ = Ψ(R,r), where R and r represent

the summarized spin and spatial coordinates of nuclei and electron respectively.

The energy of each system can be obtained by applying Hamiltonian operator (Ĥ)

on Ψ(R,r) and the equation is widely known as Schrödinger equation,

ĤΨ(R, r) = EΨ(R, r) (1.17)

Ĥ = −1

2

N∑
i=1

∇2
i−

K∑
k=1

1

2Mk

∇2
k−

N∑
i=1

K∑
k=1

Zk
|ri −Rk|

+
1

2

N∑
i 6=j

1

|ri − rj|
+

1

2

K∑
k 6=I

ZkZI
|Rk −RI |

(1.18)

Ĥ = T̂e + T̂n + V̂en + V̂ee + ˆVnn (1.19)

In the above equation, the first term is the kinetic energy of N number of

electrons, second term is kinetic energy of L number of nuclei, third, fourth and

fifth terms are the potential energies corresponding to nuclei-electron, electron-

electron, nuclei-nuclei interactions respectively.
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1.5.3 Born-Oppenheimer Approximation

Born-Oppenheimer approximation, also familiar as adiabatic approximation, al-

lows to decouple the dynamics of nuclei and electrons because the nuclei are almost

2000 times heavier than the electrons, so it can be assumed that nuclei remain

static with respect to electrons movement. Hence time-independent Schrödinger

equation (SE) can be written for electronic degrees of freedom in the presence of

stationary nuclear part. The modified electronic Hamiltonian is,

Ĥe = T̂e + V̂en + V̂ee (1.20)

Over a period of time, various approaches with compatible approximations have

been considered to solve the SE, which include Hartree-Fock (HF), configuration

interaction (CI), coupled cluster, Moller-Plesset perturbation theory, to name a

few. Along with HF theory, other methods are all wave-function based approach.

Though these methods provide better results, the latter approaches demand high

computational power.

1.5.4 Density Functional Theory

Density functional theory based method is a different approach to solve the SE,

which replaces wave function with the electron density of the system to obtain

the ground state electronic properties. This method was first proposed in 1960s

in two seminar papers by Hohenberg-Kohn.[104] Later in two subsequent years,

whose idea was mainly based upon Thomas-Fermi model. This ab initio (first

principles) based method has gradually drawn attention as it is capable of map-

ping a complicated interacting problem to an easier non-interacting problem with

replacement of the number of degrees of freedom, 3N (N is number of quantum

particles) to only 3 spatial coordinates.
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Hohenberg-Kohn Theory

This is based upon two theorem,

Theorem-I [Uniqueness] ”For any system of interacting particles in the

presence of an external potential Vext(r), the potential Vext(r) can be uniquely

determined, upto an additive constant, by the ground state density n0(r).” In

other words, the total ground state energy of a system is a unique functional of

its density, E[n(r)], hence we can write:

E[n(r)] = 〈Ψ[n(r)]|H|Ψ[n(r)]〉 (1.21)

Theorem-II [Variational Theory] ”A functional which is universal for he

energy E[n] in terms of density n(r) can be defined, valid for any external potential

Vext(r). For any particular Vext(r), the exact ground state energy of the system

defines the global minimum value for this functional, and the density which min-

imizes the functional is the exact ground state density n0(r)”. The energy can

be expressed as a sum of kinetic energy part (T[n(r)]), electrostatic energy part

(U[n(r)]) and energy due to non-interacting electrons moving under external po-

tential:

E[n(r)] = T [n(r)] + U [n(r)] +

∫
[V (~r)n(~r)d3r] (1.22)

Here the first two terms are independent of external potential and can be

written in the form of universal functional of the electron density:

T =

∫
3

10
[3π2n(r)]

2
3n(r)dr (1.23)

U =
1

2

∫
n(r)

|r − r′|
dr′dr (1.24)

The expression of kinetic energy is however inaccurate and moreover, the de-

duction of the functional of the interacting systems is not very clear. This is solved
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by Kohn-Sham approach, where they have proposed an indirect approximate ap-

proach to calculate energy functional E[n(r)].

Kohn-Sham Equations

Kohn and Sham considered a uniform electron density from 3d non-interacting

electron gas and iteratively solved the Kohn-Sham equation. They considered, as

a first approximation, a fictitious system of non-interacting electrons instead of a

real system of interacting electrons having the same electron density. This theorem

is enabled to calculate energy and other electronic properties of only the ground

state. Having the same electron density leads to same ground state energies and

other electronic properties. Since electrons are not affecting each other, Kohn-

Sham equation can be considered as a set of single particle equations, which are

simpler to handle than coupled Schrödinger equation, which gets more complicated

with the increase of system size and hence number of electrons. The interacting

part of the energies has been taken care of in terms of exchange-correlation and

energy is written in terms of density:

E[n(r)] = T [n(r)] + Eext[n(r)] +
1

2

∫
n(r)

|r − r′|
+ vxc[n(r)] (1.25)

In the above equation, the first term is kinetic energy of only non-interacting

electrons, second term is classical Coulomb interaction between nuclei and elec-

tron, third term is classical electron-electron interactions also known as Hartree

interaction, the final term is exchange-correlation including the non-classical elec-

trostatic interaction energy between electrons and the difference of energy between

non-interacting and interacting kinetic energy of electron. The main idea behind

this approach is that the first three terms can be dealt with simply and last term

can be modified with better approximations.
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Exchange-Correlation Functionals

The exchange-correlation functionals include two different kinds of electronic in-

teractions; the exchange part comes because of fermionic nature of the electrons.

The antisymmetrically paired electrons exchange with each other following Pauli

exclusion principle. The other term i.e. correlation term arises from the effect of

other electrons on kinetic and potential energy. The exact form of each interactions

is still unknown, hence the mathematical expressions have been provided for both

the terms. Hartree-Fock method was able to provide an exact form of exchange

energy but it has not included correlation energy at all. Since the accuracy of

calculation depends on the exchange-correlation functionals, various modifications

have been done over the time.

Local density approximation: LDA is the simplest approximation, where

the exchange correlation term can be expressed as a function of homogeneous

electron gas i.e. uniform electron density.

ELDA
ex(n) =

∫
exc(n(r)n(r)dr (1.26)

The mathematical form of exchange and correlation energy is:

ex(n) = −0.458

rs

(1.27)

ec(n) = − 0.44

rs + 7.8
(1.28)

rs is the radius of a sphere containing one electron. The correlation energy is

deduced by quantum Monte-Carlo simulations, most commonly used one was pro-

posed by Perdew and Zunger.[105] Inspite of being an extensive crude approxi-

mation, it works well for solid systems close to a homogeneous gas and explain a

few physical properties like lattice parameters, vibrational frequencies, equilibrium
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geometries properly. However, it overestimates the binding energies and does not

work well for inhomogeneous systems.

Generalized gradient approximation: To account for inhomogeneity of

the system, GGA has modified LDA by including the gradient expansion term:

Eex(n) =

∫
exc(n(r), |∂n(r)|)n(r)dr (1.29)

There are several approaches which can be included within GGA calculations, the

commonly used ones is PBE[106]. The choice of functional is dependent upon the

characteristics of the system. It has a tendency to underbind.

Several better modifications have been introduced to GGA resulting in meta-

GGA, hybrid functionals. This functionals have been modified by considering

both the electronic density and individual electronic wavefunctions to compute

the energy and other properties.

Basis set and Pseudopotential

To do the calculations, the Kohn-Sham (KS) orbitals have to be expanded based on

the nature of systems to solve the KS equation, like plane wave function[107] is used

for periodic systems. According to Bloch’s theorem, electron’s wavefunction can

be expressed as a product of plane wave and function correspond to the periodic

lattice system:

Ψnk(r) = eik.runk(r) (1.30)

here wave vector k is the crystal momentum vector.

It is well known that, the core electrons do not participate in the chemical

reactions or have minimum role in exhibiting any physical or chemical properties;

moreover since they are tightly bound and highly localized in nature hence all elec-

tron calculations are highly costly to calculate. The concept of pseudopotential
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approximation has arrived to deduct this computational cost by eliminating the

core states calculations. Here instead of strong ionic potentials a weaker pseudo

potentials which is a pseudo wavefunction of valence electrons only has been consid-

ered. The oscillation of valence electrons in the core region has not been taken into

account, a pseudo wavefunction of the valence electrons has replaced the strong

ionic potentials. There is a critical distance after nuclei, named as ’cut-off’ radius

beyond which the pseudo-wave function compares fairly well with the actual one.

If this cut-off is high, then the pseudopotentials are called soft. The nature of PP

approximation depends on its smoothness and transferability properties. There are

three types of PP - norm-conserving, ultra-soft and projector-augmented wave.

1.5.5 Density Functional Perturbation Theory

Density Functional Perturbation Theory (DFPT) is a linear response technique

for computing the second derivatives of the ground state energy with respect to

external perturbation λ ≡ {λi}. The first and second derivatives of the ground-

state energy are

∂E

∂λi
=
∂Eion−ion
∂λi

+

∫
dr
∂Vext(r)

∂λi
ρ(r) (1.31)

and

∂2E

∂λiλj
=
∂2Eion−ion
∂λiλj

+

∫
dr
∂2Vext(r)

∂λiλj
ρ(r) +

∫
dr
∂ρ(r)

∂λi

∂Vext(r)

∂λj
(1.32)

In Equation 1.32, ∂ρ(r)
∂λi

is the induced charge-density by the first order pertur-

bation, which is the new quantity to derive and defined as,

∂ρ(r)

∂λi
=
∑
i

∂φ∗i (r)

∂λ
φi(r) + φ∗i (r)

∂φi(r)

∂λ
(1.33)
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In the linear approximation, ∂ρ(r)
∂λi

= ∆ρ(r) where, ∆ρ(r) can be expressed as,

∆ρ(r) =
N∑
i

φ∗i (r)∆φ(r) (1.34)

[
−~2∇2

2m
+ VKS(r)

]
φi(r) = εiφi(r) (1.35)

VKS(r) = Vloc(r) + VH(r) + VXC(r).VKS(r, λ),

VKS depends on λ, as a result, φi(r, λ) and εi(λ) are the function of λ. Hence,

after the first order derivative with respect to λ, we get,

[
−~2∇2

2m
+ VKS(r)− εi

]
∂φi
∂λ

φi(r) = −∂VKS(r)

∂λ
φi(r) +

∂εi
∂λ

φi(r) (1.36)

where,

∂VKS(r)

∂λi
=
∂Vlocal(r)

∂λi
+
∂VH(r)

∂λi
+
∂VXC(r)

∂λi
(1.37)

and

∂VH(r)

∂λi
=

∫
1

|r − r′|
∂ρ(r′)

∂λ
d3r′ (1.38)

So, the variation in Kohn-Sham potential is given by,

∂VXC(r)

∂λi
=
dVXC
dρ

∂ρ(r)

∂λ
(1.39)

∆εi = 〈φi|∆Vext(r)|φi〉

Hence, self-consistent solution of the set of linear equations, ∆ρ can be eval-

uated with reasonable accuracy. ∆ρ is used in Equation 1.32, to find the second

derivative of the total energy. Following this procedure, DFPT method is applied

to evaluate the phonon frequencies by evaluating the second derivatives of energy
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with respect to atomic positions (displacement of ions is the perturbation).

Advantages of the DFPT method are: (1) it avoids the use of supercell, (2)

allows the calculation of phonon frequencies at arbitrary phonon wave vector (q),

and (3) makes the intensity of the calculation independent of the phonon wave-

length.

1.5.6 ab initio Molecular Dynamics

Predicting the material properties can be achieved quite accurately though us-

age of relativistic time-dependent Schrödinger equation. However, this method

has serious limitation towards treating large and complex materials. To treat

large systems, one need to find other suitable methods. In this regard, molecular

dynamics (MD) simulations are quite reliable and computationally affordable to

gain detailed structural and conformational aspects on a realistic time scale and

atomic level. Simulating systems by MD, we can obtain ensemble-averaged prop-

erties, such as binding energy, relative stability of molecular conformations etc. by

averaging over representative statistical ensembles of structures.

Basically, we need to obtain the numerical solution of Newton’s equation of

motion for all the nuclei within a system. In classical MD, the force (Fi) on a

atom ‘i’ with mass Mi is formulated as follows,

−→
Fi = Mi

∂2−→ri
∂t2

(1.40)

The vector notations in forces Fi and positions ri, i.e. in three dimensions the whole

system is described by 3N coordinates. The forces on a atom ‘i’ is calculated as

the negative derivative of the potential U, describing the interactions between the

particles. And it can be written as,

−→
Fi = − ∂U

∂−→xi
(1.41)
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where, U, the inter-atomic potential, is a function of many degrees of freedom cor-

responding to all nuclei. The major challenge in MD simulations is calculating in-

teratomic forces accurately. In classical MD, forces are calculated from “predefined

potentials”, which are either based on empirical data or on independent electronic

structure calculations. Although, these empirical potentials have been modified

over time to make them reliable, transferability is still the major issue. Moreover,

classical MD cannot capture the bond-reformation processes taking place in many

dynamic systems. To overcome these limitations, first-principle based approach

i.e. ab-initio molecular dynamics (AIMD) has been developed by various groups.

Here, the forces are calculated on-the-fly from accurate electronic structure calcu-

lations. However, the better accuracy and reliable predictive power of AIMD sim-

ulations demands significant increase in computational effort. Thus, till now, DFT

is the most commonly applied method for electronic structure calculation during

AIMD simulations. Notably, evaluation of interatomic forces in AIMD does not

depend on any adjustable parameters but only on position of nuclei. Depending

upon the way of solving the electronic structures in every AIMD steps, there are

different approaches developed by the researchers. These are Ehrenfest molecu-

lar dynamics, Born-Oppenheimer molecular dynamics (BOMD), Carr-Parrinello

molecular dynamics (CPMD) etc. For the works presented in this thesis, we have

extensively used BOMD simulations to investigate structural evaluation of various

low-dimensional as well as bulk systems at finite temperatures.

Born-Oppenheimer Molecular Dynamics

BOMD simulation is based on the direct solution of the static electronic struc-

ture problem in each molecular dynamics step, given the set of fixed nuclear po-

sitions at any instance of time. Hence, electronic structure part is tackled by

solving the time-independent Schrödinger equation and then propagating the nu-
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clei via classical molecular dynamics. Note that, unlike other AIMD methods, the

time-dependence of the electronic structure is a consequence of nuclear motion for

BOMD simulations. One can define the force (Fi = MiR̈i(t)) on a atom ‘i’ with

mass Mi, as follows within the BOMD framework,

MiR̈i(t) = ∇imin
ψ0

<ψ0|He|ψ0> (1.42)

thus, the electronic ground state can be determined.

1.6 Softwares used:

To obtain the reported results in this thesis several packages have been used.

We have considered periodic (bulk as well as layered) systems; all the electronic

structure calculations were carried out with DFT method; geometry optimization,

thermodynamic calculations, vibrational frequency analyses, were carried out us-

ing Quantum Espresso (QE) and Vienna Ab initio Simulation Package (VASP).

The structures are constructed, visualized and analysed with the help of XCryS-

Den, VESTA, Xmgrace.

1.7 Computational Strategies

Over the years, various strategies have been adopted to enhance carrier trans-

port properties which is an important parameter for advanced transport devices,

photovoltaic and thermoelectric applications. The most effective approach to im-

prove electronic transport properties is through carrier optimizations and band

engineering; effectively to decouple electrical conductivity (σ) and Seebeck coeffi-

cient (S) and simultaneously increase their values to achieve higher thermoelectric

power factor (S2σ). Electrical conductivity is a product of mobility and number
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of charge carriers and interestingly, for advanced transport devices and photo-

voltaics, one has to increase the mobility to very high magnitudes. On the other

hand, through nano-structuring, lattice thermal conductivity can be reduced with-

out affecting electrical transport so that improved thermoelectric figure of merit

can be achieved.

1.7.1 Optimizing Carrier Concentration

The parameters that affects thermoelectric performance, S, σ, and κe directly

related via following relationship:

S =
8π2

3

k2
B

eh2
m∗T (

π

3n
)2/3 (1.43)

σ =
ne2τ

m∗
(1.44)

κe = LσT (1.45)

m∗ is the effective mass of carrier and as can be seen above, the m∗ appears in

the numerator for Seebeck coefficient while it is inversely proportional to electri-

cal conductivity. Also while Seebeck coefficient is inversely proportional to carrier

concentration (n), electrical conductivity is directly proportional to n. Their inter-

dependent relationship limits the thermoelectric power factor. As a consequence,

the appearance of heavy as well as light holes/electrons in the electronic band

structure enhances the thermoelectric power factor significantly.

Moreover, such inter-relationships suggest that n needs to be compromised

for high σ and S as well as low κe (Figure 1.6), making controlling n a crucial

strategy to secure high zT values. Practically, n of materials can be modulated by

tuning the extrinsic doping or intrinsic defects. Generally, carrier concentration
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Figure 1.6: Schematic shows the n-dependent TE properties.

depends upon T and electronic nature of the materials.[108] To measure n, various

theoretical as well as experimental procedures are available. According to single

band model[109], n = (mdT )1.5 where m∗d is the density of states effective mass

which can be tuned by changing electronic band structure.

1.7.2 Band Engineering

The electrical transport properties of a material primarily governed by its band

structure, so tuning the band structure can effectively modulate the overall TE

performance. The key approaches towards band engineering includes (a) enlarge

band gap to reduce bi-polar transport, (b) tune m*, (c) introduce resonant state

near the Fermi level, (d) band convergence to enhance S.
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Tuning the Bandgap

At high temperatures, thermal excitation occurs which can increase n and as a

result zT reduces due to S reduction and κe enhancement according to Equations

(1.43) and (1.45). Theoretical[110-111] and experimental[112] studies suggest that

Eg of semiconductors can be efficiently tuned via doping, and the enlarged Eg can

shift the thermal excitation temperature of minor charge carriers toward a higher

temperature range to suppress the minor carriers. The minor charge carriers can

behave as heat carriers, which causes bipolar thermal conductivity (κbi) [113-114]

to contribute more κ that decreases zT . κbi is a function of Eg and T and is

defined as[113] κbi = exp[−Eg/2kBT ]. As can be realised from the equation that

κbi increases with increasing T , so that the impact of κbi at higher temperature can

limit the zT value for the intermediate or high temperature TE materials.[113] On

the other hand, κbi can be reduced via increasing Eg due to the reduced thermal

excitation of minor carriers at high temperature.

Tuning carrier effective mass

For a given n, a high DOS effective mass (m∗d) can lead to a high S according

to Equation (1.43). The principle of increasing (m∗d) by controlled doping is to

increase the band effective mass of a single valley (m∗b) as[115] m∗d = N
2/3
v m∗b ;

where Nv is the band degeneracy. However, increasing (m∗b) will reduce µ since[115]

µ ∝ 1/m∗b . Therefore, S2σ can be reduced due to the σ reduction according to

Equation (1.44), so that a high (m∗d) does not always lead to an overall high zT .

Therefore, to practically enhance σ of TE materials, it is important to tune the

(m∗d) so that the band structure has narrow and wide band at different k points

(to obtain large and small m∗ values). If not, one has to compromise with µ to

obtain the optimized S2σ.
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Figure 1.7: Schematic illustrates the resonant level on the DOS.

Introducing resonating states

Researchers have observed that in many situations, the energy level of dopants lies

in the conduction or valence bands (depending upon the n- or p-type semiconduc-

tor material), introducing a “resonant” state due to a distortion on the host band

(Figure 1.7(a)), and it is termed as resonant doping.[116] When the Fermi level

moves close to the resonant state, m∗ becomes significantly increased due to the

increased DOS, thus, S increases according to Equation (1.43) without changing

n.[116]

Band Convergence

According to equation (1.43), enhanced m∗d due to large Nv could lead High zT of

TE materials, but keep µ unaffected.[117] Nevertheless, Nv can also be increased

when multiple electronic bands of materials converge via proper doping and in-
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Figure 1.8: Schematic of band convergence in PbTe0.85Se0.15. At 500 K, the two valence bands
converge, resulting in transport contributions from both the L and Σ bands. Reproduced with
permission.[125] Copyright 2018, Wiley Publishing Group.

creasing T (Figure 1.8).[118] Using PbTe as an example to demonstrate the band

convergence, Figure 1.8 shows a two valence band model of PbTe, which includes

a principle valence band (L band, located at the L point of the Brillouin zone)

active at low temperature and a secondary valence band (Σ band, located at the

Σ point of the Brillouin zone) dominating at the temperatures of ' 450 K. There

is a small energy separation (∆E = EV L–EV Σ) of ' 0.2 eV (comparable to Eg)

between these two valence bands, and the L band and Σ band have Nv = 4

and Nv = 12, respectively.[118] ∆E became smaller with increasing T and the

band convergence of between the L band and Σ band was observed in Se-doped

PbTe[118] at ' 500 K (Se doping in PbTe increased the band convergence tem-

perature[118]), as shown in Figure 1.8, providing an overall Nv = 16, and in turn

leading to an increased m∗d (Equation (1.43)) without explicitly reducing µ.[118]

As a consequence, zT is greatly increased.
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1.7.3 Nanostructure Engineering

It is clear from zT expression that thermal conductivity (κ) must be minimized to

achieve high zT . Generally, when S2σ is increases via doping or alloying[119] with

different elements, κlat simultaneously diminishes due to the increased phonon-

phonon scattering by the introduced dopant atoms or ions.[120] However, such a

lowering of κlat is usually compensated by the enhanced κe due to the increased n.

For significantly reduction in κlat, and therefore, κtot, nanostructure engineering

has been widely employed as an effective approach to obtain high zT mainly by two

approaches: (a) developing low-dimensional nanomaterials[121] or (b) bulk mate-

rials containing nano-composites/nanoinclusions, which can ensure improved zT

that benefits from the dimensional reduction of materials.[121] The enhancement

of zT in low-dimensional TE materials is mainly due to the quantum confine-

ment effect, while the bulk materials with nanocomposites/nanoinclusions involve

complex phonon scattering mechanisms and low energy carrier filtering effects.

Low dimensional TE material

The low-dimensional or nanocrystalline materials can achieve a high zT through

the quantum size effect and decreasing κlat by increasing the phonon scatter-

ing.[123] The decrement in dimensionality leads unique change the DOS and causes

quantum confinements in the nano-structures,[122] which result in large S.

Nanocomposites/Nanoinclusions Engineering in Bulk systems

Experimentally, Nanocomposite TE materials[124] or materials containing nanoin-

clusions are relatively easy to fabricate and investigate compared to nanomateri-

als.[125] Bulk TE materials having nanosized substructures are being fabricated

through various experimental techniques.[126] In fact, high density of interfaces

(grain boundaries), lattice distortion, dislocations, and defects scattering orig-
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inated due to introduction of nanostructures into bulk materials can influence

phonon dynamics which in turn lowers κlat, thereby reducing κ. Figure 1.9 ex-

plains the scattering mechanisms between the carriers occurred due to nanoparti-

cles in bulk materials that can scatter phonons of different wavelengths without

disrupting charge carrier transport. Nanosized grains and grain boundaries pre-

dominantly scatter the phonons having medium and long wavelengths comparable

to their wavelengths, while short wavelength phonons can be scattered by the point

defects and dislocations. Such strong phonon scattering can reduce κlat to almost

50% which can lead to an increase in zT by a factor of 2. On the other hand, elec-

trons with much shorter scattering wavelengths will not be scattered significantly,

as a result, σ will not be affected due to the nature of nanocomposites. Recently,

such strategies has been successfully adopted and become effective to enhance zT

in many material systems including Cu2Se,[127] Bi2Te3,[128] Bi2Se3,[129].

All-Scale Hierarchical Architectures

Generally, κlat depends upon their phonon dynamics including all ranges of wave-

length (short, intermediate, and long), which can be effectively scattered by the

features with comparable scales. Through innovative design, all-scale hierarchi-

cal architectures can be realized to provide full-spectrum phonon scattering which

can dramatically improve the TE performance (Figure 1.9(b)). The principle of

all-scale hierarchical architectures includes (1) point defects (including substitu-

tion atoms) which scatter phonons with short wavelengths; (2) grain boundaries,

dislocations and lamellar/multilayer structures to scatter phonons with interme-

diate wavelengths; and (3) nanomeso-scale grains [127-128] or inclusions to scatter

phonons with long wavelengths, so that the overall κlat can be reduced closer to

the amorphous limit.
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Figure 1.9: Schematic diagram of phonon scattering mechanisms and electronic transport within
a thermoelectric material. Copyright 2012, Nature Publishing Group.
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1.8 Scope of the thesis

The thesis commences with the study of the layered structure of β-TeO2 that ex-

hibits high carrier mobility together with a broad band gap, which could be a

promising candidate for nanoelectronics applications. In chapter 3, we have ana-

lyzed the vibrational spectra of MO (M = Sn/Pb) and have also shown the role of

avoided crossing in thermodynamic properties. In chapter 4, we have explored new

layered superlattice (SnO-PbO) which is dynamically as well as thermodynami-

cally stable and shown to be very good thermoelectric oxide material. Chapter 5

answers the underlying reason behind the appearance of unique electronic band

structure and the reduction in lattice thermal conductivity due to Gd doping in

PbTe. We have also modelled a new (hexagonal) phase of 2D SnTe and have ex-

plored thermoelectric properties because of 3d transition metal doped in 2D SnTe

which will be discussed in chapter 6. Chapter 7 focuses on the pseudoternary

phase, Ag2Se0.5Te0.25S0.25, which shows improved thermoelectric performance (zT

' 2.1 at 400 K) through Rashba effect and entropy engineering.
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2
Strain Induced Ultrahigh

Carrier Mobility in β-TeO2

2.1 Introduction

Strain-engineering in multi-layered semiconductors is of great current interest, as

these show great promise of increasing the charge carrier transport applications

in combination with large bandgap and superior flexibility.[1-2] Recently, many

fascinating high-performance transport properties of layered materials with large

bandgap have been explored, which shows the significant impact in demonstrat-

ing advancement in applications in electronic and transport devices.[3-5] In this

regard, semi-metallic graphene exhibits high carrier mobility, but unfortunately

suffers a short carrier lifetime due to the gapless characteristics.[6-7] Most recently,

air-stable black phosphorus with large bandgap and higher carrier mobility have

been found to be quite promising for high-performance device applications.[8-9] In

fact, phosphorene with moderate bandgap (2 eV) and ultrahigh hole carrier mo-

bility (103-104 cm2V-1s-1) around room temperature have already been explored in

various transport devices.[10,11] Incidentally, out of all forms of phosphorenes,

only a few show chemical stability, preventing their large scale general appli-
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cations in ambient conditions.[12] On the other hand, binary layered materials,

such as, a few-layer thick MoS2 and encapsulated single-layer MoS2 FETs have

been shown to exhibit band-like transport with quite high mobility values (60–500

cm2V-1s-1)[40,43-45]. Recently, two-dimensional (2D) AsP monolayer has been pre-

dicted to be a promising alternative for transport application due to its favourable

direct bandgap, exceeding 14,000 cm2V-1s-1 in mobility value.[42] Nonetheless, it is

still of fundamental interest and technological importance to design a high bandgap

binary layered material which not only shows chemical stability but also exhibits

high carrier mobility, toward the device applications.

A most interesting and unique feature of layered material is the property of

tunability, i.e., their physical as well as chemical properties can be modulated by

varying number of layers in the stacking direction[13] or by applying external stim-

uli, such as, pressure or mechanical strain[14]. The role of strain is particularly

significant in flexible and wearable technologies where the material is expected to

bear a certain degree of variable strain. Various experimental techniques, such as,

bending of flexible substrates, elongating an elastic substrate, piezoelectric stretch-

ing, substrate thermal expansion, and controlled wrinkling are currently employed

in these layered materials for strain engineering.[15] In fact, there has been signif-

icant progress in understanding the underlying effect of strain engineering on such

layered materials. In fact, there have been recent advances in the applications of

strain technologies to explore anisotropy and related manifestaion of charge carrier

transport properties. [16]

Interestingly, in recent years, among the most popular oxide materials, TeO2

is a widely studied compound because of its unique features, like, complex crystal

structure and broad electronic bandgap leading to its application in nonlinear

optical properties[17]. In fact, tellurium oxide (TeO2) and TeO2-based glasses

are used as a promising active material for optical switching devices because of

their large nonlinear polarizability.[18] There are three crystalline phases of TeO2,
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which have been explored experimentally as well as theoretically till recently.[19-

20] Among the three phases, bulk TeO2 exists in two stable polymorphs and one

meta-stable form. The tetragonal phase, α-TeO2 (paratellurite, P41212)[21-23] is

thermodynamically stable but rarely exists, while another stable phase, β-TeO2

(tellurite, Pbca)[24-25] is found naturally. Recently, there has also been synthesis

of a new metastable form of TeO2, known as γ-TeO2 (orthorhombic, P212121).[26-

27] Interestingly, all the three polymorphs are formed by corner-sharing TeO4

trigonal bipyramidal units with different arrangements.

Out of the three phases, our interest lies in the naturally occurring tellurite

layered crystal (β-TeO2) of space group, Pbca, which has orthorhombic symme-

try with eight formula units per unit cell. This layered structure with weak van

der Waals interactions is dynamically and thermally quite stable as confirmed by

large cohesive energy and positve energy vibrational spectra.[19] Furthermore, two

dimensional (2D) TeO2 structure not only has a large direct bandgap (3.32 eV),

but also exhibits exceptionally high carrier mobility (104 cm2V-1s-1).[28] These

desirable properties motivate us to study β-TeO2 as a promising layered semicon-

ductor with high potential for novel applications in power electronics and advanced

transport devices. In particular, the orthorhombic form of β-TeO2 is interesting

because of the layered structure which leads to spatial anisotropy in the charge

distributions, which in turn may lead to anisotropy in the charge carrier trans-

port properties. In this regard, we will highlight mostly strain-induced charge

carrier mobility arising in this layered structure. The mechanical strain driven

mobility will be analyzed in the context of acoustics phonon limited scattering

models. We have adopted deformation potential theory (DPT) coupled with den-

sity functional theory (DFT) to compute strain-induced charge carrier mobility in

the layered phase of TeO2. The critical limit of uniaxial compressive strain lead-

ing to sudden amplification in carrier mobility will be discussed thoroughly based

on carrier scattering processes. This would also help to understand the origin of
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anisotropy in electron and hole transport phenomena.

2.2 Theoretical Section

2.2.1 First principle simulations

The optimization of the crystal structure was performed using first-principles based

density functional theory (DFT) in conjunction with projector augmented wave

(PAW) potentials and Perdew Burke Ernzerted (PBE) generalized gradient ap-

proximation (GGA)[29-30] to the electronic exchange and correlation, as imple-

mented in the Quantum Espresso (QE) package[31]. All of the atoms in the unit-

cell are fully relaxed until the magnitude of Hellman-Feynman force on each atom

is less than 0.025 eV/Å. To describe long-range van der Waals (vdW) correction,

we adopt Grimme’s D2 dispersion interaction in our calculations. Our calculated

lattice constants for bulk layered β-TeO2 is a = 5.52 Å, b = 5.78 Å, and c = 12.15

Å, which are in good agreement with other theoretical calculations as well as with

experimental results.[22,28] Our estimated PBE electronic structure band gap is

2.27 eV. As the PBE functional underestimates the bandgap of semiconductor, we

use HSE06 functional[30] to estimate the exact bandgap of the optimized structure

of bulk layered TeO2 (which is 3.20 eV). The electronic wave function and charge

density cutoff in a plane-wave basis are considered to be 70 Ry and 500 Ry, respec-

tively. Brillouin zone integration of orthorhombic crystal structure is sampled on

the grid of 24 x 24 x 10 k-points. The sharp discontinuity of the electronic states

near the bandgap is smeared out with the Fermi-Dirac distribution function with

a broadening of 0.003 Ry. To verify our results, a few calculations were carried

out with higher number of k-points and higher cutoff values. However, these cal-

culations also gave essentially the same results as obtained from smaller k-points

and lower energy cutoff values.
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The AIMD simulation is carried out in the unit cell containing 24 atoms. We

run AIMD simulation considering the Nosé algorithm [46] up to 40 ps runtime

with a time step of 1 fs and 40,000 SCF runs. All the calculations are performed

by 4 × 4 × 2 k-mesh generated via the Monkhorst-Pack method [47]. For a better

treatment of our weakly interacting (layered) systems, we have done the calcu-

lations by incorporating the van der Waals corrections using Grimme’s DFT-D2

dispersion corrections [48], as implemented in VASP. The maximum allowed error

in total energy (which is basically the optimization condition for the electronic

self-consistent (SC)-loop) is 10-4 eV. The ground state geometries are optimized

until the atomic forces acting on each atom (Hellman-Feynman forces) becomes

less than 0.001 eV/Å. All the initial and optimized geometries have been visualized

using the graphical software viz. VESTA [49].

2.2.2 The Boltzmann transport formalism

To compute charge carrier mobility, we use Boltzmann transport formalism within

deformation potential theory (DPT).[33] Here, the band energies Ei and carrier

group velocities (vi =
∇Ei(k)

h
) are obtained from the first-principle calculations.

The carrier (electron and hole) mobility along the β direction is defined as,

µ
e/h
β =

e

kBT

∑
i∈CB(V B)

∫
τβ(i, k)v2

β(i, k)b(k)dk∑
i∈CB(V B)

∫
b(k)dk

(2.1)

b(k) = exp[∓Ei(k)

kBT
] (2.2)

here, e and T are electronic charge and absolute temperature, respectively. The

direction dependent carrier relaxation time, τβ(i, k) can be derived considering the

collision term in the Boltzmann Transport Equation (BTE)[33],
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1

τβ(i, k)
= kBT

4π2(Ec
β)2

hC3D

∑
j,k′∈BZ

(1− vjk′

vik
)δ[Eik − Ejk′ ] (2.3)

where C3D is elastic modulus; h: Planck constant; kB: Boltzmann constant; Here

C3D is expressed as,

2(E − E0) = C3DS0(
∆l

l0
)2 (2.4)

where E0 and S0 are the energy and lattice volume of the unit cell without strain

and E is the energy of the strained system. The parabolic equation is used to

calculate the value of C3D. And the deformation potential constant, Eβ
c is derived

as,

Ec
β =

∆Eband
∆l
l0

(2.5)

where ∆Eband is a shift in energy level at the band edge position because of lattice

strain ∆l
l0

. All the parameters are derived from the first-principles calculation.

Finally, the transport calculations are done at room temperature (300 K).

2.3 Result and Discussions

The tellurite crystal, β-TeO2 contains orthorhombic symmetry with eight formula

units in the unit cell. Considering the layered structure, we optimize the structure

via PBE + D2 calculations and found the bulk lattice parameters to be a = 5.52

Å; b = 5.78 Å; c = 12.15 Å. These optimized lattice parameters are in good agree-

ment with the earlier theoretical as well as experimental results.[19,24,25] Figure

2.1(a) represents the β-TeO2 crystal structure viewed along the crystallographic

a-direction. From the crystal structure, it is clear that TeO2 crystal morphol-

ogy encompasses rectangular lattice along the crystallographic b-direction. The
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Figure 2.1: (a) Crystal structure viewed along the crystallographic a-direction. The atoms are
indicated as follows: Te: Blue, O: red. (b) Crystal structure viewed along the crystallographic
b-direction. Te-O bondings along crystallographic c-direction (a-direction) are considered as ax-
ial (equitorial) bonds. (c) Electron localization function (ELF) is plotted to show a 5s2 lone pair
associated with the Te atoms. ELF is virtualized using the package VESTA[39]. (d) Potential
energy surface (PES) is plotted for both the atoms Te and O along each crystallographic direc-
tion. PES shows inhomogeneity in the bonding characteristics, which leads to anisotropy in the
transport property.
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consecutive rectangular lattices are bridged through Te–O covalent bonds. More-

over, the structural unit of β-TeO2 contains TeO4 trigonal pyramid, which forms

a network by sharing vertices through bridging oxygen atoms. On the other hand,

looking along the crystallographic b-direction, it is observed that each layer of

TeO2 forms a wavy like pattern along the crystallographic a-direction (shown in

Figure 2.1(b)). Therefore, such unique features in the crystal topology with spatial

anisotropy in the lattice structure are expected to play a major role in its trans-

port property. The β-TeO2 crystal has a layered structure with layers arranged

perpendicular to the a-axis with an interlayer distance of 3 Å.[20] The two consec-

utive interlayer interaction is dominated by weak long-range van der Waals (vdW)

forces. In Figure 2.1(c), we plotted the Electron localization function (ELF) which

indicates localized charge distribution associated with Te atom (isosurface value

' 0.95). These ELFs originate mainly from lone pairs of Te-5s orbitals, which are

slightly tilted from the crystallographic c-axis within the interlayer space. These

orientations of the lone pairs in turn drive the inhomogeneity in chemical bond-

ing in the crystal environment that gives rise to further anisotropy in the crystal

structure.

To address the chemical bonding inhomogeneity in more details, we plot the

potential energy surface (PES) of each atom along the different crystallographic

axis with atomic displacement from their equilibrium positions (see Figure 2.1(d)).

The long-range Coulomb repulsion originating from 5s2 lone pairs of tellurium

atoms in consecutive layers along the z-directions results in a steep curve in the

PES as a function of atomic displacement. In contrast, a comparatively shallow

curve in PES is found for oxygen atoms. Along the in-plane direction, Te atoms

are tightly bonded with the neighboring sites compared to the oxygen atoms.

Since oxygen atoms act as bridges between the Te atoms, we carefully study their

bonding characteristics. Importantly, oxygen atoms are strongly bonded with the

lattice sites along the crystallographic y-direction (represented by maroon colour)
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Figure 2.2: (a) Electronic band structure of β-TeO2, plotted at the PBE level. The theoretically
predicted direct band gap 2.27 eV at the high symmetry Γ point. (b) Atomic orbital projected
density of states (pDOS) have been drawn. In the plot, it is observed that VBM is mainly con-
tributed from Te-5p and O-2p with a reasonable contribution from Te:5s lone pair. Significantly,
orbital contribution from O-2p is very high in the valence band. On the other hand, CBM is
mostly dominated by Te-5p and O-2p with a small mixture of O-2s. (c) To highlight different
oxygen p-orbital contributions to band structure, pDOS have been plotted as a function of en-
ergy. Interestingly, orbital O-2px is responsible for hole conduction through the hybridization
with Te-5p orbital and whereas O-2py is responsible for electron conductions. Here, Fermi level
is considered as reference level (0.0 eV) for all the figures.
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compared to the x- and z-directions, which are indicated by blue and magenta

colours, respectively. These bonding inhomogeneities in the structure motivates

us to find whether these would influence anisotropy in the transport properties.

To shed light on the electronic structure-property, we investigate the electronic

band structure of bulk β-TeO2, which shows TeO2 as a direct bandgap semicon-

ductor of bandgap 2.27 eV at the PBE level (shown in Figure 2.2(a)). The band

gap estimated with advanced HSE06 method [30] turns out to be 3.20 eV. The

estimated bandgap at HSE06 level for bulk layered TeO2 is lower than the mono-

layer counterpart.[28] Additionally, we also include the effect of spin-orbit coupling

(SOC) to estimate the bandgap and interestingly we observe band gap correction

is fairly negligible ( 0.09 eV). More importantly, the incorporation of spin-orbit

coupling influences only the bandgap, not the overall band curvature which are

the determining factors for carrier transport properties in the crystal.[28] Since

the band dispersion does not change with costly functional, we carry out further

transport calculations at the PBE level.

To understand the bond characteristics and orbital contribution to the specific

bond, we calculate the atomic orbital projected density of states (pDOS) of TeO2,

which are shown in Figure 2.2(b). We observe that valence band maxima (VBM)

are from Te-5p and O-2p with a fair mixture of Te-5s orbitals, whereas conduction

band minima (CBM) is mostly dominated by Te-5p and O-2p, together with a

small amount of O-2s orbital contribution. In fact, 5s2 lone pairs from Tellurium

has significant contribution to the valence band region, while it’s contribution is

negligibly small to the conduction band (see Figure 2.2(b)). Consequently, these

orbital overlapping of lone pairs could give rise to electron and hole anisotropy in

transport mechanisms. On the other hand, oxygen atoms act as the bridge be-

tween two tellurium atoms, and because of this, we focus on directional dependent

p-orbitals to understand chemical bonding characteristics in the complex system.

Interestingly, it has been found in Figure 2.2(c) that dominance of O-2px orbital
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is prevalent in VBM and thus mostly accountable for hole conduction through

the hybridization with Te-5p orbital, while O-2py orbital is responsible for elec-

tron conductions. Thus, bridged atomic orbital orientation mainly contributes to

anisotropy in the electron and hole conductions. This important information gives

us a hidden link about the the complex crystal structure along with the complex

valence orbital orientation of the intervening oxygens with the anisotropy found

in the transport characteristics.

It is well known that the layered materials often hold high mechanical stretch-

ability and can reversibly withstand extreme structural deformations. Therefore,

strain engineering has been considered as an effective method to modulate elec-

tronic structure properties of layered materials, which may further extend their

application capabilities.[34-36] As illustrated in Figure 2.3(a), when biaxial strain

(compressive/tensile) is applied along the in-plane direction, the variation of equa-

torial bond length is higher than the variation in axial Te-O bonds. The asymmetry

in bond length alteration indicates chemical bonding inhomogeneity in the local

environment in the crystal. In fact, this applied biaxial strain driven non-uniform

bond length variations exerts quite high pressure in the unit cell. We observe

biaxial strain-induced excessive pressure around 80 Kbar under the 4% compres-

sive strain, while 120 Kbar in response of 4% tensile strain. As a consequence of

excessive external pressure strived on the unit cell, the band dispersions are also

affected. Here, we find that the applied biaxial strain further introduces anisotropy

in the carrier effective mass. The hole effective mass drastically increases due to

biaxial compressive strain (0-4%) and increment in the hole effective mass is even

more prominent by the 0-4% tensile strain (Shown in Figure 2.3(b)). As a result

of enhancement in hole effective mass, the hole mobility (calculated using equa-

tion (2.1)) decreases significantly as a function of biaxial strain which is plotted in

Figure 2.3(c). On the other hand, the deterioration of electron mobility (shown in

Figure 2.3(c)) occurs because of completely different reasons, i.e. due to electron-
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Figure 2.3: (a) Effect of bi-axial strain on Te-O bond length. Equatorial bonds are Te-O covalent
chemical bonding along crystallographic a-direction, while axial bonds are Te-O bonding along
the c-direction within a layer. (b) Carrier effective mass as a resultant of biaxial strain. Car-
rier effective mass is derived from curvature of band dispersion. (c) computed carrier mobility
along x-direction in the band structure. Mobility has been calculated using the DPT formalism.
(d) Deformation potential constant as a function of bi-axial strain has been plotted for charge
carriers. The large value of deformation potential constant signifies carrier-phonon scattering
strength in acoustic phonon limited scattering model.
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acoustic phonon scatterings. The carrier and acoustic phonon coupling strength is

characterized by Ec
xy, which increases due to applied biaxial strain. This electron-

phonon scattering strength is shown in Figure 2.3(d). Finally, we conclude from

the study that biaxial strain would not be beneficial for carrier transport in TeO2

layered structure.

While probing the carrier mobility under the application of biaxial strain, which

found to be futile, we moved to understand the effect due to the application of

uniaxial strain in the in-plane directions. Importantly, the applied strain driven

exerted pressure upon the unit cell is comparatively lower for uniaxial strain than

in the case of applied biaxial strain. This is further verified from the calculation of

strain-energy per atom, which is computed by (E-E0), where E is the total energy of

the unit cell with strain and E0 is total energy without strain. The calculated strain

energy per atom turns out to be 0.04 eV in case of uniaxial strain. Interestingly,

we find that the computed strain energy is very low compared to other layered

materials, which clearly brightens the application possibility of the layered phase

of TeO2 with applied uniaxial strain.[38]

The acoustics phonon limited scattering model has successfully been found to

be extremely effective in studying transport properties in many layered materi-

als for quite some time.[16,32-33] According to Boltzmann transport theory, the

intrinsic carrier mobility (electron or hole) is proportional to both carrier relax-

ation time and carrier group velocity and inversely proportional to carrier effective

mass. In fact, the carrier relaxation time mainly depends on three factors: (i) de-

formation potential constant or carrier-acoustics phonon scattering strength, (ii)

elastic modulus, (iii) carrier-carrier scattering rates. Ideally, lower carrier-acoustics

phonon scattering strength and carrier-carrier scattering rates along with higher

elastic modulus enhances the carrier relaxation time and in turn, the intrinsic car-

rier mobility increases. To investigate the anisotropy in the transport property, we

derive the descriptors, known as, deformation potential constant or carrier-phonon
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Figure 2.4: The effect of uniaxial strain along x-direction on (a) change carrier and phonon
scattering strength (Ex). (b) charge carrier effective mass in units of m0 where m0 is bare mass
of electron and (c) estimated carrier mobility along the x-direction. The sudden amplification of
hole mobility (39500 cm2 V-1s-1) is observed at 3% uniaxial compressive strain.
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coupling strength Ec
β, which is calculated from the band edge shift in the band

structure under the applied strain. Figure 2.4(a) illustrates carrier (electron/hole)

scattering strength with acoustic phonons which shows higher values for strained

systems. However, surprisingly, the deformation potential constant becomes lowest

(Ec
β ' 0.23 eV) at 3% uniaxial compressive strain along x-direction. Interestingly,

deformation potential constant, Ec
β, calculated for the layered TeO2 is even lower

than the same in two-dimensional Phosphorene.[16] Such a sudden lowering of de-

formation potential constant encourages us to look at carrier effective mass, which

is derived from the electronic band curvature. Accordingly, we have computed car-

rier effective mass in response to the applied uniaxial strain along the x-direction

and find that the hole effective mass is 0.5 m0 (m0: bare electron mass), which is

quite low (shown in Figure 2.4(b)). The direction dependent deformation poten-

tial constants eventually determine the carrier relaxation time (see equation (2.3)).

Finally, we estimate the carrier mobility which is shown in Figure 2.4(c), using the

expression mentioned in equation (2.1). Most importantly, we achieve a sudden

enhancement in hole mobility ≈ 39500 cm2V-1s -1 at the 3% applied uniaxial com-

pressive strain. In contrast, compressive strain along x-direction does not increase

electron mobility to a large extent. The sharp peak in terms of amplification of

hole mobility is not only because of lower hole-phonon scattering strength but also

lighter hole effective mass.

To further understand the effect upon the electronic structure due to applied

uniaxial strain along the y-direction, we calculate the Ec
β and m* for both electron

and hole. In this case, we also achieve lowest electron-phonon coupling strength

(Ec
β ' 0.9 eV) and electron effective mass (m* ' 0.21 m0) under the 4% applied

uniaxial compressive strain along y-direction. In fact, the further compressive

strain along y-direction gives rise to higher carrier scattering strength which ef-

fectively reduces the mobility. The carrier-phonon scattering strength is plotted

in Figure 2.5(a). In fact, we observe anisotropy in the carrier effective mass along
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Figure 2.5: The effect of uniaxial strain along y-direction on (a) charge carrier and phonon
scattering strength (Ey), (b) charge carrier effective mass in unit of m0 and (c) predicted carrier
mobility along the y-direction. The sudden amplification of electron mobility (17500 cm2V-1s-1)
is observed at 4% uniaxial compressive strain.
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Figure 2.6: Relaxation time versus carrier-state along the Y-Γ k-path is shown for (a) uniaxial
3% compressive strain along x-direction, (b) without strain in case of holes mobility. Similar
plots along the Y-Γ k-path are shown for (c) uniaxial 4% compressive strain along y-direction,
(d) without strain in case of electron mobility. The number of points in the Brillouin zone
corresponds to the number of carrier states (Nc) giving rise to the transport behavior dominated
by the scattering relaxation time (τ).

the Γ-Y direction after the application of uniaxial strain along y-direction (see in

Figure 2.5(b)). Our DFT based DPT formalism along with acoustics phonon lim-

ited scattering model estimates electron mobility which also shows a sudden peak

in electron mobility at the 4% uniaxial compressive strain. Finally, the computed

electron mobility is found to be of order 17500 cm2V-1s -1 (shown in Figure 2.5(c)).

Of particular interest is that TeO2 has extremely high electron mobility, because

of light electron effective mass and small deformation potential constant. To check

thermal stability for the structure corresponding to the compressive stress which

leads to the maximum change of carrier mobility, we perform ab-initio molecu-

lar dynamics (AIMD) simulation. During the AIMD simulation, we observe that

layered TeO2 crystal structure does not break chemical bonds at temperatures

T = 300 K. In fact, we estimated Te-O bond length variation to be 0.02% and

1.2% at the 3% CS and 4% CS, respectively. From the AIMD study, we conclude

that TeO2 forms a thermally stable crystal structure even at higher temperatures

(T=300 K) under compressive stress (CS).
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In this context, analysis of the carrier-scattering process could give further

microscopic realization toward transport mechanisms to achieve ultra-high charge

carrier mobility. Figure 2.6 represents relaxation time (calculated using equation

(2.3)) versus carrier scattering states along Γ-Y direction in the Brillouin zone. In

Figures 2.6(a) and 2.6(b), we plot hole relaxation time along the Γ-Y direction in

Brillouin zone. It is also found that the application of 3% uniaxial compressive

strain increases the relaxation times (τ) by more than 10 fold than the case with-

out strain. Eventually, higher hole lifetime contributes to enhancing large hole

mobility. Moreover, the distribution of scattering states corresponding to holes

over k-states is found to be significantly dense for a strained system compared to

zero strain case. On the other hand, the distribution pattern of electron scattering

states and the corresponding τ also increases in case of 4% uniaxial compressive

strain along y-direction for electrons, which are shown in Figures 2.6(c) and 2.6(d),

respectively. Interestingly, the dynamics of collision systems introduces new carrier

scattering states of larger lifetimes over the broad range of k-states along the Γ-Y

direction. In fact, the enhancement of electron relaxation time is predicted to be 5

fold higher for the strained system. The main point is that the emergence of a few

scattering states with suppressing electron and hole recombination rates caused by

lowering of deformation potential in combination with light carrier effective mass

leads to the achievement of ultra-high carrier mobility in layered β-TeO2.

2.4 Conclusion

In conclusion, we have described first-principles based deformation potential theory

formalism to study strain-induced anisotropy in the carrier mobility of β-TeO2. We

have also analyzed carrier mobility at various compressive as well as tensile strain.

At 3% compressive strain along the x-direction, we achieve a sudden enhancement

in hole mobility (39500 cm2 V-1s-1) that is because of the lowering of both hole-
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phonon coupling strength and hole effective mass. Because of the similar reasons

for electrons, we also find a sharp peak in the electron mobility (17500 cm2 V-1s-1)

at 4% compressive strain along the y-direction. The enhancement of such large

carrier mobility is attributed to the higher carrier relaxation time along the Γ−Y

direction. This wider bandgap material coupled with ultrahigh carrier mobility

could be utilized for next-generation nano-electronics. Indeed, this flexible layered

structure along with its unique strain-induced electron and hole dynamics would

be beneficial for power electronics applications.
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3
Vibrational Spectra of MO

(M=Sn/Pb) in Their Bulk and

Single Layer Forms: Role of

Avoided Crossing in their

Thermodynamic Properties

3.1 Introduction

Recently, ab-initio based density functional theory (DFT) method has become

well-established techniques to study vibrational and structural properties of vari-

ous materials. For the last few decades, many studies on the dynamical property

have been carried out on a number of three-dimensional as well as layered materi-

als. Presently, several mechanical exfoliation techniques applied to various materi-

als has lead to the synthesis of a large number of unique two dimensional systems.

The most interesting among them is the two-dimensional material, graphene,[1] a

hexagonal sheet of carbon atoms, which exhibits exotic physical properties, that

77
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Figure 3.1: Crystal structure of MO (M=Sn/Pb). (a) monolayer, (b) viewed along z-axis,
(c) bulk. The arrows in (b) depict lattice parameters a and b along the x and y directions,
respectively. The interlayer distance is shown by an arrow in (c).

are not found in its bulk counterpart, graphite.[2] But the absence of a bandgap

in graphene makes its application quite limited. On the other hand, there exist

a large number of layered crystal structures, like BN-sheets[3], chalcogenides[4],

oxides[5], sulfides[6], etc which show many fascinating properties for applications

in electronic, optoelectronic, photovoltaic and thermoelectric devices.

Recently, atomic layers of MO (M=Sn/Pb) have been successfully fabricated

using micromechanical and sonochemical exfoliation.[7,8,38] Because of the layer-

dependent band gaps, these materials have attracted attention for their electronic,

optoelectronic and thermoelectric applications.[9] Tin monoxide (SnO) is an in-

teresting semiconductor which possesses a relatively small indirect band gap of

0.7 eV and optical gap of 2.7 eV in bulk.[10-12] However, the monolayer is an

insulator and theoretically predicted band gap is 3.93 eV at the HSE06 level.[13]
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On the other hand, for lead oxide, PbO, the fundamental gap is direct in case of

monolayer (4.48 eV) and indirect for both bilayer (3.44 eV) and bulk (2.45 eV).[15]

It has been observed in previous studies that the optical and electronic properties

of these oxide materials are strongly dependent on their dimensions.[39] Recently,

Umezawa et. al. have shown that the band gap in bulk-SnO can be tuned by

reducing the dimension and by inducing biaxial strain quite effectively.[14]

Table 3.1: Optimized lattice parameters (Å) [4,6,10] at which DFPT calculation were performed,
optical dielectric constant and Born effective charge (e) for the tetragonal phase of bulk and
monolayer of both SnO and PbO.

SnO PbO
Parameters Bulk Monolayer Parameters Bulk Monolayer
acell 3.82 3.82 acell 3.97 3.97
acell (c-axis) 5.02 20.00 acell (c-axis) 5.02 20
εxx 7.47 2.18 εxx 6.26 2.06
εyy 7.47 2.18 εyy 6.26 2.06
εzz 6.86 1.32 εzz 5.76 1.26
Z∗Sn(xy) 2.98 2.69 Z∗Pb(xy) 3.08 3.26

Z∗Sn(z) 2.67 0.51 Z∗Pb(z) 2.06 0.44

Z∗O(xy) −3.00 −2.71 Z∗O(xy) −3.09 −3.27

Z∗O(z) −2.71 −0.54 Z∗O(z) −2.10 −0.46

Although, electronic, optical and transport properties of SnO as well as PbO

have been studied in detail, the vibrational properties in terms of phonon spec-

tra and their dynamics have not yet been studied properly for the two oxides in

their layer as well as in bulk forms. The major outline of this chapter is to dis-

cuss full phonon spectra of MO (M=Sn/Pb), addressing Raman and IR modes

with their associated atomic contributions. We have also performed density func-

tional perturbation theory (DFPT) study to calculate self-force constants and in-

teratomic force constants (IFCs). Interestingly, we obtain negative IFCs between

M-M atoms belonging to adjacent layers for both SnO and PbO, because the

charge on each metal atoms in two-dimensional layered materials is the same.[16]
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In the phonon band structure, we encounter avoided crossing between longitudi-

nal acoustic modes and transverse optical modes using the fine q (phonon wave

vector) mesh calculations. Geurts et al. have obtained the vibrational spectrum

of single-layer and multilayer SnO from Raman spectroscopy measurements.[17]

They reported that Raman mode, A1g, is higher in frequency than that of Eg

mode, which is part of our spectral results. This anomalous behavior of Raman

mode (A1g) can successfully be explained by the concept of self-force constants

and interatomic force constants. We have also explained the microscopic reason

behind the avoided crossing between two degenerate phonon bands around the

high symmetry points in the phonon dispersion curve.

In Sec. 3.2, we present a brief computational methodology for the calculation of

phonon dispersion and the analysis of force constants in this chapter. In Sec. 3.3,

we discuss the dielectric properties, Born effective charges and phonon dispersion

in two parts for SnO and PbO single layer and bulk and compare with experi-

mental data. In this section, we also explain self-force constants, interatomic force

constants and Landau quasi degeneracy or avoided crossing. Finally, the chapter

ends with an overall conclusion in Section 3.4.

3.2 Computational Methods

SnO and PbO are typical layered materials with the same crystal structure and

tetragonal symmetry (D4h).[18] To discuss the structure, we will use M, which

will represent both Sn and Pb. The tetragonal litharge structure (space group

P4/nmm) have 4-coordinated M and O atoms in the tetrahedral environment.

The M atoms are bonded with four neighboring oxygen atoms, which forms the

base of the square pyramid.[13,18-20] The asymmetric bonding arrangement gives

rise to a layered structure which is stacked along the [001] crystal direction. Here,

two consecutive MO layers are bound by weak van der Waals forces in bulk MO.
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The geometry optimization is carried out with density functional theory (DFT)

as implemented in the Quantum Espresso package within the plane waves and

pseudopotential approach. For structure relaxation and energy calculation, we

employ local gradient approximation (LDA) with norm-conserving pseudopoten-

tial[21]. The wave function cut-off is considered to be 70 Ry. The Monkhorst-Pack

grid with 18 × 18 × 18 k-points for bulk MO and 18 × 18 × 1 for monolayer MO

is used in sampling Brillouin zone integrations. The crystal structures are fully

relaxed to minimize the energy until the magnitude of Hellman-Feynman force on

each atom is less than 0.025 eV/Å. The Gaussian spreading is considered to be

0.003 Ry.

Using first-principle based DFT calculation with van der Waals (vdW) forces,

we find the optimized lattice parameters of bulk-SnO as a = b = 3.82 Å and c

= 5.02 Å. In the case of PbO, the lattice parameters are found to be a = b =

3.97 Å and c = 5.02 Å. For monolayers, optimized lattice parameters are almost

similar to the bulk but there is a vacuum of 20 Å along the crystallographic c-

direction. The optimized lattice parameters for both SnO and PbO in their bulk

and single-layer form are given in Table 3.1.

Recently, very efficient linear response techniques[22] have been proposed to

obtain dynamical matrices at arbitrary wave vectors. Accurate phonon dispersion

can be obtained on a fine grid of wave vectors covering the entire Brillouin zone

along with the high symmetry points (Γ → X → M → Γ). The optical dielectric

constant, the Born effective charge and the force constants matrix have been com-

puted at selected q-points in the Brillouin zone using ph.x code implemented in

Quantum Espresso. The dynamical matrices has been calculated considering 4 x

4 x 4 grid in the Irreducible Brillouin zone (IBZ). Using a discrete Fourier trans-

form, we get the short-range contribution to interatomic force constants (IFCs)

in real space. Finally, the phonon dispersion curves can easily be obtained at

any arbitrary q-point in the Brillouin zone from the reverse Fourier transform of
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Figure 3.2: Phonon band structure of (a) bulk and (b) monolayer of SnO. Low energy acoustics
and optical modes are indicated in the graph using different colors. The bands are represented in
different colors like black: ZA, red: TA, green: LA, blue and maroon: TO (transverse optical),
gray: LO (longitudinal optical).
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interatomic force constants in real space.

Since SnO and PbO are polar semiconductors, the long-range character of the

Coulomb forces give rise to the macroscopic electric field. This macroscopic electric

field affects the longitudinal optical (LO) phonon modes in the limit of q → 0,

breaking the degeneracy of the LO modes with the transverse optical (TO) modes.

In the long-wavelength limit, the matrix of the force constants can be written as

the sum of analytic and non-analytic contributions of force constants.[23]

C̃αi,βj = C̃an
αi,βj + C̃na

αi,βj (3.1)

The analytic part, C̃an
αi,βj, has been calculated from the response of zone-center

phonon in zero macroscopic electric field condition. On the other hands, the non-

analytic part, C̃na
αi,βj, has a general expression

C̃na
αi,βj =

4πe2

Ω

∑
γ Z

?
i,γαqγ

∑
ν Z

?
j,νβqν∑

γν qγε
∞
γνqν

(3.2)

where Ω is the volume of the unit cell. ε∞γν is the electronic contribution to static

dielectric tensor and Z?
i,γα is the Born effective charge tensor for ith atom in the unit

cell. From equation 3.2, it is clear that non-analytic part of force constants contains

macroscopic dielectric constant of the system and Born effective charge, whereas

analytic part is calculated ignoring any macroscopic polarization associated with

phonons. Once the IFCs are known, we calculate phonon band structure and

phonon density of states (DOS) using matdyn.x code implemented in Quantum

Espresso.

The computed phonon frequencies (ωqj) calculated over the Brillouin zone can

be utilized to enumerate thermodynamic quantity. Using thermodynamic relation,

thermal properties, such as, specific heat at constant volume (Cv) can be calculated

from energy fluctuation equation (equation 3.3). On the other hand, vibrational

entropy (S) can be computed from the internal energy and partition function
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(equation 3.6). The specific heat (Cv), internal energy (U) and partition function

(Z) can be written as[36]:

Cv =
< E2 > − < E >2

kBT 2
(3.3)

U =< E >=

∑
qj Eqjexp(−βEqj)

Z
(3.4)

Z =
∑
qj

exp(−βEqj) (3.5)

Phonon vibrational entropy depends upon the internal energy (U) and the

partition function (Z) of the system. The vibrational entropy can be described as,

S =
U

T
+ kBlnZ (3.6)

where T and kB are temperature and Boltzmann constant respectively. Finally,

phonon group velocity can be calculated by the following expression,

vj(q) =
∆Ej(q)

h
(3.7)

3.3 Result and Discussions

3.3.1 Born effective charge and dielectric properties

To describe long-range dipolar contribution to the lattice dynamics of polar mate-

rial, it is essential to discuss the Born effective charge (Zk
∗) and optical dielectric

tensor (ε∞) [25]. It is well known from the previous literature[26] study that when

Born effective charge corresponding to an element, deviates substantially from its

nominal value of oxidation state, the bonding characteristics are no more purely
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ionic in nature. Our Born effective charge analysis also shows similar results that

the associated charge for M and O deviates significantly from its expected oxida-

tion state of +2 and -2 respectively, which reflects the partially covalent character

of M-O bonds, both in bulk and monolayer form. It is shown in Table 3.1 that the

Born effective charge differs more significantly for bulk SnO from its ionic oxida-

tion state than for its monolayer. As a result, we conclude that Sn-O and Sn-Sn

bonds are more covalent in nature in bulk compared to its monolayer counterpart.

On the other hand, the magnitude of Born effective charges corresponding to Pb

and O are higher in monolayer along the xy-plane than the stacking direction. It

implies that the Pb-O bonds in monolayer are more covalent in nature than in the

bulk. Also, the interlayer Pb-Pb bonds are comparatively weaker than interlayer

Sn-Sn bonds. It has been observed that the interlayer Pb-Pb bonds are relatively

weaker because of the presence of 6s2 lone pairs present in the interstitial positions

between two layers.[33]

With the optimized geometry, we have calculated the electronic contribution to

the dielectric tensor self-consistently. The calculated dielectric constant is larger

for SnO in comparison to PbO. The larger value of dielectric constant signifies that

the SnO can be polarized more due to the electric field created by their atomic

(neighbours) displacements.[27] From the Born effective charge calculations, we

find that the Sn-O bonds are more ionic in nature compared to the Pb-O, which

gives rise to higher dielectric constant in their bulk and monolayer form for SnO.

Weak inter-layer van der Waals interaction increases the dielectric constant along

each crystallographic direction in bulk SnO, which is not possible in monolayer

(shown in Table 3.1). Our density functional perturbation theory (DFPT) cal-

culations estimated the dielectric constant to be 7.47 along the xy-direction and

6.86 along z-direction for bulk SnO, whereas the dielectric constant is 2.18 along

the xy-direction and 1.32 along z-direction for monolayer SnO. Moreover, we have

computed dielectric constant and Born effective charge for PbO that exhibits a
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Figure 3.3: Phonon band structure of (a) bulk and (b) monolayer of PbO. Low energy acoustics
and optical modes are indicated in the graph using several colors. The bands are represented in
different colors like black: ZA, red: TA, green: LA, blue and maroon: TO (transverse optical),
gray: LO (longitudinal optical).
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Table 3.2: Phonon frequency (cm−1) with optical character is described for bulk and monolayer
SnO. The crystal plane is along ab-axis and out of plane is along c-axis. Atomic contribution to
each mode is also given.

Bulk Monolayer
Frequency Modes Type Atoms Frequency Modes Type Atoms
0.0 Eu IR Sn, O 0.0 Eu IR Sn, O
0.0 Eu IR Sn, O 0.0 Eu IR Sn, O
0.0 A2u IR Sn, O 0.0 A2u IR Sn, O
104.39 Eg Raman Sn, O 104.13 Eg Raman Sn, O
104.39 Eg Raman Sn, O 104.13 Eg Raman Sn, O
199.94 A1g Raman Sn 199.06 A1g Raman Sn
265.46 Eu IR Sn, O 275.81 B1g IR Sn, O
265.46 Eu IR Sn, O 393.32 Eu IR Sn, O
383.36 B1g Raman Sn, O 393.83 Eu Raman O
388.58 A2u IR O 482.48 Eg Raman O
458.47 Eg Raman O 482.48 Eg Raman O
458.47 Eg Raman O 506.95 A2u IR Sn, O

similar trend like SnO (see Table 3.1). This large difference in values for bulk and

monolayer is an indicator that weak inter-layer van der Waals interactions play an

important role in increasing the dielectric tensor and Zk
∗ in both bulk SnO and

PbO layered materials.

3.3.2 Phonon Dispersion

SnO

We begin our analysis of the vibrational properties with the description of the gen-

eral features of the phonon dispersion of bulk and single-layer MO. We have com-

pared our theoretical results with the experimental available data.[19,28-30] The

overall agreement between theoretical lattice parameters and vibrational modes

with experimental results motivates us to choose LDA functional for our further

calculations (see Table 3.1, 3.2, 3.3). We have also verified theoretically predicted
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vibrational modes of bulk form of both SnO and PbO with the experimental re-

sults.[17,34,35]

The tetragonal unit cell of SnO consists of 4 atoms; so there are 12 normal

modes of vibration (three acoustics modes and nine optical modes) at any q point

in the Brillouin zone. At the zone center (Γ), three acoustics (ac) modes with

Γac = 2Eu + A2u symmetry have zero frequencies. The optical (op) modes are

(Γop = 4Eg+A1g+2Eu+B1g+A2u) for bulk-SnO. Here g and u subscript represent

symmetric and antisymmetric modes with respect to the center of inversion. The

calculated eigenvectors allow us to visualize every mode in terms of motions of Sn

and O atoms. The modes which vibrate in-plane [longitudinal acoustic (LA) and

transverse acoustic (TA)] have dispersion higher than that of out of plane mode

(ZA) which is shown in Figure 3.2. There are low energy optical modes found at

104 cm-1 and 199 cm-1. As phonon wave vector (q) increases, longitudinal acoustic

modes (LA) experience avoided scattering with the transverse optical modes (TO)

along the high symmetry path Γ to X (T-point), which will be discussed later.

The high energy optical modes are separated from low energy optical modes

by 65 cm-1 at Γ point. We have also identified the atomic displacement of Raman

active modes, Eg, A1g, B1g and infrared active modes Eu and A2u by studying

the eigenvectors of each mode using XCrySDen programme[31]. The Raman and

infrared (IR) modes are also tabulated in Table 3.2. We notice from Table 3.2

that the low energy Raman modes (Eg, A1g) corresponding to bulk SnO are same

as those of monolayer SnO, but this is not the case for PbO. This anomaly in the

Raman modes will be discussed with the help of self-force constants and IFCs.

We also notice that the IR mode, A2u, is lower in frequency than the Eg Raman

modes in bulk-SnO (see Table 3.2). But on the contrary, we find A2u mode is

higher in frequency than Eg mode for monolayer SnO, which is because of the

lower dielectric constant (1.32) along the stacking directions. The interatomic

force constants increase with lower dielectric constants (see equation 3.2) and in
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Table 3.3: Phonon frequency (cm−1) with optical character is described for bulk and monolayer
PbO. The crystal plane is along ab-axis and out of plane is along c-axis. Atomic contribution to
each mode is also given below.

Bulk Monolayer
Frequency Modes Type Atoms Frequency Modes Type Atoms
0.00 Eu IR Pb, O 0.00 Eu IR Pb, O
0.00 Eu IR Pb, O 0.00 Eu IR Pb, O
0.00 A2u IR Pb, O 0.00 A2u IR Pb, O
81.79 Eg Raman Pb, O 108.25 Eg Raman Pb, O
81.79 Eg Raman Pb, O 108.25 Eg Raman Pb, O
144.56 A1g Raman Pb 136.80 A1g Raman Pb
249.99 Eu IR Pb, O 363.69 Eu IR Pb, O
249.99 Eu IR Pb, O 363.69 Eu IR Pb, O
402.54 B1g Raman O 446.00 B1g Raman O
403.66 Eg Raman Pb, O 477.68 Eg Raman O
415.74 Eg Raman O 477.68 Eg Raman O
415.74 A2u IR O 497.10 A2u IR Pb, O

turn increases the mode vibrations. Moreover, since we neglect the weak interlayer

interaction in monolayer SnO, one IR mode, A2u, shifts to higher frequency (from

388.58 cm-1 to 506.95 cm-1).

The vibrational modes, particularly, the low energy modes are shown in the

dispersion curve for bulk and monolayer SnO (see Figures 3.2a and 3.2b). There

are 6 Raman modes tabulated along with atomic contribution in Table 3.2. There

are also another 6 IR active modes including three acoustics modes. Frequencies

of the first three Raman modes are almost the same for bulk and monolayer SnO

(104 cm-1, 104 cm-1, 199 cm-1). The reasons behind this will be discussed later

in the IFCs part. Furthermore, phonon modes corresponding to monolayer are

higher in magnitude with respect to its bulk counterpart, that is due to absence

of interlayer vdW interactions. Overall, the monolayer and bulk SnO phonon

dispersion show similar behavior. Nevertheless, we analyze all the above features

in the next section with the help of self-force constant and the interatomic force
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constants (IFCs).

Table 3.4: Self-force constants for different atoms in the unit cell. B-MO represents bulk MO
and M-MO represents monolayer MO in the table.

Atom Direction B-SnO M-SnO B-PbO M-PbO
M x/y 0.0808 0.0818 0.0816 0.1844

z 0.2514 0.3080 0.2481 0.2784
O x/y 0.1868 0.2124 0.1623 0.2436

z 0.1920 0.2537 0.2132 0.2851

PbO

Figure 3.3 shows the phonon dispersion curve of both bulk and single-layer PbO.

The general features are almost identical with SnO phonon dispersion curve. For a

better comparison of SnO and PbO phonon bands in single layer and bulk, we have

plotted phonon band structures in Figures 3.2 and 3.3 respectively. We observe

that A1g modes are lower in frequency for monolayer PbO than bulk-PbO. This

peculiar feature can be understood using the concept of self-force constants and

IFCs. The larger mass difference between Pb and Oxygen leads to higher frequency

gap between low and high-frequency optical modes. The frequency gap between

low and high energy optical modes for bulk and a single layer of SnO is around

66 cm-1 and 76 cm-1 respectively whereas for bulk and single-layer PbO, these

gaps are around 105 cm-1 and 227 cm-1 respectively. The larger frequency gap for

single layer PbO is the consequence of higher mass difference between Oxygen and

Pb. Moreover, the frequency gap between low and high energy optical modes for

monolayer PbO is further larger than bulk counterpart. This could be because

of the absence of interlayer van der Waals interactions. All vibrational modes for

PbO are mentioned in Table 3.3.
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Table 3.5: Interatomic force constants between M (M=Sn/Pb) and oxygen atoms & interlayer
M-M in tetragonal unit cell. B-MO represents bulk MO and M-MO represents monolayer MO
in the table. IFC’s are shown along x, y and z directions.

Bonds Direction B-SnO M-SnO B-PbO M-PbO
M-O x -0.018 -0.011 -0.015 -0.002

y -0.041 -0.048 -0.039 -0.124
z -0.070 -0.129 -0.084 -0.130

M-M z -0.0098 - -0.0077 -

3.3.3 Interatomic Force Constant

The interatomic force constants (IFCs) are considered as a fitting parameter in the

vibrational problem of nonmetallic crystals. It is merely an expansion coefficient of

an adiabatic potential with respect to the atomic displacements. The interatomic

force constants (IFCs) are calculated in the construction of phonon dispersion

relations. We consider that the IFCs matrix C(α,β)(lk, l
′k′) which relates the force

Fα(lk) on an atom k of unit cell l due to displacement (l′k′) of the atom k′ in the

cell, l′, is defined through the following expression,

Fα(lk) = C(α,β)(lk, l
′k′)∆τβ(l′k′) (3.8)

Initially, we examine self-force constants which specify the force on a single

isolated atom at a unit displacement from its crystalline position. The values

are tabulated in Table 3.4. The self-force constants are positive for all atoms in

the two compounds both in bulk and monolayers. The positive value in self-force

constant suggests that these two compounds are stable against isolated atomic

displacement in their bulk and monolayer form.

In Table 3.2, we observe that there are three low energetic Raman modes

(104 cm-1, 104 cm-1 and 199 cm-1) which are almost the same for both bulk and

monolayer SnO. The eigenvectors corresponding to the Raman modes, Eg, have
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Figure 3.4: Avoided crossing occurred the point T at fine q-point. LA and TO bands cross
each other at frequency 90.8 cm−1. The inset crystal structures signify phonon eigenvectors
(represented by arrows) corresponding to two bands at T-point. Both the phonon modes show
same point group symmetry (Eu) at the vicinity of avoided crossing for SnO and only in bulk
PbO.

main contributions from both Sn and O atomic displacement and the other Raman

mode A1g is originated solely from Sn displacement. Since self-force constant of

Sn and O are the same for both bulk and monolayer SnO, Eg vibrations are also

same. On the other hand, interatomic force constant between interlayer Sn atoms

has negative value which leads to an increase in frequency (see Table 3.5). As

a result, A1g mode has higher frequency (199.94 cm-1) in bulk SnO compared

to its monolayer counterpart (199.06 cm-1). Two IR modes Eu are also same in

frequency (265.46 cm-1) and they are associated with Sn and O oscillations. One

IR mode A2u and two other Raman modes Eg are mainly associated with Oxygen

oscillations. Since O atoms are lighter in mass, these modes (A2u, Eg) show higher

vibrational frequencies.

Now we discuss phonon vibrational spectra through the analysis of real space

force constants for monolayer SnO. In this case, one IR mode, A2u, shifts higher in
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frequency for monolayer SnO which is because of the absence of interlayer van der

Waals interaction along the z-direction (see Table 3.2). Another reason is due to

the higher value of self-force constant along the stacking directions for monolayer

with respect to bulk SnO. The self-force constants of Sn atom are more pronounced

along the out of plane direction which leads to the higher frequency of mode A1u

with respect to Eg modes (see Table 3.4).

Unlike SnO, we observe that the first two Raman modes, Eg, are different in

magnitude for bulk and monolayer PbO. The reason is that the self-force constant

for Pb is higher for monolayer with respect to bulk in the in-plane direction (see

Table 3.4). The three Raman modes (B1g, 2Eg) and three IR modes (2Eu, A2u)

are higher in frequency for monolayer compared to its bulk form. This is not

only because of large self-force constant calculated using equation (3.2) but also

due to the absence of interlayer interactions which give rise to higher vibrational

frequencies.

3.3.4 Avoided Crossing

Avoided crossing or Landau quasi degeneracy occurs where two or more closely

spaced energy levels do not cross, rather they avoid each other due to the the same

symmetry.[32] On the other hand, energy levels with different symmetry may cross

each other at any q point in the phonon band structure. The gap between these

two avoided crossing bands depends upon the interaction strength in the vicinity

of the avoided crossing point. Our calculations and subsequent analysis reveals

that there is Landau quasi degeneracy or avoided crossing due to the coupling

between the low lying optical (LLO) mode and longitudinal acoustic (LA) mode

along the path Γ to M direction (Σ point) and Γ to K directions (T point) in the

phonon dispersion curve (See Figure 3.2 and 3.3). We observe the avoided crossing

in cases of single layer and bulk structure of SnO and in bulk PbO. Interestingly,
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we could not find any band crossing or avoided crossing in the phonon dispersion

curve of monolayer PbO.

Figure 3.4 implies avoided crossing of two degenerate bands in the phonon

dispersion band due to strong hybridization between the transverse optical (TO)

and longitudinal acoustics (LA) modes. These hybridized vibrational modes are

identified using the point group symmetry of each individual mode. To analyze

the band crossing of the Landau degenerate bands in the vicinity of the avoided

crossing point, the phonon eigenvectors are determined by diagonalizing the dy-

namical matrices. These phonon eigenvectors shown in Figure 3.4 indicate both

phonon modes at the band crossing point have the same point group symmetry

(Eu) and the magnitude of the eigenvectors signify equal contribution from TO

and LA modes at particular q point (T & Σ points), where the avoided crossing

occurs. The avoided crossing is further verified from the phonon density of states

calculations shown in Figure 3.5. Since avoided crossing is absent in monolayer

PbO, we observe finite density of states within the temperature range between 100

K to 150 K. Due to the avoided crossing between two degenerate bands in bulk

and monolayer SnO and only in bulk PbO in the frequency range 90 cm-1 to 120

cm-1, we find less density of states up to 150 cm-1 (see Figure 3.5).

As can be seen in Figure 3.4, the avoided crossing occurs at a frequency range

from 90 cm-1 to 110 cm-1. Note that, this frequency range is equivalent to tem-

perature between 100 K to 120 K. As a consequence of avoided crossing in the

phonon band structure, we observe a significant amount of effect on thermody-

namic quantities. Figure 3.6 illustrates the specific heat and vibrational entropy

at various temperatures from 0 K to 700 K, calculated using equations (3.3) and

(3.6), respectively. We observe that the specific heat curve has a kink for both bulk

and monolayer SnO and only in bulk PbO around T ' 110 K, but in monolayer

PbO these quantities remain smooth (see Figure 3.6). It is because of the avoided

crossing, which is observed in both bulk and monolayer SnO along with bulk PbO.
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Figure 3.5: Projected phonon band structures are drawn for both bulk and monolayer of SnO and
PbO. Here, phonon projected DOS of only monolayer PbO exhibiting significant contribution
(blue line) in the low-frequency region around 150 cm-1. This is because of the absence of avoided
crossing in monolayer PbO.

Interestingly, we could not notice any avoided crossing for single layer PbO. This

is due to the presence of higher vibrational mode Eg of 108.25 cm-1 in monolayer

PbO in comparison to the same mode in bulk PbO at 81.79 cm-1. However, in

both bulk and monolayer SnO, this vibrational mode, Eg, has the same frequency

of 104.39 cm-1.

At higher temperatures, the specific heat is lower for PbO than for SnO due

to the heavier mass of Pb compared to Sn. Heavier mass decreases the phonon

frequency and as a result, specific heat and vibrational entropy also decreases at

the higher temperatures. Our temperature dependent thermodynamic parameter

study also shows that there is avoided crossing near the frequency, 91 cm-1, for

SnO and bulk PbO, which is manifested as a kink in specific heat and reduced

vibrational entropy till T ' 110 K.
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Figure 3.6: (a) Specific heat (Cv) and (b) vibrational entropy (S) are plotted with respect to
temperature. We observe a kink in Specific heat for bulk-SnO, bulk-PbO and monolayer-SnO
but not in single layer PbO at temperatures around 100 K. We also find vibrational entropy is
higher for monolayer PbO than other three cases. At higher temperatures, Cv and S are lower
for PbO than SnO because of the heavier mass of Pb. The inset of figure 3.6b shows vibrational
entropy upto temperature 100 K (zoomed).
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To further confirm the avoided crossing between two degenerate bands in bulk

SnO, bulk PbO and monolayer SnO, we calculate the group velocity, viq, as a

function of q for each phonon bands. Interestingly, we notice that the group

velocity of the LA band suddenly decreases near T-point in bulk SnO phonon

bands structure (see Figure 3.7(a)). To compensate for the energy conservation,

the group velocity of the TO band sharply increases at the same q-point in the

dispersion curve. Furthermore, we find similar discontinuity in v(q) along the

T to X point in the Brillouin zone for both monolayer of SnO and bulk PbO.

This happens because of the avoided crossing at those q-points and consequently

an abrupt change in phonon group velocity is manifested. This type of sudden

change in group velocity is almost absent in monolayer PbO (see Figure 3.7(d)).

These observations further confirm the appearance of avoided crossing between

two degenerate bands in the dispersion curve around 100 K. Eventually, there are

many more manifestations of similar Landau quasi degeneracies at other q-points

like X and Σ points.

3.4 Conclusion

In conclusion, we have compared and contrasted phonon dispersions of SnO and

PbO in their single layer and bulk forms using Density Functional Perturbation

Theory (DFPT). We obtain good agreement of theoretical Raman and IR active

modes with the available experimental data. We have shown some anomalous

behavior of phonon dispersions which can be understood from the study of self-

force constants and IFCs. Interestingly, we notice strong avoided crossing in both

monolayer and bulk SnO and only in bulk PbO along the high symmetry points,

which has a direct consequence in reducing the phonon contribution to vibrational

entropy. Our study reveals the abrupt change in group velocity, which further

confirms the appearance of Landau quasi degeneracy or avoided crossing in bulk
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Figure 3.7: Group velocity (v) as a function of phonon wave vector (q) in (a) SnO-bulk, (b)
SnO-monolayer, (c) PbO-bulk, (d) PbO-monolayer. There is sharp discontinuity in v between
LA (green line) and TO (blue line) along the q-point. This abrupt discontinuity is a consequence
of avoided crossing between the degenerate phonon bands.

and monolayer form of SnO and only in bulk PbO. Interestingly, we do not find

any avoided crossing for monolayer PbO which is additionally validated by the

appearance of kink in Cv(T ) dominated by the energy fluctuations. The main

point is that because of the Landau quasi degeneracy and anti-crossing rule in the

same symmetry, the specific heat and vibrational entropy will have similar behavior

in the band dispersion. Our present work encompasses the comprehensive study on

vibrational spectra of MO and provides new insight into the vibrational entropy

and specific heat, which is crucial to the development of better thermoelectric

materials.
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4
Superlattice of SnO-PbO: A

New Material for

Thermoelectric Applications

4.1 Introduction

The thermoelectric (TE) energy conversion technology has attracted much at-

tention in the past decade.[1,2] The efficiency of thermoelectric devices can be

described by a dimensionless quantity called figure of merit, zT=S2σ
κ
T , where S,

σ, κ, T are the Seebeck coefficient, electrical conductivity, total thermal conduc-

tivity, and absolute temperature, respectively. The power factor is defined by the

quantity, S2σ. Ideally, to increase the figure of merit (zT ), both the Seebeck co-

efficient and electrical conductivity must be increased, while thermal conductivity

must be minimized simultaneously.[3-5] Interestingly, their interdependent rela-

tionship among the physical parameters makes challenging to develop an effective

approach to enhance the zT value. Toward the development of efficient TE mate-

rial, the crucial challenge is to balance those coupled parameters to optimize both

electrical and thermal transport properties.[6,7]

103



4.1. Introduction 104

In literature, there are various approaches to improve zT , such as modifying

band structure,[8,9] band convergence,[10,11] combination of flat bands (high ef-

fective mass) and dispersive bands (low effective mass) in electronic band structure

to increase the power factor (PF). On the other side, several phonon-engineering

strategies have been employed in semiconductors, such as, large anharmonicity,[12-

14] large molecular weight,[15,16] complex crystal structure,[17] charge density

distortion,[18] nanostructuring, (PbTe,[19-21] half-Heusler,[22-24]), rattling modes

(skutterudites,[25,26] clathrates[27]) to reduce thermal conductivity.

To date, there are numerous bulk materials with high zT value, which have

been synthesized containing nano-structured alloys namely, BiSbTe,[28] filled skut-

terudites,[29] Tl doped PbTe[30] etc. However, they lose chemical and thermal sta-

bility in air. Also, most of the developments are centered on the p-type materials,

while n-type thermoelectric materials are only a few with quite low thermoelectric

efficiency. For p-type semiconductors, it is easy to tune in the band structure so

that there are heavy hole and light hole regions due to weak bonding features in

these classes of systems. Nano-structuring gives rise to lower thermal conductiv-

ity either due to entropic or enthalpic routes,[31] however, long term use of the

materials remains a challenge.

On the other hand, there exist a large number of oxide materials with an ex-

ponentially large number of crystal structures, which have been used in various

devices and phenomena, namely, solid-state devices, p-n junctions, electrical, mag-

netic, electromagnetic, multiferroic to magneto-resistance and superconductivity.

These oxides are robust in respect of large-scale application due to their low tox-

icity, affordable cost and good stability in air. As a result, thermoelectric (TE)

oxides would play an important role in extensive applications to convert wasted

heat into electricity over heavy metallic alloys due to their superior chemical and

thermal robustness. Many oxides are also light in weight and eco-friendly which

are suitable for commercial applications for energy harvesting devices.
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However, in general, TE oxides are known to exhibit low figure of merit (zT )

because of the light atomic weight of oxygen leading to large lattice thermal con-

ductivity. Interestingly, high ionic character of oxygen also induces lower carrier

mobilities and conductivities.[32,33] Till now, several promising families of TE ox-

ide materials have been discovered, including Sr0.9La0.1TiO3-δ (κlat ' 3.0 W/mK,

zT ' 0.21 at 750 K),[34] In1.8Ge0.2O3(κlat ' 2.0 W/mK, zT ' 0.46 at 1273 K),[35]

Ca0.9Yb0.1 MnO3(κlat ' 1.6 W/mK, zT ' 0.16 at 1000 K), BiCuSeO (κlat ' 0.4

W/mK, zT ' 0.5 at 900 K)[27]. These materials still show very low zT value

which is mainly either due to moderate electrical conductivity or high thermal

conductivity. In addition, LaAgSO forms a layered crystal structure with conduc-

tive AgS layers and LaO as a charge reservoir, both being mutually separated.

Due to less carrier concentration, this oxide material does not show a good ther-

moelectric figure of merit.[36] However, metal oxide has recently been shown great

achievement as thermoelectric material due to the complex crystal structure or

lattice anharmonicity driven by lone pairs.[32,33]

On the basis of crystal symmetry and lattice anharmonicity driven by the

stereoactive lone pairs along the crystallographic c-direction, we propose a new

layered oxide material: superlattice of SnO and PbO (SnO-PbO) as a thermo-

electric complex. Experimentally, Kwestroo et al.[37] was able to synthesize up to

40% mole fraction Sn content in SnO-PbO solid solution in the liquid phase. How-

ever, we consider the composition of SnO-PbO superlattice (Sn0.5Pb0.5O) in our

theoretical model and optimize the lattice parameters. In fact, we explored other

possible configurations with random occupation of Sn and Pb atoms at particular

crystallographic sites. The adopted optimized crystal was not only energetically

the lowest one, rather other possible configurations were dynamically unstable.

These complex forms crystal structure like layered ZrCuSiAs type with tetragonal

unit cell a = b = 3.87 Å, c = 10.05 Å and the space group P4/nmm. It exhibits a

two-dimensional layered structure containing Sn and Pb layers connected by Oxy-
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gen atoms. Each Sn and Pb atom bonded with oxygen atoms makes a prism-like

structure. The stereoactive lone pair associated with Sn2+(5s2) and Pb2+(6s2) in-

duces charge distribution anisotropy in the system along the stacking direction.

As we will describe below, these inhomogeneous bonding characteristics along the

in-plane direction and weak van der Waals interactions along the out of plane

direction is the key reason to achieve high zT value in such oxide materials.

4.2 Theoretical Section

4.2.1 First principle simulations

We perform first-principles based density functional theory calculations as im-

plemented in the Quantum Espresso package[38] that employs the pseudopo-

tential model considering the interaction between ionic core and valence elec-

trons in an atom. We use scalar relativistic norm-conserving pseudopotentials

as exchange-correlation energy of the electrons with generalized gradient approxi-

mated (GGA)[39] functional parametrized by Perdew, Burke, Erzenhoff (PBE).[40]

The electronic wave function and charge density cutoff in plane-wave basis are con-

sidered to be 70 Ry and 280 Ry, respectively. Brillouin zone integration of tetrag-

onal crystal structure is sampled on the uniform grid of 20 x 20 x 10 k-points. The

sharp discontinuity of the electronic states near the bandgap is smeared out with

the Fermi-Dirac distribution function with broadening of 0.003 Ry.

We consider two layers of SnO in the tetragonal unit cell where two Sn sub-

layers are connected by a covalent bond with the oxygen atoms within a single

layer forming bi-prism like structure. Then we substitute Pb in place of Sn at

the two adjacent layers and optimize the crystal structure until the magnitude of

Hellman-Feynman force on each atom is less than 0.025 eV

Å
. Then, we determine

the electronic band structure with the optimized lattice parameter a = 3.87 Å , b
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Figure 4.1: Crystal structure of SnO-PbO. (a) Total charge density plot. (b) Electron localization
function (ELF) calculated with DFT visualized at the iso-surface value of 0.9, reveals the presence
of lone pairs around Sn and Pb atoms. Here, colour coding of the atoms are as follows, Blue:
Sn, Green: Pb and Red: O atoms.

= 3.87 Å and c = 10.05 Å considering 20 x 20 x 10 Monkhorst-Pack k-mesh. Our

SnO-PbO unit cell contains 8 atoms in it where 2 Sn, 2 Pb, 4 O atoms are present

in the unit cell. The incorporation of PBE-D2(3) van der Waals (vdW) correc-

tions reduces lattice parameters along the stacking direction by 0.07 Å. In fact, the

calculations using the PBE functional along with D3 van der Waals corrections

reproduced the experimental cell parameters within acceptable deviations.[37] To

justify our theoretical parameters, we have compared optimized lattice parameter

for SnO and PbO with their experimental value and we observe equilibrium lat-

tice parameter matches fairly well with experiments. After testing the theoretical

parameters for SnO and PbO, we devise similar parameters for SnO-PbO superlat-

tice. Finally, to observe the effect of spin-orbit coupling (SOC) in band structure,

we adopt SOC in our calculations. Interestingly, we find that the effect of SOC in

band dispersion is negligibly small. As a consequence, the band dispersion curve

does not get much affected because of the inclusion of spin-orbit coupling.
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4.2.2 Ab-initio Molecular dynamics simulation

To access the thermal stability, we have also performed ab-initio molecular dynam-

ics (AIMD) simulations at 300 K, 500 K, and 700 K as implemented in Vienna

Ab initio Simulation Package (VASP)[67-68]. We consider generalized gradient

approximated (GGA) exchange-correlation functional[69] with a uniform grid of 6

× 6 × 6 k-mesh and an energy cutoff of 50 Ry. We also consider 2 x 2 x 2 supercell

(32 atoms) for molecular dynamics studies. The plane-wave basis set, scalar rela-

tivistic pseudopotentials, and projected augmented wave (PAW)[70] methods were

adopted for molecular dynamics simulations. The Nose–Hoover thermostat and

barostat[71-72] were used to evaluate the equilibrium dynamics under the NPT

ensemble. Equilibrium dynamics were maintained for 50 ps with a time step of 1

fs after the equilibrium spanning of the first 10 ps.

4.3 Results and Discussion

We use first-principles density functional theory (DFT) to study thermoelectric

properties of a new oxide material, SnO-PbO superlattice in layered crystal form.

The tetragonal crystal structure of SnO-PbO (shown in Figure 4.1) consists of both

ionic and covalent bonding features like other oxide materials.[32] The oxidation

state of Sn, Pb, O are +2, +2, -2, respectively, which makes the compound valence

balanced and we find that it possesses small finite band gap near the Fermi level.

Total charge density plot in Figure 4.1(a) shows overlapping of charge clouds

between Sn-O atoms and Pb-O atoms, implying the presence of covalent bonding in

the ab-plane. The charge associated with Sn, Pb atoms in out of plane direction (in

5s2 and 6s2 lone pairs, respectively), leads to weak van der Waals (vdW) interaction

between two adjacent layers. This weakly interacting vdW forces between the

adjacent layers along c-direction motivate us to analyze the bonding characteristics
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more rigorously.

To investigate accurately the chemical bonding nature, we introduce a real

space descriptor of charge density calculated using density functional theory. The

total charge density plot (Shown in Figure 4.1(a)) shows overlapping of charge

clouds within the layer, resulting in covalent bonding between Sn-O and Pb-O.

On the other hand, the electron localization function (ELF) reveals lone pairs

around the Sn and Pb atoms. Interestingly, we find that the lone pair associated

with Sn2+ and Pb2+ ions occupy interstitial spaces between adjacent layers (Shown

in Figure 4.1(b)). These lone pairs interact weakly within the layers and induce

lattice anharmonicity which can be explained by projected DOS calculations.

For understanding the bonding characteristics and atomic level dynamics more

rigorously, we perform potential energy surface calculations (Figure 4.2(a)) for

each atom by displacing them along each crystallographic direction from their

equilibrium position. The deep energy well of Sn and Pb along out of plane (z-

axis) direction suggests that they are tightly bound to the crystallographic sites,

whereas shallow potential curve of Sn and Pb along the in-plane direction (xy-

plane) indicates that they are relatively loosely bonded and can vibrate more

easily and scatter heat-carrying acoustics phonons. In contrast, oxygens are rela-

tively uniformly bonded with the surrounding atoms, making the layered crystal

structure stabilized. The inhomogeneity in bonding characteristics arising due to

non-uniformity among the bound heavy metals influences adversely the phonon

dynamics and in turn reduces lattice thermal conductivity significantly.

The crystal orbital Hamiltonian population (COHP)[46] analysis method al-

lows us to consider band energies as a pairwise orbital contribution from various

pairs of chemical bonds. To study the chemical bonding nature of different pairs,

we perform COHP analysis using the LOBSTER code[47] as a post-processing tool

along with the Quantum Espresso package. Our calculation shows that COHP

value (Figure 4.2(b)) associated with nearest-neighbour Sn-O bonding is higher
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Figure 4.2: (a) Potential energy surface of individual constituent atoms as a function of displace-
ment from an equilibrium position along with the three crystallographic directions. (b) COHP
plot for Sn-O bonding (blue) and Pb-O bonding (red). The negative value of (COHP) signifies
orbital overlapping between two atoms that are bonding in nature below the Fermi level and
stabilizes the crystal structure.

with respect to nearest-neighbour Pb-O bonding. This leads to more orbital over-

lapping between Sn:5p and O:2p than between Pb:6p and O:2p orbitals near the

Fermi level. The relatively large COHP value between Sn-O bonding below the

Fermi level confirms the fairly strong chemical bonding strength for Sn-O inter-

action than for Pb-O. We have further verified the bonding strength between the

metal-oxygen bonding by calculating Integrated COHP (ICOHP). The parameter

(ICOHP) measures degree of covalency or bonding strength, which has been com-

puted by integrating COHP within the integration limit below the Fermi level from

-2.5 eV to Fermi energy (0.0 eV; scaled). Our computed ICOHP values turned out

higher for Sn-O than Pb-O that suggests bonding strength between Sn-O orbitals

is reasonably stronger than Pb-O. The dissimilar degree of covalency appearing

due to variability in bonding strengths, which in turn leads to the decrease in

lattice thermal conductivity of SnO-PbO superlattice.

Furthermore, SnO-PbO is found to be a multiband material with an indirect

bandgap of 0.2 eV in the bulk. Interestingly, the top of the valence band consists of

multiple hole pockets located along K −→ Z symmetry group direction (shown in
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Figure 4.3: (a) Calculated electronic band structure along the special k-point in the Brillouin
zone. The DFT band gap turns to be 0.2 eV. The multivalley degenerate valence band is
dispersive in nature along the Γ −→ K and Z −→ R direction. (b) The total DOS is drawn.
The sharp peak in the valence band signifies the bands to be flat and non-dispersive in nature
that is required to increase Seebeck coefficient. (c) The atom projected density of states (pDOS)
shows the valence band edges are dominated by Sn:5s lone pair orbital and O:2p, while conduction
band edge consists of states derived from Pb:6p and Sn:5p orbitals.

Figure 4.3(a)) near the Fermi level. A large number of band valleys Nv present in

electronic band dispersion is another strategy to obtain a high power factor in such

materials. Here, Nv is the effective total number of carrier pockets or valleys in

the Brillouin zone containing both orbital and symmetry-related degeneracy. Such

materials consisting of multi-valley bands exhibit higher electrical conductivity,

while Seebeck coefficients remain the same.[48]

To achieve high Seebeck coefficient at a given carrier concentration, one has to

increase band effective mass value (m∗b) which is obtained as the second derivative

of the energy dispersion curve. Thus, the band effective mass can be enhanced by
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an increase in the number of degenerate bands or by flat or nearly flat bands near

the Fermi level. Interestingly, the DOS effective mass and band effective mass are

related via m∗d = N
2
3
v m∗b , where Nv is the number of band valleys and subscripts

in mass indicate DOS (d) or band (b) effective mass.

The DOS for the SnO-PbO is shown in Figure 4.3(b) where we observe the

sharp peak in DOS in the valence band, which appears due to the flat band at

Γ point. Moreover, the electronic DOS is highly asymmetry in nature near the

Fermi level, resulting in the large value of Seebeck coefficient.[49] According to

pisarenko plot in the degenerate limit, the relationship between Seebeck coefficient

(S) and DOS effective mass (m∗d) can be described as S =
2k2BT

3e~2 ( π
3n

)
2
3m∗d. The

presence of multiple nondispersive bands in the valence band below the Fermi level

are responsible for high Seebeck coefficient in p-type (Pb,Sn)S solid solution.[50]

Likewise, we also observe flat bands along with asymmetry nature in DOS near

Fermi level that helps to enhance Seebeck coefficient in SnO-PbO superlattice.

Bilc et al.[51] have demonstrated that high power factor (PF) along the band

dispersion direction can be expected when flat and dispersive bands present to-

gether. In this case, the flat band is found at Γ point and highly dispersive bands

are present along with Γ −→ K and Γ −→ M directions in the Brillouin zone

(see Figure 4.3(a)). Because of such a unique nature of band dispersion relation,

SnO-PbO could be considered as an efficient thermoelectric oxide material.

To further understand the orbital contribution toward the band dispersion,

we analyze projected DOS (pDOS) in Figure 4.3(c). It is found from the pDOS

that valence bands are mostly contributed from O:2p and Sn:5s orbitals. Effective

contribution from Pb orbitals is minimum to valence band below the Fermi level.

We also identify that the bottom of the conduction bands is dominated by Sn:5p

and Pb:6p orbitals. Due to such dispersive nature of the valence bands, hole

conductivity is expected to be higher in the SnO-PbO complex. Moreover, we find

that overlapping of the lone pair orbital with of Sn:5s2 and Pb:6s2 have different
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bonding nature with nearby O-2p orbital. In fact, there is significant orbital

overlapping of Sn:5s2 with O-2p in the valence band region below Fermi level,

while Pb:6s2 does not have orbital overlapping with O-2p. The dissimilar orbital

overlapping introduces bonding inhomogeneity inside the crystal which leads to

lattice anharmonicity at high temperatures.

It is a widely known fact in DFT formalism that the GGA exchange-correlation

functional underestimate the bandgap of the material. Therefore, we use hybrid

functionality along with GGA to obtain the correct value of the bandgap. We

determine the bandgap of SnO-PbO to be 1.13 eV using hybrid functional cal-

culations (HSE06).[52,53] Since the bandgap calculated within hybrid functional

overestimate to some extent, we can expect the actual bandgap to be within GGA

and HSE06 predicted values. The moderate to high electronic bandgap is an es-

sential procedure to suppress bipolar thermal conductivity, especially at elevated

temperatures. Previously, it was found that bipolar thermal conductivity plays

a significant role in Bi2Te3,[54] PbTe,[55] SnTe,[56] etc. which not only increases

the total thermal conductivity, it deteriorates the Seebeck coefficient as well. The

sole reason behind the large bipolar diffusion conductivity is because of their nar-

row electronic bandgap. That’s the reason, one effective approach to enlarge the

bandgap would be to alloy high bandgap candidate, PbO, within narrow bandgap

material, SnO, which is the case here. Likewise, similar studies have also been per-

formed in the literature as MnTe alloying in SnTe,[57] PbS alloying in PbSe,[58]

MgTe alloying in PbTe,[59] to name a few.

To uncover the origin of relatively low thermal conductivity, we carry out first-

principles density functional perturbation theory (DFPT) to calculate phonon dis-

persion in the first Brillouin zone. Our phonon dispersion study reveals that SnO-

PbO is dynamically stable layered three-dimensional material (see Figure 4.4(a)).

To further check the stability of SnO-PbO superlattice, We compute formation en-

ergy (F.E) using the equation (F.E = E(SnO−PbO)−E(SnO)−E(PbO)) which
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Figure 4.4: (a) Calculated phonon dispersion of SnO-PbO. Here, positive phonon frequencies
suggest the complex is dynamically stable with regards to small atomic displacement. (b) High-
lighted acoustics phonon modes along with a few low energetic optical phonons. The circle shown
in the figure indicates avoided crossing among the acoustics branches and sometimes with optical
branches.

turns out to be -0.097 eV per formula unit. The negative value of formation energy

additionally confirms the stability of the SnO-PbO complex system. Additionally,

we further check the thermal stability of the adopted SnO-PbO crystal structure.

Therefore, we perform AIMD simulation at various temperatures (T=300 K, 500

K, 700 K). Equilibrium dynamics were maintained for 50 ps with a time step of 1

fs after the equilibrium spanning of the first 20 ps. Thermodynamic parameters,

such as, temperature (T), Gibbs free energy (G), Total energy (E), and potential

energy (V) have been plotted as a function of AIMD time steps. During the AIMD

simulation, we observe that SnO-PbO superlattice does not break chemical bonds

with the increasing temperatures. Actually, it only varies the lattice parameters

along with atomic bond length and bond angles. Our AIMD simulation reveals

that SnO-PbO superlattice is thermally stable.

In the phonon spectrum, there are three acoustics modes (shown in Figure

4.4(b)), which are mainly accountable for heat conduction and which have frequen-

cies around 48 cm-1 along the X and Y (a,b-axis). The low-frequency acoustics

mode indicates small group velocity at the zone center Γ-point (Shown in Table

4.1) and low Debye temperature, which in turn facilitates low thermal conduc-
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tivity, κlat, along the in-plane direction (e.g., according to Debye-Callaway (DC)

model[60]). The predicted Debye characteristic temperature turns out to be 24

K for SnO-PbO. Comparatively, the very low value of Debye temperature indi-

cates the presence of Umklapp inelastic scattering along with normal scattering,

which generates thermal resistance, reducing thermal conductivity. In addition,

we also observe avoided crossing between the acoustics phonons in the dispersion

curve (shown by magenta color ellipse in Figure 4.4(b)).[73] The Landau quasi-

degeneracy or avoided crossing leads to adverse effects on the phonon dynamics.

In fact, the lattice thermal conductivity κlat is related to phonon group velocity via

κ ' 1
3
Cv2

gτ , where C is the specific heat at constant volume, vg is phonon group

velocity, and τ is relaxation time of phonons. Since the average phonon group

velocity is small, κlat is expected to be very low along the in-plane directions.

Table 4.1: Average phonon group velocity (vm), Debye temperature (ΘD) calculated using the
equation from Ref. 74.

Materials vm(m/s) ΘD(K)
SnO 920 65
PbO 724 50
SnO-PbO 423 24

According to DC model,[60] the point defect in a solid solution emanates from

(a) the mass differences ' 88.49 amu of constituent elements (Sn ' 118.71 amu

and Pb ' 207.2 amu) and (b) interatomic coupling force differences due to size

variations i.e 0.4 (Sn ' 1.4 Å and Pb ' 1.8 Å). These point defects scatter low

energy acoustics phonons, which further reduces thermal conductivity.

4.3.1 Transport coefficient calculations

The performance of semiconducting materials is not only governed by the elec-

tronic band gap, but also controlled by carrier mobility. In this regard, we employ



4.3. Results and Discussion 116

Figure 4.5: (a) Temperature-dependent mobility for layered form of bulk SnO, bulk PbO and
bulk SnO-PbO. (b) Phonon lifetime of SnO (c) Phonon lifetime of PbO at various temperatures
is shown. (d) Mode phonon lifetime for SnO-PbO. Comparing phonon relaxation time of SnO,
PbO, SnO-PbO, calculated using DPT based BTE formalism, it has been observed that phonon
lifetime τ for SnO-PbO is comparatively lower than that of SnO and PbO, although carrier
scattering states are more for SnO. The lower value of phonon lifetime is the reason to achieve
ultralow lattice thermal conductivity in SnO-PbO.

a phonon limited scattering model to correctly predict charge carrier mobility

in layered material. Similarly, we have also determined temperature dependent

phonon transport coefficients using Boltzmann Transport Equation (BTE) within

constant relaxation time approximation (RTA). Our adopted deformation poten-

tial theory (DPT) coupled with Boltzmann transport theory is reasonably good to

envisage transport coefficient for linearly dispersive layered materials.[41] In fact,

many researchers have been studying DPT to calculate transport coefficient in var-

ious 3D layered systems. In addition, we also have verified our computationally

predicted results with the pre-existing experimental as well as other theoretical

results of both bulk forms of SnO and PbO, separately. The charge carrier mobil-

ity obtained using DPT along the in-plane directions for bulk layered form of SnO

and PbO compare fairly well with the experimental results.[61-64] This validation

motivates us to study DPT based BTE formalism for newly explored SnO-PbO

layered crystal structure as thermoelectric applications.
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Table 4.2: Deformation potential constant (eV) and elastic constant (1011 Jm−3) parameters
for hole. Effective mass in unit of m0 for hole calculated from band curvatures along Γ −→ K
directions in the reciprocal space.

Materials SnO PbO SnO-PbO
E1 3.77 2.57 2.51
C3D 85.5 56.7 35.5
m∗ 0.07 0.08 0.14

Carrier mobility calculations of electrons and holes have been carried out us-

ing equation (1.13) and plotted as a function of temperatures (Shown in Figure

4.5(a)). While performing mobility calculations, we only consider charge-phonon

scattering. Ideally, there are various scattering mechanisms involved in the real

material such as charge carrier-charge carrier scattering, scattering from impurity

and crystal defects, scattering of charges from thermal vibrations of the ions or

charge carrier-phonon scattering and boundary scattering. However, at high tem-

perature, the charge carrier-phonon scattering is the dominating one in the case of

semiconductors. Because of that, we neglect impurity scattering, boundary scat-

tering and carrier-carrier scattering which has much smaller contribution to the

overall scattering compared to the thermal vibration of the ions. Especially, the

mobility expression requires information about direction dependent carrier effec-

tive mass (m∗e
h
) and deformation potential constant (E1) along with elastic constant

(C3D). Using the parameters mentioned in Table 4.2, we compute carrier mobility

for the layered structure of bulk SnO, bulk PbO and bulk SnO-PbO superlattice

along the in-plane directions. Interestingly, the carrier mobility for SnO-PbO su-

perlattice is lower in magnitude than the same in SnO and in PbO individually,

due to the carrier-carrier scatterings and higher carrier effective mass in the former

(Shown in Table 4.2). Once carrier mobility values are known, we have used the

Drude model σ = neµ
e
h to evaluate charge carrier electrical conductivity (σ) along

the Γ −→ K direction. Figure 4.5(a) represents the variation of total charge car-
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rier mobility for bulk SnO, bulk PbO, and bulk SnO-PbO layered complexes as a

function of temperatures. The temperature dependent mobility values eventually

determine the charge carrier electrical conductivity of TE materials.

We have also incorporated DPT based BTE to quantify lattice thermal conduc-

tivity κlat using the equation (1.16). Here, lattice thermal conductivity depends

on specific heat (C), phonon group velocity (vg) and phonon relaxation time (τ).

Phonon group velocities are calculated via formula viq =
∇Eiq

h
. Finally, we have

calculated lattice thermal conductivity (κlat) for bulk SnO, bulk PbO and bulk

SnO-PbO. Interestingly, the estimated κlat for SnO calculated within RTA is well

consistent with previous theoretically predicted results as well as experimental

results.[64,65] The phonon lifetime which are needed to evaluate lattice thermal

conductivity for bulk SnO, bulk PbO and bulk SnO-PbO, are shown in Figure

4.5(b), 4.5(c) and 4.5(d), respectively. Using the phonon group velocity along

with phonon-phonon scattering rates, we estimate lattice thermal conductivity

of SnO, PbO and SnO-PbO. Interestingly, lattice thermal conductivity obtained

using DPT based BTE formalism compares fairly closely with the lattice ther-

mal conductivity values determined through an iterative method. Eventually, our

adopted methodology opens up a new simple mechanism to enumerate complex

lattice thermal conductivity for layered materials in an efficient way. Finally, κlat

for SnO, PbO and SnO-PbO have been calculated and plotted in Figure 4.6(c)

at room temperature till up to 700 K. In this regard, κlat reaches minimum value

0.71 W/mK at 700 K. The reason behind the ultralow thermal conductivity, even

smaller than the PbO, is in fact due to the presence of heavy metal, occurrence of

avoided crossing in the phonon dispersion curve and presence of point defect due

to lattice mismatch.

Another important parameter which determines the efficiency of good thermo-

electric material is Seebeck coefficient (S). The temperature dependent Seebeck

coefficient for SnO, PbO and SnO-PbO are drawn in Figure 4.6(a). In this con-
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Figure 4.6: (a) Seebeck coefficient, (b) electrical conductivity, (c) lattice thermal conductivity,
(d) zT , as a function of temperatures have been drawn. The sharp rise in value of zT ' 0.3 at
temperature 700K has been achieved in SnO-PbO layered material.

text, S has been calculated using the equation, (1.15). Seebeck coefficient for

SnO-PbO increases with the temperature at a much higher rate than for SnO and

PbO individually, which is attributed due to the sharp peak in the valence band

of DOS.

Figure of merit, zT , has been calculated based on the electrical and ther-

mal transport properties at different temperatures (Figure 4.6(d)). Interestingly,

our theoretically predicted zT value for SnO is well consistent with previous re-

sults.[64,66] In fact, we achieved the increasing trend in zT 0.3 value at 700 K

for SnO-PbO superlattice. The main point of the attainment of such higher zT

values for SnO-PbO compared to SnO and PbO respectively, signifies towards the

cooperativity and such cooperativity may be exploited by making stable superlat-

tice of various other oxide materials. After all, any oxide material with high zT

value would be a boon for mankind.
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4.4 Conclusions

In this chapter, we have described that a superlattice of SnO-PbO could be a

TE oxides depending upon the doping type and compositions. Our results also

indicate that this complex is dynamically as well as thermodynamically stable at

both ambient and higher temperatures. All the calculations have been carried out

based on first principles lattice dynamics and DPT based Boltzmann transport

equations within RTA. It shows high Seebeck coefficient and low thermal conduc-

tivity, compared to its component oxides. We also use Boltzmann transport theory

to calculate lattice thermal conductivity at various temperatures. The localized

lone pair induced charge anisotropy and bonding inhomogeneity are the reason

for reduction of the lattice thermal conductivity in this air-stable TE oxide. Our

methodology to predict transport coefficient at various temperatures provides a

new mechanism (DPT based BTE) to understand thermoelectricity rigorously and

directs to design oxide superstructures as next generation thermoelectric materials.
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5
Enhancing Thermoelectric

Performance in n-type PbTe via

Gd doping

5.1 Introduction

A major part (' 65%) of energy in the world gets wasted as heat during conver-

sion. The current technological development allows us to convert this waste heat

energy into electricity through the machanism, called thermoelectricity. Thermo-

electric materials can directly and reversibly convert waste heat into electricity.[1]

Generally, thermoelectric materials are characterized by its dimensionless quantity,

figure of merit, zT , which is described as zT = S2σ
κ
T ; σ, S and κ are electrical con-

ductivity, Seebeck coefficient, and total thermal conductivity, respectively. While

σ is governed by charge carriers mobility in a material, the thermal conductivity is

controlled due to both charge carriers (κel) and lattice vibrations (κlat). In fact, the

thermoelectric descriptors (σ, S, and κ) have a complicated relationship with var-

ious material parameters, which limits improvement of zT . Interestingly, most of

the improvements in optimizing thermoelectric parameters have primarily been fo-

129
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cused on balancing these interdependent descriptors.[1] Several innovative compu-

tational strategies, like, electronic band flattening,[2] band convergence,[3] charge

carrier optimization,[4] resonant states,[5] band alignment,[6] mobility enhance-

ment,[7] effective mass engineering,[8] slight symmetry reduction[9] etc. have been

effectively carried out to enhance the power factor (S2σ) of a material.[10] Simi-

larly, lowering the κlat of materials is achieved through several novel approaches,

e.g. phonon scattering by point defects,[11] nano-precipitates,[12] all scale hierar-

chical phonon scattering,[13] to name a few.

Generally, PbTe as rock-salt structure is well known for its unprecedented p-

type thermoelectric performance in the temperature range of 700 – 950 K. In

fact, p-type PbTe shows high thermoelectric performance due to its intrinsic low

thermal conductivity arising from significant lattice anharmonicity and presence

of unique electronic band structure.[14] The valence band (VB) of PbTe comprises

of two neighboring bands L and Σ which have very little energy off-set (∆EL−Σ =

0.15 – 0.20 eV)[14] and thus effective valence band convergence has been achieved

in p-type PbTe to improve upon its thermoelectric performance.[3] In contrast,

conduction band of PbTe comprises of only a single L band and thus lags behind in

comparison to its p-type counterpart.[14] The presence of lower degenerate valleys

in the conduction band (CB) as compared to the valence band (VB) generates

intrinsically low Seebeck coefficient values and thus poses a greater challenge to

improve its n-type thermoelectric performance.[14]

Currently, research on n-type PbTe primarily focuses on optimizing charge car-

rier concentration and mobility,[15] simultaneously modulating the electronic and

thermal properties of a material as seen in PbTe-Cu2Te, PbTe-AgSbSe2[16]; en-

hancing effective mass as in case of Pb0.988Sb0.012Te-GeTe, Pb0.98 Ga0.02Te-GeTe

and PbTe-MnTe. Similarly, nano-structuring to reduce κlat and simultaneously

improving electronic structure properties is also observed in In and Sb co-doped

PbTe, PbTe-PbS etc.[17] However, simplicity of the conduction band and a large
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band offset between two neighboring conduction band (∆EL−Σ ' 0.45 eV) pro-

hibited n-type PbTe to be as efficient thermoelectric materials as its p-type coun-

terpart.[14]

In this chapter, we emphasize Gd doped PbTe can be used as n-type thermo-

electric material in the temperature range of 295 – 823 K.

Experimentally, Gd doped PbTe was synthesized and they have obtained its

crystal structure and have carried out thermoelectric measurements. They found

that the Gd doping on PbTe increases the n-type carrier concentration to 1.46 x

1019 cm-3.

We have carried out a detailed theoretical study on the Gd doped PbTe crys-

tal system. Our density functional theory (DFT) calculations on the electronic

structure properties shows that on Gd doping, the principal bandgap at L point

opens up along with formation of a non-interacting flat conduction band which

increases the band effective mass (m∗). Atom projected electronic density of states

(pDOS) reveals that the non-interacting band is contributed from the hybridized

state of Gd, which enhances the Seebeck coefficient in Gd doped PbTe. Further-

more, Gd is observed to be preferred in off-centered position in the PbTe lattice

due to discordant nature of Gd in the octahedral coordination, which creates sig-

nificant lattice anharmonicity. Using density functional perturbation theory, we

show that phonon dispersion spectra has the presence of low frequency nearly flat

optical Kondo like phonon mode. Both these effects, i.e., the presence of locally

off-centered Gd in PbTe and the formation of low energy localized Kondo like

phonon mode synergistically enhances the scattering of acoustic phonons. This

significantly lowers the κlat to 0.79 W/mK at 735 K. Ultralow κlat in n-type Gd

doped PbTe coupled with the electronic structure modification results in superior

thermoelectric performance.
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5.2 Theoretical Calculations

First principle based density functional theory (DFT) calculations have been per-

formed to study structural relaxation and electronic structure-property calcula-

tions using the Quantum Espresso package.[18] The Kohn-Sham equations are

solved using a 70 Ry plane wave basis states with the projected augmented wave

(PAW) method[19] and the generalized gradient approximation[20] is employed.

The total energy and the ionic forces are converged to within 10-8 eV and 0.025

eV/Å, respectively. A uniform grid of k-mesh in the Brillouin zone of 4000 k-points

has been considered for electronic structure calculations. The sharp discontinuity

of the electronic states near the Fermi level are smeared out with the Fermi-Dirac

distribution function with broadening of 0.003 Ry. We consider 3 x 3 x 3 su-

percell of PbTe containing 54 atoms (Pb27Te27) and one Pb substituted with Gd

atom (Pb26Gd1Te27) for electronic structure calculation. In order to incorporate

relativistic effects because of the presence of heavy metals in the supercell, we

include the spin-orbit coupling (SOC) term in the band structure calculations.

Our calculated electronic band dispersion obtained using PBE-SOC functional

compares fairly well and is consistent with previous DFT results on controlled

PbTe.[21] To access the bond strength and bonding interaction, we execute crys-

tal orbital Hamiltonian population (COHP) analysis between the pairwise orbitals

corresponding to Te-Gd atoms in the crystal structure of Gd doped PbTe.

The phonon dispersion calculation of PbTe and Gd-doped PbTe unit cells have

been carried out using density functional perturbation theory (DFPT) formalism

implemented in Quantum Espresso suite of codes. A strict energy convergence

of 10-10 eV has been used to obtain phonon frequencies accurately. We calculate

phonon group velocity (viq) using the equation, viq =
∇Eiq

h
. For phonon calcula-

tions, we have considered a 2 x 2 x 1 supercell (primitive cell of PbTe contains 2

atoms). Therefore, we have obtained the phonon dispersion curve for 8 atoms in
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Figure 5.1: (a) Electronic band structure of PbTe (black) and Gd-doped PbTe (red), containing
54 atoms in the 3 × 3 × 3 supercell. (b) Electronic DOS of PbTe and Gd-doped PbTe. The
relatively flat nature in the conduction band is further confirmed by a sharp peak in DOS, marked
by a maroon arrow.

the constructed 2 x 2 x 1 supercell. It contains 24 phonon modes at each q-point:

out of the 24 phonon modes, there are 3 acoustic phonon modes and 21 optical

phonon modes present.

5.3 Results and discussion

Gd is an n-type donor with a common oxidation state of +3, and upon substituting

it with Pb2+, it would impart an additional electron into the lattice. To understand

how Gd doping influences the electronic transport properties of PbTe, we have

performed a detailed DFT analysis of electronic structure. Figure 5.1(a) represents

the electronic band structures of PbTe and Gd-doped PbTe plotted together for

comparison. It is evident that upon Gd incorporation, the band gap at L point

increases from 0.15 to 0.25 eV. Experimentally, the pristine PbTe has a band gap

of ' 0.27 eV that increases to 0.29 eV for Pb1-x GdxTe (x = 0.75%).

Furthermore, doping with Gd atoms introduces a few new features in the elec-
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Figure 5.2: Atom projected electronic density of states (pDOS). Fermi level (EF) is considered
as reference.

tronic band structure, which is beneficial for thermoelectric power factor. Herein,

we observe a noninteracting single band just above the Fermi level in the conduc-

tion band that is nearly dispersionless around the Γ point and relatively dispersive

along the L −→ Γ direction (red lines, Figure 5.1(a). In fact, the flat nature

is further verified through the sharp peak observed in the electronic DOS plot,

which is shown by the maroon arrow in Figure 5.1(b) and resembles that of Sb-

and I-codoped PbTe.[22] Here, this nondispersive band leads to a higher Seebeck

coefficient.[23-24] This band flattening is accompanied by an increase in the effec-

tive mass (m∗) of the conduction band. Pristine PbTe has an effective mass of

' 0.3me, which increases to ' 0.42me for Gd-doped PbTe. On the other hand,

due to band convergence, electrical conductivity increases to ' 1020 S/cm at 300

K. In fact, due to Gd doping in PbTe, Seebeck coefficient also increases from 240

to 261 µV/K at 870 K.

Atom projected electronic density of states (pDOS) for Gd doped PbTe revealed

that the conduction band levels have main contributions from the hybridized states
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Figure 5.3: (a) Off-centered Gd atom at the distorted octahedral position in PbTe. Colour codes
are represented as follows: Pb: red; Te: blue; Gd: green. (b) Energy vs. Gd off-centering plot
showing a minimum energy when Gd is off-centered by ' 0.21 Å along the [111] direction.

of Te – Gd and Te – Pb bonding, with maximum contribution from Pb (Figure

5.2). The electronic structures are calculated on the basis of the energetically

most favorable configuration where Gd atoms are displaced along the crystallo-

graphic direction [111] from their ideal octahedral positions (Figure 5.3(a)). The

off-centering of the Gd atom from the regular octahedral site is around 0.21 Å.

This tendency of Gd to off-center from the parent Pb position actually arise due

to the discordant nature of Gd, which prefers to attain a higher coordination num-

ber (CN) (CN > 6) than possible for rock-salt PbTe (CN = 6).[25] Through the

off-centering configuration of Gd in Gd-doped PbTe, the structure further reduces

their total energy significantly by 13 meV, which is shown in Figure 5.3(b).

To further understand the chemical aspect of such Gd off-centering, we perform

crystal orbital Hamiltonian population (COHP) analysis between the orbitals of

Te and Gd. COHP is calculated by considering the DOS multiplied by the Hamil-

tonian matrix element and it indicates degree of covalency and nature of bonding

interactions. A negative value of COHP signifies bonding nature while a positive

value implies antibonding or unstable nature. Figures 5.4(a) and 5.4(b) repre-
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Figure 5.4: Crystal orbital Hamiltonian population (COHP) is plotted for Gd doped PbTe with
(a) undistorted and (b) off-centered Gd atom from the equilibrium octahedral position.

sent the COHP between the orbital of Te and Gd for both the undistorted (Gd

at the regular octahedral site) and off-centered site of the Gd atom in the PbTe

lattice, respectively. Interestingly, the interaction between Te and Gd orbitals is

antibonding in nature close to the Fermi level (and above the Fermi level) when

Gd atoms are placed at their undistorted octahedral site. However, through the

off-centering, the GdTe interaction becomes bonding and thereby stable in na-

ture, which is energetically more favorable than the undistorted case. This locally

off-centered Gd atom increases the lattice anharmonicity and subsequently plays

an important role in reducing the lattice thermal conductivity of n-type PbTe

significantly (discussed later).[26]

To comprehend the nature of thermal transport in these materials, we have

calculated the phonon dispersion of pristine PbTe and Gd-doped PbTe (Figures

5.5(a) and 5.5(b)). We find that the Gd atom introduces nearly a flat band around

the frequency ' 38 cm-1 along Γ −→ Z −→ R −→ X directions over the Brillouin

zone of phonon dispersion (Figure 5.5(b)). The low energy nearly dispersionless

optical mode reflects a weak interatomic force constant (IFC) and thereby reflects

weak bonding between the associated atoms. These disentangled nondispersive
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Figure 5.5: Phonon dispersion for (a) PbTe and (b) Gd-doped PbTe. Appearance of a special
band, which is represented by black colour, reveals nearly nondispersive nature along Γ −→ Z
−→ R −→ X directions due to Gd doping. Phonon DOS for (c) PbTe and (d) Gd-doped PbTe.
Here, a sudden enhancement in DOS at 38 cm-1 , which is indicated by a black arrow, appears
because of Gd doping in PbTe. This increment in DOS originated because of a low-energy nearly
flat band (shown in black color in Figure 5.5(d)) in the Gd-doped PbTe.

optical phonon mode behave similar to the Kondo-like phonon mode, as seen pre-

viously for type-I clathrates with Ce and La as guests, and are doubly degenerate in

nature.[27] For microscopic understanding of the nearly flat phonon band, we care-

fully analyze phonon dispersion over the full Brillouin zone. In this regard, the

vibrational frequencies have been accurately calculated using density functional

perturbation theory (DFPT) as implemented in Quantum Espresso (QE).[18] In

fact, we compute vibrational Eigenvalues at the particular irreducible q-points de-

pending upon the crystal symmetry. Some of the important vibrational modes for

particular q-points are tabulated in Table 5.1. While doping with Gd atom in place

of Pb, we encounter two sets of possible degenerate Einstein modes (ω1 and ω2)

at the non-zero q−points. Interestingly, the Gd atom at the 4a crystallographic

site constitutes a non-interacting hybridized state with Te and Pb atoms and con-

structs phonon mode which is flat in nature over the Brillouin zone along Γ −→ Z
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−→ R −→ X directions. These non-dispersive vibrational modes are degenerate in

energy due to specific crystal symmetry for some particular irreducible q−points.

These degenerate vibrational modes are identified as pseudospins in the Kondo

model.[28] In the context of the spin Kondo model,[29] pseudospins represent spin

up and spin down states. Similar to the spin systems, the vibrational Eigenvec-

tors associated to the degenerate Eigenvalues are orthogonal to each other. These

nearly non-dispersive Kondo-like degenerate optical phonon modes strongly scat-

ter extended acoustics modes, similar to the spin Kondo system, where localized

spin scatters free electrons and in turn reduces the carrier conductivity.

Table 5.1: List of some irreducible q−points and corresponding degenerate vibrational Eigen
values. The q-points are in the unit of 2π

l ; where l is lattice constant.

qx qy qz ω1(cm−1) ω2(cm−1)
0.00 -0.57 -0.20 38 38
0.00 -0.57 -1.02 41 41

Moreover, we observe an avoided crossing between the longitudinal acoustic

(LA) mode and the low energetic optical mode at 40 cm-1 near the high-symmetry

S point in the phonon dispersion curve (Figure 5.5(d)). Such an avoided crossing is

a signature for strong scattering of heat-carrying acoustic phonons. Figures 5.5(c)

and 5.5(d) represent phonon DOS for PbTe and Gd doped PbTe. A sharp peak

in the density of states near 38 cm-1 (black arrow, Figure 5.5(d)) is evidenced due

to the appearance of nondispersive flat optical phonon mode.

To uncover how this localized optical phonon mode affects the thermal trans-

port, we have calculated the atom-projected phonon DOS (Figure 7.6(a)). The

atom-projected phonon DOS of Gd overlaps significantly with Pb atoms and hy-

bridizes less with Te atoms at ' 38 cm-1. Furthermore, the Eigen mode visualiza-

tion of this flat phonon mode shows significant contribution from the Gd atoms,

indicating that the chemical origin of this flat phonon mode arises due to the
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Figure 5.6: (a) Atom projected phonon DOS. (b) Phonon group velocity vs. q-points. The
avoided crossing is further verified from the phonon group velocity plot where sharp changes in
phonon group velocity is observed in S point. Please note the group velocity is low for flat low
energy Kondo-like optical phonon band (shown in blue color).

doping of Gd atom in PbTe. These hybridized modes effectively scatter acoustic

phonons and reduce lattice thermal conductivity significantly. Moreover, this lo-

calized optical mode displays very low group velocity ' 230 m/s along Γ −→ Z

−→ R −→ X directions (Figure 7.6(b)). The low group velocity driven by the low-

energy localized optical mode is the primary reason to achieve low lattice thermal

conductivity in Gd-doped PbTe. Gd doping further decreases the speed of sound

along one of the transverse directions (vt2) from 1690 to 1160 m/s (Table 5.2).

This reduction in vt2 decreases the overall mean speed of sound of the acoustic

phonons from 1570 m/s for Gd-doped PbTe compared to 2035 m/s for pristine

PbTe. This reduction in the mean speed of sound along with the presence of low

energy flat optical phonon mode and lattice anharmonicity induced via Gd off-

centering plays a pivotal role in lowering the κlat of Gd-doped PbTe. As a result,

we achieve ultralow lattice thermal conductivity, κlat ' 0.78 W/mK at 735 K.

The signature of the appearance of the Kondo like non-dispersive mode has also

been verified from the phonon contribution to the theoretical specific heat (Figure
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Table 5.2: Speed of sound of the acoustic phonons.

Compounds vl (m/s) vt1 (m/s) vt2 (m/s) vmean (m/s)
PbTe 2680 2180 1690 2035
PbGdTe 2700 2290 1160 1570

Figure 5.7: Phonon contribution to the specific heat as a function of temperature for pristine
and Gd doped PbTe.

5.7). In fact, a broad maximum of specific heat curve appears around 121 K which

is actually near to the Debye temperature of PbTe system.[30-31] Interestingly, it

is observed that the broad maximum of the specific heat is sharpened and shifted

towards the lower temperatures as a result of Gd doping. Such behaviors can be

explained in terms of the temperature scales where these effects are controlled; it

is not by Debye temperature, rather governed by some reduced energy scale due to

Kondo type phonon mode [32]. Thus, reduced temperature scale strongly enhances

Umklapp scattering that results in limiting the lattice thermal conductivity.



141 Chapter 5. Enhancing TE Performance in n-type PbTe via Gd doping

Finally, with so low thermal conductivity dominated by the discordant nature

of Gd and low group velocity along with high electronic conductivity because of

band convergence and high Seebeck coefficients due to higher m∗, the Gd doped

PbTe exhibits a zT of ' 1.2 at 783 K, which was estimated experimentally.

5.4 Conclusions

In conclusion, Gd doping introduces a non-interacting flat conduction band in n-

type PbTe which increases its m∗. The presence of this nearly dispersionless con-

duction band distorts the electronic DOS near the conduction band which is found

to be beneficial for enhancing the Seebeck coefficient of the material. Gd is found

to be favorable when it is off-centered from its parent position by ' 0.21 Å along

[111] crystallographic direction in the PbTe lattice. DFT based phonon dispersion

revealed the presence of low frequency nearly flat optical phonon mode which re-

sembles to that of phonon-Kondo mode and plays a pivotal role in scattering the

heat-carrying acoustic phonons, thus lowering its κlat. The high thermoelectric

performance of Gd doped PbTe is resultant of high power factor arising due to

distortion of electronic DOS and simultaneous low thermal conductivity due to Gd

off-centering and enhanced scattering due to formation of Kondo-like low energy

phonon modes. Finally, due to such reasons, Gd doped PbTe exhibits zT to be

1.2 at 783 K.
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6
Exploring the Thermoelectric

Properties of 3d-Transition

Metal doped Two-dimensional

SnTe: A Computational Study

6.1 Introduction

In today’s increasing demand of renewable energy [1-4] scenario, thermoelectric

(TE) materials [5-6] are playing a pivotal role. They can produce renewable energy,

such as, electricity from the solar heat as well as from the waste heat generated via

different industrial and chemical processes [7-8]. Such conversion of energy follows

the Seebeck effect [9] which is a clean and environment-friendly process with ben-

efit of zero-emission. The efficiency of a TE material has been evaluated by the

dimensionless figure of merit zT [10], defined as zT = σS2T
κtot

, where σ represents

the electrical conductivity, S represents the Seebeck coefficient, T represents the

temperature in Kelvin and κtot represents the total thermal conductivity which is

the sum of lattice thermal conductivity (κlat) and electronic thermal conductivity

147
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(κelec). The higher the value of zT , the better is the efficiency of a thermoelec-

tric material at a given temperature [11-12]. A high zT value can be achieved by

enhancing the Seebeck coefficient (S) and electrical conductivity (σ) and reducing

the thermal conductivity κtot, so that the temperature difference generating the

Seebeck coefficient can be retained. The Seebeck coefficient can be enhanced by

engineering the electronic band structure, thereby achieving the band convergence

or by generating the resonant state near the Fermi level [13-16]. In fact, Seebeck

coefficient increases when carrier effective mass increases whereas the charge car-

rier conductivity is inversely proportional to effective mass. Thus, the materials

should contain both dispersive as well as non-dispersive band curvature, which

may arise for systems with inhomogeneity in chemical bonding features. On the

other hand, the thermal conductivity can be reduced by maximizing the all-length-

scale phonon scatterings.[17-18] Another strategy to achieve high-efficiency ther-

moelectric energy conversion is to employ materials with intrinsically low thermal

conductivity and enhanced vibrational anharmonicity [19-20].

In the last few years, the two-dimensional (2D) group IV-VI mono chalcogenide

materials (e.g., SnSe, GeTe etc.) have drawn considerable attention as possible

candidates for thermoelectric energy conversion [21-24]. They are reported to ex-

hibit better thermoelectric efficiency as compared to their bulk counterparts. This

is attributed to the quantum confinement effects, which cause unique structural

and electronic properties leading to the reduction of their intrinsic lattice thermal

conductivity. Besides, low-dimensional tin-chalcogenides are reported to achieve

an enhanced value of the Seebeck coefficient due to the higher electronic density

of states near the Fermi level.

More recently, the successful fabrication of 2D (atomic-thick) SnTe on the

graphitized 6H-SiC (0001) substrate by Chang et al.[25] via molecular beam epi-

taxial technique, motivated the researchers to explore its applicability as the ther-

moelectric material. The density of intrinsic Sn vacancies in this atomically thick
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2D SnTe, as reported both experimentally and computationally (using density

functional theory i.e., DFT), is almost two to three orders of magnitude lower

than that of the bulk SnTe [26-27]. Hence, 2D SnTe is also expected to follow a

similar trend as the other 2D group IV-VI mono chalcogenide materials and act as

an efficient candidate for thermoelectric energy conversion. However, only a very

few computational reports [28-30] are there explaining the structural, electronic,

or thermoelectric properties of pure and various variants of SnTe monolayer and

2D SnTe. In 2017, Xu et al. [28] investigated the electronic and optical proper-

ties of SnTe monolayer by DFT and many-body perturbation theory. In another

report, Liu et al. [29] computationally explored the coexistence of magnetism and

ferroelectricity in 3d transition-metal (3d-TM) doped SnTe monolayer. However,

the thermoelectric behavior of the transition metal (TM) doped SnTe monolayer

remained unexplored. Recently, Guo et al. [30] investigated the electronic prop-

erties of SnTe monolayer using DFT by substituting the Sn atom with different

group III/IV and V elements. They observed that the substitution of Sn atoms

in SnTe monolayer by the group V elements (P/As/Sb/Bi) transformed it into

n-type degenerate semiconductors possessing an excess number of free electrons

which could contribute to electronic conduction. As a consequence, these group

V elements doped SnTe monolayers have been predicted to show higher electrical

conductivity as compared to that of the pristine one. Moreover, its smaller carrier

effective mass indicates higher carrier mobility and conductivity. Therefore, the

possibility of higher thermoelectric conversion efficiency than the pristine SnTe

monolayer may possibly be expected although they did not evaluate the thermal

conductivity and Seebeck coefficients. Thus, a systematic investigation and a clear

understanding of the electronic and thermoelectric behavior of hetero-atom doped

2D SnTe is still elusive. This could be due to the several phase transitions of 2D

SnTe at different pressures and temperatures.

In 2019, Li et al. [31] first reported the thermoelectric properties of orthorhom-
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bic SnTe monolayer using DFT and Boltzmann transport equation theory and

predicted a significantly high zT value (> 2). However, recently, a new hexagonal

phase of 2D SnTe, known as β′-SnTe with P3̄m1 symmetry (space group no. 164),

is reported by Dong et al. [32] as the most stable among all the possible 2D phases

of SnTe, including the currently available orthogonal and other phases. This has

been confirmed via the Universal Structure Predictor: Evolutionary Xtallography

(USPEX) method combined with the density functional calculations.

In fact, earlier the hexagonal 2D phase with P3̄m1 symmetry was identified

both experimentally and theoretically for GeTe [33-34] and SiTe [35] as a two-

component (GeTe)2(Sb2Te3)m and (SiTe)2(Sb2Te3)m (where m is an integer) su-

perlattices respectively. In 2016, Sa et al. [36] explained that in these (GeTe)2(Sb2

Te3)m and (SiTe)2(Sb2 Te3)m superlattices, the GeTe or SiTe structures, and the

corresponding Sb2Te3 layers are connected via weak Te–Te van der Waals forces.

This aspect indicates the independence of the GeTe and SiTe building blocks from

the overall superlattice structures. Hence, there is a high possibility of finding

these 2D GeTe, SiTe, or some other similar type of group IV-VI monochalco-

genides independently without the presence of Sb2 Te3 layers. Furthermore, Sa et

al. [36] confirmed the high stability of these 2D (AX)2 structures (A = Si, Ge,

Sn, and Pb, and X = Se and Te) by energy evaluations, lattice dynamical studies

(calculating the phonon dispersion), and chemical bonding analysis.

Motivated by the most recent development of finding a stable hexagonal SnTe

monolayer in 2019, in this work, we have investigated the geometrical and elec-

tronic structure, stability, and thermoelectric efficiency of pristine as well as 3d-TM

doped 2D hexagonal SnTe monolayer using first-principles DFT based calculations

and Boltzmann transport theory. Furthermore, the reason behind choosing the

3d-TM atoms as the substitutional dopant elements are their non-toxicity, cost-

effectiveness, and lighter weight as compared to that of Sn. In this study, we

solve Boltzmann transport equation (BTE) within relaxation time approximation
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(RTA) to obtain electrical as well as thermal transport co-efficients. To verify our

in-house codes, using our programs, we have computed Seebeck coefficient, lattice

thermal conductivity and zT to be 456 µV/K, 1.47 Wm−1K−1 and 2.12, respec-

tively at 900 K for 2D SnTe. Dong et al.[32] also estimated Seebeck co-efficient,

lattice thermal conductivity and zT by solving BTE at 900 K for 2D SnTe and that

eventually turns out to be 450 µV/K, 1.38 Wm−1K−1 and 2.17 respectively. These

findings motivated us to comprehensively study the thermoelectric performance of

3d-TM doped 2D SnTe.

The prime objective of the present work is to understand how the various ther-

moelectric parameters of pristine 2D SnTe changes upon 3d-TM substitutions. We

have investigated the dynamical and thermal stability of these 3d-TM doped sys-

tems via phonon dispersion calculation and ab-initio Molecular Dynamics (AIMD)

simulation up to 900 K. Our results indicate that the doped systems that are con-

sidered by us are dynamically as well as thermodynamically stable. Our main aim

is to understand the dependence of various parameters for finding the electrical

and thermal transport coefficients, and thereby estimating the trend for achieving

3d-TM doped 2D SnTe as the high-performance thermoelectric material.

6.2 Theoretical Section

6.2.1 First-principle formalism

We perform the first-principle based density functional theory (DFT) method im-

plemented in the Quantum Espresso (QE) package to obtain a relaxed crystal

structure. For structural relaxation, we use projected augmented wave (PAW)

pseudopotential as exchange-correlation energy of the electrons with generalized

gradient approximation (GGA) functional parametrized by Perdew, Burke, Erzen-

hoff (PBE).[43] The energy cutoff of wavefunction and charge density on a plane-
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wave basis is considered as 50 Ry and 200 Ry, respectively. A uniform grid of 4

x 4 x 1 k−points is used for Brillouin space integration and 12 x 12 x 1 k−mesh

is considered to accurately calculate the electronic density of states (DOS). We

optimize the crystal structure until the magnitude of Hellman-Feynman force on

each atom is less than 0.025 eV/Å. Once the pristine SnTe monolayer is relaxed,

we doped 3d transition metal (TM= V/Mn/Fe/Co) in the Sn site and optimize

the lattice parameters. In fact, during optimization, we consider Hubbard U ' 2.5

eV to incorporate electron-electron correlation effects for 3d TM doped systems.

To justify the U value chosen, we have verified electronic structure calculations

by considering other U values (U ' 1.5, 3.5, 4.5, 5.5 in eV) as well. Interestingly,

we observe that the incorporation of U only modifies the electronic bandgap to

some extent, while band dispersion remains unaltered with U values above U '

2.5 eV. Usually, it is a well known fact that the electronic band curvature is the

determining factor for carrier transport calculations. After the optimization, the

electronic structure calculations have been performed considering the unit cells of

various sizes (e.g. 1 x 1, 2 x 1).

Density functional perturbation theory (DFPT) is a well established method

to analyze vibrational spectra for understanding dynamical stability. We consider

3 x 3 x 1 q−mesh to calculate the phonon band structure. The SnTe monolayer

consists of 8 atoms in the unit cell which is considered for phonon frequency

calculations. The phonon spectra, calculated for SnTe monolayer (1 x 1 unit cell),

correctly reproduce the result obtained by Dong et al. [32]. The phonon transport

calculations have also been performed considering 2 x 1 unit cells. To compute

the lattice thermal conductivity in pristine as well as in TM doped SnTe systems,

we further focus on various underlying branches in the phonon dispersion spectra.

To perform the Bader charge analysis [37] and AIMD simulation, we have used

the DFT-based [38-39] code Vienna Ab-initio Simulation Package (VASP) [40-41]

which is associated with the projector augmented plane-wave basis set. Projected-
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augmented wave method (PAW) [42] potentials are employed to characterize all

the constituent elements viz. Sn, V, Mn, Fe, Co, and Te. Generalized gradient

approximation (GGA) is incorporated to treat the exchange-correlation functional

of Perdew-Burke-Ernzerhof (PBE) [43]. The AIMD simulation is carried out by

following the Nosé algorithm [44] up to 20 ps runtime with a time step of 1 fs and

20,000 SCF runs. All the calculations are performed by 4 × 4 × 1 k−mesh gener-

ated via the Monkhorst-Pack method [45]. For a better treatment of our weakly

interacting (layered) systems, we have carried out the calculations by incorporat-

ing the van der Waals corrections using Grimme’s DFT-D2 dispersion corrections

[46], as implemented in VASP. The maximum allowed error in total energy (which

is basically the optimization condition for the electronic self-consistent loop) is

10-4 eV. The ground state geometries are optimized until the atomic forces acting

on each atom (Hellman-Feynman forces) becomes less than 0.001 eV/Å. All the

initial and optimized geometries have been visualized using the graphical software

viz. VESTA[47].

6.3 Results and Discussion

6.3.1 Structure and stability

Initially, we have considered two different phases/structures of 2D SnTe. One is

the most extensively studied orthorhombic phase [25,27,30] and the other one is

the recently reported hexagonal β′-SnTe phase [32,36]. After the full geometry

optimization, we found that the unit cell of the hexagonal β′-SnTe phase is ener-

getically lower by 0.11 eV as compared to that of the orthorhombic phase. This

is in agreement with the earlier reported results [32]. Moreover, the experimental

feasibility of this β′ phase is predicted earlier by Sa et al. [36]. Hence, we proceed

further with our calculations by considering the hexagonal phase of 2D SnTe. The
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Figure 6.1: (a) side view and (b) top view of the ground state optimized geometry for the unit
cell of hexagonal β′ phase of 2D-SnTe. (c) side view and (d) top view of the model structures of
3d-TM doped 2D β′-SnTe systems.
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ground state geometry optimized structure of this hexagonal β′-SnTe is shown in

Figure 6.1. From Figure 6.1, it is clear that the unit cell of 2D SnTe consists of

four atoms among which two are Sn atoms and the other two are Te atoms. The

hexagonal phase of 2D SnTe, as shown in Figure 6.1, has a layered structure.

The unit cell consists of two sublayers, each of which contains one Sn atom and

one Te atom which are strongly bonded by an Sn-Te covalent bond. The two

centrally symmetric Sn-Te sub-layers are bonded by a comparatively weaker (van

der Waals) Sn-Sn bond [32,36]. The lattice parameter of this 2D β′-SnTe is found

to be a = 4.32 Å. This value compares fairly well with the earlier reported [32,36]

lattice parameter values of 2D β′-SnTe system. The formation energy (F.E) of the

2D β′-SnTe is estimated as -11.60 eV by using the following equation:

F.E = E(SnTe)−mE(Sn)− nE(Te) (6.1)

where, E(SnTe) represents the total energy of the unit cell of 2D β′-SnTe, E(Sn)

and E(Te) represent the total energy of an isolated Sn and Te atom respectively

in the gas phase, m and n represent the total number of Sn and Te atoms in the

unit cell of 2D β′-SnTe.

To explore the thermoelectric properties of the 2D β′-SnTe, we have considered

a 2 × 1 supercell which consists of four Sn and four Te atoms and a vacuum of

12 Å along the z direction. In the optimized structure, the Sn-Te and Sn-Sn bond

lengths are found to be' 2.95 Å and' 3.33 Å, respectively, which are in agreement

with the earlier reports. In order to be sure of the stability of dynamical lattice,

the 2D β′-SnTe, we have estimated the phonon dispersion curves for both the unit

cell and the 2 × 1 supercell through the density functional perturbation theory

(DFPT) based methods, which are illustrated in Figure 6.2 as blue solid lines.

Figure 6.2 clearly indicates the lattice dynamical stability without any negative

or imaginary frequency for both the unit cell as well as for the 2 × 1 supercell.
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Figure 6.2: The phonon dispersion curves of 2D β′-SnTe for (a) unit cell and (b) 2 × 1 supercell.
All positive/real frequency values indicate good dynamical stabilities of both the unit cell and 2
x 1 supercell.

Furthermore, the nature of the phonon dispersion spectra for the unit cell (Figure

6.2(a)) is in full agreement with the earlier reported findings.

After investigating the lattice dynamical stability of the pristine systems, we

have substitutionally doped 3d-TM atom e.g., V, Mn, Fe, and Co on this 2 × 1

supercell of 2D β′-SnTe by replacing one of the Sn atoms and adopted energetically

lowered crystal structure. This is equivalent to 12.5 % doping concentration of

the 3d-TM atom. Figures 6.1 (c) and (d) represent the model structures of 3d-

TM doped 2D β′-SnTe systems. The V, Mn, Fe, and Co-doped 2D β′-SnTe are

designated as V@SnTe, Mn@SnTe, Fe@SnTe, and Co@SnTe respectively. Table

6.1 gives the formation energy of the pristine as well as the 3d-TM doped 2D β′-

SnTe systems, and the binding energy of the TM atom on the 3d-TM doped 2D

β′-SnTe systems. The formation energy of the 3d-TM doped 2D β′-SnTe systems

are estimated with respect to the pristine 2D SnTe by using the following equation:

F.E = E(TM@SnTe) + E(Sn)− E(SnTe)− E(TM) (6.2)

where E(TM@SnTe) and E(SnTe) represent the total energy of the 3d-TM doped

2D β′-SnTe and the 2 × 1 supercell of pristine 2D β′-SnTe systems respectively.
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Table 6.1: Formation energy (F.E), and binding energy (B.E) of various TM atom on the 3d-TM
doped 2D β′-SnTe systems.

Systems Sn4Te4 Sn3V Te4 Sn3MnTe4 Sn3FeTe4 Sn3CoTe4

F.E -11.60 -4.03 -7.01 -1.37 -1.90
B.E 0.00 -8.92 -12.06 -6.20 -6.78

Figure 6.3: The phonon dispersion curves of (a)V@SnTe and (b)Mn@SnTe systems.

E(Sn) and E(TM) represents the total energy of an isolated Sn and TM atom

respectively in the gas phase. Table 6.1 clearly shows that all the 3d-TM doped

SnTe systems have negative formation energy, which indicates good energy stabil-

ity. Mn@SnTe system shows the lowest formation energy (highest negative value)

which indicates the highest stability and is followed by the V@SnTe, Co@SnTe,

and Fe@SnTe systems. The perfect lattice dynamical stability of the V and Mn

doped 2D β′-SnTe systems have also been realized by estimating their phonon dis-

persion curves (shown in Figure 6.3). The binding energy (B.E) of the TM atom

on the 3d-TM doped 2D β′-SnTe systems are evaluated by using the following

equation:

B.E. = E(Snp−xTMxTe)− E(Snp−xTe)− xE(TM) (6.3)

where E(Snp−xTMxTe) represents the total energy of the 3d-TM doped 2D β′-
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SnTe system which is equal to the E(TM@SnTe) mentioned in equation (6.2).

p and x represent the total number of Sn and TM atoms in the 2×1 supercell of

pristine 2D β′-SnTe and the 3d-TM doped 2D β′-SnTe systems respectively. In the

present report, p and x are always equal to four and one respectively. E(Snp−xTe)

represents the 2D β′-SnTe system with x number of Sn vacancies. E(TM) is similar

to the equation (6.3). From Table 6.1 it is clear that the binding energy of the

TM atoms follows a similar trend as that of the formation energy of the 3d-TM

doped 2D β′-SnTe systems. Also, the binding energy values of V and Mn are

significantly higher as compared to that of the Co and Fe. Hence, the V-Te and

Mn-Te bond lengths are expected to remain more stable as compared to that of

the Fe-Te and Co-Te at a higher temperature. Moreover, if we expand the 3d-TM

doped 2D β′-SnTe systems, we find that the minimum TM-TM separation in the

periodically repeating structures of all the four 3d-TM doped 2D β′-SnTe systems

becomes > 4 Å. These TM-TM distances are significantly higher as compared to

that in the bulk structures of the corresponding TM atom, thereby ruling out the

possibility of cluster formation between these TM atoms in our systems.

Since most of the applications of the thermoelectric materials are at higher

temperatures, we wanted to gain some knowledge about the stability of these

3d-TM doped 2D β′-SnTe systems at higher temperatures. To find it, we have

performed ab-initio molecular dynamics (AIMD) simulations as implemented in

VASP with the four 3d-TM doped systems. The AIMD simulation is carried out up

to 20 ps runtime with 1 fs time step, 20000 SCF runs, and varying the temperature

from 0 to 900 K. Our AIMD results indicate that all the four 3d-TM doped 2D

β′-SnTe systems remain stable even after 20 ps runtime at around 900 K without

any kind of cluster formation or agglomeration between the doped TM atoms. The

degree of change in bond length at 900 K after 20 ps runtime as compared to that

at the 0 K (ground state optimized structure) is shown in Figure 6.4. The results

in Figure 6.4 indicate that the maximum change in bond lengths is < 5% which
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Figure 6.4: The % of deviation in bond length at 900 K after 20 ps runtime via AIMD simulation
as compared to that at the 0 K (ground state optimized structure). The maximum change in
bond lengths is < 5% which can be considered negligible in terms of stability of the systems.

can be considered as a negligible difference to the stability of the systems.

6.3.2 Nature of bonding and Bader charge transfer

After ensuring the overall structural integrity and stability of the 3d-TM doped

2D β′-SnTe systems, we try to explore the nature of TM-Te and TM-Sn bindings

in these systems. As mentioned earlier in section 6.3.1, our DFT based results

indicate a small deviation in bond lengths after doping with the 3d-TM atoms

as compared to that of the pristine system. According to the analysis of the

Cambridge Structural Database [53], covalent radii of Sn, V, Mn, Fe, Co, and Ti

are 1.39 Å, 1.53 Å, 1.39 Å, 1.32 Å, 1.26 Å, and 1.38 Å respectively. So, it is

clear that the estimated Sn-Te and TM-Te bond lengths in the 3d-TM doped 2D

β′-SnTe systems are quite close to the corresponding ideal covalent bond lengths.

These findings indicate that both Sn and TM atoms are bonded with Te atoms
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in the same sublayer by the covalent bonds. However, the estimated Sn-Sn bond

lengths are found to be much longer than the ideal covalent bond length values,

thereby indicating the characteristics of weak van der Waals interaction rather

than pure covalent bonding. For the TM-Sn bindings, we found that the V-Te

and Mn-Te bond length values in the V@SnTe and Mn@SnTe systems indicate

the van der Waals type weak interactions. However, the Fe-Te and Co-Te bond

length values in the Fe@SnTe and Co@SnTe systems indicate the characteristics

of covalent bondings.

Table 6.2: Bader charges of atoms on the pristine and the 3d-TM doped 2D β′-SnTe systems.

Atoms Sn4Te4 Sn3V Te4 Sn3MnTe4 Sn3FeTe4 Sn3CoTe4

Sn +0.45 +0.38 +0.42 +0.42 +0.44
Te -0.45 -0.60 -0.61 -0.35 -0.19
TM - +0.72 +0.63 +0.28 +0.11

Furthermore, to obtain a quantitative picture about the nature of bonding

of the TM atoms in the 3d-TM doped 2D β′-SnTe systems, we have carried out

Bader charge analysis. Table 6.2 represents the Bader charge of Sn, TM and Te

atoms for the pristine as well as for the 3d-TM doped 2D β′-SnTe systems. In the

3d-TM doped systems, the charge of Sn and Te atoms which are only the nearest

neighbor of the doped 3d-TM atoms are considered here. From Table 6.2, it is

evident that a significantly small amount of charge is transferred from both the

Sn and TM atoms to the neighboring Te atoms. This small amount of charge

transfer does not change the covalent nature of the Sn-Te and TM-Te bonds.

The charge transfer mechanism is further explained by the iso-surface plotting of

charge density (Figure 6.5) for the 3d-TM doped 2D β′-SnTe systems with an iso-

surface value of 0.037 eV/Å3. Here in Figure 6.5, the light green color represents

the accumulation or distribution of electronic charge density. The comparatively

higher amount of charge density around the Sn-Te and TM-Te bonds indicates the
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Figure 6.5: Iso-surface plotting of charge density for (a) V@SnTe, (b) Mn@SnTe, (c) Fe@SnTe,
and (d) Co@SnTe systems. Here, the light green color indicates the accumulation or distribution
of charges. The iso-surface value for these four systems is 0.037 eV/Å3.
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Figure 6.6: Partial density of states (pDOS) of (a) V@SnTe and (b) Mn@SnTe systems. It has
been observed that V:3d orbital (shown in magenta color) has a significant contribution in both
valence and conduction band near Fermi level, while Mn:3d orbital (maroon color) has a very
little contribution in the conduction band. The Fermi level (EF ) is set to zero.

covalent nature of these bonds in all the four 3d-TM doped 2D β′-SnTe systems.

On the other hand, the significantly smaller amount of charge density present

between the Sn and TM atoms represent the weak van der Waals characteristics

of Sn-Sn bonds on all the four 3d-TM doped 2D β′-SnTe systems and TM-Te bonds

on the V@SnTe and Mn@SnTe systems. However, in Figures 6.5(c) and 6.5(d), the

higher accumulation of charge density again indicates the covalent nature of the

Fe-Te and Co-Te bonds in the Fe@SnTe and Co@SnTe systems. So, our results in

Figure 6.5 justifies the explanation given earlier in this section by the bond length

values.

6.3.3 Electronic structure analysis

After understanding the structural characteristics, stability, and the nature of

bonding of the 3d-TM doped 2D β′-SnTe systems, we now analyze the electronic

structures of these systems. Figure 6.6 represents the partial density of states

(pDOS) of the V@SnTe and Mn@SnTe systems. Furthermore, the pDOS of the
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Fe@SnTe and Co@SnTe are found to be metallic in nature. The nature of pDOS

represents the covalent characteristics of the Sn-Te and TM-Te bonds, thereby cor-

roborating the justification mentioned in section 6.3.1. In fact, we observe that the

significant contribution of V:3d orbital in both the valence and conduction bands

near the Fermi level, whereas Mn:3d orbital has comparatively less contribution in

the conduction band region in case of Mn@SnTe. Figures 6.7 (a)-(c) represents the

electronic band dispersion for 2 × 1 supercell of pristine 2D β′-SnTe systems and

also for the V@SnTe and Mn@SnTe systems. The band structures for both the

pristine and the 3d-TM (V and Mn) doped 2D β′-SnTe systems indicate that these

systems have an indirect bandgap (Eg). In the pristine 2D β′-SnTe systems, the

estimated Eg value is 0.55 eV for 2 × 1 supercell. These computed Eg values are

significantly higher as compared to that of the bulk SnTe. The nature of the band

structure for the unit cell is in full agreement with the earlier reported findings.

From Figure 6.7 it is clear that the estimated Eg values increase further in the

V@SnTe (1.16 eV) and Mn@SnTe (0.8 eV) systems that are eventually effective

to suppress bipolar thermal conductivity, especially at elevated temperatures.[54]

Interestingly, the band structure calculations for Fe@SnTe and Co@SnTe systems

show that they are metallic in nature. We will comment on their thermoelectric

behavior later.

6.3.4 Electrical transport properties

Figure 6.8 depicts the charge carrier transport properties at finite temperatures for

SnTe thin layer and 3d transition metal (TM) doped monolayer SnTe. The carrier

mobility is evaluated using equation (1.14). The determining factors to estimate

carrier mobility are deformation potential constant or carrier-acoustics phonon

scattering strength, elastic modulus, carrier effective mass and effective carrier-

carrier scatterings in terms of band deformation. And the carrier effective mass
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Figure 6.7: Electronic band structures of (a) 2D β′-SnTe, (b) V@SnTe, (c) Mn@SnTe systems,
along the high symmetry points in the Brillouin zone. We consider a 2 x 1 supercell to plot the
electronic dispersion curve. The reference level is set as Fermi level (zero energy level).

has been estimated from the inverse of the band dispersion curve (m∗ = ~2
d2E
d2k

). The

carrier phonon scattering strength and elastic modulus are calculated to be 1.72

eV and 12 J/m2, respectively for pristine monolayer SnTe. While doping V and

Mn upon Sn site, E1 decreases to 1.32 eV and 1.26 eV, respectively. On the other

hand, elastic modulus decreases from 12 J/m2 to 9 J/m2 for V doping but slightly

increases to 12.19 J/m2 for Mn doping. The decreasing hole-phonon scattering

strength along with slightly higher elastic modulus is the reason to achieve higher

hole mobility in Mn-doped SnTe.

Analogously, in the case of 3d TM doping (Fe and Co), we achieve significantly

higher intrinsic carrier mobility. Here, the parameters required to determine hole

mobility due to Fe and Co doping in SnTe thin layers are tabulated in Table 6.3.

Similarly, the electron mobility is also obtained using equation (1.14). We have

also reproduced hole and electron mobility with the data given in the article by



165 Chapter 6. 3d-TM doped Two-dimensional SnTe

Figure 6.8: (a) charge carrier mobility , (b) electrical conductivity at the temperature range
(100-900K).

Dong et al. [32] Now, we estimate the total (hole and electron) mobility for pure

and 3d TM doped SnTe and shown in Figure 6.8(a). Although carrier-phonon

coupling strength decreases because of V and Mn doping, still mobility decreases

due to increased carrier effective mass. In fact, localized d orbital originating from

V and Mn atoms arises near the Fermi level which eventually decreases the carrier

mobility. In contrast, it is very important to note that elastic modulus increases

for Fe and Co doping, and as a result, total mobility increases for the Fe and Co

doped cases. As a consequence, mobility reaches the same order of mobility as

monolayer SnTe in Fe doped case. Once we obtain intrinsic carrier mobility for

pristine as well as doped SnTe, we can easily determine electrical conductivity,

σ, using the well known Drude formula σ = neµ. To estimate the electrical con-

ductivity, we have calculated the hole concentration (since it is a p-type material)

to be the order of 1012 cm-2. Figure 6.8(b) represents the temperature-dependent

electrical conductivity for pristine and transition metal doped SnTe. Interestingly,

we observe that the electrical conductivity decreases due to V and Mn doping,

whereas increases in magnitude for Fe and Co doped SnTe monolayers.

Seebeck coefficient is considered as another important parameter to determine

the thermoelectric properties. Ideally, the Seebeck coefficient or thermoelectric
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Figure 6.9: (a) Seebeck coefficient S as a function of temperatures. The estimated S for both
V@SnTe and Mn@SnTe are slightly higher than pristine 2D SnTe. On the other hand, the See-
beck coefficient turns out to be very low for Fe- and Co-doped 2D SnTe due to the metallic nature
of the electronic band structure. (b) the temperature dependent lattice thermal conductivity κlat.

power (S) is defined as the proportionality constant between the voltage difference

to the temperature gradient in a semiconductor. In the present study, we calculate

the Seebeck coefficient using equation (1.15) and have shown in Figure 6.9(a). The

thermopower shows an increasing trend with higher temperatures. We estimate

S to be 251 V/K, 353 V/K, 456 V/K at temperatures 500 K, 700 K, 900 K,

respectively. For V and Mn doped systems, we could achieve a slightly higher

Seebeck coefficient in the higher temperature limit. We compute S for the V@SnTe

system to be 252 V/K, 354 V/K, 458 V/K at temperatures 500 K, 700 K, and

900 K, respectively. In fact, due to Mn doping in SnTe, we find S to be 256 V/K,

359 V/K, 461 V/K at temperatures 500 K, 700 K, and 900 K, respectively. The

achievement of a slightly higher Seebeck coefficient is because of the contribution

of the d orbitals of the 3d-TM, which appears near the Fermi level. In contrast, Fe

and Co doping in SnTe give very low values of Seebeck coefficient even at higher

temperatures.
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Table 6.3: Deformation potential constant (eV), elastic modulus (Jm−2), and effective mass (in
unit of m0) associated with the hole for pristine and doped SnTe are tabulated below.

Systems Sn4Te4 Sn3V Te4 Sn3MnTe4 Sn3FeTe4 Sn3CoTe4

E1 1.72 1.32 1.26 1.44 1.43
C2D 12.00 9.34 12.19 66.00 43.00
m∗x 0.22 0.50 0.62 0.66 0.57
m∗y 0.23 0.50 0.62 0.66 0.57

6.3.5 Thermal transport properties

Other than electrical transport, thermoelectric properties also depend crucially on

thermal transport. Lattice thermal conductivity can be evaluated using equation

(1.16). Since lattice thermal conductivity has a direct dependence on phonon-

phonon relaxation time, the relevant quantity to correctly estimate phonon re-

laxation time is computed. As can be observed, the phonon-phonon scattering

strength gradually increases with V and Mn doping (e.g., 2.37 meV, 2.91 meV,

and 3.34 meV for pristine, V@SnTe, and Mn@SnTe, respectively). Using scat-

tering strength and elastic modulus, we can estimate relaxation time and lattice

thermal conductivity. Figure 6.9(b) shows temperature-dependent thermal con-

ductivity κlat for pristine and doped SnTe systems. We estimate lattice thermal

conductivity to be 2.64 WK−1m−1, 1.89 WK−1m−1, 1.47 WK−1m−1 at temper-

atures 500 K, 700 K, and 900 K, respectively for pristine SnTe. Interestingly, our

estimated results obtained by solving the Boltzmann transport equation correctly

reproduce the earlier reported findings for monolayer SnTe. Now V and Mn dop-

ing in the Sn site further reduces the lattice thermal conductivity which has been

shown in Figure 6.9(b). Importantly, we achieve quite low value of κlat, namely,

0.93 WK−1m−1 and 0.46 WK−1m−1 for V and Mn-doped SnTe systems at 900 K.

The achievement of an ultralow lattice thermal conductivity is indeed beneficial

for thermoelectricity.
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Figure 6.10: (a) power factor (PF) at temperature range (100-900K). We achieve moderate
power factor for both V@SnTe and Mn@SnTe, while PF becomes a very small value over the
temperature range (100-900K) in case of Fe@SnTe and Co@SnTe. (b) thermoelectric figure of
merit (zT ) at the temperature range (100-900K).

6.3.6 Power factor and figure of merit

Once electrical conductivity and thermopower are obtained, it is easy to estimate

the power factor. We then calculate the thermoelectric figure of merit from the

power factor and lattice thermal conductivity. From our estimation, the PF turns

out to be 18 WK−1cm−1, 23 WK−1cm−1, and 33 WK−1cm−1 at temperatures

500 K, 700 K, and 900 K for 2D SnTe. The PF for 3d-TM substituted systems

are shown in Figure 6.10(a). In fact, upon V and Mn substitution, we achieve

moderate PF while it deteriorates upon Fe and Co substitution in Sn sites. The

deterioration of PF happens because of the metallic nature of the electronic band

structure for Fe and Co systems. Finally, we compute the thermoelectric figure of

merit (zT ) for pristine and doped SnTe at various temperatures (shown in Figure

6.10(b)). We achieve a very high zT value of 2.14 for 2D SnTe at T=900 K. In fact,

V@SnTe and Mn@SnTe predict zT to be 1.04 and 2.24, respectively at T=900 K.
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6.4 Conclusions

In summary, we have studied the thermoelectric efficiency of 3d transition metal

doped two-dimensional SnTe using first-principles calculations together with Boltz-

mann transport theory. Analyzing the 3d-TM doped SnTe systems, V and Mn

doping results in a very low formation energy and binding energy, thereby pro-

viding the possibility of spontaneous doping, while the formation energies and

binding energy for the Fe and Co doping in SnTe are comparatively higher, which

suggests that V and Mn doping form more stable structure than Fe and Co doping.

Moreover, AIMD simulation along with lattice dynamics studies also confirm that

pristine and doped SnTe systems are thermally as well as dynamically stable. The

current study also suggests that 12.5% substitution of V, Mn even though affects

the intrinsic carrier mobility due to increased carrier effective mass and lower elas-

tic constant, that slightly enhances the Seebeck coefficient. On the contrary, Fe

and Co substitution drastically reduces the Seebeck coefficient because of semicon-

ductor to metallic transition. We also show that the V and Mn doping decreases

the lattice thermal conductivity significantly. In fact, the substantial reduction

in lattice thermal conductivity yields a significant enhancement (' 5-6%) in zT

values for the Mn@SnTe system as compared to that of the pristine 2D β′-SnTe

system. So, overall we can conclude that the Mn@SnTe as well as the V@SnTe

systems can be successfully utilized as efficient thermoelectric materials.
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7
High Thermoelectric Figure of

Merit at

Near-Room-Temperature in

n-type Ag2Se through Rashba

Effect and Entropy Engineering

7.1 Introduction

Recent issues on rising temperature due to global warming emphasize the inhibi-

tion of carbon emissions and strengthen the energy management and sustainability

measures to alleviate the effects of climate change.[1-2] Therefore, research on re-

newable energy sources such as wind, solar and geothermal energy sources have

attracted much attention for the last two decades. Especially, geothermal energy is

the internal heat generated in the Earth’s interior near-room-temperature regime

(150-400 0C), which can widely be used to recover waste heat and utilise it for

power generation.[3-4] However, the extensive use of thermoelectric materials is

177



7.1. Introduction 178

limited by low thermoelectric efficiency. It is related to dimensionless quantity i.e.

figure of merit zT =
σS2

b

κ
T , where Sb, σ, and T are the Seebeck coefficient, electri-

cal conductivity, thermal conductivity, and absolute temperature, respectively.[5]

Interestingly, the efficient way to enhance the zT value is determined by a com-

bination of two major factors; electrical transport should be high, characterised

by power factor (S2
bσ) and glass-like thermal transport. Some of the compounds

which demonstrate high zT at mid-range temperature have been achieved in lead

chalcogenide, which not only contains toxic lead (Pb) but also encompasses less

abundant tellurium (Te).[6] The scarcity of Te implies one has to search for new

earth-abundant elements that could lead to large zT [7] near-room-temperature

through innovative approaches such as defect structure engineering[8], band con-

vergence[9], nano-structuring[10], and phonon glass electron-crystal[11].

Presently, entropy-engineering has become another unique strategy for the re-

duction of lattice thermal conductivity (κlat) of a crystalline solid by manipulating

configurational entropies. Configurational entropy increases when multiple com-

ponents occupy identical atomic sites inside the crystal. Multicomponent chalco-

genide like (SnTe)1-2x (SnSe)x (SnS)x, (GeTe)1-2x (GeSe) x(GeS)x and (PbTe)1-2x

(PbSe)x (PbS)x are very well known pseudoternary systems to exhibit low lattice

thermal conductivity. It occurs because an increase in configurational entropy

arises from point defect phonon scattering, mass fluctuation of different elements

and strain (induced from atomic size mismatch.)[12-16] Additionally, the large

atomic size mismatch between the constituent atoms could also lead to locally

strained domains in the global structure. Moreover, the large size mismatch of Te

and S atoms would generate off-centering of S atoms which introduces local dipole

moment and soft phonon modes in the crystal. As a result, the soft phonons effec-

tively scatter heat-carrying acoustics phonons and reduce lattice thermal conduc-

tivity significantly.[17] Along with entropy engineering, the Rashba effect has an

additional effect in the fields of thermoelectricity through the spin-orbit coupling
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(SOC) mechanism in the charge carrier transport phenomenon.[18] The Rashba

spin splitting leads to a distinctive feature in the electronic density of states (DOS)

due to the unique Fermi surface topology [19]. Consequently, the power factor

(S2
bσ) is found to be large because of the sharp peak in DOS [20]. Thus, the

Rashba spin splitting can potentially be a very effective mechanism for thermo-

electricity.

Chalcogenide families, such as, PbTe and its solid solution with PbSe and

PbS are well known semiconductors to show excellent thermoelectric efficiency.[21]

However, PbTe based materials are not eco-friendly because of the presence of Pb,

and as a result, the use of PbTe remains unsuitable for mass-market applications.

Various other thermoelectric materials, such as, SiGe,[22] skutterudites,[23] half-

Heusler compounds,[24] colusites,[25] SnSe,[26] SnS,[27] Cu2Se,[28] exhibit high zT

(between 1.5-2.5 above T=500K). Interestingly, none of the above materials show

zT above 1.0 at room temperature except Bi2Te3 [zT ' 1.3-1.7]. Although the

performance of Bi2Te3 has been strategically improved via various mechanisms,

it indeed turns out to be p-type.[29] In Contrast, the n-type Bi2Te3 remains be-

low zT ' 1.0 at room temperature.[30] Meanwhile, it has become imperative to

explore new n-type thermoelectric materials that exhibit zT above unity near-

room-temperature as maximum energy wastage in line with geothermal power

generation occurs approximately in this temperature range.[31]

The current materials with high Thermoelectric (TE) performance working

in near-room-temperature range mainly include Bi2Te3-based systems, Mg3Sb2,

MgAgSb, Mg2(Si, Sn), AgSbTe2 and β-Ag2Q (Q=Se, Te)[32-33]. Recently, there

has been sustained research for quite some time, where β-Ag2Q is considered as a

promising candidate for thermoelectric application because of its intrinsic metal-

like electrical conductivity and inherently glass-like thermal conductivity at room

temperature.[32,34] Experimentally, Silver selenide specimens were prepared by a

direct reaction of the source elements (6N purity) in evacuated (' 10-4 Torr) quartz
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tubes and the subsequent X-ray diffraction analysis confirmed the formation of β-

Ag2Se.[34] However, this material shows discrepancies in zT at the temperature

range 300-400 K, which have been reported in the literature.[35-36] Subsequent

efforts were attempted towards increasing the figure of merits of thermoelectric

materials.[37] Finally, the achievement of a high zT > 1.0 at temperature range

(300-375 K) has been demonstrated by improving charge carrier mobility along

with tuning of the carrier concentration via the addition of minute anion excess.[38]

In due course, the synthesis of solid solution, Ag2Se1-xTex has been confirmed by

X-ray diffraction data and Rietveld refinement.[39] In fact, Drymiotis et al. showed

Ag2Se-As2Te phase diagram at different compositions using density functional the-

ory (DFT) calculations. In the present study, we have further doped the Sulphur

atom in the ternary phase and have examined the thermoelectric performance of

the pseudoternary phase, Ag2Se-Ag2Te-Ag2S. Our analysis encompasses the com-

prehensive understanding in calculating intrinsic carrier mobility, not only limited

by longitudinal acoustics phonon scattering, rather governed by longitudinal op-

tical phonons. Achieving the excellent thermoelectric performance at near-room-

temperature range in an Ag2Se-rich phase, Ag2 Se1-2xTex Sx by minimizing lattice

thermal conductivity (κlat) using the mechanism, such as, configurational entropy

engineering, is demonstrated. Furthermore, we will also discuss an increment of

power factor due to the Rashba type of spin splitting which leads to a very high

value of zT ' 2.1 at 400 K in Ag2Se0.5Te0.25S0.25.

7.2 Theoretical Section

7.2.1 First-principle formalism

First-principles based density functional theory calculations have been performed

by a Quantum Espresso package[40] which employs the pseudopotential model
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considering the ion-electron interaction inside the material. We use full rela-

tivistic projected augmented wave(PAW) pseudopotentials[41-42] together with

exchange-correlation energy of the electrons with generalized gradient approxi-

mated (GGA)[43] functional parametrized by Perdew, Burke, Erzenhoff (PBE).[44]

The crystal structure is fully relaxed using the conjugate gradient scheme until the

magnitude of Helmann-Fynman force becomes less than 0.025 eV/Å. The elec-

tronic wave function and charge density cutoff are taken to be 70 Ry and 400

Ry, respectively. Brillouin zone integration of orthorhombic crystal structure is

sampled on the uniform grid of 24 x 16 x 16 k-points. A strict energy convergence

of 10-8 eV has been used to obtain phonon frequencies accurately. The sharp dis-

continuity of the electronic states near the Fermi level is smeared out with the

Fermi-Dirac distribution function with a broadening of 0.003 Ry.

We consider the orthorhombic phase of Ag2Se, β-Ag2Se, that undergoes a first-

order phase transition to a cubic phase around 407 K. The low-temperature phase

is a narrow bandgap semiconductor with space group P212121 and lattice param-

eters a=4.35 Å, b=7.07 Å and c=7.78 Å. [45,46] The unit cell of β-Ag2Se consist

of 12 atoms with four molecules of Ag2Se totaling 8 Ag and 4 Se atoms. At

high temperature above 407 K, it transforms to a cubic phase where the mate-

rials become metallic with Ag atoms becoming superionic in nature.[47] We also

incorporate the spin-orbit coupling (SOC) effect while calculating band structure.

It has been observed that the effect of SOC is very prominent for doped Ag2Se.

Pristine, S-doped, Te-doped and co-doped (Te & S) Ag2Se have been simulated to

obtain electronic band structure along the high symmetry points. Furthermore,

phonon dispersion properties of pristine and doped Ag2Se have been calculated

using density functional perturbation theory (DFPT). Ag2Se unit cell containing

12 atoms, is considered for phonon frequency calculation. A uniform grid of 2 x 2 x

2 q-mesh is taken into consideration. To deeply understand the origin of ultralow

lattice thermal conductivity, we further focused on various branches in the phonon
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dispersion curve of both pristine and doped Ag2Se. In addition to that, we have

also computed the configurational entropy or mixing of entropy using the formula:

∆Smax = −nR(x1lnx1 + x2lnx2) (7.1)

where x1 and x2 are mole fractions of species 1 and 2, respectively.

7.2.2 Formation energy (F.E) and Binding energy (B.E)

calculations

F.E = E(Ag2Se1−xMx) + E(Se)− E(Ag2Se)− E(M) (7.2)

B.E = E(Ag2Se1−xMx)− E(Ag2Se1−x)− xE(M) (7.3)

here, M = Te & S atoms. E(Se), E(Ag2Se), E(M) are the single Se atom in the

unit cell, Ag2Se unit cell, and single M atom in the unit cell, respectively. On

the other hand, E(Ag2Se1−xMx), E(Ag2Se1−x), E(M) are total energy of unit cell

where one M atom substituted Se atom, one Se atom absent Ag2Se1−x unit cell,

and single M atom unit cell, respectively.

7.2.3 Transport calculations

To calculate mode resolved intrinsic carrier mobility limited by longitudinal opti-

cal (LO) phonon, we recall that the small-momentum behaviour of the Fröhlich

interaction is well described by the leading order in Vogl’s model for 3D semicon-

ductor[65]:

g3D
Fr (qp) =

4πe2

V |qp|εqp

∑
a

eqp.Z
b
a.eqpLO√

2MaωqpLO
(7.4)

where e is the electronic charge, V is the unit cell volume, εqp is the bulk dielectric
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constant and eqp = qp
|qp| . Ma is the atomic mass, Zb

a is Born effective charge associ-

ated with a particular atom, a, qpLO is the longitudinal optical phonon frequency

at wave vector qp. Thus the total scattering rates due to LO phonon can be written

in terms of Fröhlich interaction as follows[66]:

1

τLO
=

V

4π2

2π

~

∫ 2π

0

dφ

∫ qmax

qmin

|g3D
Fr (qp)|2

1

~ωqp
qp(n~ωqp +

1

2
∓ 1

2
)dq (7.5)

Once we determine τLO, we can evaluate longitudinal optical phonon lim-

ited carrier mobility using the expression µLO = eτLO

m∗
. Using Matthiessen’s rule

1
µ

= 1
µLA

+ 1
µLO

, we obtain effective carrier mobility (µ). Finally, the electrical

conductivity can be calculated using the Drude formula σ = neµ, where n: carrier

concentration, e: electronic charge.

7.3 Results and Discussion

In this work, we have considered the orthorhombic phase of Ag2Se (β-Ag2Se) whose

full description of its crystal structure was studied by Wiegers in 1971 based on

X-ray powder diffraction data[55]. We notice that all of the crystallographic sites

corresponding to Ag atoms are not equivalent. This particular phase contains

crystallographically distinct two silver atoms, Ag1 is coordinated tetrahedrally,

whereas Ag2 atoms are placed in an almost triangular symmetry [Shown in Fig-

ure 7.1]. Generally, Ag2Se seems to be a non-stoichiometric compound at both

low as well as in high-temperature phases. In fact, the low-temperature phase of

Ag2Se reveals not only excellent thermoelectric efficiency even at room tempera-

ture but rather is also an n-type semiconductor. Despite numerous research on

thermoelectric properties of Ag2Q (Q=Te, Se) reported previously,[32-35] to date,

there is no significant studies on pseudoternary (Ag2Se-Ag2Te-Ag2S) system for
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Figure 7.1: Crystal structure of Ag2Se at room temperature. Silver atoms are shown in blue
colours, selenium atoms in light green colours. (a) Ag2Se crystal structure viewed from a-axis.
Local atomic coordination of Ag atoms in the crystal structure where (b) Ag1 atoms are in
tetrahedral geometry. (c) the coordination sphere of Ag2 is triangular geometry.

thermoelectric application because of its complex chemistry. Here, we discuss the

structural, thermodynamical, chemical aspect and thermoelectric properties of the

pseudoternary phases of Ag2Se. Also, to verify our methods, we have calculated

the Seebeck coefficients, electronic conductivity, thermal conductivity and zT val-

ues for Ag2Se, Te doped Ag2Se and these have been verified with corresponding

experimental values for these systems. The theoretically calculated thermoelectric

parameters such as µ, κlat, zT for Ag2Se obtained solving BTE are 2457 S/cm, 1.01

Wm−1K−1, 1.05, respectively. These values match fairly well with experimental

values of 2000 S/cm, 0.96 Wm−1K−1, 0.96, respectively. In fact, we also com-

pared thermoelectric paremeters after Te doping in Ag2Se. With Te doping, κlat

decreases and reaches 0.6 Wm−1K−1 which is well consistent with the theoretically

calculated value 0.63 Wm−1K−1.

Recently, ab-initio based density functional perturbation theory (DFPT) meth-

ods have become well-established techniques to investigate the structural stability
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Figure 7.2: Phonon dispersion curve of (a) Ag8Se4, (b) Ag8Se3S, (c) Ag8Se3Te, (d) Ag8Se2TeS,
have been calculated using DFPT and plotted as a function of q-point. The lattice dynamics
curves signify both pristine and doped Ag2Se are dynamically stable. The green and red color
phonon band represent longitudinal and transverse acoustics mode, respectively. On the other
hand, blue color phonon band signifies low energy optical phonon mode.

of various materials.[56,57] In this regard, our lattice dynamics study using phonon

dispersion calculations reveal that pristine and doped Ag2Se are dynamically sta-

ble. In phonon dispersion curves shown in Figure 7.2, we observe that all the

vibrational modes are positive in magnitude which implies structural stability of

both pristine and doped Ag2Se crystal structures. Furthermore, thermodynamic

stability is also examined performing formation energy and binding energy calcu-

lations for doped Ag2Se. The estimated formation energies for S-doped, Te-doped

and Te & S co-doped Ag2Se are found to be -0.81 eV, -0.27 eV and -0.40 eV,

respectively (Calculated using Equation 7.2). Moreover, binding energies are also

calculated, which turns out to be -6.12 eV, -5.02 eV and -10.47 eV, respectively

(Calculated using Equation 7.3). Interestingly, formation energy in combination

with binding energy determines the chemical stability of these pseudobinary and

pseudo-ternary phases of Ag2Se.
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Figure 7.3: Electronic band structure of (a) Pristine, (b) S doped, (c) Te doped, (d) Te & S co-
doped, Ag2Se, along the high symmetry k-points. All the band dispersions are plotted including
spin-orbit coupling (SOC) due to the presence of heavy metals in the unit cell. The Fermi level
is considered as a reference for each figure.

In order to determine the electronic structure properties of all these systems, we

use density functional theory (DFT) calculations. The calculations are carried out

for Te and S co-doped Ag2Se, Te-doped Ag2Se, S-doped Ag2Se and undoped Ag2Se

systems. Figure 7.3 represents electronic band dispersion of pristine, S-doped,

Te-doped and Te & S co-doped, Ag2Se, respectively along the high symmetry

points. The bandgap estimated at the PBE level for pristine is well consistent

with other theoretical calculations.[55] It is interesting to note that the sulphur

doping widens the bandgap which is also shown in Figure 7.3(b). In contrast, the

Te-doping narrows down the band gap between valence band maxima (VBM) and

conduction band minima (CBM) and most importantly lifts the spin degeneracies

due to spin-orbit coupling (SOC) originated because of the presence of heavy nuclei

in the unit cell (See Figure 7.3(c)). Finally, Figure 7.3(d) indicates that Te & S

co-doping serves the combined purpose simultaneously that not only opens up the



187 Chapter 7. TE performance in n-type Ag2Se at Near-Room-Temperature

Figure 7.4: PBE-SOC band gap for pristine and doped Ag2Se

band gap between VBM and CBM but also lifts spin degeneracy near the Fermi

level which is effective to enhance electrical conductivity. In fact, we compare

bandgap for pristine and doped Ag2Se and shown in Figure 7.4.

Fundamentally, the SOC driven spin dependent band structure splitting is

known as the Rashba effect. In fact, the indirect bandgap along with a larger

number of energy bands near the Fermi level, originated due to the Rashba effect,

would be beneficial for thermoelectric performance, as we will see later in this

chapter. To understand the Rashba effect rigorously, we have calculated band

structures for pristine, Ag2Se and doped Ag2Se, which are shown in Figure 7.5.

The k-dependent spin-splitting of the conduction band shifts the band edge from

the high symmetry Γ-point due to Tellurium doping along both K −→ Γ and M

−→ Γ directions. The momentum offset, ∆k, is the difference between the Γ-point

and shifted band-extrema in k-space. For Te-doped Ag2Se and Te & S co-doped

Ag2Se, ∆k in the conduction band along M −→ Γ high symmetry directions are

0.025 and 0.037 Å−1, respectively. Whereas, ∆k for such splitting in its valence
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band is found to be the same as 0.025 Å−1 along the M −→ Γ high symmetry

directions for single doping and co-doping cases (see Figures 7.5(c) and 7.5(d)).

Therefore, we conclude from the above discussions that the extent of momentum

offset differing of ∆k in the frontier bands create an indirect bandgap for co-doped

(Te & S) Ag2Se, leading directly to lowering of the electron-hole recombination

rates. However, the extent of splitting in the conduction band for S-doped Ag2Se

along the K −→ Γ and M −→ Γ directions is quite small compared to the same

for Te doped systems. Interestingly, the weak band-splitting observed for S-doped

Ag2Se actually does not arise due to SOC, rather it is due to the off-centering

of S atoms from its equilibrium position(shown in Figure 7.6). In fact, due to

off-centering (the S atom from its original position), the crystal structure further

gains 2.09 meV of energy. The strength of the Rashba effect can be calculated

using the parameter α = ER

2∆k
, where ER is the amplitude of the band splitting at

the band edge in a particular direction. The estimated value for the co-doped

Ag2Se in the M −→ Γ direction is 1.004 eVÅ which is of the same order as those

reported by previous computational studies on Ag2Te.[55]

To further examine the consequence of the Rashba effect on electronic struc-

ture, we plot the density of states (DOS) in Figure 7.7(a). Surprisingly, we find

that the total DOS shows a sharp peak near the Fermi level because of Te dop-

ing in the unit cell. In fact, pristine and S-doped Ag2Se does not exhibit any

such contribution near the Fermi level. Consequently, a sudden peak in the total

DOS as a result of tellurium doping gives rise to increase in DOS effective mass,

contributing to enhancement in the Seebeck coefficient. We have also studied the

atomic orbital projected DOS (pDOS) to understand the orbital contribution due

to the Rashba effect. In fact, it has been confirmed from the pDOS in Figure

7.7(b) that the tellurium ions have the highest orbital contribution near the Fermi

level and consequently Te’s are mainly responsible for Rashba types of effect.

Finally, we perform transport calculations based on favourable electronic band
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Figure 7.5: Rashba type effect in Ag8Se4. The PBE-SOC electronic band structure of (a) Ag8Se4,
(b) Ag8Se3S, (c) Ag8Se3Te, (d) Ag8Se2TeS, have been plotted for a dense k-grid. The Rashba
splitting for Ag8Se2TeS system in both VBM and CBM along the M −→ Γ and K −→ Γ directions
are prominent. Interestingly, momentum offset (k) for co-doped systems are not equal for VBM
and CBM which transform direct to indirect bandgap and effectively help to reduce electron-hole
recombination rates.

Figure 7.6: Energy profile vs. coordinate of displacement of sulphur (S) atom from its equilibrium
position. Through the displacement (around 0.1 Å) of the S atom, the crystal reduces energy by
2.09 meV.
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structure to evaluate Seebeck coefficient (Sb), electrical conductivity (σ) and ther-

moelectric power factor (S2
bσ) for pristine and doped Ag2Se. As described in the

computational section, we solve the Boltzmann transport equation (BTE) within

relaxation time approximation (RTA) to estimate the Seebeck coefficient, (Sb) and

mobility (µ). We compute Sb using equation (1.12), which is plotted in Figure

7.9(a) within the temperature range (100-400 K). Interestingly, the estimated See-

beck coefficient turns out to be negative which implies n-type carriers are the

determining factor for transport in Ag2Se. We now compare the calculated Sb for

pristine Ag2Se (197 µV/K at 200 K) with the experimentally measured Seebeck

coefficient ( 175 µV/K at 200 K).[34] Accordingly, the Sb for Te-doped Ag2Se has

been calculated to be 155 µV/K at 400 K, which is slightly lower than pristine

Ag2Se. Therefore, we substitute Sulphur in place of Se and the estimated Seebeck

coefficient turns out to be 525 µV/K, 292 µV/K at 400 K for S-doped and Te &

S co-doped Ag2Se, respectively. Importantly, as can be seen, the Sb ( 292 µV/K

at 400 K) estimated in the case of co-doping is far more than Ag2Te ( 150 µV/K

at 400 K).[58]

We calculate intrinsic charge carrier mobility values, considering the fact that

the carriers are not only scattered by longitudinal acoustic phonons but also limited

by low energy longitudinal optical phonons. According to deformation potential

theory (DPT), the charge carrier mobility, (µLA) largely depends on the carrier

scattering information in combination with carrier effective mass and deformation

potential constant (see Table 7.1). In fact, the carrier effective mass (m∗) has

been derived from the 2nd order derivative of electronic band dispersion curves

with momentum which is tabulated in Table 7.1. We further compare m∗ for

pristine Ag2Se with other ab-initio results.[59] Using these parameters, we find

temperature-dependent carrier mobility, (µLA) using equation (1.10). To incor-

porate the longitudinal optical (LO) phonon limited carrier transport, we use the

Fröhlich interaction term which is described in equation (7.4). The carrier-optical
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Figure 7.7: (a) Total density of states (DOS), (b) atom projected DOS (pDOS), have been
plotted as a function of energy. Interestingly, we observe sharp peaks just near the Fermi level
in DOS for the Ag8Se2TeS system (blue line). From pDOS, it is clear that the atom projected
orbital arising near the Fermi level predominantly originated from the Te atom (represented by
green colour). The Fermi level is considered as a reference for each figure.

phonon scattering strength, (g3D
Fr (qp)) depends upon Born effective charge (Zb

a),

bulk dielectric constant (εqp) and magnitude of an optical phonon, (ωqpLO). These

parameters can easily be obtained using density functional perturbation theory

(DFPT) implemented in Quantum Espresso distribution. With these, the scatter-

ing rate can be computed using equation (7.5) and which can further be used to

calculate the optical phonon limited intrinsic mobility, (µOP ). Finally, the mode

resolved carrier mobility is shown in Figure 7.8, which turns out to be of the order

of 103 for doped Ag2Se at temperature 400 K. The mobility for pristine Ag2Se eval-

uated considering the scattering model driven by both acoustic as well as optical

phonons, is eventually well consistent with experimental results (experimentally

µ ' 2000 S/cm at 300 K).[34] Once carrier mobility is known (shown in Figure

7.9(b)), we can calculate carrier electrical conductivity using the Drude formula

σ = neµ and are shown in Figure 7.9(c). Here, we find that carrier concentration

is of the order of 1019 cm-3. The estimated σ for pristine, S-doped, Te-doped,

co-doped (Te & S) Ag2Se are found to be 2457 S/cm, 432 S/cm, 7499 S/cm, 3160
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S/cm, respectively, at room temperature. To validate DPT theory, we compare

theoretically predicted σ for pristine Ag2Se ( 2457 S/cm at 300 K) with experimen-

tal value ( 1988 S/cm at 300 K).[34] The enhancement of electrical conductivity

in the case of Te-doping occurs due to the appearance of multiple levels near the

Fermi energy as a consequence of the Rashba type spin splitting. Since carrier

electrical conductivity increases due to Te doping, it has a direct impact on the

thermoelectric power factor (PF). As a result, we achieve PF to be 152 Wcm−1K−2

for Te & S co-doped Ag2Se at 300 K. The thermoelectric power factor for pristine

and doped Ag2Se are shown in Figure 7.9(d).

Table 7.1: Deformation potential constant, E1 (eV), elastic modulus, C3D (1011Jm−3), and
effective mass, m∗ (in unit of m0) associated with the electron for pristine and doped Ag2Se are
tabulated below.

Systems Ag8Se4 Ag8Se3S Ag8Se3Te Ag8Se2TeS
E1 38.57 2.24 1.14 2.40
C3D 119 2.74 3.57 1.47
m∗ 0.28 0.36 0.21 0.14

Figure 7.10(a) displays magnitudes of soft vibrational modes at high symmetry

M and K-points in the Brillouin zone. As can be seen, some of the modes have

exceptionally low soft vibrational frequencies. The phonon frequency for pristine

Ag2Se at M-point (K-point) is found to be 7.60 cm-1 (13.65 cm-1). For S-doped, Te-

doped and Te & S co-doped Ag2Se, phonon modes get further softer, which would

eventually be effective for good thermoelectric performance. The observed phonon

modes (cm-1) at M-point (K-point) are found to be 6.82 (12.07), 4.40 (11.7), 4.31

(11.58) for S-doped, Te-doped and Te & S co-doped Ag2Se, respectively. Interest-

ingly, the frequency of the soft phonon mode at M-point for the co-doped system

is in the same order of n-type BiSe.[60] To unravel the origin of such soft mode

in the phonon spectra, we present phonon density of states (DOS), determined

from first principles. Total phonon density of states (Figure 7.10(b)) of Te-doped
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Figure 7.8: Mode resolved Carrier mobility.

Figure 7.9: (a) Seebeck coefficient, (b) Mobility, (c) Electrical conductivity, (d) Power factor,
have been shown in the temperature range (50-400 K). The Seebeck coefficient is derived from
Boltzmann transport formalism. On the other hand, temperature-dependent mobility is calcu-
lated using acoustics phonon limited deformation potential theory. Finally, the Drude model
gives the temperature-dependent electrical conductivity using the formula σ = neµ).
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Figure 7.10: (a) Soft phonon modes observed at both M-point (blue bar) and K-point (red bar)
for pristine and doped Ag2Se in the Brillouin zone. Phonon frequency gradually decreases for
Ag8Se4, Ag8Se3S, Ag8Se3Te, Ag8Se2TeS, respectively. (b) Phonon Dos for pristine and doped
Ag2Se. The sharp peak indicated by the black arrow signifies soft phonon modes at M and K
points in the Brillouin zone for Ag8Se3Te (green line) and Ag8Se2TeS (blue line) systems.

and Te & S co-doped Ag2Se clearly confirms the sharp peak arising because of Te

doping in the low-energy phonon modes, which is highlighted by the black ellipse.

As we will see below, these low energy acoustics modes are the reasons to achieve

low lattice thermal conductivity in such a pseudo-ternary phase.

Additionally, entropy engineering is also utilized to modulate lattice thermal

conductivity via Te and S doping at Se sites in Ag2Se crystal. As calculated using

equation (7.1), the configurational entropy (∆Sconf ) gradually increases with S-

doping, Te-doping and Te & S co-doping, respectively. The calculated ∆Sconf are

found to be 5.276 JK−1mol−1, 6.658 JK−1mol−1, 6.976 JK−1mol−1 for S-doped,

Te-doped and co-doped Ag2Se, respectively. In fact, the order of the (∆Sconf )

for doped cases is well consistent with another similar study, Te-doped in Cu7P

Se6.[61] Eventually, the co-doping of Te and S in Ag2Se increases the configura-

tional entropy and point defects scattering which results in reducing lattice thermal

conductivity significantly.

Both pristine and doped Ag2Se have intrinsically low lattice thermal conduc-

tivity, (klat) at room temperature due to an increase in configurational entropy
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Figure 7.11: Temperature-dependent (a) Total lattice thermal conductivity (κ), (b) Figure
of merit (zT ), have been shown for pristine and doped Ag2Se. The pseudoternary phase
(Ag8Se2TeS) shows very high zT ' 2.1 at 400 K.

dominated by point defect scattering.[62-63] Herein, we solve the Boltzmann trans-

port equation to evaluate phonon relaxation time at temperature range (100-400

K). Pristine Ag2Se seems to show κlat ' 0.83 Wm−1K−1 at 400 K which is well

consistent with experiments.[34] Via Te and S doping at Se site in Ag2Se crystal,

the κlat gradually decreases. Note that, the κlat is calculated using the equation

(1.13) for S-doped, Te-doped and co-doped (Te & S) Ag2Se systems, which are

found to be 0.8 Wm−1K−1, 0.63 Wm−1K−1, 0.34 Wm−1K−1, respectively at 400

K. The temperature-dependent κlat have been shown in Figure 7.11(a).

Finally, the dimensionless parameter, zT as a function of temperature have

been computed and shown in Figure 7.11(b). The pristine Ag2Se shows quite high

zT value (' 1.05) at 400 K which is also compared and found to be well consistent

with other experimental and theoretical studies. [34,64] The zT is calculated

for temperature up to 400 K because Ag2Se crystal undergoes structural phase

transition near 410 K.[64] In fact, we also estimate zT for Te-doped Ag2Se, which

is found to be 0.74 at 400 K. Finally, due to both S & Te doping, we achieve
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maximum zT around 2.1 at 400 K in co-doped (Te & S) Ag2Se.

7.4 Conclusions

In conclusion, we have investigated the superlattice of (Ag2Se) 1-2x(Ag2Te) x(Ag2S)

x, where we have thoroughly analyzed the electronic as well as thermal transport

behaviour of pseudo-ternary phase at near-room-temperature regime. This su-

perlattice shows higher configurational entropy arising due to a large atomic size

mismatch between Te & S atoms in Ag2Se unit cell, which would lead to point

defect scattering. Due to such defect scattering, we observe a very low value of

lattice thermal conductivity (0.34 Wm−1K−1 at 400 K). This is because of the fact

that the phonon scattering eventually occurs due to effective point defect scatter-

ing involving a broad range of mass fluctuation of constituting atoms (Se/Te/S).

Additionally, the Rashba effect, the spin-split band dispersion appeared due to Te,

introduces a sharp peak in the density of states near the conduction band region

just above the Fermi level. Indeed, we find a moderately high thermoelectric power

factor in the case of the co-doped superlattice. As a result of such relatively high

PF and ultra-low lattice thermal conductivity, we achieve an exceptionally high

zT (2.1 at 400 K) in n-type Ag2 Se0.5Te0.25 S0.25. In fact, the SOC driven spin split

Rashba effect helps to greatly enhance the thermoelectric power factor and simul-

taneously enhancement of configurational entropy due to point defect scattering

leads to reduction of lattice thermal conductivity. Eventually, these two combined

effects synergistically increase the thermoelectric zT value in the pseudo-ternary

phase operating in a near-room-temperature regime.
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8
Summary & Outlook

The central theme of this dissertation is to elucidate the role of charge and phonon

transport in electronic and thermoelectric applications in layered as well as in

bulk materials. We have employed a combination of first-principles based density

functional theory coupled with Boltzmann transport equation theory throughout

working chapters and for analysis purposes. Three major topics of research are

mainly discussed in this thesis, namely, understanding the strain-induced transport

anisotropy in charge carrier mobility in layered semiconductors, studying phonon

dynamics in bulk and monolayer systems along with manifestation of avoided

crossing in thermodynamic properties and finally realizing charge and phonon dy-

namics in modulating inter-dependent thermoelectric parameters with innovative

computational strategies to design better thermoelectric materials.

In Chapter 2, we have elaborately discussed about the ab-initio based defor-

mation potential theory to study strain-induced anisotropy in the carrier mobility

in β-TeO2. We have analyzed carrier mobility at various compressive as well as

tensile strain. At 3% compressive strain along the x-direction, we achieve incre-

ment in hole mobility (39500 cm2V−1s−1) that occurs because of the lowering of

both hole-phonon coupling strength and effective mass. We also find a sharp peak

in the electron mobility (17500 cm2V−1s−1) at 4% compressive strain along the y-
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direction. The enhancement of such large carrier mobility is attributed to higher

carrier relaxation time along the Γ −→ Y direction. This wider bandgap mate-

rial coupled with ultrahigh carrier mobility could be utilized for next-generation

nano-electronics and power electronics applications.

In the next chapter (Chapter 3), we have compared and contrasted phonon

dispersions of SnO and PbO in their single layer and bulk forms using density

functional perturbation theory (DFPT) implemented in Quantum Espresso. We

obtain good agreement of Raman and IR active modes between our theory and

the available experimental data. Interestingly, we notice strong avoided crossing

in both monolayer and bulk SnO and only in bulk PbO along the high symme-

try points, which has a direct consequence in reducing phonon contribution to

vibrational entropy. Our study on abrupt change in phonon group velocity fur-

ther confirms the appearance of Landau quasi-degeneracy or avoided crossing in

bulk and monolayer form of SnO and only in bulk PbO. Interestingly, we do not

observe any avoided crossing for monolayer PbO which is additionally validated

by the appearance of kink in Cv(T ) determined by the energy fluctuations. This

chapter mainly encompasses the detailed understanding of the vibrational spectra

of MO and provides new insight in thermodynamic parameters, which is crucial

to the development of better thermoelectric materials.

In chapter 4, 5, 6 and 7, we have developed Boltzmann transport equation

mechanism in deformation potential limit and have studied carrier (charge and

phonon) transport properties in designing better thermoelectric materials. We

have modelled a superlattice of SnO-PbO in chapter 4 which could be used as

a thermoelectric (TE) oxides. Our result indicates that this complex is dynami-

cally as well as thermodynamically stable at both ambient and high temperatures.

This superlattice shows higher Seebeck coefficient and low thermal conductivity,

compared to its component oxides (SnO & PbO). Moreover, the localized lone

pair induced charge anisotropy and bonding inhomogeneity are the reasons for
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the reduction of the lattice thermal conductivity in this air-stable TE oxides. In

Chapter 5, we have shown Gd doping introduces a non-interacting flat conduction

band in n-type PbTe which increases its effective mass (m∗). The presence of

this nearly flat conduction band distorts the electronic DOS which is beneficial

for enhancing the Seebeck coefficient in n-type PbTe. Gd is found to be favorable

when it is locally off-centered from its parent position by ≈ 0.21 Å along [111]

crystallographic direction in the PbTe lattice, which creates significant lattice an-

harmonicity. Phonon dispersion revealed the presence of low frequency nearly flat

optical phonon mode which plays a pivotal role in scattering the heat carrying

acoustic phonons, thus lowering its κlat. The high thermoelectric figure of merit

in Gd doped PbTe is due to the high power factor arising due to distortion of elec-

tronic DOS and simultaneous low thermal conductivity due to Gd off-centering

and enhanced scattering due to formation of low energy localized phonon modes.

We have also studied the thermoelectric efficiency of 3d transition metal in-

corporated Pb-free ecofriendly two-dimensional SnTe in chapter 6. This chapter

suggests 12.5% substitution of V and Mn increase the thermodynamic efficiency.

In fact, although these doping affects the intrinsic carrier mobility due to increased

carrier effective mass and lower elastic constant, the Seebeck coefficient in turn in-

creases slighly. On the contrast, Fe and Co substitution drastically reduce the

Seebeck coefficient because of semiconductor to metal transition. In fact, the sub-

stantial reduction in lattice thermal conductivity yields a significant enhancement

(≈ 5-6%) in zT values for the Mn doped SnTe system as compared to that of the

pristine 2D β′-SnTe system.

In the last working chapter (Chapter 7), we investigated the superlattice of

(Ag2Se)1−2x(Ag2Te)x(Ag2S)x where we have thoroughly analyzed electronic as well

as thermal transport behaviour of pseudo-ternary phase at near-room-temperature.

This superlattice shows higher configurational entropy arising due to a large atomic

size mismatch between Te & S atoms in Ag2Se unit cell, which would lead to low-
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ering of lattice thermal conductivity. Additionally, the Rashba effect, spin-split

band dispersion appeared due to Te, introduces a sharp peak in the density of

states which moderately enhances the thermoelectric power factor in case of the

co-doped superlattice. As a result, we achieve an exceptionally high zT (2.1 at

400 K) in Ag2Se0.5Te0.25S0.25.

In brief, we have established a comprehensive microscopic understanding of

their inter-dependent complex relationship of charge and phonon transport in pe-

riodic systems to determine the electronic as well as thermoelectric properties

throughout the thesis. Most importantly, such studies provide access to atomistic

details which is not readily accessible to experimentalists. Recently, the exper-

imental advancement makes available a library of new low-dimensional to bulk

materials which can be utilized as next generation nano-electronics, photovoltaic

solar cells, FETs and thermoelectric devices.

We already have developed in-house codes based on Boltzmann transport equa-

tion for all the descriptors that are required to obtain thermoelectric efficiency and

also for thermodynamic quantities. In fact, our developed methodology would be

able to predict microscopic details of the systems listed in the libraries for their

applications in advanced devices. In near future, we are interested in developing

machine learning algorithms by which we would be able to predict many more new

energy materials with exotic properties that benefit the experimentalists for syn-

thesizing advanced materials for applications in advanced devices and in particular

in thermoelectric devices.
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ABSTRACT: Understanding of phase stability, chemical bonding,
and phonon transport are essential to realize ultralow thermal
conductivity in crystalline solids for designing high-performance
thermoelectric (TE) materials. Pristine SnTe, a homologue of PbTe,
exhibits poor TE performance primarily because of high lattice
thermal conductivity, κlat. Herein, the amorphous limit of κlat is
achieved via engineering configurational and vibrational entropies in
pseudoternary (SnTe)1−2x(SnSe)x(SnS)x. Density functional theory
calculations and synchrotron X-ray pair distribution function
analysis reveal that S atoms are locally off-centered in global cubic
SnTe, resulting in a low-energy localized optical phonon which
strongly couples with heat-carrying acoustic phonons. Additionally, substitution of Se and S in SnTe increases the
configurational entropy and point defects, resulting in an ultralow κlat of 0.52 W/mK. Finally, improvement of the Seebeck
coefficient is achieved via the synergistic effect of resonant doping (In) and valence band convergence (Ag), which lead to
a high TE figure of merit, zT, of ∼1.3 at 854 K.

Entropy is a measure of the number of microscopic
configurations present in the macrostate of a material.1

Introduction of extensive alloying/point defects (site or
size disorder) increases the configurational entropy of the
system and simultaneously decreases the lattice thermal
conductivity, κlat, providing the opportunity to realize better
thermoelectric (TE) performance, which is important for
future energy management as TE materials can convert waste
heat to electricity.2−9

We present a unique strategy for the reduction of κlat of a
crystalline solid to its amorphous limit by engineering its
vibrational and configurational entropies simultaneously. In
alloys, vibrational entropy is used to calculate the solubility of
the second phase in the host matrix.10 The large size mismatch
between the constituent atoms may generate locally strained
regions in the global structure. Recently, the effect of large size
mismatch between Te and S was theoretically predicted in
PbTe−PbS where S atoms are off-centered from their ideal
crystallographic position, resulting in local dipole moments and

soft phonon modes which scatter heat-carrying acoustic
phonons effectively.11 On the other hand, configurational
entropy arises because of the occupation of multiple elements
in a particular crystallographic site.1 Multicomponent
chalcogenides such as (PbTe)1−2x(PbSe)x(PbS)x and (Ge-
Te)1−2x(GeSe)x(GeS)x are known to show low thermal
conductivity due to increase in configurational entropy-driven
point defect phonon scattering, resulting from strong strain
and mass fluctuations between different components.8,9

Pristine SnTe exhibits κlat of ∼3.1 W/mK at 300 K, which is
significantly higher than its theoretical limit of minimum κlat
(κmin ≈ 0.5 W/mK).12,13 Recently, thermal conductivity of
SnTe has been significantly reduced via multielement alloy
scattering (∼0.8 W/mK at 300 K)14 and introducing matrix-
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encapsulated layered intergrowth compounds (∼0.67 W/mK
at 300 K).12 The measured κlat values are still far from the
theoretical limit of SnTe. The decrease of the κlat without
degrading the carrier mobility has recently been demonstrated
in SnTe via engineering ferroelectric instability which
effectively scatters heat-carrying acoustic modes and results
in low thermal conductivity (∼0.67 W/mK at 300 K).15 We
envisaged that the synergistic effects of configurational entropy
engineering and the introduction of phonon localization via
off-centering of the selective atom would be a promising
approach to realize the κmin of SnTe via coalloying SnSe and
SnS.
We report an ultralow κlat of ∼0.52 W/mK and high

thermoelectric performance in (SnTe)1−2x(SnSe)x(SnS)x [x =
0−0.10] via a three-step process. Initially, we used the self-
compensation in SnTe, i.e., Sn1.03Te, to optimize the excess
hole carrier concentration. Subsequently, the reduction of κlat
of Sn1.03Te is achieved via coalloying SnSe and SnS.
Configura t iona l ent ropy fo r the pseudote rnary
(SnTe)1−2x(SnSe)x(SnS)x system is significantly higher com-
pared to the conventional binary systems SnTe−SnSe or
SnSe−SnS, which enhances the point defect phonon scattering
markedly. Using first-principles density functional theory
(DFT) calculations and synchrotron X-ray pair distribution
function (PDF) analysis, we discover that S atoms are off-
centered in cubic (SnTe)1−2x(SnSe)x(SnS)x, resulting in local
strain and strong overlap between heat-carrying acoustic and
low-energy optical phonons, which reduces κlat significantly.
Finally, improvement of the Seebeck coefficient is achieved via
codoping of In and Ag in (SnTe)1−2x(SnSe)x(SnS)x, where In
and Ag act as a resonant dopant and valence band convergent,
respectively. Consequently, a peak zT of ∼1.3 at 854 K can be
achieved for p-type Sn1.03Te0.85Se0.075S0.075 − 2 mol % Ag and 2
mol % In sample, which is markedly higher compared to that
of pristine SnTe.
First, we synthesized SnTe samples with slight excess Sn, i.e.,

Sn1.03Te,
16,17 by sealed tube melting and spark plasma

sintering, which exhibits lower p-type carrier concentration
(1.08 × 1020 cm−3) compared to that of pristine SnTe (4.5 ×
1020 cm−3). Despite the research on thermoelectric properties
of pseudobinary SnTe−SnSe and SnSe−SnS systems reported
previously,18−20 to date, there is no report on the
pseudoternary SnTe−SnSe−SnS system for thermoelectrics
because of its complex chemistry. Here, we describe the
structure, thermodynamical aspect, and thermoelectric proper-
ties of the SnTe-rich Sn1.03Te1−2xSexSx system in detail.
Room-temperature powder XRD patterns (Figure S1a,

Supporting Information, SI) for Sn1.03Te1−2xSexSx (x = 0−
0.10) samples have been indexed based on cubic SnTe (space
group Fm3̅m). However, XRD of higher SnSe/SnS concen-
tration (x ≥ 0.05) in Sn1.03Te show additional weak reflections
of SnS, indicating the lower solubility limit of SnS in the SnTe
matrix compared to that of SnSe, which is further confirmed
via backscattered field emission scanning electron microscopy
(FESEM; Figure S2) and vibrational entropy calculation
(Table S1).
Se and S substitution in SnTe reduces the κlat enormously

throughout the measured temperature range compared to that
of controlled Sn1.03Te sample (Figure 1a). Typically,
Sn1.03Te0.85Se0.075S0.075 sample exhibits a κlat value of 0.52 W/
mK at room temperature, which is significantly lower than that
of other reported SnTe-based samples (Figure
1b),12,14,15,18,21−24 and reaches to the κmin of SnTe (0.5 W/

mK). The Sn1.03Te0.85Se0.075S0.075 sample possesses extensive
solid solutions and big SnS-rich precipitates (∼20 μm, Figure
S2). Micrometer sized SnS precipitates are formed in the SnTe
matrix because of the large miscibility gap between SnTe and
SnS due to the significant difference in atomic radii between
Te (1.40 Å) and S (1.00 Å). The big SnS precipitates do not
affect much in phonon scattering because the mean free path
of heat-carrying phonons in SnTe lies in the 2−20 nm range.25

We have also performed transmission electron microscopy
(TEM) experiments on the Sn1.03Te0.85Se0.075S0.075 sample to
confirm the absence of any nanoscale precipitate (Figure S3)
in the matrix.
To find the fundamental reason for the ultralow κlat in

Sn1.03Te0.85Se0.075S0.075 sample, we have calculated configura-
tional entropy, vibrational entropy, and phonon dispersion via
first-principles density functional perturbation theory (DFPT).
Configurational entropy increases when several initially
separated systems of different atoms are mixed without
chemical reaction. Configurational entropy for pseudoternary
system, SnTe1−2xSexSx (2.8 J/K/mol) is significantly higher
compared to that of the pseudobinary phase, SnTe1−2xSex
(0.55 J/K/mol) and SnTe1−2xSx (0.95 J/K/mol) (Table S1). It
is worth noting that multicomponent thermoelectric materials
are capable of scattering phonons extensively because of highly
tunable configurational entropy, resulting from complex crystal
s t r u c t u r e a n d b o n d i n h omo g e n e i t y . 8 , 9 T h e
Sn1.03Te0.85Se0.075S0.075 sample exhibits ultralow κlat, especially
from room temperature to 600 K, compared to that of the
controlled pseudobinary systems (Figure S5b). Thus, low κlat
in the pseudoternary system can be attributed to the entropy-
driven point defect phonon scattering due to enhanced mass
fluctuation as several anions occupying the same position
within the lattice. Similarly, configurational entropy plays an
important role in decreasing the κlat in previously reported Pb/
Ge-based pseudoternary systems,8,9 but none of those systems
were able to reach their κmin unlike the present case. This hints
about the presence of additional phonon scattering mecha-
nisms operating in tandem with the point defect scattering to
bring the κlat of SnTe down to its amorphous limit. The
Klemens model was calculated to understand the effect of
point defect scattering on κlat of the Sn1.03Te1−2xSexSx system
(inset of Figure 1a). However, experimental κlat values for all
the samples lie far below the theoretical line, which gives
further indication of the additional mechanism which is
complementary to the point defect phonon scattering.

Figure 1. (a) Temperature-dependent lattice thermal conductivity
(κlat) for Sn1.03Te1−2xSexSx (x = 0−0.10) samples. Inset in panel a:
Room-temperature κlat as a function of total Se and S
concentration. The solid blue line is a solid solution line predicted
by the Klemens model. (b) κlat at room temperature in this work in
comparison with previously reported SnTe samples.12,14,15,18,21−24

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.9b01093
ACS Energy Lett. 2019, 4, 1658−1662

1659



Phonon dispersion of pristine rock salt SnTe exhibits
imaginary modes (instability) with frequency of 36i cm−1 at
the Γ point (Figure 2a), resulting from the rhombohedral

distortion in the global cubic structure via Sn off-centering.26

However, there is an appearance of flat bands in imaginary
modes of frequency 117i cm−1 at Γ point for Sn8Te6SeS
(Figure 2b). The imaginary localized mode originates from S
atoms in Sn8Te6SeS, which was visualized from the analysis of
Eigen vectors (Figure S8). The high-energy optical modes also
show flat behavior. A significant band overlap between acoustic
modes and low-energy optical modes is obtained which,
scatters heat-carrying acoustics phonons and reduces the κlat in
the SnTe1−2xSexSx system. The reason for the band to be flat is
the off-centering of S atoms in the global cubic Sn8Te6SeS
lattice. The phonon dispersion of Sn8Te6SeS is analogous to
that of the BaTiO3, where the unstable localized mode
originated because of off-centering of Ti atoms along the Ti−
O−Ti chain.27
The crystal orbital Hamiltonian population (COHP)

analysis further confirms that the strong interactions between
Sn 5s and S 3p are bonding in nature with the S off-center
configuration (Figure 2c), whereas the antibonding nature
appears when S is placed in its regular crystallographic site
(Figure 2d). We thus understand there is a driving force on the
S atom to off-center toward the Sn, making the bonding
stronger between them and stabilizing the structure. Therefore,
thermal energy could displace the S atom from one potential
well to another in a dynamic fashion, which has a strong
consequence in phonon scattering. Similar behavior has been
recently observed in a PbSe−GeSe system where Ge off-
centers from its position to stabilize the structure and reduces
thermal conductivity significantly.28 Further, the lower values
of the calculated sound velocity (Table S2) can be attributed
to the lower thermal conductivity of SnTe1−2xSexSx.
Although the theoretical calculation indicated toward

bonding heterogeneity and S atom off-centering instability, a
concomitant experimental proof was obtained using X-ray PDF
analysis (Figure 3). Full range X-ray PDF data of
Sn1.03Te0.85Se0.075S0.075 at 300 K fits well with the rock salt
cubic structure (Figure 3a). To understand the chemical

bond ing o f neares t a tom−a tom corre l a t ion in
Sn1.03Te0.85Se0.075S0.075, we have analyzed critically the first
peak in the PDF (Figure 3b) and tried to rationalize the data
using a distorted model, i.e., by off-centering the S atom
(Figure 3c). We have observed that off-centering the S atom by
0.12 Å in the [111] direction at 300 K properly describes the
nearest-neighbor correlation (Rw = 6.97%, Figure 3c).
Although the global structure of Sn1.03Te0.85Se0.075S0.075 fits
well with cubic rock salt structure, the first PDF peak cannot
be well accounted for by simple rock salt model (Rw = 9.83%,
Figure 3b). The off-centering of S further increases to 0.14 Å at
500 K (Figures 3d and S12). The off-centering of S from its
mean position suggests a bonding heterogeneity, wherein a
stronger bonding interaction between Sn and S acts as a
catalyst for the S-off centering. Similar local cationic distortion
results in the depletion of the thermal conductivity of few
solids.15,28 Thus, the local S off-centering in global cubic
SnTe0.85Se0.075S0.075 is an important cause that inhibits the
propagation of acoustic phonons and thereby decreases the κlat
of the system.
In the next step, we focused on the modification of the

electronic structure of the Sn1.03Te0.85Se0.075S0.075 sample to
enhance the Seebeck coefficient. Here, we choose a Ag and In
codoping strategy to further improve the thermoelectric
performance in the Sn1.03Te0.85Se0.075S0.075 sample. Substitution
of Ag and In together decreases the electrical conductivity,
especially at room temperature, because of the significant
reduction in carrier mobility for all the samples due to resonant
carrier scattering (Figure 4a and Table S4). The Seebeck
coefficients for Sn1.03Te0.85Se0.075S0.075 − y% Ag and y% In (y =
1−3) samples are significantly higher over the entire
temperature range compared to the controlled singly Ag- and
In-doped Sn1.03Te0.85Se0.075S0.075 sample (Figures 4b and S16).
Typically, the Seebeck value for the Sn1.03Te0.85Se0.075S0.075 −

Figure 2. Phonon dispersion of (a) Sn8Te8 and (b) Sn8Te6SeS as a
function of q-points. Crystal orbital Hamiltonian analysis (COHP)
of (c) Sn 5s and off-centered S 3p orbitals and (d) Sn 5s and
regular site S 3p orbitals.

Figure 3. (a) Global fit of X-ray PDF with cubic structure in
Sn1.03Te0.85Se0.075S0.075 at 300 K. Fit of X-ray PDF for the nearest-
neighbor atomic correlation with (b) cubic structure and (c) S off-
centering along the [111] direction in Sn1.03Te0.85Se0.075S0.075 at
300 K. (d) Off-centering of S atom in Sn1.03Te0.85Se0.075S0.075 as
obtained from temperature-dependent X-ray PDF analysis.
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2% Ag and 2% In sample is 90 μV/K at room temperature,
which further increases linearly to 180 μV/K at 856 K.
We compared the room-temperature Seebeck coefficient of

Sn1.03Te0.85Se0.075S0.075 − y% Ag and y% In (y = 0−3) samples
as a function of carrier concentration with the well-known
P i s a r e n k o l i n e o f S nT e . 2 9− 3 1 I n t e r e s t i n g l y ,
Sn1.03Te0.85Se0.075S0.075 − y% Ag and y% In codoped samples
exhibit a Seebeck coefficient that is much higher than that of
monodoped Ag and In samples, which confirms that Ag and In
synergistically enhance the Seebeck coefficient in
Sn1.03Te0.85Se0.075S0.075 − y% Ag and y% In codoped samples,
where In acts a resonant dopant and Ag increases the valence
band convergence.29,30 Moreover, the detailed electronic
structure of Ag and In codoped SnTe1−2xSexSx samples
calculated by DFT confirms the valence band convergence
and resonance state formation (Figure S18).
The Sn1.03Te0.85Se0.075S0.075 − 2% Ag and 2% In sample

exhibits the highest zT of ∼1.3 at 854 K (Figure 4d), which is
significantly higher than that of pristine SnTe and the
previously reported Ag and In codoped SnTe sample (zT ≈
1 at 856 K).30

Al though the scope of the inves t iga t ions in
(SnTe)1−2x(SnSe)x(SnS)x system is huge because of the
possibility of vast compositional variation and complexity,
here we have limited our investigation to study the
thermoelectric properties of SnTe-rich compositions with an
equal fraction of SnSe and SnS. While with lower
concen t r a t i ons o f SnSe and SnS , the sy s t em
(SnTe)1−2x(SnSe)x(SnS)x (x = 0.05) represents solid solution,
but with x > 0.05, the system exhibits coexistence of solid
solution and phase separation of SnS1−xSex-rich precipitates
(∼20 μm) in a SnTe 1− xSe x - r i ch ma t r i x . The
(SnTe)1−2x(SnSe)x(SnS)x is significantly point defect rich
because of high configurational entropy. Sulfur atoms locally

o ff - c e n t e r i n g l o b a l r o c k s a l t l a t t i c e o f
(SnTe)1−2x(SnSe)x(SnS)x because of covalent bonding be-
tween Sn and S, resulting in local instability that induces
coupling between optical and acoustic phonons. The
synergistic effect of enhanced configurational entropy and S
off-centering in pseudoternary system reduces the κlat to its
amorphous limit (κmin ≈ 0.5 W/mK). Further, Ag and In
codoping in Sn1.03Te0.85Se0.075S0.075 significantly enhances the
Seebeck coefficient because of the synergistic effect of
resonance level formation and valence band convergence,
respectively. As a result, the highest zT ≈ 1.3 is achieved in the
Sn1.03Te0.85Se0.075S0.075 − 2% Ag and 2% In sample at 854 K.
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Figure 4. Temperature-dependent (a) electrical conductivity (σ)
and (b) Seebeck coefficient (S) for Sn1.03Te0.85Se0.075S0.075 − y % Ag
and y% In (y = 0−3) samples. (c) Room-temperature S vs carrier
concentration (p) plot of the present Sn1.03Te0.85Se0.075S0.075 and
Sn1.03Te0.85Se0.075S0.075 − y% Ag and y% In samples.29−31 (d)
Temperature-dependent thermoelectric figure of merit (zT) for
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ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.9b01093
ACS Energy Lett. 2019, 4, 1658−1662

1661



■ REFERENCES
(1) Fultz, B. Vibrational thermodynamics of materials. Prog. Mater.
Sci. 2010, 55, 247−352.
(2) Tan, G.; Zhao, L. D.; Kanatzidis, M. G. Rationally designing
high-performance bulk thermoelectric materials. Chem. Rev. 2016,
116, 12123−12149.
(3) Sootsman, J.; Chung, D. Y.; Kanatzidis, M. G. New and old
concepts in thermoelectric materials. Angew. Chem., Int. Ed. 2009, 48,
8616−8639.
(4) Jana, M. K.; Biswas, K. Crystalline solids with intrinsically low
lattice thermal conductivity for thermoelectric energy conversion.
ACS Energy Lett. 2018, 3, 1315−1324.
(5) Chang, C.; Wu, M.; He, D.; Pei, Y.; Wu, C. F.; Wu, X.; Yu, H.;
Zhu, F.; Wang, K.; Chen, Y.; Huang, L.; Li, J.-F.; He, J.; Zhao, L.-D.
3D charge and 2D phonon transports leading to high out-of-plane ZT
in n-type SnSe crystals. Science 2018, 360, 778−783.
(6) Chandra, S.; Banik, A.; Biswas, K. n-Type ultrathin few-layer
nanosheets of Bi-doped SnSe: synthesis and thermoelectric properties.
ACS Energy Lett. 2018, 3, 1153−1158.
(7) Roychowdhury, S.; Panigrahi, R.; Perumal, S.; Biswas, K.
Ultrahigh thermoelectric figure of merit and enhanced mechanical
stability of p-type AgSb1‑xZnxTe2. ACS Energy Lett. 2017, 2, 349−356.
(8) Samanta, M.; Biswas, K. Low thermal conductivity and high
thermoelectric performance in (GeTe)1−2x(GeSe)x(GeS)x: Competi-
tion between solid solution and phase separation. J. Am. Chem. Soc.
2017, 139, 9382−9391.
(9) Korkosz, R. J.; Chasapis, T. C.; Lo, S.; Doak, J. W.; Kim, Y. J.;
Wu, C.; Hatzikraniotis, E.; Hogan, T. P.; Seidman, D. N.; Wolverton,
C.; Dravid, V. P.; Kanatzidis, M. G. High ZT in p-Type
(PbTe)1−2x(PbSe)x(PbS)x thermoelectric materials. J. Am. Chem.
Soc. 2014, 136, 3225−3237.
(10) Mao, Z.; Seidman, D. N.; Wolverton, C. The effect of
vibrational entropy on the solubility and stability of ordered Al3Li
phases in Al-Li alloys. APL Mater. 2013, 1, 042103.
(11) Doak, J. W.; Wolverton, C.; Ozoliņs, V. Vibrational
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ABSTRACT: Materials with ultrahigh dielectric constants and a
low value of dielectric loss are important for energy storage and
electronic devices. Traditionally, high dielectric constant is found
in ferroelectric complex oxides, but they exhibit high dielectric loss
as well. Herein, a broadband colossal dielectric constant in a
superionic halide, RbAg4I5, with a low dielectric loss is presented.
The real part of the dielectric constant, ε′, increases by 102 orders
of magnitude as RbAg4I5 goes through a superionic transition at
121 K. At room temperature, ε′ > 106 in the frequency range 10−1

to 104 Hz with a low dielectric loss, which ranges between 2.03 and
0.53. The maximum of ε′ reaches a colossal value of 6.4 × 108 at
0.1 Hz at 300 K. The molecular dynamics simulation reveals the
presence of Ag+ clusters with a broad size distribution. The intercluster diffusion of Ag+ causes significant instantaneous charge
separation and a consequent large fluctuation in the dipole moments. The fluctuating dipoles, in turn, result in the colossal dielectric
constant in RbAg4I5.

■ INTRODUCTION

The development of materials with a colossal dielectric constant
(CDC) is an integral part of advancing the modern electronics,
sensors, and energy-storage devices.1−6 Traditionally, high
dielectric constant is associated with ferroelectric oxides across
their paraelectric to ferroelectric transition, where ε′ ≈ 103 to
104 can be easily achieved.7−12 Recently, few complex oxides
have also emerged as nonferroelectric high dielectric constant
materials where high ε′ arises either from polarization relaxation
and polar fluctuations in nanosize domains or from Maxwell−
Wagner polarization in the grain boundaries.13−18 One of the
most notable examples is the double-perovskite CaCu3Ti4O12
(CCTO) in which CDC with ε′ ≈ 104 to 105 has been achieved
over a broad temperature and frequency range, although the
exact origin of the CDC in CCTO is still under debate.19−22

However, most of these oxides have a high dielectric loss, tan δ,
as well. Low-dimensional systems with a charge density wave
also show a high dielectric constant; however, the associated tan
δ is high.23,24 Recently, another intriguing category of materials,
called superionic conductors, are emerging as high dielectric
constant materials with a low tan δ.25−27 The perovskite oxide
superionic conductor Rb2Ti2O5 exhibited a dielectric constant
ε′ ≈ 109 at 0.01 Hz at 300 K.25

Superionic conductors are solid materials with a high ionic
conductivity (σ > 10−3 S/cm; in ordinary solid σ ≈ 10−8 S/
cm).28,29 For example, the room-temperature ionic conductiv-
ities of the superionic compounds Rb2Ti2O5 and RbAg4I5 are

∼10−3 and ∼0.2 S/cm, respectively.25,30 Such a high ionic
conductivity is, in general, thought to be detrimental to
achieving CDC in a material. One of the requirements for
observing CDC in superionic conductors is that the material
must have very low electronic conductivity. For example,
Rb2Ti2O5 has room-temperature electronic conductivity ∼10−8
S/cm.25 The room-temperature electronic conductivity of the
present RbAg4I5 is ∼10−9 S/cm, which satisfies the required
condition.31,32 Superionicity in a material is induced when
highly disordered cation sites are present along with polar
states.33 The polar states are created by the charge transfer due
to ion migrations to the interstices. Consequently, these ionic
migrations may create dipoles in the lattice, which is probably
important to have a high dielectric constant. RbAg4I5 exhibits a
complex crystal structure34−36 with a large number of Ag+

present in the lattice, which migrate to the interstitial positions
in its superionic phase, and therefore, RbAg4I5 is expected to
show CDC.
Herein, we have demonstrated a broadband CDC with a low

dielectric loss in superionic RbAg4I5, which is synthesized by a
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facile, solvent-free mechanochemical synthesis at room temper-
ature. The presence of two structural phase transitions with
decreasing temperature, α (cubic, space group P4332; Figure 1a)
→ β (rhombohedral, space group R32; Figure 1a) at 209K and β
→ γ (trigonal, space group P321; Figure 1a) at 121 K, has been
confirmed via temperature-dependent powder X-ray diffraction
(PXRD) and differential scanning calorimetry (DSC). The
temperature-dependent positron annihilation lifetime (PAL)
spectroscopy and coincidence Doppler broadening (CDB)
spectra evidence the presence of charged vacancies associated
with the diffusion of Ag+.We have shown that ε′ increases by 102
orders of magnitude as RbAg4I5 goes through the γ → β
superionic phase transition from the low-temperature side, and
ε′ reaches a giant value ∼6.4 × 108 at 0.1 Hz in the room-
temperature superionic α phase. Themolecular dynamics (MD)
simulation shows charge density fluctuation within Ag+ clusters
because of intercluster Ag+ diffusion. This causes fluctuation in
the instantaneous dipole moments associated with Ag+ clusters
and results in the experimentally observed CDC in the room-
temperature superionic phase of RbAg4I5.

■ METHODS

Experimental Section. Starting Materials. Rubidium (I)
iodide (RbI, 99.5%) and silver (I) iodide (AgI, 99.999%) were
purchased from Sigma Aldrich and used without further
purification during synthesis.
Methods of Synthesis. For the RbAg4I5 synthesis, 939 mg of

AgI (4 mmol) and 212.4 mg (1 mmol) of RbI were taken as
precursors in a mortar and pestle. The precursors were
mechanically ground and mixed thoroughly in the mortar and
pestle for about 2 h under inert condition (N2-filled glove bag).
The following scheme is implemented to synthesize high-

quality polycrystals of RbAg4I5

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯RbI 4AgI
mechanochemistry

RbAg I4 5

The polycrystalline pellets of RbAg4I5 (Figure S1, Supporting
Information) were obtained thorough spark plasma sintering
(SPS) using a SPS211-LX, Dr. Sinter Lab SPS machine. SPS was
carried out at 120 °C under an applied pressure of 50MPa for 20
min. The SPS-processed sample was polished and used for PAL
spectroscopy and dielectric measurements.

PXRD. A Rigaku Smart Lab X-ray diffractometer equipped
with a Cu Kα (wavelength = 1.54059 Å) X-ray source was used
to acquire the temperature-dependent PXRD patterns of as-
synthesized RbAg4I5 at 80, 180, and 300 K.

DSC. Finely ground powder samples were used for DSC
measurements, in which the data were collected in a wide
temperature range from 100 to 300 K by using a METTLER
TOLEDO differential scanning calorimeter (DSC 822 e) at a
fixed heating/cooling rate of 1 K/min.

PAL and CDB Spectroscopies. The PAL spectra was
measured by the standard fast γ−γ coincidence technique by
utilizing two BaF2 ultrafast scintillators coupled with a XP2020Q
photomultiplier tube. An approximately 10 μCi 22NaCl
positron-emitting source sealed in a thin mylar foil was
sandwiched between two identical pellets of the RbAg4I5
sample. The specific experimental setup can be found in an
earlier report.37 The acquired life-time spectrum has been
deconvoluted to reveal the lifetime values by the computer
program, PATFIT-88,38 after considering proper source
correction.
An HPGe detector was exploited for the detection of Doppler

broadening, originating from the positron annihilation γ-ray of
511 keV. An energy resolution of 1.15 from 85Sr at 514 keV
possesses an efficiency equivalent to 12% (model number PGC
1216sp of DSG, Germany). The details of the experimental
setup are described in an earlier report.39

The CDB spectroscopic method was employed to recognize
either the chemical features of the defect or the potential
rationale for the enhancement in the S-parameter. The CDB
experiments were carried out by using two analogous HPGe
detectors of 12% efficiency with the model number PGC 1216sp

Figure 1. (a) Cubic α-phase, rhombohedral β-phase, and trigonal γ-phase of RbAg4I5. (b) DSC signal showing the structural phase transitions in
RbAg4I5. (c) Temperature dependence of the S-parameter obtained from PAL spectroscopy.
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of DSG, Germany. The peak to background ratio for the present
CDB setup with ± ΔE selection is better than 105:1. Details of
the experimental setup are depicted in an earlier report.39

S-Parameter can be designated as the ratio of the counts
within the energy range of |511 keV − E| ≤ 0.85 keV to the total
counts within the energy range of |511 keV − E| ≤ 4.25 keV
under the photopeak of 511 keV.
Dielectric Measurements. The temperature- and frequency-

dependent dielectric properties were determined in a physical
property measurement system (Quantum Design, USA) using
an Agilent E4980A LCR meter within the frequency range of 20
Hz to 200 kHz. The room-temperature dielectric properties
were obtained using a Solartron 1260A impedance analyzer
from the frequency of 0.1 Hz to 500 kHz. These measurements
were conducted in the parallel plate geometry, in which Pelco
high-performance silver paste from TED PELLA was coated on
either side of the disk-shaped pellet sample.
I−V Measurement. The room-temperature I−V curve of

RbAg4I5 (Figure S2, Supporting Information) was measured
using a rectangular bar of dimensions∼2× 2× 8mm, which was
obtained after polishing an SPS processed pellet specimen in a
ULVAC-RIKO ZEM-3 instrument.
Theoretical Section. MD Simulation. The interactions

between Ag+−Ag+, Ag+−I−, Ag+−Rb+, and I−−I− have been
modeled using the Vasishta−Rahman potential.40
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where ra, rb, and rab are the positions of the ions a and b and the
distance between them, respectively. A is the repulsive strength;
σa and σb are the ionic radii; αa and αb are the electronic
polarizabilities; and Za and Zb are the fractional charges on the
ions a and b, respectively. Electronic polarizabilities of Ag+ and
Rb+ have been taken to be zero since they are relatively smaller in
size than I−. nab is the degree of hardness of the repulsive
interaction between the ions a and b.
The interaction between Rb+−Rb+ and Rb+−I− has been

modeled with the Born−Mayer potential40
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where the first and second terms emerged from the Coulomb
interactions between two point charges and the overlap between
the outer shell electrons of corresponding ions, respectively.
Furthermore, the third and fourth terms appeared due to van der
Waals interactions. The parameters related to the above-
mentioned interaction potentials have been extracted from the
work of Tahara and Fukami.40

We have taken the crystal structure of α-RbAg4I5 as our
starting configuration, and the unit cell has been replicated three
times in each direction to form a larger cubic simulation box.
The simulation box contains 2560 atoms in total. MD
simulations were performed in the NPT ensemble under
ambient conditions for about 3 ns to obtain an equilibrated
volume of the simulation cell. A time step of 1 fs was used in the
velocity form of Verlet integrator. We implemented the
simulation in the microcanonical (NVE) ensemble for about 3
ns to equilibrate the system at 298 K. After achieving the
equilibration, further MD simulation was executed for 10 ns

during which the trajectories were stored every 10 fs. In order to
calculate the electrostatic interactions, Ewald summation
technique was utilized. All interactions were truncated using a
cutoff distance of 1.8 nm. Periodic boundary conditions were
employed in all directions in order to ensure that there are no
surface effects at the boundaries.

Connectivity Analysis and Cluster Size Estimation. Further
to study the ordering arrangement of Ag+ ions, connectivity
analysis was carried out on the equilibrated atomic config-
urations procured from the MD simulations. In the connectivity
analysis, we considered that the neighboring atoms formed
clusters of various sizes within the first correlation length,
corresponding to the first peak position in gab(r). The
dimensions of such cluster sizes are estimated by the number
of ions present in the cluster within the first peak in the radial
distribution function. The size distributions of these clusters
were estimated by considering an average of 25 atomic
configurations, each of which was obtained after consecutive
2000 MD time steps.

Diffusion Coefficient Calculation. To further validate our
results, we investigated the dynamical properties of Ag+, which
correspond to the time correlation functions. These functions
are further associated with the values obtained on different time
scales (t) by assuming that the system is in equilibrium as well as
independent of the choice of origin. The time evolution of ionic
configurations in the simulation cell was implemented to
calculate the physical quantity equivalent of the ionic transport
properties, which is as follows. The following equation of mean
square displacement (MSD) can be expressed as

∑⟨ ⟩ = ⟨| − | ⟩
=

r t
N

r t r( )
1

( ) (0)
i

N

i ia
2

a 1

2

a

a

a a
(3)

where the total number of a-type ions can be denoted by the Na
term. MSD curves plotted as a function of MD time steps for
Rb+, Ag+, and I− are shown in Figure S3, Supporting
Information. We notice that the diffusive behavior of Ag+ is
more prominent compared to all other types of ions. OnceMSD
is calculated, the diffusion coefficient (D) can be estimated from
the linear regime in the MSD curve of Ag+ ions at t→∞, that is,

=
→∞

D
r t

t
lim

( )
6t

a
2

(4)

Dipole Moment Calculation. The dipole moment (M) of
component x at time step t of a MD simulation trajectory is
calculated by the expression41

∑=
=

M q rx t
k

N

k k t,
1

,
(5)

where rk, N, and qk are the position coordinate of atom k, the
total number of atoms in the simulation box, and the charges,
respectively. It is important to mention that the calculation of
the dipole moment relied on the choice of the basis of the
coordinate system. For our model, the dipole moment was
evaluated in respect of the center of mass of the system. The
static dielectric constant of a material follows the expression:42

ε
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where V, kB, ε0, and T are the volume of the supercell, the
Boltzmann constant, the permittivity of free space, and the
absolute temperature, respectively.

■ RESULTS AND DISCUSSION
RbAg4I5 is a well-known prototypical superionic conductor with
a very high ionic conductivity of ∼0.2 S/cm at room
temperature.30 The room-temperature superionic phase (α-
phase) has a complex cubic crystal structure with four RbAg4I5
units in the unit cell.34−36 Three types of crystallographically
nonequivalent sites are present for Ag+: one eight-fold (Ag-c
sites) and two 24-fold sets (Ag−I and Ag-II sites). The
superionicity in RbAg4I5 arises from the fast diffusion of Ag+

(diffusion coefficient∼10−6 cm2 s−1) in a β-Mn-type rigid iodide
sublattice.34−36,43,44 The iodide substructure contains 56 iodide
tetrahedra in which 16 Ag+ are randomly distributed in the
interstitial positions. The tetrahedral framework is arranged in
such a fashion that they create a network of passageways for the
diffusion of Ag+. The room-temperature cubic α-phase of
RbAg4I5 is preceded by two structural phase transitions with
decreasing temperature: a weak first-order α → β phase
transition at 209 K and a first-order β → γ phase transition at
121 K.35,45−48 Remarkably, the iodide substructure remains
almost intact, suffering only minor distortions to accommodate
the partial ordering of Ag+ at specific sites, across all these phase
transitions.35 The partial ordering of Ag+ in the β phase restricts
the movement of Ag+ along the crystallographic c-axis, which
decreases the ionic conductivity. Interestingly, Ag+ remains
partially disordered in the lowest temperature γ phase; however,
the Ag+ ionic diffusion occurs only within isolated clusters.36

Here, we have carried out a facile solvent-free mechanochem-
ical synthesis of RbAg4I5 at room temperature (see details in
experimental section). The presence of two sharp peaks in the
DSC signal (Figure 1b) confirms the presence of two structural
phase transitions at 209 and 121 K in the mechanochemically
synthesized RbAg4I5. The temperature-dependent PXRD
patterns at 300, 180, and 80 K are shown in Figure S4,
Supporting Information. The Rietveld refinements of the
temperature-dependent PXRD patterns confirm the room-
temperature cubic (space group P4332), mid-temperature
rhombohedral (space group R32), and low-temperature trigonal
(space group P321) structures corresponding to α, β, and γ
phases, respectively. The two superionic α and β phases are
differentiated only by a small distortion in the iodide sublattice.
The obtained crystal structure parameters (Tables S1−S4,
Supporting Information) for all three phases agree well with the
previous reports.
The diffusion of Ag+ creates charged vacancies in the system,

which have been experimentally probed using PAL and CDB
spectroscopies. The fitting of PAL spectra at 300 K (Figure S5a,
Supporting Information) yields a short lifetime of 180 ± 2 ps of
20± 1% intensity and a longer component of 341± 5 ps with 80
± 1% intensity. The positron trapped in a cation defect elapses
for a longer time.49 Therefore, the short lifetime component
(180 ± 2 ps) has been assigned to the free annihilation of
positrons, whereas the longer lifetime component (341 ± 5 ps)
has been assigned to the positron annihilation at the vacancy
sites.49 The high intensity of the PAL component at the vacancy
sites indicates the strong ionic character of the material as these
charged vacancies are created because of the diffusion of Ag+.
The ionic conductivity of RbAg4I5 increases with increasing
temperature because of increased diffusion of Ag+.43,44 As a
result, charged vacancies also increase, and this is reflected in the

gradual increase of the Doppler broadening S-parameter with
increasing temperature (Figure 1c). Two anomalies correspond-
ing to the γ → β and β → α phase transitions with increasing
temperature are also evident in the temperature variation of the
S-parameter. The area-normalized ratio curve of the CDB
spectra at 300 K with respect to the 50 K CDB spectra (Figure
S5b, Supporting Information) shows a broad dip at the
momentum value ∼19 × 10−3 m °c. The corresponding energy
value is 92 eV which is very close to the binding energy of the 4 s
electron of Ag. This indicates that the positrons are less
annihilating with the core electrons of Ag+ at 300 K.
The experimentally measured temperature variations of the

dielectric constant (ε′) and dielectric loss (tan δ) at different
frequencies ranging between 1 and 200 kHz are shown in
Figures 2 and S6, Supporting Information. The presence of two

phase transitions, γ→ β and β→ α, with increasing temperature
is evident from the temperature variations of ε′ and tan δ. From
the low-temperature side, ε′ steeply increased by 101 to 102

orders of magnitude at the first-order superionic γ → β phase
transition. For example, ε′ at 1 kHz increases from 16.5 at 110 K
to 3096 at 125 K. Correspondingly, tan δ exhibits a peak, which
shifts to higher temperature with increasing frequency. ε′
continues to increase gradually after the superionic γ→ β phase
transition with increasing temperature, except for a weak
anomaly across the β → α phase transition at 209 K. RbAg4I5
emerges to the superionic phase at the first structural transition
(γ → β at ∼121 K); therefore, the dielectric constant changes
drastically across this transition. However, RbAg4I5 is already in
the superionic regime when the second phase transition (β→ α)
occurs at ∼209 K, and as a result, the change in dielectric
response is not as dramatic as the one observed across the first
structural transition (γ → β) at ∼121 K.
The experimentally obtained frequency dependence of the

dielectric constant (ε′) at 150 and 300 K corresponding to the
superionic β and α phases, respectively, is shown in Figure 3a. At
300 K, ε′ has a broadband colossal value >106 in the frequency
range 10−1 to 104 Hz, with the maximum value reaching ∼6.4 ×
108 at 0.1 Hz. The corresponding dielectric loss (tan δ) in the
frequency range 10−1 to 104 varies between 2.03 and 0.53, which
is low (Figure 3b). A comparison of the room-temperature
dielectric properties of RbAg4I5 with other high dielectric
constant materials is listed in Table S5, Supporting Information.
Ag+ diffusion dominates the transport behavior of RbAg4I5 at
300 K. For such diffusion-dominated behavior, log|Z| (|Z| is the
impedance magnitude) varies linearly with log f in the low-
frequency region and has a slope −1/2 or −1/4.50 This linear
relationship between log|Z| and log f is evident in the low-
frequency region at room temperature (Figure 3c). The

Figure 2.Temperature and frequency dependences of the (a) dielectric
constant (ε′) and (b) dielectric loss (tan δ) for RbAg4I5.
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obtained slope is −0.234(2) in the frequency region 1−0.1 Hz.
Furthermore, the Nyquist plot (Figure 3d) also shows a linear
relationship between the real and imaginary parts of impedance,
Z′ and Z″, respectively, in the low-frequency region, indicating
the diffusion-dominated behavior.
The observed dielectric properties of RbAg4I5 can also be

reconciled with the universal dielectric response (UDR), as put
forward by Jonscher.51,52 According to the Jonscher’s theory, the
dielectric response of most materials follows a universal pattern,
which in the frequency domain can be expressed as follows: (i)
the frequency dependence of the imaginary part of complex
susceptibility (χ) follows a sublinear power law, that is, χ″(ω) ∝
ωn−1 with 0 < n < 1 and (ii) the ratio χ″(ω)/χ′(ω) is constant
and independent of the frequency. In the case of ionic
conductors, n has low values so that the exponent (n − 1) is
close to unity, which is often called as low-frequency dispersion
(LFD). The frequency dependences of room-temperature
χ″(ω) and χ″(ω)/χ′(ω) are shown in Figure 3e,f, respectively,
which evidence that LFD of RbAg4I5 is in accordance with UDR
with n ≈ 0.2.
MD simulation was carried out in order to understand the

origin of the experimentally observed broadband CDC behavior
in the superionic RbAg4I5. The calculated partial radial pair
distribution function gab(r), which has been defined as

=
π ρΔg r( ) N r

r rab
( )

4
ab
2

b
where Nab(r) is the number of b-type ions at

a distance between r and r + Δr from the central a-type ion and
ρb is the mean number density of the b-type ions, from the
equilibrated atomic configuration in the MD simulation cell at
298 K is shown in Figures 4a and S7a, Supporting Information.
The partial radial distribution functions calculated from our
model match reasonably well with those from other previous
studies.40,42 The first sharp peak in gab(r) for the I

−−I− pair at
∼4.28 Å and a deep minimum at ∼5.76 Å (Figure 4a)
correspond to the first coordination between the I−−I− pair and
indicates the structural ordering of I−. Further, the presence of
well-defined second and third peaks at ∼7.30 and ∼8.60 Å,

Figure 3. Frequency dependences of (a) the dielectric constant (ε′),
(b) the dielectric loss (tan δ), (c) |Z|, and (d) Nyquist plots at 150 and
300 K. Room-temperature (e) χ″(ω) and (f) χ″(ω)/χ′(ω) exhibiting
the universal dielectric response according to Jonscher’s theory.

Figure 4. (a) Partial radial pair distribution function gab(r) vs radial distance r between Ag
+−Ag+, Rb+−Rb+, and I−−I− and (b) snapshot of the RbAg4I5

supercell obtained from MD simulation at 298 K; Ag, green; Rb, magenta; and I, blue. (c) Histogram showing the distribution of the Ag cluster. (d)
Fluctuation in dipole moments at 298 K.
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respectively, in gab(r) indicates the long-range ordering of I−.
The presence of the first sharp peak in gab(r) corresponding to
the first neighbor coordination for the Ag+−I− pair at ∼2.62 Å
(Figure S7a, Supporting Information) further indicates the
ordered arrangement of I− around Ag+ throughout the solid. The
first peak in gab(r) for the Rb

+−I− pair at ∼3.30 Å (Figure S7a,
Supporting Information) is also sharp, but the magnitude is
lower than that of the Ag+−I− pair, which suggests that a greater
number of Ag+ are present in the surrounding of I− than Rb+.
This particular arrangement formed by I− enforces Ag+ to come
close to each other and make a collection of Ag+ as a cluster. A
similar signature is observed in gab(r) for the Ag+−Ag+ pair
(Figure 4a). Instead of complete randomness, gab(r) for the
Ag+−Ag+ pair shows a broad peak at ∼4.10 Å corresponding to
the nearest neighbor coordination; however, the long-range
coordination peaks, such as for the second and third
coordinations, are not well defined, which indicate clustering
of Ag+. Ag+ accumulation within the network of channels created
by I− and the formation of Ag+ clusters are evident from the
snapshot of the RbAg4I5 supercell obtained fromMD simulation
(Figures 4b and S7b, Supporting Information). Rb+, because of
its large size, facilitates smooth conduction pathways for Ag+ to
hop from one cluster to another, which consequently results in
the high diffusion coefficient. The calculated diffusion
coefficient 0.383 × 10−5 cm2/s (see Methods for the diffusion
coefficient calculation) agrees well with the experimental
reports.43 This intercluster ionic diffusion leads to a broad size
distribution of the clusters (Figure 4c) and large charge
separations, which, in turn, lead to large fluctuations in the
instantaneous dipole moments in the range between 25 and 300
Debye (see Methods for dipole moment calculation) (Figure
4d). Consequently, these large fluctuating dipole moments
result in the high dielectric constant as observed in the
experiment.

■ CONCLUSIONS
In conclusion, we have demonstrated an extremely high room-
temperature ε′ in the superionic halide RbAg4I5, which reaches a
maximum value of∼6.4 × 108 at 0.1 Hz. This colossal ε′ persists
over a wide frequency range along with a low dielectric loss. The
frequency dependence of impedance indicates that ionic
diffusion has the dominating contribution, which results in
such a giant ε′. MD simulation further established that this
colossal ε′ arises because of intercluster Ag+ diffusion, which
causes a large charge separation and an associated fluctuation in
the instantaneous dipole moments. The observed broadband
colossal ε′ in this nonoxide superionic solid opens up new
opportunities in dielectric investigations and structure−
property relationship in new halides.53
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ABSTRACT: Despite several oxides with trivalent cobalt ions are known, the sesquioxide M2O3 with Co3+ ions remains elusive.
Our attempts to prepare Co2O3 have failed. However, 50% of Co3+ ions could be substituted for Ln3+ ions in Ln2O3 (Ln = Y and Lu)
with a cubic bixbyite structure where the Co3+ ions are in the intermediate-spin state. We have therefore examined the structural
stability of Co2O3 and the special features of solid solutions (Ln0.5Co0.5)2O3 (Ln = Y and Lu). The experimental results are
interpreted in the context of ab initio-based density functional theory, molecular dynamics (AIMD), and crystal orbital Hamiltonian
population (COHP) analysis. Our AIMD study signifies that Co2O3 in a corundum structure is not stable. COHP analysis shows
that there is instability in Co2O3 structures, whereas Co and O have a predominantly bonding character in the bixbyite structure of
the solid solution (Y0.5Co0.5)2O3.

1. INTRODUCTION

Among the transition metal oxides, cobalt oxides are of special
interest because of the existence of cobalt in different oxidation
as well as spin states, i.e., low-spin, high-spin, and intermediate-
spin states.1 Among these, Co2+ generally has octahedral
coordination and is in the high-spin state (t2g

5 eg
2, S= 3/2); Co4+

exists in the low-spin state (t2g
5 eg

0, S = 1/2). Unlike these two,
Co3+ can exist in high-spin (HS, t2g

4 eg
2), low-spin (LS, t2g

6 eg
0),

and intermediate-spin (IS, t2g
5 eg

1) states. Existence of the
intermediate-spin state arises since the crystal field splitting
energy is of the same order as the pairing energy.1,2 Many
compounds containing cobalt ions in different oxidation states
are known. However, CoO and Co3O4 are the only known
binary oxides with Co2+ and Co2+/Co3+ states, respectively.3,4

This is unlike the neighboring Fe, which forms FeO, Fe2O3,
and Fe3O4.

5 It is somewhat intriguing that it has not been
possible to form pure Co2O3. Since many of the transition
metal oxides in which metal in the +3 state form sesquioxides
in the corundum structure, one would expect Co2O3 to occur
in this structure. The only report on Co2O3 is by Chenavas et
al.6 who reported a high-pressure synthesis of the oxide with
Co3+ in the low-spin state, which transforms to the high-spin
state on heating. We have tried to prepare Co2O3 by high-
pressure synthesis and other methods and failed to obtain the

oxide. In view of this, we sought to investigate (Ln0.5Co0.5)2O3

(Ln = Y and Lu) solid solutions with composition similar to
the LnCoO3 perovskites, wherein it appears to occur in the C-
type rare earth oxide structure.
Perovskite oxides of the formula, LnCoO3 (Ln: Y or rare

earth) show interesting electronic and magnetic properties.
These perovskites are prepared by a solid-state reaction by
heating the precursors in air (Ln = Y, La, Pr, Tb, and Dy)
under 200 bar oxygen pressure (Ln = Ho, Er) and 20 kbar
hydrostatic pressure (Ln = Tm, Yb, and Lu) above 900 °C.7

Some of the heavy rare earths, Ln = Y, Dy, Er, and Yb give rise
to a solid solution of Ln2O3 with Co2O3 when the reaction is
carried out at lower temperatures (500−600 °C).8 Here, we
have carried out a detailed experimental investigation on the
bixbyite form of ((Ln0.5Co0.5)2O3) (Ln = Y and Lu) by
substituting Ln2O3 by 50% Co where cobalt exists in a trivalent
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state. Our experimental results are well supported with the
theoretical approach using the first principle-based DFT
calculations and AIMD simulations.

2. RESULTS AND DISCUSSION
2.1. Experimental Studies. All our attempts to prepare

Co2O3 have resulted in the formation of CoO and Co3O4
phases with no traces of the Co2O3 phase. We have therefore
examined the structural aspects of Co2O3 present in the solid
solution (Ln0.5Co0.5)2O3 (Ln = Y and Lu). Rietveld refined
powder X-ray diffraction profiles of (Y0.5Co0.5)2O3 at two
different temperatures (600 and 920 °C) and (Lu0.5Co0.5)2O3
at 600 °C are shown in Figure 1a, b, and c, respectively. XRD

profiles fitted using the pseudo-Voigt function revealed that
both solid solutions prepared at 600 °C crystallize in the cubic
bixbyite structure with an Ia3̅ space group. Heating a
(Y0.5Co0.5)2O3 solid solution to 920 °C in oxygen gave rise
to perovskite YCoO3 crystallizing in orthorhombic symmetry
with a Pbnm space group, and the corresponding crystal
structure is shown in the Figure 2a. Unlike (Y0.5Co0.5)2O3, a
(Lu0.5Co0.5)2O3 solid solution at 800 °C decomposed into
cubic Lu2O3 and Co3O4 phases. Refined structural parameters
for perovskite YCoO3 and solid solutions, (Ln0.5Co0.5)2O3 (Ln
= Y and Lu) are given in the Table 1. The crystal structure of
YCoO3 consists of distorted CoO6 octahedra where Co is
situated at the center surrounded by six oxygen ions. Oxygen
occupies two different sites in the crystal structure. Y resides in
the voids created by the surrounding CoO6 octahedra.

9

The crystal structure of solid solutions (Ln0.5Co0.5)2O3 (Ln
= Y and Lu) is shown in the Figure 2b, which consists of two
octahedral cation sites where eight Co atoms occupy 8b and
other eight occupy 24d Wyckoff site, whereas Y or Lu occupies
24d Wyckoff sites. The octahedra LnO6 (Ln = Y and Lu) and
CoO6 are highlighted in Figure 2c and d, respectively. The
lattice constants of different cubic (C-type) (Ln0.5Co0.5)2O3
(Ln = Y, Er, Yb, and Lu) solid solutions were plotted against
corresponding lanthanide radii as shown in Figure 3. The
lattice parameters of (Ln0.5Co0.5)2O3 (Ln = Er and Yb) are
taken from ref 8. The linear nature of the plot confirms that the
system follows Vegard’s law,10 which is attributed to the

contraction of the unit cell of the (Ln0.5Co0.5)2O3 solid
solution with decreasing size of lanthanide ions. Being the
smallest lanthanide, Lu3+ forms a unit cell of volume, V ∼
1122.2 Å3, which is 7% smaller than that of Y.
Our XPS study reveals the oxidation state of cobalt in

perovskite YCoO3 as well as (Ln0.5Co0.5)2O3 (Ln = Y and Lu)
solid solutions. The core level spectra of cobalt for YCoO3 and
(Ln0.5Co0.5)2O3 (Ln = Y and Lu) are shown in Figure 4. The
four signals due to cobalt in Figure 4a−c, correspond to energy
levels Co 2p3/2, Co 2p1/2, and their satellites confirming the
presence of trivalent cobalt ions.11

The temperature-dependent field-cooled (FC) magnetic
susceptibility for YCoO3 and (Y0.5Co0.5)2O3 was measured
under an applied DC field of 100 Oe in the temperature range
2−390 K as shown in Figure 5. We find that perovskite YCoO3
shows a low-spin state (t2g

6 eg
0) from low temperature 2 to 390

K. (Y0.5Co0.5)2O3 on the other hand shows an intermediate-
spin state (t2g

5 eg
1) with μeff ∼ 2.13 μB. Spin state transitions of

trivalent cobalt is well known in the perovskites LnCoO3 (Ln =
La, Y, Pr, Nd, and Eu).12−14 Anomaly observed at TN ∼ 32 K
in the magnetic susceptibility curve of (Y0.5Co0.5)2O3 is
attributed to antiferromagnetic ordering of Co3+ ions, which
is further evidenced by a negative θCW value (Table 2).
Similarly, (Lu0.5Co0.5)2O3 shows antiferromagnetic ordering
below TN ∼ 25 K with μeff ∼ 2.68 μB, indicating the existence
of Co3+ in the intermediate-spin state (t2g

5 eg
1).

To explore the effect of pressure on the magnetic interaction
of Co3+ ions in these solid solutions of Co2O3, a high pressure
(1.5 GPa) was applied on (Ln0.5Co0.5)2O3 (Ln = Y and Lu) at
room temperature for 1 hr, and the magnetic susceptibilities of
the so-obtained (Ln0.5Co0.5)2O3 are compared with that of
ambient pressure samples as shown in Figure 6a,b. There is no
change observed in the phase of the high-pressure treated
samples, and their XRD profiles are shown in Figure S1
(Supporting Information).
Temperature-dependent inverse magnetic susceptibility is

fitted using the Curie−Weiss law for ambient and high-
pressure samples of (Ln0.5Co0.5)2O3 (Ln = Y and Lu) and are
shown in Figure S2 (Supporting Information). μef f and θCW
values for (Ln0.5Co0.5)2O3 (Ln = Y and Lu) for ambient
pressure and high-pressure treated samples are listed in Table

Figure 1. Rietveld refined X-ray diffraction profiles of (a)
(Y0.5Co0.5)2O3 (600 °C), (b)YCoO3 (920°C), and (c)
(Lu0.5Co0.5)2O3 (600 °C).

Figure 2. Crystal structure of (a) perovskite YCoO3 (b) bixbyite
(Ln0.5Co0.5)2O3 (Ln = Y and Lu), (c) octahedra of Y/Lu (green
colored) in (Ln0.5Co0.5)2O3(Ln = Y and Lu), and (d) highlighted
(blue colored) CoO6 octahedra.
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2. Even though Co3+ ions are existing in the intermediate-spin
state in both the (Ln0.5Co0.5)2O3 (Ln = Y and Lu) solid
solutions, (Lu0.5Co0.5)2O3 has a high effective magnetic
moment than that of (Y0.5Co0.5)2O3. This is attributed to the
chemical pressure due to Lu3+ ions. On the other hand,

external pressure increases the μef f in both the solid solutions
and is more significant in (Y0.5Co0.5)2O3 than (Lu0.5Co0.5)2O3.

2.2. Theoretical Studies. Ab initio-based density func-
tional theory (DFT) methods have become well-established

Table 1. Structural Parameters Obtained by Rietveld Refined XRD for YCoO3and (Ln0.5Co0.5)2O3(Ln = Y and Lu)

compound

space group : Pbnm (orthorhombic); α = β= γ = 90°

a = 5.14519(22), b = 5.42765(24), c = 7.37531(33) Å; χ2 = 3.2%

YCoO3 x y z Biso Occ.

Y (4c) −0.0157(6) −0.0678(3) 0.25 0.028(16) 1.0
Co (4b) 0.5 0.0 0.0 0.158(11) 1.0
O1 (4c) 0.0970(18) 0.5229(17) 0.25 1.0 1.0
O2 (8d) −0.1918(15) 0.1996(15) 0.0479(11) 1.0 1.0

space group : Ia3̅ (cubic); α = β= γ = 90°

a = b = c = 10.6303(12) Å; χ2 = 1.72%

(Y0.5Co0.5)2O3 x y z Biso Occ.

Y (24d) −0.0271(1) 0.0 0.25 0.422(32) 0.333
Co1 (24d) −0.0271(1) 0.0 0.25 0.422(32) 0.167
Co2 (8b) 0.25 0.25 0.25 0.471(28) 0.167
O (48e) 0.3962(8) 0.1550(6) 0.3812(9) 1.0 1.0

a = b = c = 10.3916(18) Å; χ2 = 3.1%

(Lu0.5Co0.5)2O3 x y z Biso Occ.

Lu (24d) −0.02537(2) 0.0 0.25 0.183(1) 0.333
Co1 (24d) −0.02537(2) 0.0 0.25 0.183(1) 0.167
Co2 (8b) 0.25 0.25 0.25 0.164(1) 0.167
O (48e) 0.4086(11) 0.1506(12) 0.3484(19) 1.0 1.0

Figure 3. Variation of lattice parameters of (Ln0.5Co0.5)2O3 (Ln = Y,
Er, Yb, and Lu) solid solutions with Ln3+ radius.

Figure 4. Co 2p core level XPS spectra of (a) YCoO3, (b) (Y0.5Co0.5)2O3, and (c) (Lu0.5Co0.5)2O3.

Figure 5. Comparative temperature-dependent field-cooled (FC)
magnetic susceptibility curves of (Y0.5Co0.5)2O3 and YCoO3 perov-
skites.
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techniques to study structural and chemical properties of
various materials. Our computational methodology provides
comprehensive understanding related to the structural stability
and chemical bonding analysis of a well-known Al2O3
corundum structure followed by hypothetical Co2O3 crystal
in the corundum phase. In order to further investigate the
chemical aspects of Co3+ ions in the chemical environment, we
study the bonding characteristics of Y2O3 with different doping
concentrations of Co3+ ions. Our theoretical analysis based on
first principles calculation supported by experimental findings
will be discussed to interpret structural stability and chemical
aspects more rigorously.
2.2.1. Al2O3. In the optimized structure of Al2O3, the DOS

and the PDOS have been calculated (Figure 7a,b). From the
DOS plot, it is clear that Al2O3 is an insulator with a DFT band
gap of 3.4 eV. From the projected DOS, we find that
interestingly the low-energy valence bands are dominated
exclusively by the oxygen 3p orbitals with very small electronic
contributions from Al orbitals. On the other hand, low-energy
conduction bands remain almost empty and only at some high
energy, it has small contributions from both the Al and O
atomic orbitals. Moreover, we emphasize that the lack of
overlap between Al and O orbitals in the valence band lead to
very small orbital overlapping and less degree of covalence. In
contrast, the charge transfer mechanism effectively dominates
to form ionic bonds between Al and O atoms in stabilizing
Al2O3 crystals in the corundum phase.
To further understand the bonding characteristics, we study

crystal orbital Hamiltonian population (COHP)15 analysis
between Al and O orbitals (Figure 7c). The COHP is
described as the negative of DOS multiplied by the

corresponding Hamiltonian matrix elements. The negative
and positive values of COHP suggest bonding and antibonding
interaction between the electronic states, respectively. The
negative value of COHP indicates bonding interactions
between Al 3s−Al 3p and O 2p orbitals in the valence
bands, which stabilizes the corundum structure of Al2O3.

2.2.2. Co2O3. To understand why there is no stable structure
of Co2O3, we have carried out a series of optimizations of the
corundum structures of Cr2O3 and Fe2O3 and obtained the
M−M and M−O distances. Interestingly, in relaxed crystal
structures of all of these oxides, there is no direct M−M bond.
In fact, the distances between M−M are 2.60 Å (2.66 Å) and
2.93 Å (2.88 Å), respectively (the numbers in brackets are
distances obtained from experiments). Expectedly, we find that
all these oxides in their 3+ state show a high spin atomic
ground state with varying magnetic moments and antiferro-
magnetic orders as found experimentally.
We started the optimization studies with the corundum

structure of the Fe2O3 and substituted Fe atoms with Co
atoms. The crystal structure has been relaxed using a fully
variable cell and BFGS algorithm, and we find that Co3+ forms
a low-spin atomic ground state with t2g

6 eg
0 configuration. The

relaxed (but unstable) structure shows that the distance
between two Co atoms decreases compared to the Fe−Fe
distance in the Fe2O3 corundum structure. The shorter Co−
Co distance introduces strain in the system due to the
repulsive e−e interaction between two octahedra. Because of
the shorter distance between the Co atoms, bonding
characteristics between Co and O atoms get influenced quite
strongly. As a result, the bond length between Co and O
decreases considerably (much shorter compared to other M−
O bonds (Table 3) that leads to the large crystal field
octahedral gap leading to S = 0 ground state for Co3+ ions. Our
electronic density of states (Figure 8a) confirms that Co2O3
forms low-spin states. Energy levels below Fermi level spread
from −8 to 0 eV, and the conduction bands spread from 0.6 to
2.5 eV. We also calculated projected density of states (PDOS)
of Co 3d orbitals and O 2p orbitals in Figure 8b. From PDOS
calculations, it is confirmed that there is significant orbital

Table 2. μef f and θCW Values for (Y0.5Co0.5)2O3 and
(Lu0.5Co0.5)2O3

(Y0.5Co0.5)2O3 (Lu0.5Co0.5)2O3

μeff θCW μef f θCW

Ambient pressure 2.13 μB −91 K 2.68 μB −90 K
High pressure (1.5 GPa) 2.84 μB −93 K 2.79 μB −82 K

Figure 6. Comparative temperature-dependent field-cooled (FC)
magnetic susceptibility curves of (a) (Y0.5Co0.5)2O3 and (b)
(Lu0.5Co0.5)2O3 synthesized in ambient pressure and high pressure
(1.5 GPa).

Figure 7. (a) Density of states (DOS) of Al2O3; (b) projected DOS
on relevant orbitals; (c) COHP is shown as a function of energy for
the Al−O bond. PDOS indicates less orbital overlapping between Al
and O atoms below the Fermi level although there is significant
orbital overlapping above the Fermi level. Negative value of COHP
below the Fermi level shows that Al2O3 is electronically stable. In
figures, Fermi levels are considered as a reference.
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overlapping between Co 3d and O 2p orbitals in the valence
band as well as in the conduction band.
The COHP has been plotted in Figure 8c, where we have

considered strong interaction between Co:4s, Co:3d and O:2s,
O:2p in the unstable relaxed structure of Co2O3. Our results
show that COHP value is positive near the Fermi level, which
signifies that the strong interaction between Co:4s, Co:3d and
O:2s, O:2p are antibonding in nature below and above the
Fermi level. Interestingly, the interaction between Co and O
are antibonding from −2.5 to −0.4 eV in the valence band and
from 0.2 to 3 eV in the conduction band, suggesting that
Co2O3 is least favorable in corundum or any other structure
unlike other transition metal oxides (Fe2O3, V2O3, and Cr2O3).
Antibonding nature of Co:4s, Co:3d and O:2s, O:2p partly
destabilizes the structure of Co2O3. Interestingly, due to such
partially destabilized bonding, the octahedral crystal field gives
complete filling of t2g

6 electrons with no unpaired electrons in
Co3+ for bonding. Also, since 3d orbitals form narrow band
semiconductors, this leads to such a small and almost
overlapping bond distance between two octahedral Co ions,
where we find highly unstable phonon modes (shown in Figure
9). Unstable phonon modes that are characterized by negative
values of the frequencies in a phonon dispersion curve at any
wave vector leads to dynamical instability in the crystal
structure.
We have also performed ab initio molecular dynamics17,18

study considering different U values to find the structural

stability of a Co2O3 crystal. In the simulation, we have plotted
DFT energies or electronic energies for different values of U
(U = 2, 4, 6, and 8 eV) up to 1000 ps and that have been
shown in Figure 10. Interestingly, we find that DFT energies

obtained using AIMD studies show considerable drift during
the AIMD time steps. The drift in the DFT energies
corresponding to different U values would certainly lead to
structural instability of the Co2O3 corundum structure. To find
the microscopic reasons for the structural instability, we have
further analyzed the vibrational spectra of the system after 70
ps of AIMD run. These have been analyzed from the
dynamical matrix of the force constants. Interestingly, we
observe negative phonon mode at the high symmetry Γ point,
which suggest that the Co2O3 corundum structure is unstable
due to constrained geometry of the two octahedra wherein the
two corner sharing Co3+ ions come at a distance of 2.78 Å. The
structure without external pressure and with external pressure
(80 kbar) are shown in Figure 11a,b, respectively, where we
have marked the unstable phonon modes and the constrained
geometry.

2.2.3. Y2O3. To elucidate microscopic reasons more
rigorously, we consider Y2O3 unit cell in the cubic bixbyite
structure. The unit cell contains 80 atoms (32 Y atoms and 48
O atoms). We notice that all of the crystallographic sites
corresponding to Y atoms are not equivalent. There are 8
numbers of Y atoms (b sites) and 24 numbers of Y atoms (d
sites). In the b site, Y atoms are present in the octahedral

Table 3. M−M and M−O Bond Length for the M2O3 Given
Below for Antiferromagnetic Crystal Structure and
Compared with the Experimental Value

crystal
structure

M−M
distance
(Å)

M−O
distance
(Å)

M−M
expt. (Å)

M−O
expt. (Å)

Angle
M−O−M

Cr2O3 2.60 2.00 2.6616 1.98 82.12
Fe2O3 2.93 2.16 2.8816 2.02 87.00
Co2O3 2.76 1.90 - - 82.73

Figure 8. (a) Electronic density of states of spin-up (red) and spin-
down (black) of the relaxed but unstable crystal structure of Co2O3.
Here, zero energy level is considered as Fermi level. (b) Projected
density of states of Co 3d and O 2p orbitals where states above the x
axis are the contribution from spin up states, and states below is the
contribution from spin down states. (c) Crystal orbital Hamiltonian
population (COHP) of a Co−O bond (Co:4s Co:3d and O:2s O:2p).

Figure 9. Unstable relaxed corundum crystal structure of Co2O3 is
calculated using PBE functional. Here, ‘green’ color balls represent Co
atoms and ‘red’ color balls represent oxygen atoms. Purple arrows in a
circle indicate unstable phonon mode of frequency −51 cm−1, which
has been obtained performing phonon mode calculations through
DFPT at Γ (Gamma) point.

Figure 10. DFT energies have been plotted considering different U
values as a function of AIMD time steps. Our computed plot shows
significant drift, which further signifies that a Co2O3 corundum crystal
structure remains unstable for different values of U.
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symmetry, and in the d site, Y atoms are placed in distorted
octahedral symmetry. After optimizing the crystal, we perform
electronic structure calculations and compute COHP for Y−O
bonds. After that, we substitute 50% of Y with Co atoms and
optimize the structure. Interestingly, we find that Co occupies
eight numbers of b sites and eight numbers of d sites that are
energetically favorable. As a result, 50% Co-doped Y2O3
stabilizes the crystal in the cubic form. The stability of 50%
Co-doped Y2O3 has also been confirmed by COHP analysis
and experiments.
Presence of bonding between Y−O orbitals (negative value

of COHP in the valence band region) implies that the Y2O3
crystal structure is electronically stable) shown in Figure 12a.
On the other hand, 50% of Co-doping in Y2O3 introduces that
Co−O orbital interactions are bonding in nature near the
Fermi level in the valence band, and it leads to a stable 50%
Co-doped Y2O3 structure. In the special case, when we replace
all the Y atoms by Co atoms in the Y2O3 cubic structure, we
find the positive value of COHP close to the Fermi level in the
valence band region, and the bonding characteristics are highly
antibonding in nature, which essentially partly destabilizes the
crystal. Experimentally, it has also been found that the Y2O3
crystal with all Y atoms doped by Co atoms is not stable.
Finally, to quantify the degree of structural stability, we have
tabulated ICOHP values for different orbitals and shown in
Table S3 (Supporting Information). Such analysis would help
to compare the bonding strength between the orbitals and
determine the structural stability for different materials
considered in this work.
We have also calculated the magnetic moments of individual

Co atoms and find that Co ions in different crystallographic
sites have different magnetic moments due to the difference in
symmetry leading to crystal field splitting. Interestingly, we find
the total number of unpaired spins of Co in a site and b site to
be 2.2 and 1.92 μB, respectively. Experimentally, it has been
found that Co has an intermediate-spin state with a spin-only
value, 2.13 μB. The main point in the overall studies involving
experimental and computational results is that Co2O3 with 3d6

Co3+ ions with S = 0 neither stabilizes in corundum nor in
cubic form, while other systems with S = 0 (Y3+: 4d0 and Al3+:

valence orbitals are 3s and 3p) stabilize in cubic and corundum
crystal respectively, which is highly significant.

3. CONCLUSIONS
Based on the studies, it seems apparent that Co2O3 itself does
not exist but forms stable solid solutions with Y2O3 and Lu2O3
in the cubic bixbyite structure. The solid solutions are formed
at lower temperatures than the perovskites Y(Lu)CoO3. Co

3+

ions in the solid solution are in the intermediate-spin state.
The difficulty with Co2O3, unlike sesquioxides of other
transition metals, is that interactions between Co:4s−Co:3d
and O:2s−O:2p are antibonding in nature in the corundum
structure, while it essentially has a bonding character in the
bixbyite structure. This finding would be of interest in
understanding the chemistry of transition metal oxides.

4. EXPERIMENTAL AND THEORETICAL METHODS
4.1. Synthesis and Characterization. We have attemp-

ted to synthesize Co2O3 at high pressures and temperatures
using different precursors. In the first attempt, LiCoO2 and
CoF3 were mixed and heated to high temperatures (900−
1000°C) under high pressure (4.5 GPa). Again, the reaction
was carried out using the precursor mixture of CoO and

Figure 11. (a) Co2O3 crystal structure without external pressure and
(b) Co2O3 crystal structure with external pressure. Due to applied
hydrostatic external pressure on the unit cell, Co−Co distances along
the c axis and along in-plane directions decreases as shown in Figure
11b. Blue arrows shown in the figure indicate unstable phonon modes,
and the length of the arrows signifies the amount of force acting on
the individual atoms introducing dynamical instability.

Figure 12. (a) COHP of cubic Y2O3 has been mentioned. Negative
COHP values between Y and O atomic orbitals imply that the Y2O3
crystal stabilizes in a cubic form. (b) COHP after the insertion of Co
(50%) in place of Y atoms in Y2O3. (c) COHP has been calculated for
the cubic phase of Y2O3 with all the Y atoms replaced by Co atoms.
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KClO3 under high pressure and temperature. Solid solutions of
(Ln0.5Co0.5)2O3 (Ln = Y and Lu) were prepared by nitrate−
citrate sol−gel combustion method as mentioned in a report8

in which lanthanide nitrate, cobalt nitrate, and citric acid in
1:1:10 stoichiometric ratio were dissolved in distilled water.
This solution was heated to 80 °C with constant stirring until it
forms a gel. The obtained gel was heated in an oven at 200°C
for 12 h to give rise to a porous powder, which was later heated
at 600 °C for 12 h in oxygen to remove carbonaceous content.
The phase purity was confirmed by carrying out X-ray

diffraction measurements using a Bruker D8 Advance
diffractometer where the sample was subjected to Cu Kα
radiation in the range of Bragg angle (10° ≤ 2θ≤ 120°) under
θ-2θ scan. XRD data have been analyzed by the Rietveld
method19 using FullProf Suite software.20 X-ray photoelectron
spectra (XPS) were recorded using an Omicron Nano-
technology spectrometer with a monochromatic Mg Kα
radiation as the X-ray source with energy E = 1253.6 eV. All
the individual core level spectra are corrected using the C 1s
level signal (284.6 eV). Cubic multianvil high-pressure
apparatus was used to apply high pressure on polycrystalline
powder of solid solutions. The pressure on the sample was
increased to 1.5 GPa and maintained for 1 h at room
temperature. DC magnetic measurements are done in SQUID
VSM (Quantum Design, USA) in vibrating sample mode.
4.2. Theoretical Calculations. First principle-based

density functional theory (DFT), as implemented in the
Quantum Espresso package, has been used to calculate
electronic structure properties. Projected augmented plane
wave21 and a generalized gradient approximated (GGA)
exchange−correlation energy22 with parameterized functional
of Perdew, Burke, and Ernzerhof (PBE) are used. An energy
cutoff of 50 Ry to truncate the plane wave basis states in
representing the Kohn−Sham wave functions and an energy
cutoff of 500 Ry for the basis states to represent charge density
are used. The crystal structures are fully relaxed using the
Broyden−Fletcher−Goldfarb−Shanno (BFGS) algorithm
technique to minimize the energy until the magnitude of
Hellman−Feynman force on each atom is less than 0.025 eV/
Å. A uniform grid of 12 × 12 × 6 k-mesh in the Brillouin zone
was used for relaxing the corundum crystal structure of M2O3.
To include the effect of Coulomb interaction beyond GGA at
transition metal sites, we consider GGA + U correction in
Hamiltonian. Moreover, to incorporate the effect of Hubbard
U in the calculation, we executed variable cell relaxation with
different U values. After full relaxation of the crystal structure,
we performed self-consistent calculations with the final
optimized crystal coordinates. Besides, we have also studied
density functional perturbation theory (DFPT)23 to calculate
phonon modes at the zone center Gamma point to confirm the
dynamical stability. We adopt U = 3.5 eV for our calculations,
which is taken from the previous studies of a similar crystal
structure.24,25 To justify the selection of U, we have also tested
our calculations for other various U values (U = 2, 4, 6, and 8).
Interestingly, we observe that although the magnitude of
phonon eigenvalues varies with different U values, a few of the
phonon eigenvalues still remain negative [shown in Table S1].
Negative eigenvalue of phonon signifies that the crystal
structure is unstable with regards to small perturbation of
atoms along the crystallographic directions. We have also
analyzed the phonon eigenvectors associated with each
eigenvalue for different U values. The imaginary eigenvectors
do not show any drastic change in their directions, and the

overall nature of phonons do not change with U values.
Furthermore, we have plotted COHP for various U values to
analyze bonding characteristics for better understanding of
realistic chemical bonding picture in the framework of COHP
methodology [shown in Table S2]. We find that there is no
significant variation in COHP for different U values. In fact, we
find an appearance of unstable antibonding characteristics in
COHP below the Fermi level. The “degree of bonding” or
bonding strength has been computed by integrating the COHP
values below the Fermi level from −5.0 eV to Fermi energy (at
0.0 eV; all energy are scaled). The “degree of bonding” also
suggests that with the increase in electronic correlations, the
corundum structure becomes more and more unstable.
To further investigate the effect of external pressure at room

temperature as well as at higher temperature, we perform ab
initio molecular dynamics (AIMD) as implemented in Vienna
ab initio package (VASP).26,27 The plane wave basis set, scalar
relativistic pseudopotentials, and projected augmented wave
(PAW)28 methods were employed for molecular dynamics
simulations. The Nose−Hoover thermostat and barostat29,30

were used to evaluate the equilibrium dynamics under the
NPT ensemble. Equilibrium dynamics were maintained for
1000 ps with a time step of 1 fs after the equilibrium spanning
of the first 20 ps. We also consider Y2O3 unit cell in cubic form
and optimize the structure using the Broyden−Fletcher−
Goldfarb−Shannon (BFGS) algorithm to minimize the energy
until the magnitude of Hellman−Feynman force on each atom
is less than 0.025 eV/Å. We consider similar exchange−
correlation functional as have been taken for the Co2O3
corundum structure with a uniform grid of 6 × 6 × 6 k-
mesh and an energy cutoff of 50 Ry.
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Hauback, B. C.; Fjellvag̊, H. Structure and physical properties of
YCoO3 at temperatures up to 1000 K. Phys. Rev. B 2006, 73, 214443.
(13) Rao, C. N. R.; Seikh, M. M.; Narayana, C., Spin-state transition
in LaCoO3 and related materials. In Spin Crossover in Transition Metal
Compounds II; Springer: 2004; pp. 1−21, DOI: 10.1007/b95410.
(14) Berggold, K.; Kriener, M.; Becker, P.; Benomar, M.; Reuther,
M.; Zobel, C.; Lorenz, T. Anomalous expansion and phonon damping
due to the Co spin-state transition in R CoO3 (R= La, Pr, Nd, and
Eu). Phys. Rev. B 2008, 78, 134402.
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