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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.



10

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 Sn'Te, 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 5-AgsSe 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 5-TeO, 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 §-TeO, 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 A;g mode is
higher in frequency than that of E; mode. Moreover, the reason behind the shift of
Asu 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.



13

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, — T’
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~!K~! at 735 K. As a re-
sult, we obtain a high 27" 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 2T ~ 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 27. 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, Ag2Se0.5Te0.2550.25, which shows
improved thermoelectric performance (27" ~ 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 AgsSe significantly
reduce the lattice thermal conductivity (ki & 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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responsible for electron conductions. Here, Fermi level is considered

as reference level (0.0 eV) for all the figures. . . . . ... ... ...

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,
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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) Defor-
mation potential constant as a function of bi-axial strain has been
plotted for charge carriers. The large value of deformation poten-
tial constant signifies carrier-phonon scattering strength in acoustic

phonon limited scattering model. . . . . . ... .. ... ...
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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.
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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, CO,, SO,, NO,),
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 CO,, CHy, NoO, 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,
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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, CO 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™')[8] and power
density[9] (power produced by per unit of area, Wem™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 BaTiO3z, PbTiO3, SrTiOs,
BiFeOs3, 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
LiNbOs3, PbTiO3, and BiFeOgs, 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, CsPbXj; (X
= Cl, Br, I),[11] ammonium (NH),[12] or rubidium, RbPbX3.[13] Much later, in
1957, the Danish researcher, C. K. Mgller found that CsPbCl; 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 A3Sbylgy class of materials, SbyS; with 1D chain structure and
AsShbgSi3 (A = Cst , MAT ) with 2D layered structures, show semiconduct-
ing properties with band gap values, 1.72 eV, 1.85 eV, and 2.08 eV for ShySs,
CsaSbgS13, and MA,SbgSy3, 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 Pb?* 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 AsMM Xg (A =Cs, MA; M =
Bi, Sb; M = Ag, Au, Cu, K; X = I, Cl, Br).[18] Among many combinations
of double-perovskite materials, CsyBiAgBrg and CssBiAgClg have been explored
earnestly. Both CsyBiAgBrg [20,21] and CsyBiAgClg [19] exhibit wide and indi-
rect band gaps. Only a few studies have reported employment of CsyBiAgBrg for
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PV device applications. Efficiencies of the cells of different architectures including
Cs2BiAgBrg 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 (T1). 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),AgBiBrg 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 cm?*V~'s™! and I,/ Loss
ratio above 10* [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 cm?V~!'s7!, 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 cm?V s~}
with I, /Is; of 10° 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 ~ 107° cm?V~!'s™! in the case of CH3NH;Pbl; 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
Lon/Iof s ratio for logic applications. This attribute makes 2D TMDC FETSs promis-
ing devices beyond graphene FETs which cannot be effectively switched off due to
its zero bandgap. Molybdenum disulfide (MoSs), a forerunner in the TMDCs fam-
ily, has been extensively employed for making 2D FETs. Importantly, compared
with other TMDCs, MoS, 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 MoS, field effect transistors [30-31].
Although these studies reveal that MoSs FETs display a very high On/Off ratio
(up to 10° - 10® ), most of these FETSs suffer from relatively low mobility (espe-
cially compared to graphene FETSs). Despite the demonstration of very high hall
mobility of 34,000 cm?V~1s~! for six-layer MoS; at low temperature using careful
contact engineering and dielectric encapsulation[32] , at room temperature, the
highest field effect mobility is still around 500 cm?V~1s™! for multilayer MoS,
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 (27°),
defined as %T, where S is the Seebeck coefficient or thermopower, o is the elec-
trical conductivity (S?c is called power factor), and & is the thermal conductivity,
including both from electrons (k.) and lattice vibrations (phonons, ki) as heat
carriers at a thermodynamic temperature, T'. However, the optimization of these
three parameters (S, o, k) to achieve high 27" 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 o (S/m) S (uV/K) k (W/mK)
Metal Very high (~ 107) Low (=~ 10) High (~ 10?)
Insulator Very low (~ 1071) | High (~ 500 — 900) | Low (~ 1073%)
Semiconductor | Moderate (~ 1073) | High (=~ 120) Low (~ 10)

In literature, there are various approaches to improve z7T', 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); based alloys and MgAgSh alloys.[54-55] Intermediate-
temperature (500-900 K) thermoelectrics include Pb(Te, Se, S), Sn(Se, S),[56-62]
Sn'Te,[63,64] GeTe,[65] Cuy(Te, Se, S),[66,67] Mgs(Si, Sn, Ge),[68-69] BiCuSeO,[70-
71] ZnyShs,[72] InySes, [73] BagGaysGeso,[74] skutterudites,[76-77] and tetrahedrites.
[78] At high temperature (> 900 K), SiGe,[79] (Pr, La)3;Te4,[80,81] Yb14,MnSby1,[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

2T mar =~ 2.2 in p-type PbTe-SrTe in 2012,[89] 2T 4: ~ 2.0 in p-type PbTe-MgTe
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in 2013,[90] 2T pnaz > 2.0 in p-type PbTe-PbS in 2014,[91] 27,4 &~ 2.5 in p-type
PbTe-SrTe in 2016,[92] 2T},4: =~ 1.8 in n-type PbTe-InSb,[93] and 27, ~ 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 1 1 1 1 1 1
- = - - - - - +o. (1)
T Tch—ph Teh—ch Tph—ph Teh—imp Timp—imp Tdefect—defect

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(ex,) = frn reads

ot + Uk’mvrfkn + Ekakn - (W)coll (12)

where the labels n and k denote the band index and k point, respectively. The
velocity is defined as v = %Vke;m, and F = q(E + v x 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

afkn

qb B
N fin = ( 5 )eoll

- (1.3)

Considering f; = f— fy is linear in the applied electric field and for consistency,
we neglect the term %.Vk fi(—eFE), then BTE in the relaxation time approximation

transforms to

0 E
a—{ + U.Vfl — %Vfo = —% (14)

By solving the equation for relaxation time (7), we obtain the intrinsic carrier

mobility ¢ = 2. 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 2 Vg .Uk

= Yul < K0,V|k > |*[A+ B](1 —
Tep<k) A k‘ ‘q ‘ ’[ ]( |1)k/|’1}k‘

) (1.5)

A= (fk’ —+ nq)é(Ek — Ek’ =+ hwq)5k+q7k/+G (16)

B = (1 + Ng — fk’)é(Ek — Ek’ — ha)q)(sk,q’kurg (17)

where k, k', and q are wave vectors of the initial and final electronic states and the
participating phonon state; E, Fj , and w, are their respective energies; fx, fi,
and n, are their equilibrium distribution functions; < £'|d,V|k > is the electron-

phonon matrix element; G is a reciprocal lattice vector, and v, and vy are the

group velocities of the initial and the final states. The factor (1 — ‘::,’|"1;i ‘) 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, < £’'|0,V'|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,75(i, k) can be derived

considering the collision term in the Boltzmann Transport Equation (BTE)[99],
1 4m*(E5)?

=T

Tg(i k‘) W Z (1 - Ujk/)é[Ez‘ - Ejk’] (1.8)

U.
jk'E€BZ ik

where C3p is elastic modulus. A: Planck constant; kg: Boltzmann constant; Here
Csp is expressed as,

2B ~ By) = CySo( 77 (1.9

where Fy and Sy are the energy and lattice volume of the unit cell without strain
and F is the energy of the strained system. The parabolic equation is used to
calculate the value of C3p. And the deformation potential constant, E¥ is derived

as,

c AE1band

lo

(1.10)

where A FEjp,.,q is a shift in energy level at the band edge position because of lat-

tice strain ZA—OZ. To compute charge carrier mobility, we use Boltzmann transport

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

(¢;) and carrier group velocities (v; = %(k)) are obtained from the first-principle

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

as,

el — e Yicenwn) J (0 k)i, k)b(k)dk
’ kT ZieCB(VB) fb(k>dk

(1.11)
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kT

b(k) = exp[F ] (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:

_ 93/2.1/2 Caphe
H 3 Bl (kgl)3

(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]:

th?’@
== 1.14
Y B maksT (1.14)
where j = x,y , and my = (m;mZ)l/ 2 is the average effective mass along z—

and y— directions while m} 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 ¢ = nepu.
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]

71'2

3e

din(DOS(E))

5= OF

k5T (1.15)

here, kg: Boltzmann constant and DOS(E): energy-dependent DOS. We also solve
BTE to compute phonon relaxation time (7;,) is employed to calculate lattice

thermal conductivity. The lattice thermal conductivity can be written as,
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Rilat = Z C’iqviqvi/q/nq (116)

0,7,q,q'
where C}, is the specific heat, v;, is the phonon group velocity and 7;, 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 ¥, and written as W = W(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 (ﬁ )

on ¥(R,r) and the equation is widely known as Schrodinger equation,

HU(R,r) = EV(R,r) (1.17)
B Y gy S I S S
2 M, |n | — rj] k# |Ry, — Ry
(1.18)
ﬁ:Te+Tn+‘/:zn+‘/;e+V;n (]‘]‘9)

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

stationary nuclear part. The modified electronic Hamiltonian is,

He :Te—i_‘/en—i_‘/ee (120)

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 V. (r), the potential V.., (r) can be uniquely
determined, upto an additive constant, by the ground state density ng(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:
Eln(r)] = (Un(r)][H|Vn(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
Vert(r). For any particular V. (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 ng(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)] + Uln(r)] + /[V(f')n(f’)dgr] (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 / %[37r2n(r)]§n(r)dr (1.23)
BURCIN
U= 2/‘T_r/‘d d (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 Schrodinger 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:

1 n(r)
Enw) = T + Eextinw) + 5 / ] T el (1.25)

|7

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.

Efx?,ﬁ = /exc(n(r)n(r)dr (1.26)

The mathematical form of exchange and correlation energy is:

4
ex(n) = Y r58 (1.27)
0.44

s 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:

) = / exe(n(r), [On(r) )0 (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:

o (r) = e (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 A = {\;}. The first and second derivatives of the ground-

state energy are

E B
a _ a on—ion +/dra‘/ext(r)

O O, ax " (r) (1.31)

and

QE 2E4 . 2
PE _ 8 Bin-ion | / 0 EVerlt) o / 200 W) 49y
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In Equation 1.32, 65/(\:) is the induced charge-density by the first order pertur-

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

agif) =X %gi%m + &5 (r)a(giy) (1.33)

i
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In the linear approximation, 8§/(\:) = Ap(r) where, Ap(r) can be expressed as,
N
Ap(r) = ¢:(r)Ag(r) (1.34)
h2v?
Lo+ Vis()] ) = o) (1)

VKS(T) = VZOC(T) + VH(T) + ch(T).VKs(T’, )\),
Vks depends on A, as a result, ¢;(r,\) and ¢;(\) are the function of A\. Hence,

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

R2V? 120

8VKS( )
2m +Vies(r) = o\

0¢;
Hipr)  (136)

- O (T> = ¢z( )

where,
OVis(r)  WVieal(r) = OVu(r) = OVxc(r)
o on o on o on (1.37)
and
8VH By
1.38
I — r’| 8)\ dr (1.38)
So, the variation in Kohn-Sham potential is given by,

aVXc<T) . dVXc 8p(r) (1 39)

oN  dp O\

Ae; = (9i| AVext(r)|d:)

Hence, self-consistent solution of the set of linear equations, Ap can be eval-
uated with reasonable accuracy. Ap 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 Schrodinger 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 (F;) on a

atom ‘2" with mass M; is formulated as follows,

07

The vector notations in forces F; and positions r;, 7.e. in three dimensions the whole
system is described by 3N coordinates. The forces on a atom ‘¢’ is calculated as
the negative derivative of the potential U, describing the interactions between the

particles. And it can be written as,

oU
F = 5 (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 Schrodinger 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 (F; = M;R;(t)) on a atom ‘4’ with
mass M;, as follows within the BOMD framework,

M;R;i(t) = vi%in<¢0|He|¢0> (1.42)
0

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 DF'T 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 (o) and Seebeck coeffi-
cient (S) and simultaneously increase their values to achieve higher thermoelectric

power factor (S%¢). 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, o, and k. directly

related via following relationship:

812 k% T
= 2= DB ()23 1.43
3 eh? (Bn) ( )
ne’r
= 1.44
.1 (1.44)
ke = LoT (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 o and S as well as low k. (Figure 1.6), making controlling n a crucial
strategy to secure high 27 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 7" 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 = (myT)*> where m} 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*, (¢) 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 27" reduces due to S reduction and k. enhancement according to Equations
(1.43) and (1.45). Theoretical[110-111] and experimental|[112] studies suggest that
E, of semiconductors can be efficiently tuned via doping, and the enlarged E, 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 (xp;) [113-114]
to contribute more x that decreases z7". Kk is a function of £, and 7" and is
defined as[113] ky; = exp[—E,/2kpT]. As can be realised from the equation that
Kpi increases with increasing 7', so that the impact of x;; at higher temperature can
limit the 27" value for the intermediate or high temperature TE materials.[113] On
the other hand, x;; can be reduced via increasing £, 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}) can lead to a high S according
to Equation (1.43). The principle of increasing (m}) by controlled doping is to
increase the band effective mass of a single valley (mj) as[115] m} = Ny “my
where N, is the band degeneracy. However, increasing (m;) will reduce u since[115]
p o< 1/mj. Therefore, S?c can be reduced due to the o reduction according to
Equation (1.44), so that a high (m}) does not always lead to an overall high 27"
Therefore, to practically enhance o of TE materials, it is important to tune the
(m}) 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 u to

obtain the optimized S%o.
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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}; due to large N, could lead High 2T of
TE materials, but keep p unaffected.[117] Nevertheless, N, 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 PbTeq g5Seg.15. At 500 K, the two valence bands
converge, resulting in transport contributions from both the L and ¥ 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 (X band, located at the
¥ point of the Brillouin zone) dominating at the temperatures of ~ 450 K. There
is a small energy separation (AE = Ey—Eyy) of ~ 0.2 eV (comparable to Ey)
between these two valence bands, and the L band and » band have N, = 4
and N, = 12, respectively.[118] AE became smaller with increasing 7' and the
band convergence of between the L band and 3 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 N, = 16, and in turn
leading to an increased m}; (Equation (1.43)) without explicitly reducing f.[118]

As a consequence, 2T is greatly increased.
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1.7.3 Nanostructure Engineering

It is clear from 2T expression that thermal conductivity (k) must be minimized to
achieve high 2T. Generally, when S?¢ is increases via doping or alloying[119] with
different elements, k;,; simultaneously diminishes due to the increased phonon-
phonon scattering by the introduced dopant atoms or ions.[120] However, such a
lowering of k4 is usually compensated by the enhanced k. due to the increased n.
For significantly reduction in k4, and therefore, k;,;, nanostructure engineering
has been widely employed as an effective approach to obtain high 27" 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 2T 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 27" through
the quantum size effect and decreasing rk;,; 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 ki, thereby reducing x. 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 x;,; to almost
50% which can lead to an increase in 2T by a factor of 2. On the other hand, elec-
trons with much shorter scattering wavelengths will not be scattered significantly,
as a result, o will not be affected due to the nature of nanocomposites. Recently,
such strategies has been successfully adopted and become effective to enhance 2T

in many material systems including CusSe,[127] BiyTes,[128] BixSes,[129].

All-Scale Hierarchical Architectures

Generally, kj,; 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 x;,; 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 5-TeO, 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, AgoSeq 5Teg 255025, which shows improved thermoelectric performance (27

~ 2.1 at 400 K) through Rashba effect and entropy engineering.
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Strain Induced Ultrahigh
Carrier Mobility in 5-TeO

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 (103-10* cm?V-!s!) 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 MoS, and encapsulated single-layer MoS, FETs have
been shown to exhibit band-like transport with quite high mobility values (60-500
cm?V-151)[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 cm?V-!s™t 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, TeO,
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 (TeOs) and TeOs-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 TeOo,
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which have been explored experimentally as well as theoretically till recently.[19-
20] Among the three phases, bulk TeO; exists in two stable polymorphs and one
meta-stable form. The tetragonal phase, a-TeO, (paratellurite, P4,2,2)[21-23] is
thermodynamically stable but rarely exists, while another stable phase, 5-TeO,
(tellurite, Pbca)[24-25] is found naturally. Recently, there has also been synthesis
of a new metastable form of TeOs, known as y-TeOy (orthorhombic, P2;2;2;).[26-
27] Interestingly, all the three polymorphs are formed by corner-sharing TeO,
trigonal bipyramidal units with different arrangements.

Out of the three phases, our interest lies in the naturally occurring tellurite
layered crystal (8-TeOs) 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) TeOy structure not only has a large direct bandgap (3.32 eV),
but also exhibits exceptionally high carrier mobility (10* cm?V-s).[28] These
desirable properties motivate us to study §-TeO, 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 5-TeO, 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 TeO,. 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/A. 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 -TeOy is a = 5.52 A, b = 5.78 A, and ¢ = 12.15
A, 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 TeOy (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 x 4 x 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 eV. The ground state geometries are optimized
until the atomic forces acting on each atom (Hellman-Feynman forces) becomes
less than 0.001 eV /A. 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 E; and carrier

VE,(k
h( ))

group velocities (v; = are obtained from the first-principle calculations.

The carrier (electron and hole) mobility along the 5 direction is defined as,

on e 2iccnwn) J T8 k)i, k)b(k)dk

G L S Z(T >
b(k) = explr ) 2.2)

here, e and T are electronic charge and absolute temperature, respectively. The
direction dependent carrier relaxation time, 73(7, k) can be derived considering the

collision term in the Boltzmann Transport Equation (BTE)[33],
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P S, By (2.3)

jkeBZ Vik
where C3p is elastic modulus; h: Planck constant; kg: Boltzmann constant; Here
Csp is expressed as,
Al
2(E — Ey) = C3DSO(Z—)2 (2.4)
0
where Ejy and Sy are the energy and lattice volume of the unit cell without strain
and FE is the energy of the strained system. The parabolic equation is used to
calculate the value of C3p. And the deformation potential constant, E? is derived
as,

c AE’band

lo

(2.5)

where A Ep,,,q is a shift in energy level at the band edge position because of lattice

strain ZA—OZ. 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, -TeOy contains orthorhombic symmetry with eight formula
units in the unit cell. Considering the layered structure, we optimize the structure
via PBE 4 D2 calculations and found the bulk lattice parameters to be a = 5.52
A;b=5.78 A; ¢ = 12.15 A. 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 5-TeO, crystal structure viewed along the crystallographic
a-direction. From the crystal structure, it is clear that TeO, 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 5s? 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 5-TeOs contains TeO, 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
TeO, 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 5-TeOs crystal has a layered structure with layers arranged
perpendicular to the a-axis with an interlayer distance of 3 A.[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 5s? 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 8-TeOs, plotted at the PBE level. The theoretically
predicted direct band gap 2.27 eV at the high symmetry I' 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-2py 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 5-TeO,, which shows TeO, 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 TeO, 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 TeOs,
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, 5s% 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-2py 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-2p, 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 E7 , 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 TeOq
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-Eg), where E is the total energy of
the unit cell with strain and Ej 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 TeO, 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 (Ey). (b) charge carrier effective mass in units of mg where mg is bare mass
of electron and (c) estimated carrier mobility along the x-direction. The sudden amplification of
hole mobility (39500 cm? V-1s71) is observed at 3% uniaxial compressive strain.
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coupling strength E¢, 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
(B§ ~ 0.23 eV) at 3% uniaxial compressive strain along x-direction. Interestingly,
deformation potential constant, £/, calculated for the layered TeOs 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 mgy (mg: 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 cm?V-!s -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 £ and m" for both electron
and hole. In this case, we also achieve lowest electron-phonon coupling strength
(E5 ~ 0.9 eV) and electron effective mass (m” ~ 0.21 my) 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 mg and (c) predicted carrier
mobility along the y-direction. The sudden amplification of electron mobility (17500 cm?V-tst)
is observed at 4% uniaxial compressive strain.
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Figure 2.6: Relaxation time versus carrier-state along the Y-I' 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-T' 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 (N.) giving rise to the transport behavior dominated
by the scattering relaxation time (7).

the I'-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 cm?V-'s *! (shown in Figure 2.5(c)).
Of particular interest is that TeO, 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 TeO, 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 TeO, 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 I'-Y direction in the Brillouin zone. In
Figures 2.6(a) and 2.6(b), we plot hole relaxation time along the I'-Y direction in
Brillouin zone. It is also found that the application of 3% uniaxial compressive
strain increases the relaxation times (7) 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 7 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 I'-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 S-TeOs.

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 5-TeOy. 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 cm? V-'s!) 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 cm? V-1s!)
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 I' =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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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

7
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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 ¢V) and indirect for both bilayer (3.44 V) and bulk (2.45 ¢V).[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 (A) [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
Qeell 3.82 3.82 Qeell 3.97 3.97
Qeep (C-axis) 5.02 20.00 Aeen (C-axis) 5.02 20
€rz 7.47 2.18 €ra 6.26 2.06
Eyy 7.47 2.18 Eyy 6.26 2.06
€:r 6.86 1.32 €sr 5.76 1.26
Z () 2.98 2.69 Z Py 3.08 3.26
Z () 2.67 0.51 Z i) 2.06 0.44
26 ay) —3.00 —2.71 2O ay) —3.09 —3.27
ZH) —2.71 —0.54 Z5) —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, A, is higher in frequency than that of E,
mode, which is part of our spectral results. This anomalous behavior of Raman
mode (Aj,) 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 (Dyy).[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 x 18 x 18 k-points for bulk MO and 18 x 18 x 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 ¢V/A. 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 A and ¢
= 5.02 A. In the case of PbO, the lattice parameters are found to be a = b =
3.97 A and ¢ = 5.02 A. For monolayers, optimized lattice parameters are almost
similar to the bulk but there is a vacuum of 20 A 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 (I' - X — M — I'). The optical dielectric
constant, the Born effective charge and the force constants matrix have been com-
puted at selected g-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 g-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 ¢ — 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]

Caij = Catoy + Cat; (3.1)

The analytic part, 52? 54> has been calculated from the response of zone-center
phonon in zero macroscopic electric field condition. On the other hands, the non-

nipj» as a general expression

analytic part, C7)

~na 47'('62 27 Zz'f'yaQW Zu Z;,V,Bql’
ai, B QO > €Sy

where €2 is the volume of the unit cell. eif, is the electronic contribution to static

(3.2)

dielectric tensor and Z7. , 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 (wy;) calculated over the Brillouin zone can
be utilized to enumerate thermodynamic quantity. Using thermodynamic relation,
thermal properties, such as, specific heat at constant volume (C,) 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 (C,), internal energy (U) and partition function
(Z) can be written as[36]:

< E*>-<E>?

C, = T (3.3)
U—e E>e qu queép(_ﬁqu) (3.4)
Z =Y exp(~BEy) (3.5)

qj
Phonon vibrational entropy depends upon the internal energy (U) and the

partition function (Z) of the system. The vibrational entropy can be described as,

U
S = 7 +kplnZ (3.6)

where T and kp are temperature and Boltzmann constant respectively. Finally,

phonon group velocity can be calculated by the following expression,

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 (Z)*) and optical dielectric
tensor (€5) [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 6s? 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~!) 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 E, IR Sn, O | 0.0 E, IR Sn, O
0.0 E, IR Sn, O | 0.0 E, IR Sn, O
0.0 Agy IR Sn, O | 0.0 Agy IR Sn, O
104.39 E, Raman Sn, O | 104.13 E, Raman Sn, O
104.39 E, Raman Sn, O | 104.13 E, Raman Sn, O
199.94 Ay Raman Sn 199.06 Ay Raman Sn
265.46 E, IR Sn, O | 275.81 By, IR Sn, O
265.46 E, IR Sn, O | 393.32 E, IR Sn, O
383.36 By, Raman Sn, O | 393.83 E, Raman O
388.58 Asy, IR O 482.48 E, Raman O
458.47 E, Raman O 482.48 E, Raman O
458.47 E, Raman O 506.95 Aoy, 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 Z* 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 (I'), three acoustics (ac) modes with
Lye = 2E, + Ay, symmetry have zero frequencies. The optical (op) modes are
(Cop =4E,4+ A1+ 2E,+ B1,+ Ay, ) 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™ and 199 ecm™. As phonon wave vector (q) increases, longitudinal acoustic
modes (LA) experience avoided scattering with the transverse optical modes (TO)
along the high symmetry path I" to X (T-point), which will be discussed later.

The high energy optical modes are separated from low energy optical modes
by 65 cm™ at I' point. We have also identified the atomic displacement of Raman
active modes, E,, A4, By, and infrared active modes £, and A,, 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 (£, A;,) 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, Aj,, is lower in frequency than the £, Raman
modes in bulk-SnO (see Table 3.2). But on the contrary, we find Ay, mode is
higher in frequency than E, 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~!) 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 E, IR Pb, O | 0.00 E, IR Pb, O
0.00 E, IR Pb, O | 0.00 E, IR Pb, O
0.00 Aoy IR Pb, O | 0.00 Aoy, IR Pb, O
81.79 E, Raman Pb, O | 108.25 E, Raman Pb, O
81.79 E, Raman Pb, O | 108.25 E, Raman Pb, O
144.56 Ay Raman Pb 136.80 Ay Raman Pb
249.99 E, IR Pb, O | 363.69 E, IR Pb, O
249.99 E, IR Pb, O | 363.69 E, IR Pb, O
402.54 By Raman O 446.00 By, Raman O
403.66 E, Raman Pb, O | 477.68 E, Raman O
415.74 E, Raman O 477.68 E, Raman O
415.74 Aoy IR O 497.10 Aoy, IR Pb, O

turn increases the mode vibrations. Moreover, since we neglect the weak interlayer

interaction in monolayer SnO, one IR mode, Ay, shifts to higher frequency (from

388.58 cm™ to 506.95 cm™).

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™, 104 ecm™, 199 cm™). 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 PhO.
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 A;, 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
[FCs. 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™! and 76 cm™ respectively whereas for bulk and single-layer PbO, these
gaps are around 105 cm™ and 227 em™ 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(q ) (lk, k") which relates the force
F,(lk) on an atom k of unit cell I due to displacement (I'k") of the atom £’ in the

cell, I, is defined through the following expression,

Fo(lk) = Clap(lk, UK ) Ars(I'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 ecm™, 104 em™ and 199 em™) which are almost the same for both bulk and

monolayer SnO. The eigenvectors corresponding to the Raman modes, E,, have
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Figure 3.4: Avoided crossing occurred the point T at fine g-point. LA and TO bands cross

each other at frequency 90.8 cm~!. 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 A;, is originated solely from Sn displacement. Since self-force constant of
Sn and O are the same for both bulk and monolayer SnO, FE, 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, A;, mode has higher frequency (199.94 cm™) in bulk SnO compared
to its monolayer counterpart (199.06 cm™). Two IR modes E, are also same in
frequency (265.46 cm™) and they are associated with Sn and O oscillations. One
IR mode Aj, and two other Raman modes £, are mainly associated with Oxygen
oscillations. Since O atoms are lighter in mass, these modes (Ay,, E;) 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, As,, 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 A;,
with respect to E, modes (see Table 3.4).

Unlike SnO, we observe that the first two Raman modes, F, 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 (B, 2E,) and three IR modes (2E,, As,)
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 I' to M direction (X point) and I" 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
(E,) and the magnitude of the eigenvectors signify equal contribution from TO
and LA modes at particular q point (T & ¥ 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™ to 120

1

cm™, we find less density of states up to 150 cm™ (see Figure 3.5).

As can be seen in Figure 3.4, the avoided crossing occurs at a frequency range

1. Note that, this frequency range is equivalent to tem-

from 90 cm™ to 110 cm’
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™. 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 E, of 108.25 cm™ in monolayer
PbO in comparison to the same mode in bulk PbO at 81.79 cm™. However, in
both bulk and monolayer SnO, this vibrational mode, £, has the same frequency

of 104.39 cm™.

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™, 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 (C,) 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, C,, 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, v;,, 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 g-point in the
dispersion curve. Furthermore, we find similar discontinuity in v(g) 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 g-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 g-points

like X and X 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, (¢) PbO-bulk, (d) PbO-monolayer. There is sharp discontinuity in v between
LA (green line) and TO (blue line) along the g-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 C,(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.



99 Chapter 3. Vibrational Spectra of MO: Role of Avoided Crossing

3.5 References

[1] Geim, A.K.; Novoselov, K.S. The rise of graphene. In Nanoscience and tech-
nology: a collection of reviews from nature journals 2010, 11-19.

[2] Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos,
S.V.; Grigorieva, 1.V.; Firsov, A.A. Electric field effect in atomically thin carbon
films. science 2004, 306(5696), 666-669.

[3] Lin, C.H.; Fu, H.C.; Cheng, B.; Tsai, M.L.; Luo, W.; Zhou, L.; Jang, S.H.; Hu,
L.; He, J.H. A flexible solar-blind 2D boron nitride nanopaper-based photodetec-
tor with high thermal resistance. npj 2D Materials and Applications 2018, 2(1),
1-6.

[4] Cahen, D.; Noufi, R., Surface passivation of polycrystalline, chalcogenide based
photovoltaic cells. Solar Cells 1991, 30(1-4), 53-59.

[5] Miller, S.A.; Gorai, P.; Aydemir, U.; Mason, T.O.; Stevanovié¢, V.; Toberer,
E.S.; Snyder, G.J. SnO as a potential oxide thermoelectric candidate. Journal of
Materials Chemistry C 2017, 5(34), 8854-8861.

[6] Molina-Sanchez, A.; Wirtz, L Phonons in single-layer and few-layer MoS, and
WS,. Physical Review B 2011, 84(15), 155413.

[7] Kumar, P.; Liu, J.; Ranjan, P.; Hu, Y.; Yamijala, S.S.; Pati, S.K.; Irudayaraj,
J.; Cheng, G.J. Alpha lead oxide (a-PbO): a new 2D material with visible light
sensitivity 2018. Small, 14(12), 1703346.

[8] Daeneke, T.; Atkin, P.; Orrell-Trigg, R.; Zavabeti, A.; Ahmed, T.; Walia, S.;
Liu, M.; Tachibana, Y.; Javaid, M.; Greentree, A.D.; Russo, S.P. Wafer-scale syn-
thesis of semiconducting SnO monolayers from interfacial oxide layers of metallic
liquid tin. ACS nano 2017, 11(11), 10974-10983.

[9] D. Le Bellac, J. M. Kiat, P. Garnier, Journal of Solid State Chemistry, 1995,
114, 459-68.

[10] Ogo, Y.; Hiramatsu, H.; Nomura, K.; Yanagi, H.; Kamiya, T.; Hirano, M_;



3.5. References 100

Hosono, H. p-channel thin-film transistor using p-type oxide semiconductor, SnO.
Applied Physics Letters 2008, 93(3), 032113.

[11] Li, Y.W.; Li, Y.; Cui, T.; Zhang, L.J.; Ma, Y.M.; Zou, G.T. The pressure-
induced phase transition in SnO: a first-principles study. Journal of Physics: Con-
densed Matter 2007, 19(42), 425230.

[12] Govaerts, K.; Saniz, R.; Partoens, B.; Lamoen, D. van der Waals bonding and
the quasiparticle band structure of SnO from first principles. Physical Review B
2013, 87(23), 235210.

[13] Seixas, L.; Rodin, A.S.; Carvalho, A.; Neto, A.C. Multiferroic two-dimensional
materials. Physical review letters 2016, 116(20), 206803.

[14] Zhou, W.; Umezawa, N. Band gap engineering of bulk and nanosheet SnO:
an insight into the interlayer Sn—Sn lone pair interactions. Physical Chemistry
Chemical Physics 2015, 17(27), 17816-17820.

[15] Das, S.; Shi, G.; Sanders, N.; Kioupakis, E. Electronic and optical proper-
ties of two-dimensional a-PbO from first principles. Chemistry of Materials 2018,
30(20), 7124-7129.

[16] Gonze, X.; Charlier, J.C.; Allan, D.C.; Teter, M.P. Interatomic force constants
from first principles: The case of -quartz. Physical Review B 1994, 50(17), 13035.
[17] Geurts, J.; Rau, S.; Richter, W.; Schmitte, F.J. SnO films and their oxidation
to SnOs: Raman scattering, IR reflectivity and X-ray diffraction studies. Thin
solid films 1984, 121(3), 217-225.

[18] Meyer, M.; Onida, G.; Palummo, M.; Reining, L. Ab initio pseudopotential
calculation of the equilibrium structure of tin monoxide. Physical Review B 2001,
64(4), 045119.

[19] Li, Y.W.; Li, Y.; Cui, T.; Zhang, L.J.; Ma, Y.M.; Zou, G.T. The pressure-
induced phase transition in SnO: a first-principles study. Journal of Physics: Con-
densed Matter 2007, 19(42), 425230.

[20] Walsh, A.; Watson, G.W. Electronic structures of rocksalt, litharge, and



101 Chapter 3. Vibrational Spectra of MO: Role of Avoided Crossing

herzenbergite SnO by density functional theory. Physical Review B 2004, 70(23),
235114.

[21] Hamann, D.R.; Schliiter, M.; Chiang, C. Norm-conserving pseudopotentials.
Physical Review Letters 1979, 43(20), 1494.

[22] Baroni, S.; Giannozzi, P.; Testa, A. Green’s-function approach to linear re-
sponse in solids. Physical review letters 1987, 58(18), 1861.

[23] Giannozzi, P.; De Gironcoli, S.; Pavone, P.; Baroni, S. Ab-initio calculation
of phonon dispersions in semiconductors. Physical Review B 1991, 43(9), 7231.
[24] Cochran, W.; Cowley, R.A. Dielectric constants and lattice vibrations. Jour-
nal of Physics and Chemistry of Solids 1962, 23(5), 447-450.

[25] Molina-Sanchez, A.; Wirtz, L. Phonons in single-layer and few-layer MoS, and
WS,. Physical Review B 2011, 84(15), 155413.

[26] Gonze, X.; Lee, C. Dynamical matrices, Born effective charges, dielectric
permittivity tensors, and interatomic force constants from density-functional per-
turbation theory. Physical Review B 1997, 55(16), 10355.

[27] Wang, X.; Zhang, F.X.; Loa, I.; Syassen, K.; Hanfland, M.; Mathis, Y.L.
Structural properties, infrared reflectivity, and Raman modes of SnO at high pres-
sure. physica status solidi (b) 2004, 241(14), 3168-3178.

[28] Moore Jr, W.J.; Pauling, L. The crystal structures of the tetragonal monoxides
of lead, tin, palladium, and platinum. Journal of the American Chemical Society
1941, 63(5), 1392-1394.

[29] Born, M.; Huang, K. Dynamical theory of crystal lattices Oxford University
Press 1954. London, New York.

[30] A. Kokalj, Journal of Molecular Graphics and Modelling, 1999, 17, 176-9.
[31] Devaquet, A. Avoided crossings in photochemistry. Pure Appl. Chem 1975,
A1(4), 455-473,

[32] Walsh, A.; Watson, G.W. The origin of the stereochemically active Pb (II)
lone pair: DFT calculations on PbO and PbS. Journal of Solid State Chemistry



3.5. References 102

2005, 178(5), 1422-1428.

[33] Semeniuk, O.; Csik, A.; Kékényesi, S.; Reznik, A. Ion-assisted deposition of
amorphous PbO layers. Journal of Materials Science 2017, 52(13), 7937-7946.
[34] Baleva, M.; Tuncheva, V. Optical characterization of lead monoxide films
grown by laser-assisted deposition. Journal of Solid State Chemistry 1994, 110(1),
36-42.

[35] Koval, S.; Burriel, R.; Stachiotti, M.G.; Castro, M.; Migoni, R.L.; Moreno,
M.S.; Varela, A.; Rodriguez, C.O. Linear augmented-plane-wave frozen-phonon
calculation, shell-model lattice dynamics, and specific-heat measurement of SnO.
Physical Review B 1999, 60(21), 14496.

[36] Ziman, J. M. Principles of the Theory of Solids, Cambridge University Press
1972, London, 2nd edn, 211-229.

[37] Daeneke, T.; Atkin, P.; Orrell-Trigg, R.; Zavabeti, A.; Ahmed, T.; Walia, S.;
Liu, M.; Tachibana, Y.; Javaid, M.; Greentree, A.D.; Russo, S.P. Wafer-scale syn-
thesis of semiconducting SnO monolayers from interfacial oxide layers of metallic
liquid tin. ACS nano 2017, 11(11), 10974-10983.

[38] Singh, M.; Della Gaspera, E.; Ahmed, T.; Walia, S.; Ramanathan, R.; van
Embden, J.; Mayes, E.; Bansal, V. Soft exfoliation of 2D SnO with size-dependent
optical properties. 2D Materials 2017, 4(2), 025110.



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:%T , Where S,
o, k, T are the Seebeck coefficient, electrical conductivity, total thermal conduc-
tivity, and absolute temperature, respectively. The power factor is defined by the
quantity, S%o. Ideally, to increase the figure of merit (27'), 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 z71" 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]
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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 27" value, which have
been synthesized containing nano-structured alloys namely, BiSbTe,[28] filled skut-
terudites,[29] T1 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 (27")
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 Srg¢Lag1TiOs.5 (Kiar ~ 3.0 W/mK,
2T ~0.21 at 750 K),[34] Iny §Geg 203(kiar =~ 2.0 W/mK, 2T ~ 0.46 at 1273 K),[35]
CagoYbo1 MnOjz(ke ~ 1.6 W/mK, 2T ~ 0.16 at 1000 K), BiCuSeO (xy; =~ 0.4
W/mK, 2T ~ 0.5 at 900 K)[27]. These materials still show very low 27" 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 (Sng;Pbgs0) 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 4, ¢ = 10.05 A 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 Sn?*(5s?) and Pb?*(6s?) 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 27" 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 %. Then, we determine

the electronic band structure with the optimized lattice parameter a = 3.87 A4 , 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 A and ¢ = 10.05 A 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 A. 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
x 6 X 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, 42, -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
5s? and 6s? 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 Sn?* and Pb?* 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 I' — 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, N, 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;) 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} = NU% my, where N, 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
I’ 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}) can be described as S = 23122?5(3%%771;. 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 I" point and highly dispersive bands
are present along with I' — K and I' — 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:5s? and Pb:6s? have different
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bonding nature with nearby O-2p orbital. In fact, there is significant orbital
overlapping of Sn:5s? with O-2p in the valence band region below Fermi level,
while Pb:6s? 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 DF'T 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 BiyTes,[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™ along the X and Y (a,b-axis). The low-frequency acoustics
mode indicates small group velocity at the zone center I'-point (Shown in Table

4.1) and low Debye temperature, which in turn facilitates low thermal conduc-



115 Chapter 4. SnO-PbO: Material for Thermoelectric Applications

tivity, Kia, 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 k4, is related to phonon group velocity via
K ~ 101}37, where C' is the specific heat at constant volume, v, is phonon group
velocity, and 7 is relaxation time of phonons. Since the average phonon group

velocity is small, k4 is expected to be very low along the in-plane directions.

Table 4.1: Average phonon group velocity (v,,), Debye temperature (©p) calculated using the
equation from Ref. 74.

Materials Um(m/s) Op(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.c 0.4 (Sn ~ 1.4 A and Pb ~ 1.8 A). 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
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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 7 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 (10'* Jm~3) parameters
for hole. Effective mass in unit of mg for hole calculated from band curvatures along I' — K
directions in the reciprocal space.

Materials SnO PbO SnO-PbO
E 3.77 2.57 2.51
Csp 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’%) and deformation potential constant (E;) along with elastic constant
(Csp). 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 o = nepu# to evaluate charge carrier electrical conductivity (o) along

the I' — 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 ki using the equation (1.16). Here, lattice thermal conductivity depends
on specific heat (C), phonon group velocity (v,) and phonon relaxation time (7).

v

Phonon group velocities are calculated via formula v;, = f“ Finally, we have

calculated lattice thermal conductivity (k) for bulk SnO, bulk PbO and bulk

SnO-PbO. Interestingly, the estimated x;,; 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, x4
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, k;,; 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) 2T, as a function of temperatures have been drawn. The sharp rise in value of 27" ~ 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, 27, has been calculated based on the electrical and ther-
mal transport properties at different temperatures (Figure 4.6(d)). Interestingly,
our theoretically predicted 2T value for SnO is well consistent with previous re-
sults.[64,66] In fact, we achieved the increasing trend in 27" 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 2T

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 inhomo