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Abstract

Thermoelectric materials that efficiently convert waste heat to electricity (and vice versa) are crucial for
sustainable energy. Traditional bulk thermoelectrics have seen improvement in thermoelectric performance
by engineering materials through various strategies. However, expected gains in performances are often
constrained by intrinsically linked transport properties. Two-dimensional (2D) materials, with quantum
confinement and high surface-to-volume ratios, offer new opportunities to overcome these limitations. This
thesis investigates these scopes by computations of the thermoelectric behavior of diverse 2D materials using
first-principles density functional theory (DFT) and Boltzmann transport theory for electrons and phonons.
The goal is to identify design strategies for enhancing the thermoelectric figure of merit (ZT) by tailoring
structural features, surface aspects, strain, and composition. We find that structural arrangement can signifi-
cantly influence electron and phonon transport: for example, hexagonal Si-X monolayers (X =N, P, As, Sb,
Bi) show modified band structures and phonon dispersions that boost ZT. The improvements in thermoelec-
tric parameters by surface modifications and strain engineering are examined in compounds belonging to
the MXene family, where surface modifications lead to breaking of symmetry. The formation of Janus com-
pounds MM’CO, by replacing one M atom in conventional MXene M,CO, by a different transition metal
M’ is considered as the example in the present thesis. This increases lattice anharmonicity and alters band
edges, thus reducing lattice thermal conductivity and raising ZT. Strain engineering further amplifies these
effects. Tensile strain lengthens bonds and induces phonon bunching, lowering x;, while also tuning orbital
hybridization (e.g., driving a semi-metallic to semiconductor transition) to optimize electrical transport. In a
similar way, Janus monochalcogenides (M, XY and MM/ X3 M, M’ =Ge, Sn; X, Y =S, Se, Te) which pos-
sess puckered anisotropic lattices and unconventional electronic structures, featuring “pudding-mold” band
shapes, high density of states near the band edges, and multi-valley characteristics have been investigated
with regard to their thermoelectric performances over the conventional M, X, counterparts. We find that
these attributes yield large, anisotropic power factors (S%¢) and improved ZT. Finally, we demonstrate the
critical role of higher-order phonon processes in monolayer h-NbN, where, despite absence of mirror sym-
metry selection rules, strong four-phonon scattering (attributed to flexural modes, a large acoustic-optical
gap, and non-dispersive acoustic branches) substantially lowers lattice thermal conductivity. Incorporating
four-phonon scattering in calculations increases ZT by 2-3 fold. This material emerges as a promising ther-
moelectric with ZT = 1 at elevated temperatures. In a nutshell, this thesis provides fundamental insight
into how composition, structural asymmetry, and strain can be effective routes to enhance thermoelectric
performance in 2D materials.
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Chapter 1

Introduction

Global energy consumption continues to be dominated by fossil fuels. This dependence has become a major
contributor to climate change and environmental degradation. The Intergovernmental Panel on Climate
Change (IPCC) reported in 2018 that human activities had already increased the average global surface
temperature by about 1°C compared to pre-industrial levels, with projections indicating a further rise to
1.5°C by around 2030 if current trends persist[1]. This warming is strongly linked to the combustion of
carbon-based fuels, which are responsible for significant greenhouse gas emissions and their associated
environmental impacts.

Energy statistics for 2023 reveal a record-high level of primary energy consumption, coinciding with
the warmest year ever recorded. Non-renewable sources such as oil and coal still accounted for roughly
80% of the total energy mix, highlighting the slow pace of the transition toward cleaner alternatives[2, 3].
In the same year, the share of renewable energy, including solar, wind, hydrothermal, and thermoelectric
sources, increased to about 15%, marking its highest contribution to date. Despite this progress, the overall
shift toward renewable energy remains insufficient to address the climate challenge, primarily due to the
limited conversion efficiencies of existing green technologies and the difficulty in ensuring continuous power
generation under variable environmental conditions [4].

A significant but often underutilized opportunity lies in recovering waste heat, which constitutes nearly
50-70% of the primary energy loss across industrial processes, power plants, data centers, and even domestic
systems [5, 6, 7]. Besides being a wasted resource, waste heat contributes to thermal pollution and inten-
sifies the greenhouse effect. Various approaches have been developed to capture and reuse this heat. For
example, using waste heat from data centers to supply district heating for warming houses. But large-scale
conversion to electricity remains challenging [8]. Waste heat can be extracted from solid, liquid, or gaseous
media and transformed into usable energy in different ways. Among these, solid-state thermoelectric (TE)
conversion is particularly attractive because it requires no moving parts, operates silently without vibration
and emissions, and offers high durability. However, maintaining stable electrical and thermal junctions over
extended operation remains a challenge, as thermal stresses and interfacial diffusion can gradually degrade
device performance. By directly converting waste heat into electrical energy, TE materials provide a viable
route for sustainable power generation and reduction in dependence on fossil fuels [9, 10, 11].

1.1 Thermoelectric materials

The materials that can directly convert waste heat into electricity, and conversely, electrical energy into
a temperature gradient, are thermoelectric materials. The underlying physical principles of thermoelectric
phenomena are described by three fundamental effects: the Seebeck, the Peltier, and the Thomson effects[12,
13]. In 1821, Thomas Johann Seebeck discovered that when two dissimilar metals are joined at two junctions,
maintained at different temperatures, an electric current is induced in the closed circuit; a phenomenon
known as the Seebeck effect[14]. It is the power generation mode of thermoelectric devices. If AT is the
temperature gradient, and AV is the potential difference induced by it, the Seebeck coefficient is defined as

av

S=-
AT

1.D
The reverse phenomenon, discovered by Jean Charles Athanase Peltier in 1834, is the Peltier effect. In

Peltier effect, passing of an electric current through a junction of two different conductors results in either
heat absorption or heat release, that depends on the direction of current. The Peltier effect is also known as
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Figure 1.1: Schematic representation of Seebeck effect, Peltier effect, and Thomson effect

the refrigeration mode of the thermoelectric generator, and is the basis of TE refrigeration. Later, in 1854,
William Thomson described another TE phenomenon, the Thomson effect. When an electric current passes
through a single metal and a temperature gradient is set up across the length of the material, heat is either
ejected or absorbed. Thomson also established a thermodynamic relation between the Seebeck and Peltier
coefficients. For large-scale applications, TE devices are fabricated as modules containing multiple p-type
and n-type TE legs connected electrically in series and thermally in parallel, with one side kept at a heat
source and the other at a sink. Figure 1.1 shows the schematics of the TE module with n-type and p-type
legs for the Seebeck and Peltier effect, along with the Thomson effect.

Earlier, thermoelectric (TE) materials have been used in specialized applications where reliability, longevity,
and non-moving parts are critical. In aerospace and space exploration, thermoelectric generators (TEGs)
have been employed to convert heat from radioactive decay of isotopes such as 233Pu into electricity, pro-
viding a long-term power source for spacecraft and planetary probes [15, 16]. Seebeck and Peltier effects
make thermoelectric phenomena highly valuable and offer a sustainable solution to reduce the overall energy
consumption in the industry. In the automotive industry, TE modules have been explored as an alternative
to conventional alternators, utilizing exhaust heat to generate electrical power and improve overall fuel effi-
ciency [17]. In industrial settings, TEGs have been applied for waste heat recovery, contributing to enhanced
energy efficiency in high-temperature processes|18].

With the advancement in material science, electronic device engineering, and miniaturization, the scope
of TE applications has significantly broadened. For instance, hybrid photovoltaic-thermoelectric systems
integrate TE elements with solar cells to utilize the waste heat generated during photovoltaic (PV) pro-
cesses [19]. The major challenge of conventional PV cells is that with increasing temperature, the efficiency
reduces. The hybridization of TE with PV devices enhances the solar energy conversion efficiency and
addresses a key limitation of conventional PV systems[20, 21]. In the field of sensing, the inclusion of TE
material in sensors can increase the sensitivity to temperature change of certain devices, improving precision
in environmental monitoring, automotive sensors, etc [22, 23]. TE modules are also used for localized cool-
ing and heating in medical devices like portable medical coolers and thermotherapy devices. Furthermore,
the development of flexible thermoelectric materials is utilized as wearable TEGs, enabling the harvesting
of body heat to power self-sustained electronics such as fitness trackers, health monitoring devices[24, 25].
These classical and modern applications highlight the adaptability of TE materials across distinct sectors,
ranging from large space missions to small wearable devices[26]. However, despite these advantages, the
widespread deployment of TE devices remains limited by their relatively low energy conversion efficiency.

The conversion efficiency of a thermoelectric material is quantified by the dimensionless figure of merit
(ZT), defined as

2
ZT = ﬁT (1.2)

K
S is the Seebeck coefficient, o is the electrical conductivity, x is the thermal conductivity composed of
electronic part x, and lattice part k;, T is the operating temperature. A high value of ZT corresponds to a
high conversion efficiency. To achieve a high ZT value, an ideal material should possess an high electri-
cal conductivity comparable to that of metals (~107.S/m), a large Seebeck coefficient like a semiconductor
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Figure 1.2: Schematic diagram demonstrating the transport coefficient range for different classes of solid
state materials.

(100uV /K), and a low thermal conductivity similar to that of an insulator or glass (~ 10 ~2W /m K). Such
a combination is rarely achieved in a single material, but semiconductors strike the right balance, bridging
between these competing requirements. This makes them the sought after candidates for thermoelectric
conversion (Figure 1.2). For example, some of the most widely used commercial thermoelectric materials
include heavily doped semiconductors Bi,Te; and its alloys, with ZT values around 1.0-1.2 near room tem-
perature, and lead telluride (PbTe) alloys with ZT values exceeding 1.5 at higher temperatures (500 K - 800
K)[27, 28]. More recently, tin selenide (SnSe) has achieved record ZT value above 2.5 in single crystals at
high temperatures[29]. Other promising classes of thermoelectric materials are skutterudites, tetrahedrites,
Zintl, SiGe, MgAgSb alloys, half-Heusler (HH) alloys [30, 31, 32, 33, 34, 35].

1.2 Optimization of Thermoelectric Properties
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Figure 1.3: Variation of thermoelectric transport parameters as a function of carrier concentration. It shows
that the heavily doped semiconductor leads to higher efficiency of thermoelectric materials.
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Optimizing the transport coefficients, .S, o, and k to achieve a high ZT value remains one of the main
challenges in thermoelectric research. The difficulty arises due to the strong interdependence of these pa-
rameters. These parameters depend on the material’s intrinsic characteristics like electronic band structure,
carrier mobility (u), and carrier concentration (n). The transport coefficients (.S, o, k,) can be expressed,
in the parabolic band approximation[36, 37, 14], as,

2
8 2k
2
o= ”;l: (1.4)
kK, = LoT (1.5)

with e the electronic charge, n the carrier concentration, m* the effective mass of carrier, kp the Boltz-
mann constant, 7 the carrier relaxation time, and L the Lorentz number. The equations indicate that .S and
o exhibit an inverse dependence on n and m*: a large effective mass increases .S but reduces o, while a
low effective mass increases ¢ but lowers S. This trade-off constrains the enhancement of the power factor,
PF= S%6. One of the possible ways to modulate the transport coefficients is by controlling n, which can be
achieved by extrinsic doping or intrinsic defects, as illustrated in Figure 1.3. To enhance the figure of merit
(ZT) value, an increased power factor (S20) and low thermal conductivity are required.

1.2.1 Ways to Enhance the Power Factor (S%c)

The power factor (S2¢) is the ability of a material to generate electrical power from a temperature gradient. It
is the electronic contribution to the thermoelectric efficiency. A delicate balance between .S and o is required
to achieve high PF, because of their strongly correlated behavior. In transport phenomena, the charge carriers
in the energy states near the Fermi level participate actively. The .S and o depend on intrinsic quantities n,
m*, and electronic structure. Hence, by tuning these, PF can be enhanced. Widely used approaches for tuning
these are band-gap tuning, band convergence, resonant state, and multi-band transport [38, 39] (Figure 1.4).
In the following, we briefly discuss the idea associated with each of them.

Band gap Tuning

A material consists of majority and minority charge carriers. The minority charges have a negative cor-

relation with S in TE materials. This is due to thermal excitations caused at higher temperatures, which

increases n, leading to the bipolar effect and reduction of .S. This suppresses the contribution of majority

carriers towards .S, hence S reduces[40, 41]. Along with this, x, also reduces, due to increased n. The
-E

g
2KBT) [42]. The

increase in temperature increases kj;, which also suppresses the TE efficiency. The above-mentioned neg-
ative correlations can be suppressed by increasing the band gap. Enlarging the band-gap shifts the thermal
excitation to higher temperatures, reducing the bipolar effect[43]. Doping and Alloying have been found
to be effective approaches to tune the band gap. For instance, in Zr;NiSb (Zintl compound), doping of the
Te-atom increases the band-gap from 0.22 eV to 0.28 eV[44]. In the MNiSn half-Heusler compound, n-type
doping enlarges the band gap compared to p-type doping, leading to an enhancement of the power factor for
n-type doping [45].

minority carriers give rise to bipolar thermal conductivity (k;;) expressed as k;; « exp(

Band Convergence

Seebeck coefficient (.5) is directly proportional to the materials effective mass (m*). The effective mass can
be enhanced by modulating the band edge curvature; flat bands enhance the m*. Another way to enhance
m*, is through increasing band degeneracy (N,) as,
m* = N> m (1.6)
where mj represents single band effective mass. Enhancement of m; comes with the penalty of reduced
carrier mobility (u), and reduction of ¢, as a consequence. But enhancement of N, by convergence of mul-
tiple conduction or valence band extrema near the Fermi level increases m* without significantly affecting
u#. The only requirement is that the band valleys should have light band curvature. Enhancement in N, leads
to a higher density of states near the Fermi level. Hence .S increases and ¢ remains nearly unchanged. For
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Figure 1.4: Schematic illustration of various approaches for optimizing the power factor (S20).

example, alloying Se in PbTe lifts N, from 4 to 8[28]. This resulted in an enhancement in PF leading to a
ZT of about 2.0 at 900 K. Band convergence has been effective for other materials like Bi,Se;, Mg,Si and
Pb-doped GeTe [46, 47, 48, 49].

Resonant States

Doping sometimes leads to additional energy states in the host band structure due to creation of highly
localized electronic states near the Fermi level, known as resonant states. The sharp peak in densities of
states due to dopants increases m*, and thereby the .S. This enhancement occurs without affecting carrier
concentration. Hence the PF increases with the trade-off of .S and . In several experimental studies, these
effects are found prominently. In half-Heusler Hf, 75Zr, ,5sNiSn, the inclusion of V results in a resonant state
and enhanced PF compared to the pristine compound[50]. Similar effects were observed in Tl-doped PbTe,
where doping increases .S’ by 40%[51]. Doping of Sm in Zn,Sbs also enhances .S[52].

Multi-band Transport

In semiconductors having a complex band structure, both dispersive (light carriers) and flat bands (heavy
carriers) contribute significantly to transport phenomena. Dispersive bands offer high carrier mobility, re-
sulting in large o, and flat bands offer a large density of states, resulting in large .S. When both types of
bands lie within an energy window of order kgT of the Fermi level, their synergistic effect simultane-
ously enhances ¢ and .S, hence PF increases. The effects are visible in experimental studies like alloying
Mg;Sb,[53] with Bi-atom results in complex band structure and enhanced n-type PF by 20%. Similar alloys
of PbTe with Sr and Se atoms are found to enhance PF [54].

1.2.2 Routes to reduce the Lattice Thermal Conductivity (x,)

Among the thermoelectric transport coefficients, the lattice thermal conductivity (k;) can be reduced in-
dependently without necessarily compromising electronic transport, making it a highly effective route for
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enhancing ZT. The lattice thermal conductivity is defined as,

K| = %Cuugrph (1.7)

where C,, is the heat capacity, v, is the phonon group velocity and z,,, is the life time of phonons. The first
two terms CUU§ describe the harmonic characteristics of the materials, whereas Tph describes anharmonic
properties, phonon-phonon scattering. Reduction in v, and enhancement in phonon-phonon scattering by
different means, like introducing heavy dopants in crystals [55], nanostructuring [56], and complex crystal
structures [57], can result in reduced «;. In the following, we briefly discuss each one of these.

Mass Disorder Scattering

Introducing atoms with different sizes and masses in the crystal lattice causes fluctuations in mass and force
fields. Heavy atoms in a crystal reduce the group velocity of phonons. The mass difference creates a local
perturbation in the crystal potential energy due to the breaking of translational symmetry. This acts as a
scattering site for phonons. For example, in Si-Ge alloys, due to significant mass difference (Si-28 amu and
Ge-73 amu), phonon scattering is strong which lowers k; drastically in comparsion to pure Si and Ge[58].
Similar effects have been observed in other TE materials PbTe-SnTe [59], Mg, Si-Mg,Sn[60], ZrCoSb half-
Heusler[61], and others. However, certain dopants can increase carrier concentration (z), which may reduce
S.

Nanostructuring

Nanostructuring in either nanomaterials or bulk materials containing nanocomposites produces nanometer
to sub-micrometer scale grains. The resulting interfaces act as effective scattering centers for phonons.
The nanostructuring in bulk materials affects the dynamics through the generation of grain boundaries of
different sizes, which leads to the scattering of phonons of medium and long wavelengths. Defects and lattice
distortions due to nanostructuring in bulk scatter phonons with shorter wavelengths. Such all-scale scattering
caused by nanostructuring reduces k; drastically. In nanostructured Bi,Tes, the k; reduces by almost 60%
compared to bulk, leading to an enhanced ZT value of 1.4 at room temperature [62, 63]. Similar, strategies
have turned out effective in Cu,Se and Bi,Ses.

Complex Crystal Structures and Rattling Atoms

Few thermoelectric materials, such as skutterudites, zintl, and clathrates, possess open cage-like crystal
structures that can host loosely bound “rattler”” atoms at void sites[64, 65, 66, 67]. These atoms oscillate with
large amplitudes in a cage-like structure and resonantly scatter heat-carrying phonons, particularly acoustic
phonons. The rattling phenomena effectively lowers v, and 7, leading to glass like ;. In La-filled CoSb;
skutterudites, ultra-low x; ~2 W/m.K and ZT of 1.7 at 850 K were reported due to rattler-induced phonon
scattering[68]. Similar reduction in x; was reported in zintl metal chalcogenides [65].

The above-mentioned mechanisms can be combined to achieve all-scale phonon scattering, thereby push-
ing k; towards its theoretical minimum without significantly affecting the electronic transport properties.

1.2.3 Bulk-to-2D Transition for Enhanced Thermoelectric Performance

In 1993, Hicks and Dresselhaus theoretically demonstrated that reducing the dimensionality of a material
from bulk (3D) to low dimensions, such as two-dimensional (2D) layers, thin films, and super-lattices, can
substantially enhance thermoelectric (TE) performance by relaxing the intrinsic coupling between transport
coefficients[69]. This enhancement arises from unique features emerging due to reduced dimensionality.
These include quantum confinement, increased surface-to-volume ratio, and enhanced boundary and inter-
face phonon scattering (Figure 1.5). These effects collectively offer new degrees of freedom for decoupling
the otherwise interdependent S, o, and x, enabling higher ZT values.

In two-dimensional (2D) materials, the motion of electrons is confined in one dimension, which quantizes
the allowed momentum states and alters the electronic structure. This is known as quantum confinement
phenomenon. Unlike the smooth, parabolic density of states of bulk systems, 2D systems exhibit step-like,
sharp density of states near the band edges. This is related to van Hove-type singularities. This large density
of states near the Fermi level enhances the .S. Simultaneously, due to reduced scattering in the unconstrained
directions, the ¢ values remain high as the in-plane mobility of charge carriers is intact. This combination
can yield a substantial improvement in the PF. Hicks and Dresselhaus, in their study [69], predicted the
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Figure 1.5: Schematic showing different phenomena in low-dimensional material.

enhancement of ZT by almost 2 times for 2D quantum wells and 6.5 times for 1D quantum wires compared
to bulk materials like Bi, Te;[70]. Afterwards experimental study on Bi, Te;/Sb,Te; superlattices showed a
significant increase in ZT value to 2.4 at room temperature.

Reduced dimensionality also profoundly impacts the lattice thermal conductivity (x;). The physics as-
sociated with heat-carrying phonons in materials is fundamentally different in 2D systems compared to 3D.
In 2D systems, the presence of numerous interfaces results in boundary scattering, which is effective at
restricting the transport of acoustic phonons, the primary heat carriers. Subsequent reduction in k; can be
achieved without affecting o and .S, provided the thickness of the 2D layer is greater than the electron mean
free path. For example, in supperlatice Bi, Te;/Sb,Te; cross-plane phonon scattering reduces «;[71].

Another unique feature in 2D materials is the presence of out-of-plane acoustic (ZA) phonons with
quadratic dispersion near the Brillouin zone center (I')[72, 73]. Due to their quadratic nature, these flexural
phonons have a comparatively large population at finite temperatures, which can strongly influence thermal
transport through enhanced anharmonic scattering. In 2D lattices possessing mirror reflection symmetry,
such as graphene, a reflection symmetry selection rule (RSSR) is imposed on ZA phonons[74]. This selec-
tion rule forbids certain three-phonon scattering processes involving an odd number of ZA phonons, thereby
reducing the phase space for three-phonon interactions. As a result, higher-order processes, such as four-
phonon scattering, can become relatively more significant in determining phonon lifetimes. This sensitivity
of phonon—phonon scattering to lattice symmetry and dimensionality is a distinctive characteristic of 2D
systems, with important implications for their lattice thermal conductivity[75].

In recent years, various two-dimensional materials have been explored for thermoelectric applications.
Graphene, despite its ultrahigh electrical conductivity (¢ ~ 10° S/cm), shows limited potential as a TE mate-
rial due to its semi-metallic nature and extremely high lattice thermal conductivity (k; ~ 3000 W/m-K) [76].
This has driven attention toward semiconducting TMDCs such as MoS,, which exhibit significantly lower ;
and higher Seebeck coefficients. For example, MoS, monolayers have shown .S up to 200 ¢ V/K[77, 78] and
power factors (S2¢) around 8.5 mW/m.K?[79], outperforming bulk Bi, Te;. Black phosphorus monolayers,
owing to their puckered structure, exhibit strong in-plane anisotropy and S up to 335 uV/K, with reported
ZT values near 1.1 [80, 81]. Among group IV-VI compounds, f-SnSe stands out with ZT =~ 2.06 at
300 K [82]. MXenes such as Ti,CO, and V,CH, have also emerged as promising candidates, offering low
k; and subsequent ZT values approaching unity [83]. Recent studies have shown that symmetry reduc-
tion, such as in Janus TMDCs, leads to enhanced phonon scattering and reduced k; [84]. Functionaliza-
tion, nanopattering, and graphene-based heterostructures have demonstrated increased .S and reduced «;.
Graphene’s heterostructure with Bi, Te; and MoS, has turned out to have enhanced thermoelectric proper-
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ties compared to pristine graphene[85, 86, 87]. Strain engineering has similarly been found to effectively
modulate both electronic and thermal transport in 2D materials. For example, strained MoS, exhibits .S up
to 280 ¢ V/K [88]. Though many of these studies are done using state-of-the-art computational modeling and
simulation, the trends, in particular, are trustworthy as the important microscopic effects have been taken
into account.

1.3 First-principles Electronic Structure Methods and Simulation of
Materials Properties

The discussion in the previous subsection clearly demonstrates that low-dimensional materials, due to the
quantum confinement effect, provide new avenues to achieve higher conversion efficiency in thermoelectric
generators. Understanding of intrinsic properties such as electronic structure, electron and phonon transport
phenomena, mobility, scattering, and phonon dynamics is crucial for exploring the thermoelectric proper-
ties of novel two-dimensional materials. It becomes crucial to have prior insight into a material’s intrinsic
properties before attempting costly experiments. Modeling and simulation can provide a qualitative picture
of a material’s performance under various experimental conditions, such as doping, strain, and defects. This
insight is highly beneficial for experimentalists in identifying suitable materials for specific applications.

Theoretically, these properties can be evaluated by utilizing different models and simulation techniques.
To achieve accurate and reliable results, one needs to solve the many-body Schrodinger equation for elec-
trons interacting with each other and with the atomic nuclei in a real solid-state system. However, the exact
solution for such a many-body system is computationally infeasible due to its 3N-dimensional complexity.
Hence, various approximations are considered to resolve this problem. Density Functional Theory (DFT)
provides a robust framework to address the n-electron many-body problem by considering the electron den-
sity as the key variable rather than the wavefunction[89, 90]. The central concept in DFT involves mapping
the interacting many-body system (the real system) onto a system of »n non-interacting auxiliary systems,
where all the important many-body effects are incorporated in an approximate manner. Consequently, DFT
stands as a parameter-free first-principles approach, offering a highly effective way to determine many of
a material’s ground-state properties. In this thesis, we have considered DFT in conjunction with the semi-
classical Boltzmann transport theory to evaluate the thermoelectric properties of novel two-dimensional
materials[14].

1.4 Outline of the thesis

In this thesis, Density functional theory (DFT) combined with semi-classical Boltzmann transport theory
for electrons and phonons has been used to investigate the effects of structure, composition, phonon scat-
tering processes, and the effects of bi-axial strain on the thermoelectric transport of different families of 2D
materials. Several distinct strategies have been explored to achieve high thermoelectric (TE) efficiency in
them. The study begins with an analysis of structural arrangement effects on the TE behavior of hexago-
nal Si-X (X = N, P, As, Sb, Bi) monolayers. In the course of our investigations, the study progresses to
symmetry and strain engineering in Janus MXenes, a class of 2D transition-metal carbides, demonstrat-
ing how asymmetric surface functionalization and biaxial strain influence phonon scattering and electronic
transport. Subsequently, the investigation extends to Janus group IV-VI monochalcogenides, where intrinsic
compositional asymmetry leads to anisotropic thermoelectric performances. Finally, the role of higher-order
anharmonicity is explored through a study on h-NbN monolayer, incorporating four-phonon scattering pro-
cesses to accurately assess the limitations of traditional three-phonon theories. The chapters in this thesis
are organized as follows:

In Chapter I we introduce the fundamentals of thermoelectric energy conversion, the figure of merit
(ZT), and its dependence on electronic and phonon transport properties. It highlights the limitations of
conventional 3D materials and discusses why 2D systems have gained prominence. The chapter also outlines
the motivation behind exploring structural and phonon engineering strategies adopted in this thesis.

In Chapter II, we describe the theoretical and computational approaches employed throughout this the-
sis. Density Functional Theory (DFT) is used to obtain the structural, electronic, and vibrational properties
of the considered 2D materials. Thermoelectric transport properties are evaluated using the semi-classical
Boltzmann transport theory. For electronic transport, the Boltzmann transport equation is solved within
the rigid band approximation (RBA). In RBA, it is assumed that the electronic band structure remains un-
changed under small shifts in the Fermi level. To estimate the electronic relaxation time, two approaches
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are adopted: (i) the constant relaxation time approximation (CRTA), where the relaxation time is obtained
using deformation potential (DP) theory, and (ii) the electron-phonon approximation (EPA), in which the
energy-dependent relaxation time is evaluated by considering the full electron-phonon interaction in an av-
eraged manner. The lattice thermal conductivity is computed by solving the Boltzmann transport equation
for phonons using second- and third-order interatomic force constants (IFCs). Fourth-order IFCs are con-
sidered only in cases where four-phonon scattering processes are included, details of which are presented in
this chapter.

In Chapter III, we systematically investigate the thermoelectric properties of Si-X (X = N, P, As, Sb,
Bi) monolayers. The monolayers are theoretically predicted to exhibit the minimal formation energy in
the hexagonal structure, indicating their feasibility for experimental synthesis. The focus of this study is
to understand the effect of atomic-layer arrangement on the thermoelectric properties of these monolayers.
The study reveals that such structural change significantly influences both electronic and phonon transport
characteristics. It is found that consideration of an unconventional stacking arrangement reduces the lattice
thermal conductivity, due to enhanced phonon-phonon scattering and reduced group velocities. Simulta-
neous increase in electrical conductivity is also observed. The combined effect leads to an enhancement
in the thermoelectric figure of merit and efficiency. The results demonstrate a strong structure-property
relationship that has been previously overlooked in these compounds. This study highlights that modula-
tion of atomic-layer arrangement can be a viable design route for improving thermoelectric efficiency in 2D
semiconductors.

Symmetry lowering and strain engineering have emerged as effective strategies for modulating phonon
transport in two-dimensional materials, as demonstrated in several recent studies. These approaches influ-
ence the lattice dynamics and carrier transport by altering structural symmetry and bonding environments,
thereby improving thermoelectric performance. In Chapter IV, we focus on the interrelation between re-
duced symmetry, electronic and thermal transport in the context of 2D thermoelectric materials. We inves-
tigate the thermoelectric properties of novel two-dimensional transition metal carbides known as MXenes.
This study emphasizes how surface (symmetry-lowering) and strain engineering can be employed to mod-
ulate the electronic and transport properties. In the first part, we focus on symmetry lowering in parent
M,CO, MXenes by replacing one transition metal M atom with M, creating a Janus compound MM/C02.
A systematic comparison is carried out between the thermoelectric properties of Janus MXenes and their
symmetric parent counterparts. The reduction in symmetry enhances the phonon-phonon scattering, result-
ing in a decrease in lattice thermal conductivity. An in-depth analysis is provided on the complex interplay
of symmetry, electronic structure, bond strength, and anharmonicity to understand the thermoelectric prop-
erties. In the second part of the study, we consider Janus MXenes engineered by modifying the transition
metal constituents and the surface-passivating functional groups. These surface-engineered materials are
then subjected to biaxial strain. We find that in three Janus compounds, Zr,COS, ZrHfCO,, and ZrHfCOS,
tensile strain modifies the electronic and thermal properties such that thermoelectric performance enhances.
This work highlights the combined role of symmetry lowering and strain as effective design strategies for
achieving high thermoelectric efficiency in two-dimensional MXene-based systems.

In Chapter-V we investigate the thermoelectric properties of a new class of Janus group IV-VI monochalco-
genides. Two classes of Janus compounds are considered, M, XY and MM’XZ compounds (M = Ge, Sn,
and X, Y =S, Se, Te), derived from parent MX compounds. The parent MX compounds are known to ex-
hibit excellent thermoelectric properties in bulk and low-dimensional phases. Due to their puckered struc-
ture, the monochalcogenides possess significant in-plane anisotropy. The reduced symmetry in the Janus
structure leads to asymmetric bonding. We focus on how asymmetry and intrinsic anisotropy affect both
electronic and thermal transport properties. It is found that the figure of merit is higher along the y-direction
for all considered Janus monochalcogenides. This is due to a combination of a higher power factor and a
low lattice thermal conductivity along the y-direction. The high power factor originates from multi-valley
and pudding-mold features in the electronic structure, while strong anharmonicity and low phonon group
velocity contribute to low lattice thermal conductivity. This work presents an effective way to achieve high-
performance anisotropic two-dimensional thermoelectric materials through structural anisotropy and band
structure engineering.

In Chapter VI, we investigate the role of four-phonon scattering in determining the lattice thermal
conductivity (k;) and thermoelectric performance of a newly predicted two-dimensional h-NbN monolayer.
Recent studies have shown that flexural (ZA) phonons dominate thermal transport in 2D materials, and
their scattering behavior is strongly influenced by symmetry selection rules. For example, in graphene, the
presence of mirror symmetry suppresses odd-ZA scattering due to the reflection symmetry selection rule
(RSSR), making four-phonon processes the dominant scattering mechanism. In h-NbN, mirror reflection is
absent; as a result, RSSR is not applicable, yet h-NbN exhibits strong four-phonon scattering. Using first-
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principles calculations and Boltzmann transport theory including fourth-order anharmonic interactions, we
find that four-phonon scattering processes are comparable to three-phonon ones, hence significantly reducing
k;. This is attributed to the presence of a large acoustic—optical phonon gap, quadratic ZA dispersion, and
flat acoustic branches. The effect of tensile strain (+3%) is also examined, which further alters the phonon
dispersion and influences the thermoelectric performance. It is found that the thermoelectric figure of merit
increases by 2-3 fold with the inclusion of four-phonon scattering. This study highlights the critical role of
higher-order phonon scattering in accurately predicting k; in 2D materials, even in the absence of mirror
symmetry.

The concluding Chapter VII outlines open challenges in the field and proposes possible extensions of
the work presented in this thesis.
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Chapter 2

Methodology

In this chapter, we describe the theoretical methods that are used in this thesis for evaluating the materials’
properties. The study carried out in this thesis is based on the Density Functional Theory (DFT). We provide
a description of the Pseudopotential method and the projected augmented wave (PAW) as these implemen-
tations of DFT have been used in this thesis for evaluation of the ground state properties and electronic
structure of the materials considered. A brief discussion on the semi-classical Boltzmann transport formal-
ism for electrons and phonons is provided, since they are used for evaluation of the thermoelectric transport
properties.

2.1 The many-body Hamiltonian

The non-relativistic, time-independent many-body Schrodinger equation for solving the electronic structure
of a solid containing atoms and nuclei is written as

HY = E¥ @2.1)

where ¥ is the many-body wavefunction of the form,

lIJ = ‘P(rl,rz, ........ 5 rl,Rl,R2, ..... ,RI,....) (22)
H is the Hamiltonian and E is the total electronic energy. The indices i and I are for electrons and atomic

nuclei, respectively. The Hamiltonian H can be written as

h2 Vz

1 Z,Z,é Z,e?
H=-2y21 8 L += (2.3)
2 Ml MZ}IRI RJ| Z Z"|l'_R[| Z;’|1'1_R[|

Where Z; and M; are the charge and mass of the nucleus, the mass of the electron is m;. R; and r; are
the nuclear and electronic coordinates, respectively. The first and third terms in the Hamiltonian and kinetic
energies of nuclei and electrons, respectively. The second, fourth, and fifth terms are Coulomb interactions
between nuclei-nuclei, electrons-electrons, and electrons-nuclei, respectively. Due to the complex nature of
the many-body Hamiltonian (Eq. 2.3), it becomes difficult to exactly solve it for solid state systems. Hence,
approximations are required at different levels. In the next subsections, we discuss these.

2.2 The Born-Oppenheimer approximation

The many-body problem can be simplified by the Born-Oppenheimer approximation, proposed by Max Born
and Robert Oppenheimer in 1927 [91]. The Born-Oppenheimer approximation uses the fact that the nuclei
are much heavier than the electrons. Due to their heavier mass, nuclei move slowly compared to the rapidly
moving electrons; hence, nuclei appear to be stationary in the electron’s frame. As a result, their kinetic
energy can be neglected, and the potential energy due to nucleus-nucleus interactions is assumed to be
constant. Consequently, the problem reduces to the many-body contribution coming mainly from electrons
and the electronic Hamiltonian, and is given by
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1

.= h? Vi2 + 1 Z e? Z,e
==y Lo -
e 244 m 28 -] & -Ry| (2.4)
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where T, is the kinetic energy of the electrons, V,, is the Coulomb energy due to electron-electron interaction,

and V,,, is the interaction with external potential (electron-nucleus interaction).

2.3 Density Functional Theory (DFT)

In spite of the simplification of many-body Hamiltonian under Born-Oppenheimer approximation, it is
still an extremely complicated many-body eigenvalue problem to solve due to 3N degrees of freedom of
N electrons. The Density Functional Theory (DFT) overcomes this problem by considering electron den-
sity as the central player instead of the many-body wave function. In the early version of DFT proposed
by Thomas [92] and Fermi [93], kinetic energy was represented in terms of one electron density. The all-
important electron-electron interactions were incorporated by a mean field approximation, which was similar
to the wave-function-based approaches, the Hartree and Hartree-Fock method[94, 95]. However, the early
Thomas-Fermi approximation was a semi-classical approach that failed to address the important quantum
mechanical effects, like the exchange and correlation effects in a many-body electronic system. In 1964,
Hohenberg and Kohn[89] provided the required breakthrough. They proposed two theorems, which are the
backbone of the current-day DFT formalism. The Hohenberg-Kohn (HK) theorems[96, 97] are,

1. First Theorem: It states that for every system there is a unique external potential, V,,,(r) determined
solely by the ground-state electron density n(r). So the total energy is a unique function of density
El[n].

2. Second Theorem: It states that the true ground state density #(r) of a system minimizes the total
energy functional E[n] and the minimum energy is the ground state energy E,.

According to the above theorems, the ground state energy of interacting electrons in an external potential
V,,;(r) is described by an energy functional,

E[n] = F[n] + / V. (r)n(r) dr 2.5)

F[n] is a universal functional of electron density n(r) accounting for the kinetic energy of the electrons
and the electron-electron interactions. The second term represents the interaction of the electron with the
external potential. The total energy in the ground state is realized through the minimization of E[n] (vari-
ational principle in the framework of DFT). Therefore, the goal of DFT is to find the electron density n(r)
that minimizes the energy functional E[n], which corresponds to the true ground-state density, and unam-
biguously determines the ground state properties of an interacting electronic system.

While the DFT approach offers a perspective different than the conventional methods, where the many-
body wave function is a key player in determining the materials’ properties. Even after the simplification of
the many-body problem through the HK theorem, the challenge lies in evaluating the ground-state energy
because the functional F[n] is not known exactly. The success of the DFT lies in using the HK theorem in
conjunction with the Kohn-Sham (KS) formalism [90]. In Kohn-Sham formalism, the many-body problem
is mapped onto an auxiliary single-body problem. The idea is to simplify the complex many-body system
by replacing it with an auxiliary non-interacting single-body system in an effective potential. This mapping
of many-electron to single-electron system by Kohn and Sham resulted in a Schrodinger like equation.

(Hgs — €)¢;(r) =0 (2.6)

Here, Hg g is the Kohn-Sham Hamiltonian operator consisting of the kinetic energy of electrons and
the effective potential, €; and ¢;(r), are the energy eigenvalue and single-particle wavefunction (Kohn-Sham
orbital) corresponding to the i"*-electron, respectively.

Hyg = —%Vz +V, ;s (in Hartree units) 2.7

where,
Vers = Vext®) + Viarree(t) + Vi (1) (2.8)
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The second term is called the Hartree potential,

1 [ n®n(')
Viariree = 5 Wdl‘dl" (2.9

and the last term is the exchange-correlation potential, is given as,
6E. . [n]
— 2.10
xe én(r) 2.10)

which includes electron-electron interaction beyond the Hartree term. The density is calculated from Kohn-
Sham orbitals according to

N
) =Y ;) @.11)
i=1

Integrating the obtained density, the total number of electrons is obtained as,

N = / n(r)d(r) (2.12)

The ground state energy of an electronic system is given as,

Exs =T,[n] + / V, (®n@)r + Egyirooln] + E 1] (2.13)

The Kohn-Sham equation is solved iteratively, starting with an initial guess for the electron density, n(r).
Then evaluating the V, / , the equations (2.5-2.12) are solved self consistently. Although the Kohn-Sham
theory is exact in principle, further approximations are required as the exchange and correlation terms are
not known exactly, except for the free electron gas (homogeneous). In the series of approximations, the
simplest approach to obtain an approximate E,, is the local density approximation (LDA) [90]. It assumes
that the variation of density in a solid is insignificant locally, and thus the electron density in a solid can be
considered as that of the homogeneous electron gas. The E, . under LDA is given by,

E4[n] = / n(x)e"" (n(r))d>r 2.14)

where ef{‘é’m is the sum of the exchange and correlation energies of the homogeneous electron gas of density
n(r).

This LDA works reasonably where the charge density varies slowly, like covalent systems and simple
metals. The surprising success of the LDA is partly due to the cancellation of errors in overestimating ex-
change energy (E,) and in underestimating correlation energy(E,), which implies LDA gives the correct
sum rule for the exchange-correlation hole. However, real systems are not homogeneous and have vary-
ing density around the electrons. LDA ignores the exchange-correlation energy at point r due to nearby
inhomogeneities in the electron density. An attempt to improve the LDA was made by introducing the gra-
dient corrections on the electron density, the generalized gradient approximation (GGA) [98]. The GGA
functional is given by,

ESOAn] = / d3r n(r) €994 (n(r), | Vn(o)]) 2.15)

For systems where the charge density varies slowly, the GGA functional improves the results. Some well-
known GGA functionals used in literature are: Perdew-Wang 1991 (PW91) [99], Perdew-Burke-Ernzerhof
(PBE) [100], PBE for solids (PBEsol) [101].

The most challenging aspect of computational materials science is developing accurate and computation-
ally efficient numerical methods to solve the Kohn—Sham equations, depending on the nature of the problem
under consideration. The most commonly adopted methodologies include the pseudopotential (PP) method,
the full-potential (FP) method, and the Green’s function method.

2.4 Pseudopotential method

According to Bloch’s theorem, the wavefunction of an electron in a crystal can be expanded using a discrete
set of plane waves. However, a plane wave basis set is poorly suited to represent electronic wavefunctions in
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all regions because a very large number of plane waves is required to describe the tightly bound core orbitals
and the rapid oscillations of the valence wavefunctions near the core. The construction of pseudopotentials
removes these rapid oscillations in the valence electron wavefunctions within the core region, resulting in
smoother valence wavefunctions. Consequently, the pseudo-wavefunctions can be accurately represented
using a reasonable number of plane waves, making the method computationally efficient. We next discuss
the commonly used plane wave-based pseudopotentials for electronic structure calculations.

2.4.1 Norm-Conserving Pseudopotentials (NCPP)

The norm-conserving pseudopotentials (NCPP) were the first in the block of pseudopotentials that were
computationally tractable. The NCPPs are constructed to ensure that the pseudo-wavefunctions outside a
chosen core radius match the all-electron wavefunctions exactly and conserve the norm of the all-electron
wavefunction within the core region. The condition is mathematically given as,

[ e wetsorar= [ o et ortar 2.16)
0 0

@P5* and @AF are the pseudo and all electron wavefunctions respectively. However, norm-conserving

pseudopotentials often require a relatively large plane-wave basis set to accurately describe the wavefunc-
tions, which can increase computational cost, particularly for systems with first-row or transition-metal el-
ements (d and f elements).

2.4.2 Ultrasoft Pseudopotentials (USPP)

The limitation of norm-conserving pseudopotentials (NCPPs) is that inside the cutoff distance r,, it is un-
realistic to make the pseudo-wavefunction completely smooth. As a result, a large plane-wave basis set is
required, which is in contrast to the goal of achieving fast convergence in plane-wave-based calculations.
To overcome this issue, in 1990, Vanderbilt proposed a new and radical idea for constructing pseudopoten-
tials [102, 103]. This approach greatly reduces the number of plane waves needed to construct a basis set,
but introduces some additional complications, which are:

e Since the pseudo-wavefunctions are not necessarily norm-conserving, a non-trivial overlap term ap-
pears in the secular equation.

e The pseudo charge density cannot simply be computed using Y’ @*@ as in norm-conserving pseu-
dopotentials; instead, an augmentation term must be included in the core region.

e Relaxing the norm-conservation condition generally leads to less transferable pseudopotentials.

Nevertheless, the use of these ultrasoft pseudopotentials over the years in large-scale calculations has
demonstrated their reliability in condensed matter simulations.

2.5 Projector Augmented Wave (PAW) Method

Despite their wide usage and efficiency, pseudopotential (PP) methods have inherent limitations. In pseu-
dopotential approaches, the core electrons are eliminated from the calculation, and the strong oscillations
of the valence wavefunctions near the nucleus are smoothed. While this greatly reduces the computational
cost by enabling the use of a smaller plane-wave basis set, it also introduces certain drawbacks. Hence, the
pseudopotential method can sometimes miss important information and lead to inaccurate results.

In 1994, Blochl proposed a more general approach, the Projector Augmented Wave (PAW) method [104].
The PAW method was developed by combining ideas from the all-electron Linearized Augmented Plane
Wave (LAPW) [105, 106, 107] and pseudopotential methods. The key concept of the PAW method is to
divide the wavefunction into two parts: a partial-wave expansion in spheres around the atoms (augmentation
regions) and envelope functions outside these spheres (interstitial regions). These two are connected by a
linear transformation at the sphere radius. In this section, we present a brief description of this method.

In the PAW method, the all-electron wavefunction |y,,) is represented by a smooth auxiliary wavefunc-
tion |{,,) through a linear transformation with the operator 7':

lv,) =Tw,) (2.17)
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Around each atom, an augmentation sphere (Jr — R?| < r?) is constructed, where r? is the cutoff radius,
a is the atom index, and R is the atom position. The linear transformation operator T' can be written as:

T=1+)T° (2.18)
a

where T¢ acts only within the augmentation sphere. Within the augmentation region, the smooth wave-
function can be expanded in smooth partial waves ¢

G,) = D et |2 (2.19)
ia
Similarly, the all-electron wavefunction is expressed as:
AEDIALS (2.20)
ia
The action of the linear transformation operator on the smooth partial waves gives:
1§y = T1¢f) = (1 +T|$!) 2.21)

Since T acts only inside the augmentation sphere, outside the sphere (r > r¢) we have:

97) = 1) (2.22)
Combining these results, the true all-electron wavefunction can be expressed as (using Eqs. 2.19 and
2.12):
) = 10,) = D clil iy + ) el (2.23)
ia ia

Since the transformation operator T is linear, the coefficients c;; can be written as scalar products:

cn. = (P lw,) =P (2.24)

ni

where p? are smooth projector functions. Therefore, the transformation operator 7' becomes:
7= 2 (¢ - 160) (] (2.25)
a i

Applying this transformation (Eq. 2.25), the Kohn—Sham wavefunction is given by:

o) = 1w,) + 3 % (1) = 160)) (5 1,)
el OED IO CACATAES IO Al (2.26)

From Eq. 2.26, the wavefunction is decomposed into the smooth auxiliary wavefunction (smooth every-
where) plus a sum of differences between the one-centered all-electron contributions and the corresponding
pseudo parts. Using Eq. 2.26 in Eq. 2.17, one can obtain compact expressions for various quantities in
the PAW formalism. Throughout this thesis, we have used the PAW method as implemented in the VASP
code [108].

2.6 Thermoelectric Transport Properties

In this section, we describe the theoretical framework used to evaluate the thermoelectric transport properties
of the 2D materials studied in this thesis. The electronic and phonon transport coefficients are evaluated by
solving the semi-classical Boltzmann transport equation (BTE)[14]. The BTE provides a statistical, non-
equilibrium description of carrier dynamics under external perturbations, such as temperature gradients or
electric fields, which cause the drift, diffusion, and scattering phenomena. This framework allows us to
predict how materials conduct electricity through electrons and transport heat through both electrons and
phonons under different conditions.
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2.6.1 Electronic Transport Properties

The electronic transport coefficients, namely the Seebeck coefficient (.S, electrical conductivity (), and
electronic thermal conductivity (x,), are evaluated using first-principles electronic band structures in com-
bination with the Boltzmann transport equation (BTE) framework.

In the BTE formalism, the carrier distribution function is defined as f(r, K, t) dr dk, which represents
the number of carriers at point r with wave number Kk at time ¢ within the small phase space volume dr dk.
The total number of carriers can be obtained by integrating this distribution function. The challenging part
is the time evolution of the distribution function f(r,k,t). To describe the variation of the distribution
function over time, the effects of external fields, temperature gradients, and the scattering process are taken
into account for the carrier. These are considered to be the causes for the carrier transport and lead to
diffusion, drift, and collisions. Including all these perturbations, the evolution of the distribution function
can be written as

ofar.kn _ of
ot T ot

Each term can be described as follows

L+

diffusion ot

LY

2.27
it Of (&27)

collision

o Diffusion term: This term accounts for spatial variation in the carrier distribution. At fixed k, with
group velocity vy, it is:
of

e =—v,-V,.f (2.28)

diffusion

e Drift term: This term describes changes in momentum space due to external forces, such as electric
fields. At fixed position r:

of

ot

il v 2.29
drift di k/ (2.29)

e Collision term: This term represents changes due to scattering processes. While generally complex,
under the relaxation time approximation (RTA), it is simplified as:

0 _ £0
of __ -7 (2.30)
0t |collision 7(k)
where £ is the equilibrium Fermi-Dirac distribution and z(k) is the relaxation time.
Combining these terms, the BTE takes the form:
of dk =
—=—w-V.f—— -V f—-—— 2.31
or = W Vel = T T @31
At steady state, the time derivative of the distribution function is zero:
dk f — bl
V-V f—— -V f———=0 2.32
Vk rf dt kf T(k) ( )

Solving the BTE under the RTA yields the distribution function, from which the transport coefficients
are evaluated. For solving the BTE in conjunction with the first-principles derived band structure, we use
the BoltzTrap2 package[109, 110]. The expressions for electrical conductivity tensor(c, ﬁ(T, 1)), electronic
thermal conductivity tensor(xg ﬂ(T, #)), and Seebeck coefficient tensor(S,4(T', p)) are:

Of(T,e,
G (T ) = é/&aﬂ(e)[— %]dc (2.33)
’ Af (T, e,
g = = [ auptere = 2| - 2L ae (234
g T (T
Sup(T M)_—eTQ%ﬁ(T,H) / Gap(e)e u)[ - ]de (2.35)
where 5
Gup(©) = 5o ¥ 70, Rwy(i, 95(e = €,) (2.36)
ik
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2.6 Thermoelectric Transport Properties

and
1 €
k)= L
0all- )= 2 50

(2.37)

Here, a and f denote tensor components, € is the unit cell volume, y is the chemical potential, and f
is the Fermi-Dirac distribution function. N is the number of sampled k-points, and e is the electron charge.
v, (i, k) represents the a-component of the group velocity for the i-th energy band. Equations (2.33)—(2.37)
show that the transport coefficients are computed from the group velocities derived from the DFT-calculated
electronic band structure.

Another approximation considered to depict the doping analysis is the rigid band approximation (RBA),
under which it is assumed that the band structure does not change with the shifting of the chemical potential.
The RBA holds true for small shifts or small doping. For all the calculation presented in this thesis we have
kept the doping range such that RBA is valid. To obtain the carrier relaxation time (z) within the relaxation
time approximation (RTA), we use two different approaches: deformation potential (DP) theory[111] and
the electron-phonon averaged (EPA) method[112].

Deformation potential theory estimates z by considering the scattering of charge carriers with long-
wavelength acoustic phonons. For 2D materials, the relaxation time in the acoustic phonon scattering regime
is given by:

2n3C,,,

7 S
3kpTm*E3

(2.38)

where C,p, is the 2D elastic modulus, m* is the effective mass of the carrier, Ep, is the deformation

potential constant describing the shift of band edges with strain, &  is Boltzmann’s constant, T is the absolute
2

temperature, and 7 is the reduced Planck constant. The elastic modulus is calculated as C, = SL(%TE),

where 5 = 29 is the small biaxial strain applied (-1.5% to 1.5%), where S, and a, are the equilibrium

0

OF
—d&¢ where E

surface area and lattice constant. The DP constant E, = edge 18 the valence or conduction
band edges, depicts how the conduction or valence band edge shifts under applied strain. The shift with
respect to the strain is linearly fitted, and Ej, is obtained from the slope of the fit. The carrier effective
0’Ek) |~
0k?

respectively. The effective masses reported in this thesis are the ones at the band edges, obtained by fitting
the band edge energies. This analytical approach provides a simple and efficient way to estimate z, widely
used for screening and qualitative analysis of transport properties.

The electron-phonon averaged (EPA) method is a more detailed and accurate estimation of the relax-
ation time by explicitly averaging first-principles electron-phonon scattering rates across the Brillouin zone.
Unlike DP theory, which assumes elastic acoustic phonon scattering only, EPA includes all relevant phonon

modes and their coupling strengths. The energy-dependent relaxation time z(e) is computed using:

1
mass is given as m* = h? ; k and E (k) are the wave vector and the corresponding band energy,

2 2
5 Bl s~ 239)

where g,, ,, (K, q) are the electron-phonon coupling matrix elements, €, and €, ;4 are electronic band
energies, and w, , are phonon frequencies for branch v and wavevector q. This method accounts for inelastic
and anisotropic scattering processes in detail, including both intervalley and intravalley scattering of charge
carriers, providing an energy-dependent relaxation time that can be directly used to calculate transport co-
efficients with improved accuracy. In the EPA-based relaxation time z(€) is obtained using the Eliashberg
spectral function, which is computed from density functional perturbation theory (DFPT)-derived phonon
linewidths and electron—phonon matrix elements. The scattering rate is integrated over phonon modes and
weighted by the Bose—Einstein and Fermi—Dirac distributions to yield z(e). The method essentially cap-
tures the averaged strength of electron—phonon coupling without requiring full interpolation of matrix el-
ements on dense k/q grids. For this approach, first-principles calculations are performed using Quantum
ESPRESSO[113].

2.6.2 Phonon Transport Properties

In this subsection, we present the methodology for calculating lattice thermal conductivity (k;) from first
principles. We begin with the expansion of the crystal’s total potential energy to define interatomic force
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constants (IFCs) of various orders. The harmonic approximation is then employed to compute phonon dis-
persions and group velocities using second-order IFCs. Finally, the linearized phonon Boltzmann transport
equation (PBTE) is solved, incorporating anharmonic scattering rates derived from higher-order IFCs, to
evaluate k; with high accuracy[114].

Potential Energy Expansion

The potential energy of the crystal is expanded as a Taylor series of atomic displacement u' (displacement
of atom i along «):

aﬂaﬁ apy o poy . 1 Zabrs o b7
U=Uy+ = ZZ@ +— ZZ‘P”ku ”Juk+ﬁ2 Z“ijkl Ui Uy
i.j ap t/kaﬁy i.j.k.lap.y.é

‘\‘0')

+- (2.40)

where ®** ;j are the harmonic IFCs, ‘Paﬂ " are the third-order (anharmonic) IFCs, and ”‘"Z are the fourth-
order IFCs. The third-order terms descrlbe three-phonon scattering processes, while the fourth—order terms
capture four-phonon scattering effects.

These IFCs are calculated using the finite displacement method by systematically displacing atoms in
supercells and evaluating the resulting forces. Accurately determining these IFCs is crucial for predicting
harmonic and anharmonic properties and, therefore, the lattice thermal conductivity.

Harmonic Approximation and Phonon Dispersion

Phonon transport properties are fundamentally connected to the lattice dynamics of the crystal. It becomes
important to understand the lattice dynamics for thermal transport and thermoelectric studies. The starting
point for phonon calculations is the harmonic approximation, where the potential energy of the system is
expanded to second order in atomic displacements. The harmonic interatomic force constants (IFCs) are
defined as the second derivatives of the total energy with respect to atomic displacements:
2
c1>;”j”(1,1’) = a—Uﬂ (2.41)
ous () duj )

Here, i and j label atoms in the basis, / and [’ denote unit cell indices, and a, # indicate Cartesian
directions. The displacement u{ (/) represents the deviation of atom i in cell / along the Cartesian direction
a.

These harmonic IFCs are computed using the finite displacement method (FDM) by generating super-
cells with small atomic displacements and evaluating the resulting forces from first-principles calculations.
The dynamical matrix is then constructed from the harmonic IFCs and diagonalized to obtain the phonon
frequencies w, (q) and eigenvectors at each wavevector q:

)= —— ) qf‘ﬂ (0,1") 4Ry (2.42)
ij /—] 7
Here, M; and M ; are the masses of atoms 7 and j, respectively, and Ry, is the lattice vector of unit cell / !
Diagonalization of D(q) yields the phonon dispersion relations @, (q), which are essential for determining
phonon group velocities and occupation populations.

Phonon Boltzmann Transport Equation (PBTE)

The phonon Boltzmann Transport Equation (PBTE) provides a statistical framework to describe phonon
transport under a temperature gradient. It governs the evolution of the phonon distribution function #,(q),
which represents the occupancy of phonon mode v at wavevector q:

0
P s v@ - Ven@ = 2o

(2.43)

ot scattering

Here, v, (q) is the phonon group velocity, obtained from the phonon dispersion as:

V(@ = V0,(@) (2.44)
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2.6 Thermoelectric Transport Properties

The scattering term incorporates all phonon-phonon interactions, including three-phonon and four-phonon
processes, as well as isotope and boundary scattering if applicable. Solving the PBTE requires evaluating
these scattering rates accurately.

Unlike the simplified relaxation time approximation (RTA), which assumes that each phonon mode in-
dependently relaxes to equilibrium with a single lifetime, this work employs the iterative solution of the
linearized PBTE. The iterative approach fully accounts for the coupling between different phonon modes
and accurately captures collective phonon behavior, including normal and Umklapp processes. This results
in a more realistic description of thermal transport, particularly in materials where momentum-conserving
(normal) scattering significantly redistributes phonon populations.

The lattice thermal conductivity tensor «; is calculated from the steady-state non-equilibrium phonon
distribution as:

1 dq
Kiap = o Z, / hwv(q)vv,a(q)Fv,ﬂ(q)@ (2.45)

where F,, ﬁ(q) is the deviation function obtained from the iterative solution of the PBTE.

In this work, harmonic and anharmonic interatomic force constants (IFCs) are obtained from first-
principles calculations using the finite displacement method. Phonon dispersions are computed with PHONOPY,
while three-phonon and four-phonon scattering rates are calculated using ShengBTE and FourPhonon, re-
spectively. The PBTE is solved iteratively with ShengBTE to determine the lattice thermal conductivity
with high accuracy.

Phonon Boltzmann Transport Equation (PBTE)

The phonon Boltzmann Transport Equation (PBTE) describes the evolution of the phonon distribution func-
tion n, in response to external perturbations such as a temperature gradient. Here, 4 is a composite index
comprising both the phonon branch v and wavevector . Two main factors influence the distribution func-
tion: diffusion driven by the temperature gradient VT, and scattering due to allowed phonon-phonon inter-
actions.

Under steady-state conditions, the linearized PBTE is expressed as:

dnl » and
dt ot

()ni

=0, (2.46)

scattering

diffusion ot

where the diffusion term is given by:

anA
ot

0}’11
=-VT - VAO_T’ (247)

diffusion

and v, is the phonon group velocity obtained from the gradient of the phonon dispersion relation. The
scattering term %’1 . accounts for phonon-phonon interactions, which can be analyzed using pertur-
scattering

bation theory and include only three-phonon or both three-phonon and four-phonon processes, depending
on the study.

For real solids under small temperature gradients, the distribution function can be expanded to first order
in VT as n; = ny + g;, where ny is the equilibrium Bose-Einstein distribution and g, is the perturbative
correction, linearly proportional to VT'. This correction can be expressed as:

d ngy
For multiple-phonon scattering processes, including two-, three-, and four-phonon interactions, the re-
sulting linearized PBTE leads to the following relation:

F,=70(v,+4,), (2.49)

where 12 is the mode-dependent relaxation time calculated under the relaxation time approximation
(RTA), and A is a measure of how much the population of a specific phonon mode. This term is obtained
through iterative solutions that go beyond the RTA and account for collective phonon scattering behavior.
The AT and 12 are computed as,

The deviation term A, which captures the mode-coupling effects beyond the relaxation time approxi-

mation, is given by:
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Here, N is the total number of q-grid points used in the Brillouin zone sampling. The factor &,/ is de-
finedas &, ;) = w,; /w,;, where w, is the phonon frequency of mode A. The superscripts () and (+=+) denote
three-phonon (3ph) and four-phonon (4ph) scattering processes, corresponding to momentum conservation
conditions ¢"" = g+q'+Q and ¢'"" = q+q' +q"" + O, respectively. Here, Q is a reciprocal lattice vector, with
O = 0 indicating a normal process that conserves crystal momentum within the first Brillouin zone. The
I" terms denote the scattering rates for different processes, computed from the corresponding anharmonic
scattering probability matrices obtained via perturbation theory.

The three-phonon scattering rates can be expressed as:

B _
+ _r /1’ (+) _
F/{ﬂ’l” = 4 wlwl,a)/v, |V/1/Vl”| 6(60/1 +CO/1/ C()/IH), (251)
n +n0, +1
) =22 ¥ O 25w, —wy —om), (2.52)
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The four-phonon scattering rates are given by:
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The three-phonon matrix elements ¥ * are defined as:

aﬂy
+ ljk ia’ -
Ve, =)y ——— “(z) P () e (k) 19T T T (2.56)
ijk afy V /
where <I>a]ﬂ " are the third-order force constants, M ; 1s the atomic mass, e‘/’{(i) is the phonon eigenvector

component for mode 4, and r g is the position vector of atom j.
The four-phonon matrix elements &+ are given by:

afyd

jkl
vEn =YY — ety e () e (k) €5 ()

ijkl afy0 \/M M; MkM

T . —iq’"-
Xeilq r; eizq v oFig"

(2.57)
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where @;’;/ZG are the fourth-order force constants.

In these expressions, ng denotes the Bose-Einstein distribution at thermal equilibrium, and @, is the
phonon frequency of mode A. Energy conservation is enforced by the Dirac delta function 6. The matrix
elements V& and V&) represent the three-phonon and four-phonon interaction strengths, respectively,
and are computed from the Fourier transforms of the third- and fourth-order interatomic force constants.
Here, i, j, k, [ are atomic indices within the unit cell, a, g, 7, 0 are Cartesian directions, M; is the mass of
atom i, ej’(i) is the phonon eigenvector component, and r; is the position vector of atom j.

In this thesis, we have used the Phonopy[115], ShengBTE[116], and FourPhonon[117] packages in
conjunction with first-principles calculations to evaluate the lattice thermal conductivity.

2.7 Computational Details

All first-principles calculations in this thesis were carried out using the projector-augmented wave (PAW)
method within the framework of density functional theory (DFT)[89, 90], as implemented in the Vienna Ab
initio Simulation Package (VASP)[108]. The exchange-correlation interactions were treated using Perdew-
Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA)[98]. Structural op-
timizations and total energy calculations employed appropriate exchange-correlation functionals with well-
converged plane-wave energy cutoffs and k-point meshes to ensure reliable accuracy. For all studies, a tight
convergence criteria of 10~7eV and 1073eV/A were used for the total energy and the Hellmann-Feynman
forces, respectively. These convergence tests confirmed that total energy is well converged with variations
below 1 meV/atom. We have considered a vacuum of 20 A along the z-direction, to avoid interactions
between the periodic images of layers.

Electronic transport properties were evaluated by solving the Boltzmann transport equation using the
BoltzTraP2 code[109]. The carrier relaxation time was obtained using either the deformation potential (DP)
approach or the electron-phonon approximation (EPA) method[111, 112].

For lattice dynamics, harmonic interatomic force constants (IFCs) were obtained using the finite dis-
placement method (FDM) with the Phonopy package[115]. Anharmonic IFCs up to third and fourth order
were also calculated using FDM implemented in thirdorder.py and fourthorder.py scripts. The displace-
ment magnitude of 0.01 A was set for evaluting the IFCs. The obtained IFCs were used to evaluate the
higher-order phonon scattering processes. The lattice thermal conductivity (x;) was determined by solv-
ing the linearized phonon Boltzmann transport equation using ShengBTE for three-phonon scattering and
FourPhonon for four-phonon scattering contributions[116, 117]. To obtain accurate x; for two-dimensional
compounds, the scalebroad parameter was set to 1.0 while solving the PBTE. The calculated x; values
were then normalized by the factor ¢/z, where c is the length of the simulation cell along the out-of-plane
direction (vacuum spacing) and z is the thickness of the 2D monolayer.

Structural stability was verified through multiple criteria. Mechanical stability was assessed by calcu-
lating the full elastic constant tensor and confirming it satisfies the Born-Huang stability criteria[118]. The
elastic constants were determined using the energy-strain method, in which the total energy is fitted to the
quadratic form

1Z
E(V.,e) = Ey + 70 Y Cjeie (2.58)
i

where E|, and V|, are the equilibrium energy and volume, C;; are the elastic constants and ¢; are the applied
strains. We have considered small deformations within the range of -1.5% to +1.5% with a step of 0.5%.
The resulting strain-energy data were fitted to the above relation to extract the elastic constants. Dynamical
stability was checked by ensuring the absence of imaginary phonon modes in computed phonon dispersion
relations. Thermal stability was further evaluated using ab initio molecular dynamics (AIMD)[119] sim-
ulations in the canonical (NVT) ensemble at 800 K, reflecting the high-temperature conditions relevant to
thermoelectric applications. For post-processing and visualization purposes, VESTA[120], VASPKIT[121],
and the Sumo Python[122] module were used.
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Chapter 3

Effects of atomic arrangement on
thermoelectric properties of SiX (X= N,
P, As, Sb, Bi) monolayers™

3.1 Introduction

In recent years, a few-layer mono and di-chalcogenides of group III materials with A,B, type single layer
structures, which show novel electronic properties, have been synthesised [123, 124, 125, 126]. The va-
lence band structures in these compounds show a large number of states at the band edge, suggesting an
enhancement in the contribution to ZT that comes from the electronic transport. Moreover, the dispersions
in the valence band correspond, in a general way, to additional dimensional reduction [127]. It is, therefore,
expected that layered group IV-V compounds, isoelectronic to III-VI ones, may exhibit improved thermo-
electric properties. After the successful synthesis of group IV-V 2D binary compounds, SiP, SiAs, GeP, and
GeAs [128], the quest got an impetus. In the bulk form, these are found to crystallise in a monoclinic struc-
ture with the C2/m space group [129]. A recent computational exploration of possible structures for Si, P,
monolayers [130] revealed that A,B, type SiP monolayer in P6m2 space group can be easily cleaved into
monolayers from the bulk form. Subsequently, Burak et al. studied the electronic and vibrational properties
of A,B,-type group IV-V compounds by considering two hexagonal structural symmetries with P6m2 and
P3m1 space groups. They found that all the compounds except CP, CAs, CSb, and CBi have lower total
energy with P6m2 symmetry [131]. Taking cue from this, thermoelectric properties of several group IV-V
compounds in their monolayers and with crystal structures conforming to P6m2 symmetry were investigated
by first-principles computational methods. While Radha et al. investigated the thermoelectric properties of
Si-X (=N, P, As, Sb, and Bi) monolayers [132], Huang et al. explored the potentials of SiSb, GeSb, and
SnSb as thermoelectric materials [133]. While a maximum ZT of 1.01 in SiSb was obtained by considering
only the electronic part in thermal conductivity [132], a value close to 2 was obtained for the same system
upon inclusion of the lattice contributions to thermal conductivity [133]; the other systems in both studies
exhibiting lower values of ZT. This suggests that the phonons play an important role in these systems. One
important aspect that remains unaddressed in both studies is the impact of the atomic arrangement. Very
recently, first-principles Density Functional Theory (DFT) based calculations have demonstrated a drastic
reduction in thermal conductivity and subsequent enhancement in ZT of group-III chalcogenide monolayer
due to an alternative arrangement of atomic layers [134].

Motivated by these developments, in this chapter, we have investigated the structural, electronic, and
thermoelectric properties of SiN, SiP, SiAs, SiSb, and SiBi monolayers using DFT-based techniques. We
find that the inclusion of lattice contribution to thermal conductivity and consideration of different atomic
arrangements in the layers significantly affect the thermoelectric parameters and thus the ZT. We find that a
substantial enhancement in ZT occurs for systems in which the atomic arrangement, different from the con-
ventional one, is stable. This provides important feedback to the experimentalists in designing group IV-V
compounds for thermoelectric applications and may open up a route to explore the structure-thermoelectric
property relationship in compounds from other groups. This chapter, therefore, contributes to the thesis by
exploring how atomic arrangement influences thermoelectric performance in group IV-V monolayer sys-
tems.

*The contents of this chapter are published in 2023 J. Phys. D: Appl. Phys. 56 295501.
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3.3 Computational Details

3.2 Computational Details

For the total energy calculations, a kinetic energy cutoff of 450 eV was employed. The Brillouin zone was
sampled with a 14 x 14 x 1 k-point grid. Electronic transport properties were evaluated with the constant
relaxation time approximation (CRTA) and rigid band approximation (RBA). The carrier relaxation time
was estimated using deformation potential (DP) theory. For the phonon calculation, a 4 X 4 X 1 supercell
with a 4 X 4 X 1 k-mesh was used to calculate harmonic interatomic force constants (IFCs). Third-order
anharmonic IFCs were calculated up to the fifth nearest neighbor using a 3 X 3 x 1 supercell and a4 x4 X 1
k-mesh. Lattice thermal conductivity was evaluated by solving the phonon Boltzmann transport equation,
with a 20 X 20 X 1 q-grid for Brillouin zone sampling.

3.3 Results and discussion

3.3.1 Structural Stability

The unit cell of Si-X monolayer is a hexagonal one with space group P6m2 and consists of four atoms, two
Si and two X, occupying four different planes. The conventional stacking pattern [131, 132, 133] has two
Si atoms occupying the inner planes while the group-V X atoms reside in the outer planes(Fig. 3.1a). Such
X-Si-Si-X stacking along the z-axis is named Configuration(1) in the present work. As is the case of III-
VI compounds with A,B,-type monolayers, an alternative configuration (Configuration(2)) with stacking
pattern Si-X-X-Si (Fig. 3.1b) is also possible. This configuration was never considered in References [131,
132, 133]. In the present work, we have considered both stacking patterns and made estimates of the impact
they have on the physical properties.

(a) (b)

in out

Figure 3.1: (a,c) Side and top view of Si-X monolayer in configuration(1). (b,d) side and top view of Si-X monolayer
in configuration(2). (e) represents the Brillouin zone of Si-X monolayers. d,, and d,,, are the interplanar distances
between inner and outer planes, respectively. The black solid line represents the unit cell consisting of four atoms. Blue
and green spheres are the Si and group-V atoms, respectively.

In Table 3.1 we present the lattice parameter a and interplanar distances d,,, d,,; depicted in Figures
(3.1a),(3.1b). The calculated lattice parameters for configuration(1) agree with previously reported values
[132, 131]. The gradual increase of a from SiN to SiBi is due to the gradually larger ionic radius of X,
the group-V element. This trend can be seen in configuration(2) as well, with very little difference in the

values across the configurations. Significant differences are, however, observed in interplanar distances.
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In configuration(1), the interplanar distance d;, between the inner planes has a weak variation, ostensibly
due to the fact that these planes are occupied by Si atoms. In configuration(2), the variations in d;, across
compounds are substantial and non-monotonic. The systems with X having the smallest and largest ionic
radii, SiN and SiBi, have much larger distances between planes containing X atoms. The distance between
outer planes, d,,,, however, increases as one goes from SiN to SiBi, irrespective of the configuration, though
the magnitudes are much larger in the case of configuration(2). This is consistent with the trend that d;,, as
a general trend, is larger in configuration(2).

System Configuration(1) Configuration(2)

a(A) | d;,(A) | d,,,(A) || a(A) | d;,(A) | d,,,(A)
SiN 290 | 242 3.54 2.88 | 3.27 4.49
SiP 3.53 | 237 4.40 352 | 2.29 4.50
SiAs | 3.69 | 2.36 4.57 373 | 2.56 4.86
SiSb | 4.01 | 2.36 4.82 4.05 | 292 542
SiBi 4.15 | 235 4.90 422 | 3.14 5.67

Table 3.1: Lattice constant a(;X) and interplanar distances (d;, (1&) and dou,(;\)) of Si-X monolayers in both
configurations.

Figure 3.2: Electron localization function of all the 2D Si-X monolayers in both configuration(1)[a,c,e,g,i]
and configuration(2)[b,d,f,h,j].

To get an insight into the consequences of the anomaly in d;, for SiN and SiBi, we look at the bonding
characteristics of the Si-X monolayers in both configurations by computing the electron localisation function
(ELF)[135]. The results are presented in Fig.3.2. The value of ELF varies from 0 to 1, with 1(0) implying
complete (no) localisation. This also implies the relative strengths of the covalent bonds formed. Our
results suggest that monolayers in configuration(1) have stronger covalent bonds between the two inner plane
atoms(Si-Si). The Si-X bonds for all cases except SiBi are comparatively weaker, though only slightly. Si-Bi
bonds in SiBi are substantially weaker than others. The scenario is very different in configuration(2). The
electrons in the inner plane are less localised as compared to configuration(1l), implying weaker covalent
bonds between X-X atoms. This has a substantial effect on the thermal conductivity, as can be seen later.
The strengths of Si-X bonds, however, are comparable to those in configuration(1). A stark contrast is
observed in cases of SiN and SiBi. In these two compounds, in configuration(2), there is no significant
covalent bonding among N-N and Bi-Bi lying in the inner planes. This can be correlated with anomalously
large d;, observed for these two and may have serious effects on their stabilities in this configuration.
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To examine the stability of the monolayers in different configurations, we next investigate their ener-
getic, dynamical, and mechanical stabilities. The energetic stability is checked by the computation of their
formation energies.

Ef =[Es;_x —ns;Es; —nxEx]/(ns; + nx) 3.1
where, Eg;, Ey are the total energies of isolated single atom, Eg;_y is the total energy of the monolayer,
and ny, ng; denote the number of Si and group-V atoms in the unit cell. The results are shown in Table 3.2.

System Formation energy (eV/atom)
Configuration(1) | Configuration(2)
SiN -7.50 -6.71
SiP -5.49 -5.17
SiAs -5.05 -4.67
SiSb -4.58 -4.24
SiBi -4.36 -3.93

Table 3.2: Formation energies of Si-X monolayers in both configurations.

We find that irrespective of the stacking pattern, all compounds form in their monolayers with respective
elemental phases as references. The formation energies in configuration(2) are lower in all cases, suggesting
less energy requirement to form the compounds in this configuration.

The dynamical stabilities of the systems are examined by computing the phonon dispersion relations and
densities of states. The results are presented in Figures.3.3 and 3.4. Except for SiN and SiBi in configura-
tion(2), (Fig.3.4b and 3.4d), all other structures are dynamically stable. The dynamical instability in these
two compounds in configuration(2) can be correlated to the weak covalent bonds between the X-X pairs as
seen in Fig. 3.2. Since these two compounds in configuration(2) are dynamically unstable, they will not be
considered for further discussion. Inspection of phonon spectra of the stable systems shows that in all cases,
out of the three acoustic modes, two are linear, while one is quadratic at the I" point. The quadratic behaviour
of out-of-plane acoustic (ZA) mode at the I" point is an essential requirement for 2D materials[136]. We
also find a lot of anti-crossing of the modes, more prominently in configuration(2). Since this leads to en-
hanced anharmonic scattering, lowering of thermal conductivity is expected. The partial phonon densities
of states clearly show that the acoustic(optical) branches are dominated by heavier(lighter) atoms except for
SiP (Figures 3.3c, 3.3d) where the comparable masses of the constituents lead to comparable contributions
from both of them throughout the spectrum.

Finally, we investigate the mechanical stability of only the systems that are dynamically stable by com-
puting their elastic constants and checking whether the conditions related to the Born criteria are satisfied[118].
According to the Born criteria, C;; > Cj,, Cq; > 0, where C;; and Cy, are the independent elastic con-
stants. Computed values of C|; and C|, for the stable monolayers are shown in Table 3.3. The results clearly
demonstrate that the criteria for mechanical stability are satisfied in all cases.

System Configuration(1) Configuration(2)
Cii(Nm)  Cp(N/m) | C;;(N/m) €1, (N/m)
SiN 295.02 81.97 - -
SiP 132.95 24.13 110.92 20.78
SiAs 110.19 22.13 86.78 18.89
SiSb 82.32 18.63 67.97 16.63
SiBi 68.63 18.14 - -

Table 3.3: Elastic constants, C;; and C;, of the Si-X structures for both configurations.

3.3.2 Band Structure and Electronic properties

The electronic band structures for all the stable monolayers are shown in Fig. 3.5. All systems are semi-
conducting in nature, irrespective of the stacking pattern. The computed band gap values are presented in
Table 3.4. Calculated band gaps in configuration(1) have an excellent agreement with earlier work [132].
For both configurations, the band gap decreases as we move from SiN to SiBi, the exception being SiAs
in configuration(1). There is a substantial decrease in band gaps when the stacking pattern changes from
configuration(1) to configuration(2). This implies that the ideal operational temperatures for optimal ther-
moelectric effect are expected to be lower for configuration(2) [9]. In configuration(1), all band gaps are
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Figure 3.3: Phonon dispersions and densities of states of SiP, SiAs, and SiSb in both configurations.

indirect ones with the conduction band minima (CBM) at M point, and the valence band maxima (VBM)
at the I" point for SiAs, SiBi, and SiSb. The VBM for SiN and SiP are along I' — K direction. In configura-
tion(2), the VBM moves to the K point for SiP and SiAs, while CBM is at K for SiAs and SiSb and at M in
the case of SiP, transforming SiAs from an indirect to a direct band gap semiconductor. A feature common
to all three monolayers in configuration(2) is the presence of flat bands near CBM, in stark contrast to the
bands in configuration(1). This would have a significant impact on the transport properties as there will be
non-negligible changes in the electron effective masses.

In order to understand the key features in the band structures and to get a possible explanation for the
significant decrease of band gaps in configuration(2), we compute the total and atom-projected densities of
states (Fig. 3.6). One of the key features in configuration(1) is the presence of a sharp peak right below the
Fermi levels in SiP, SiAs and SiN. These Van Hove singularities in the densities of states are the manifes-
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Figure 3.4: Phonon dispersions and densities of states of SiN and SiBi in both configurations

Band gap (E, eV)
System Configuration(1) Cognﬁ guration(2)
SiN 1.74 -
SiP 1.52 0.91
SiAs 1.63 0.64
SiSb 1.18 0.66
SiBi 0.67 -

Table 3.4: Electronic band gap E, (in eV) calculated for Si-X monolayers in both configurations.

tations of the flat nature of VBM in these compounds. For all monolayers in configuration(1), the VBM is
contributed by the p states of Si and X. The CBM regions are dominated by the p orbitals of the X atom.
In configuration(2), the sharp peak corresponding to the Van Hove singularity in VBM of SiP moves away
from the band edge while it appears at the VBM of SiSb. These features are consistent with the changes in
the VBM as shown in Fig. 3.5. The VBM of all three compounds is now contributed by s-orbitals (along
with p orbitals) of both atoms. The CBM now results from significant hybridisation of Si p and both s and
p orbitals of the X atoms. This results in a shift of the CBM towards lower energies and a reduction in
electronic band gaps.

In what follows, we explore the carrier transport phenomena using the deformation potential (DP) theory
developed by Bardeen and Shockley [111]. According to DP theory, the carrier mobilities in a semiconduc-
tor are primarily determined by the interaction of electrons and acoustic phonons. The carrier mobility is
calculated using the following expression:

2eh3C, )

=" 2> 3.2
3k gT |m*|*(Ep)* G2

Hap

My p 1s the carrier mobility, C,  is the in-plane stiffness constant, m* the effective mass of the carrier (elec-
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Figure 3.5: Band structures of Si-X(=N, P, As, Sb, Bi) monolayers in both configurations.

tron/hole), E,; the deformation potential, e and 7 the electron charge, and Planck’s constant, respectively.

The in-plane stiffness is evaluated using C,p

2 . . . . .
%(%), where 6 is the biaxial strain, and A is sur-
0

face area at equilibrium volume. The biaxial strain is defined as 6 = %, where a is equilibrium lattice
0
02E(k)

K2
k and E(k) are the wave vectors and band energies, respectively. The deformation potential constant is a

-1
constant. The Effective mass m* = hz[ , is obtained by quadratic fitting of band edges, where
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CHAPTER 3. SIX MONOLAYERS

measure of the strength of electron-phonon coupling in the valence and conduction regions. DP constant

AE . . . .
= Aft’j Zr/l E’;)M , depicts how the conduction or valence band edges shift under the applied

strain. Once all the parameters required in Equation (3.2) are known, we calculate the carrier mobility u.

The relaxation time 7 for the carriers is calculated using 7 =

(a) SiP configuration(1)

um*

(b) SiP configuration(2)
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Figure 3.7: Shift in band edges of Si-X monolayers due to biaxial strain. Blue(red) circles stand for AE,, g, (AEqgy),
the shift in valence band maxima(Conduction band minima). Solid lines show linear fitted values.

In order to compute C,, and E,, we applied biaxial strain from —1.5% to 1.5% for all the monolayers.
Fig. 3.7 shows the shift of the band edges with applied strain. The calculated value of m*, E;, C,p, y, and 7
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Configuration(1)
System | Carrier | u(10%em?v-Ts7T) 7(fs)
mfmo | Eq(eV) | Cop(N/m) = 56K T 7 = 500K [ T =800K || T =300K | T = 500K | T = S00K
SiN e 0384 | 48 250.00 0.3075 0.1845 0.1153 67148 4029 251.806
h 078 | 2.6 0.2458 0.1474 0.0921 1098.68 659.20 412.00
sip e 0.132 | 128 21410 0.1552 0.0931 0.0582 116.46 69.88 367
h 1974 | 06 0.2531 0.1518 0.0950 2841.17 | 170470 1065.4
Sis e 0.130 | 107 26465 0.1929 0.1156 0.0723 142.60 85.50 53.44
h 0552 | 128 0.0073 0.0044 0.0027 23.10 13.91 8.69
Sish e 0.185 8.7 0191 0.1102 0.0661 0.0413 115.88 69.53 43.46
h 0477 | 175 0.0040 0.0024 0.0015 11.03 6.62 4.14
SiBi e 0.096 | 246 17355 0.0438 0.0263 0.0164 23.93 14.35 897
h 0466 | 164 ‘ 0.0041 0.0025 0.0015 11.01 6.60 4.13

Table 3.5: Effective mass, DP constant, In-plane stiffness, Carrier mobility, and Relaxation times of electrons
and holes for configuration(1) of Si-X monolayers.

Configuration(2)
System | Carrier | u(10%em®v-Ts=T) 7(fs)
mfmo | Eq(eV) | CopN/m) 56k T 7 = 500K | T = 800K || T =300K | T = 500K | T = 800K

sip e 0.254 34 i 0.4856 0.2914 0.1821 701.52 42091 263.07

h 0.248 6.5 : 0.1406 0.0843 0.0527 198.34 119.00 74.37
SiAs e 0.224 26 ol 0.8414 0.5048 03155 1071.78 643.07 401.92

h 0.195 49 0.3167 0.1900 0.1187 351.26 210.75 131.72
Sish e 0.385 i3 16921 0.0835 0.0501 0.0313 182.87 109.72 68.57

h 2.226 5.5 : 0.0015 0.0009 0.0005 19.62 11.77 7.36

Table 3.6: Effective mass, DP constant, In-plane stiffness, Carrier mobility, and Relaxation times of electrons
and holes for configuration(2) of Si-X monolayers.

for configuration(1) and configuration(2) are presented in tables 3.5 and 3.6. The largest E,; for both carriers
is obtained for SiBi in configuration(1) due to the largest variations in AE. In general, E; for configura-
tion(2) is smaller than that in configuration(1), due to weaker variations of the band edges with strain in con-
figuration(2). In configuration(2), variations in A E- gy, are less than variations in A Ey, g, leading to larger
E, for holes. There is no such trend in configuration(1). On the other hand, C, ;, decreases monotonically as
the atomic number of X increases in SiX(from SiN to SiBi). This decrease in the in-plane stiffness constant
as X changes from N to Bi is indicative of the gradual weakening of the bonds. This is consistent with the
features observed in the ELF plots. Smaller values of C,, in configuration(2) for each of the three materials
suggest that for a given system, bonds are weaker when the stacking changes with middle planes occupied
by the group-V elements, a result corroborating the interpretations of the ELF. Clear trends are observed
for the effective masses m* and mobilities x. In configuration(1), m;‘l > m?; mfl(m:) is the effective mass
of holes(electrons). In configuration(2), it is the opposite with little difference between m; and m} except
SiSb where m}, is significantly larger than my. If we compare between the two configurations, the general
trend is m: (configuration(1)) < mz (configuration(2)), mZ(conﬁguration(l))> m;(conﬁguration(Z)), only ex-
ception being SiSb where m;‘l (configuration(1))< m;‘l (configuration(2)). The trends can be understood from
the features in the band structure near VBM and CBM. The flat bands near VBM in configuration(1) give
rise to larger hole effective mass while the larger electron effective mass in configuration(2) is due to bands
getting flatter near CBM. The comparative features of effective masses across configurations too can be un-
derstood from the band structures. Carrier mobility x4 too exhibit clear trends: in configuration(1), y, > pp,
except for SiP, y, > p,, for all three systems in configuration(2), u,(configuration(1))(u,(configuration(2))<
u,(configuration(2))(uy, (configuration(1)) for all systems except SiSb(SiAs). The variations in y can be
understood from the variations in Ep and m* as they appear as square terms in Equation 3.2. In configu-
ration(2), since mz ~ mj, larger E,; values for holes lead to smaller hole mobility. In configuration(1), E,
for holes are larger than E,; for electrons except in cases of SiP and SiN. About 20 times larger E; values
for electron carriers in SiP become a decisive factor, making uj;, > u,. The effects are not so large for SiN,
hence the trends among electron and hole mobilities follow the rest. The trends of carrier mobilities across
configurations can also be explained the same way. It turns out that E is the deciding factor in most cases.
Among all the studied monolayers, the maximum mobility is observed for electrons in SiAs in configura-
tion(2). As a general trend, significant differences in carrier mobilities of the two carrier types help avoid
charge recombination and have impactful consequences in the transport properties. Calculated relaxation
times show significantly larger values for electrons when the systems are in configuration(2). Our results
qualitatively agree with those of Reference [132].
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3.3.3 Thermoelectric properties

The flat bands at the band edge, giving rise to Van Hove singularities in the densities of states, and configuration-

dependent moderate to low band gaps propel us to further study the transport properties, leading to the
assessment of the potential of these compounds in thermoelectric applications.

Electronic transport properties
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Figure 3.8: Seebeck coefficient (.5) of Si-X monolayers in different configurations as a function of chemical potential
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Figure 3.9: Electrical conductivity (¢) of Si-X monolayers in different configurations as a function of chemical potential
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Figure 3.10: Electronic thermal conductivity (k,) of Si-X monolayers in different configurations as a function of chem-

ical potential (u).
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3.3 Results and discussion

In order to determine the thermoelectric figure of merit, we need to calculate the Seebeck coefficient (.5,
electrical (o), and thermal conductivities (x). Employing constant relaxation time approximation(CRTA)
and rigid band approximation (RBA) we calculate S,0/7, and «,/7. Using the 7 calculated from DP
theory, o and k, can be obtained. The results for S, ¢ and «, are shown in Figures 3.8,3.9,and 3.10, re-
spectively. The results indicate the following trends: (1) S (configuration(1))> S(configuration(2)) (2)o
(configuration(1))< ¢ (configuration(2)) and (3) x, (configuration(1)) < k, (configuration(2)). In config-
uration(1), the maximum value of S is 1500 uV /K, whereas, in configuration(2), .S is 1000 uV /K for
all studied monolayers. Seebeck coefficient depends on several factors; for parabolic band and energy inde-
pendent scattering, .S is directly proportional to effective mass (m*) and inversely proportional to the carrier
82k m* T (l

3eh? 3n
flected in our calculated results. Larger m} in configuration(1) gives rise to larger Seebeck coefficient. The
qualitative trend in the configuration dependence of ¢ observed in our calculations can be understood from
the fact that .S and ¢ have an inverse relationship. The electronic part of thermal conductivity, «,, follows
o as obtained in our calculations. This is consistent with Wiedmann-Franz law relating the two transport
parameters as k, = LoT.

2
concentration n; the relation being S = ) . This proportionality between .S and m* is re-
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Figure 3.11: Lattice thermal conductivity x; as a function of temperature for of (a) SiP, (b) SiAs, (c) SiSb, (d) SiN, and
(e) SiBi monolayers. Results for both configurations of SiP, SiSb, SiAs and for configuration(1) of SiN and SiBi are
shown.
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Lattice thermal conductivity (k;) may play a significant role when the stacking pattern changes, as is seen
in the case of group III-VI monolayers with hexagonal symmetry[134]. Regarding the electronic transport
coefficients, we found that o and «, are substantially higher for configuration(2). This might reduce the
figure-of-merit when planes are stacked according to configuration(2). In semiconductors or dielectrics,
phonons are the majority of heat carriers. So if by any means (phonon-phonon scattering, impurity scatter-
ing, doping, etc.) heat carriers are stopped from reaching one end to the other of the material, lattice thermal
conductivity decreases. Inclusion of lattice thermal conductivity is, therefore, crucial as it will provide the
figure-of-merit values closer to reality, a requirement to understand the real potential of these monolayers
as thermoelectric materials. Using the second (harmonic) and third (anharmonic) order force constants, x;
is calculated for the monolayers in two different configurations. The results are presented in Fig. 3.11. We
find a lowering of k; by about 60% as the configuration changes from 1 to 2. Further, in both configurations
k; undergoes substantial reduction as temperature increases. Such an inverse relationship of thermal con-
ductivity and temperature suggests that the Umklapp process can be considered to better address the phonon
scattering. At 300K, «; values in configuration(2) are substantially lower than the ones reported for techno-
logically important 2D materials; graphene [73], h-BN [137] and MoS, [138] having k; values of 3716.6 W
m~! K~!, 791 Wm™! K~! and 34.5 W m~! K~!, respectively.

To better understand the issue, in Fig. 3.12, we show the normalised cumulative thermal conductivities
(x./x;) as a function of phonon frequency. The results are presented for 300 K only. Phonons with mean
free paths below a threshold are responsible for k. /x; to become 1.
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Figure 3.12: Normalized cumulative lattice thermal conductivity of Si-X monolayers as a function of phonon frequency
at 300 K.
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Figure 3.14: Gruneisen parameters (y) for Si-X monolayers in both configurations.

Our calculations show that for all the monolayers, irrespective of configurations, the phonon modes
contributing maximum to the cumulative thermal conductivities are the three acoustic and two optical modes.
That these are the modes responsible largely for the lattice thermal conductivity can also be understood from
their locations in the phonon spectra and the anti-crossing behaviour demonstrated in Figures (3.3a)-(3.3f).
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Figure 3.15: Calculated phonon group velocity (v,) of Si-X monolayers in both configurations.

Anharmonic phonon-phonon scattering is known to be the dominating factor for thermal conductivity ;. We
further explore the role of anharmonic scattering to understand the low values of k; and their dependences on
configurations by analysing the third-order force constants obtained from first-principles calculations. We
do so by looking at the anharmonic scattering rates (Fig. 3.13), Gruneisen parameter y (Fig. 3.14,) whichis a
measure of anharmonic scattering strengths and phonon group velocities (Fig. 3.15) in both configurations.
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Analysis of the scattering rates confirms that the scattering occurs mostly in the frequency region contributed
by the three acoustic and two optical modes. The lower scattering rate leads to a higher thermal conductivity.
The results of Fig. 3.13 are consistent with this: the largest k; in configuration(1) of SiN is due to crowding
of modes with lower scattering rates. Similarly, a larger weight in the higher scattering rate for SiBi is
responsible for the lowest k; in configuration(1). The thermal conductivities of SiP and SiAs undergo more
significant reductions in configuration(2). This can be correlated to the availability of more phonon channels
with higher scattering rates as shown in Fig. 3.13.

The results of the Griineisen parameter y reveal the following: (1) the low-frequency acoustic phonons
are more anharmonic than the optical phonons, and (2) for a given system in configuration(2), the acoustic
modes are more anharmonic than those in configuration(1). More anharmonic means strong phonon-phonon
coupling, a higher value of the Griineisen parameter, and thus the reduced value of «; [139]. These perfectly
correlate with the variations of k; with stacking pattern, and that the anharmonicity is largely due to the
low-frequency acoustic modes. The variations in the phonon group velocity are also in agreement with this
interpretation.

In Fig. 3.15, SiN in configuration(1) has the largest group velocities of the low-frequency modes, leading
to the highest k;, while the opposite happens for SiBi. For SiP and SiAs, v, in configuration(2) is visibly
less than those in configuration(1), while for SiSb, the difference is less. This explains the relatively large
reduction in x; for the former two.

Figure of merit

InFig. 3.16, we present the calculated figure of merit, ZT = (526 /)T, as a function of carrier concentration(r)
at temperatures 300-800 K. Results for all configurations and for both electron and hole doping are shown.
The carrier concentration 7 is taken to be ~ 10?0 cm™3. We find that for all three cases where structures
are stable in both configurations, stacking pattern configuration(2) leads to ~ 2-6 times larger maximum
ZT in comparison with configuration(1). The highest ZT, 3.23 at 800 K, is obtained for SiP in configura-
tion(2) for electron doping. The maximum ZT decreases consistently as the size of the X atoms becomes
larger. However, in all three systems with stable configuration(2), a minimum of Z7T ~ 1.4 is obtained. In
configuration(1), this is the maximum value of ZT obtained for SiN. While for configuration(2), the max-
imum ZT is obtained for electron doping, no such trend is observed in the case of configuration(1). The
lowest ZT is obtained for SiBi, the maximum value being 0.13 only. The largest ZT for SiP in configu-
ration(2), however, cannot be attributed to lattice thermal conductivity «; alone. On the contrary, at 800K,
k; had the highest value in the case of SiP among the three systems. Also, k, for SiP in configuration(2)
was significantly higher than SiSb (which had a lower k; than SiP) in the same configuration. However,
electrical conductivity ¢ and Seebeck coefficient S for SiP in configuration(2) are higher than SiAs and
SiSb in configuration(2). Thus, though the larger ZT as one changes the configuration from (1) to (2) can
be attributed to lower k; and higher ¢ in configuration(2), the trend in Z7T among the compounds in con-
figuration(2) is determined largely by the electrical conductivity parameters. This is qualitatively different
from the case of group-III-VI chalcogenides [134] where lattice thermal conductivity was the key factor.
Since all relevant factors are incorporated, our results are supposed not to deviate too much from the results
of experimental measurement, although some differences are expected as approximations like consideration
of only three-phonon scattering for lattice thermal conductivity calculation and use of CRTA for electronic
transport parameters are invoked. In either case, our results might be overestimated. Nevertheless, overesti-
mations in electronic and lattice thermal conductivities may cancel each other, and thus our calculated ZT
may not be too far from reality. Also, in the recent literature [139], it has been found that considering a higher
(fourth) order anharmonic scattering term further reduces the kappa. But the effect is small. Including the
four-phonon scattering demands high computational power. So, for the present work, we refrain ourselves
from considering higher-order scattering terms.

Finally, the thermoelectric efficiency of the compounds can be assessed by calculating thermoelectric
conversion efficiency #, which is related to Carnot efficiency and ZT the following way

T,-T, \1+2T-1
Th \1+zT+T1,/T,

T, T, are temperatures at the hot and cold edges of the device, respectively. The Carnot efficiency is given

by % By taking T, = 300K and T}, ranging from 300-800K, we calculated # for SiX monolayers. We
h

find that only SiP in configuration(2) has a maximum efficiency of 27%. Therefore, we can infer that SiP

in configuration(2) will have the best efficiency as a thermoelectric material. The maximum efficiency of

}’l:
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Figure 3.16: Thermoelectric figure of merit (ZT) of Si-X monolayers between 300 and 800 K.

SiAs(SiSb) in configuration(2) is ~ 22%(18%). This means that the atomic arrangement in these monolayers
is extremely crucial for exploiting their potential as thermoelectric devices.
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3.4 Conclusions

In this chapter, we have systematically investigated the electronic, dynamical, and thermoelectric properties
of hexagonal 2D Si-X (X=N, P, As, Sb, Bi) monolayers using first-principles calculations. With regard
to the thermoelectric properties, earlier works on this series of compounds either did not incorporate the
phonon contributions to the thermal conductivity or did not consider the structural effect through alternative
stacking of Si and X planes. We have carried out a systematic comparative study of these compounds by
incorporating lattice thermal conductivity and by investigating the changes in transport parameters due to
the stacking of X-X planes in the inner layers as opposed to Si-Si planes in the conventional setup. We
have shown that out of the five compounds, SiP, SiAs, and SiSb are stable in both configurations. We
found significantly low lattice thermal conductivity and high electrical conductivity in configuration(2) for
all cases, leading to larger values of the figure-of-merit. All three compounds in configuration(2) have the
highest figure-of-merit greater than 1, with SiP having the largest value of 3.23 at 800 K. The origin of
this lies in the flatness of the band edges, weaker bonds indicated by the ELF plots, and stiffness constant
C,p. The increased anharmonicity in the low-lying acoustic modes responsible for the lowering of the
lattice thermal conductivity contributes as well. However, the trend in the figure-of-merit values among the
compounds in configuration(2) is attributed mostly to the variations in the electronic transport parameters.
This work demonstrates that Si-group V monolayers can be used as thermoelectric devices by tweaking
the structural arrangement. This paves the way for the exploration of other compounds for thermoelectric
applications and provides useful feedback to the experimentalists for the synthesis of new materials.
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Chapter 4

Impacts of surface modification and
strain engineering on thermoelectric
properties of MXenes™

4.1 Introduction

MXenes, a unique class of 2D transition metal carbides and nitrides, were discovered in 2011. MXenes
are the 2D derivates of ternary transition metal carbides/nitrides, the MAX compounds, obtained by se-
lective etching of the "A" layer [140]. MXenes have the chemical formula M, X, T, (n=1-3), where M
is the transition metal, X is carbon/nitrogen, and T is the functional group passivating the surfaces. The
compositional flexibility of MXenes has made them useful for a multitude of applications [141, 142, 143].
Various first-principles simulations on different MXenes investigated structure-property relationships and
provided useful information about their thermoelectric properties. Large .S and x; smaller than reference
2D materials like Graphene and MoS, were obtained for Sc,CT, MXenes [144]. Calculations on Ti,CT,
showed that despite larger specific heat and group velocity, phonon relaxation time lowered «; significantly
in Ti,CO, [145]. A comparative study of Ti,CO,, Zr,CO, and Hf,CO, [146] attributed comparatively
lower k; (and higher ZT') in Ti,CO, to increased Umklapp scattering involving acoustic and optical phonon
branches. Investigations into the effects of structure on thermoelectric properties for these systems inferred
that symmetry lowering can improve ZT drastically, mainly by lowering x; [147].

Lowering of symmetry in MXenes can be accomplished by changing the chemical composition of the
transition metal surfaces. A large power factor in Mo, TiC,T, MXene was experimentally obtained at room
temperature [148], enabling its use as a thermoelectric nanogenerator. A power factor higher by two orders
of magnitude than Ti;C, T, films was obtained for Mo, Ti,C; T, at 800 K [149]. First-principles simulations
predicted high ZT values ~3 for p-type Ti,MoCF, [150] and Cr,TiC,(OH), MXenes [151], with low k;
attributed to increased phonon-phonon anharmonic scattering. In M,X MXenes, manipulation of transi-
tion metal surfaces through substitution leads to Janus MXenes with chemical formula MM'X. Janus 2D
compounds are obtained by breaking inversion symmetry by replacing the constituents of one of the two
chemically identical surfaces [152, 153]. In the MXene family, high ZT (~ 3) has been obtained for Janus
compounds such as TiZrCO, and TiHfCO, [154], suggesting that such out-of-plane ordering in MXenes
can be explored to achieve thermoelectric materials with superior properties.

Although the results for various MXenes suggest that lowering the symmetry leads to improved ZT
via substantial reduction of k; due to increased anharmonicity, other findings imply that this connection is
complex. For example, a large reduction in «; has been obtained even without changes in symmetry [151],
while in some cases symmetry breaking promoted k; by weakening anharmonic scattering [155]. These
observations indicate a connection between symmetry, bond strengths, and anharmonic scattering that has
not been addressed in depth.

Strain engineering, too, is found to be a low-cost and feasible method to enhance the thermoelectric
properties of 2D materials [156, 157, 158, 159]. The effect of strain is prominently seen in the electronic
band structures and phonon transport. In 1T-TiS, monolayer, a semi-metal to semiconductor transition is
observed under tensile strain. In this compound, a 6% tensile strain opens up a band gap of 0.57 eV[160].
Band convergence can be achieved by the application of strain that, in turn, affects the electronic transport

*The contents of this chapter are published in 2024 Nanoscale, 16, 11336-11349, 2024 J. Phys.: Condens. Matter 36 445703
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4.3 Computational Details

coefficients. It is also found that the tensile biaxial strain reduces k; by nearly 50% [161, 162]. Due to
increased phonon-phonon scattering, it was found that the tensile strain reduces the k; from 16.97 W/m-K
to 6.88 W/m-K at 300 K for PtSe,[162]. A 7% tensile strain in p-type HfS, was found to lead to a maximum
Z'T of approximately 3.3 [163].

Motivated by these considerations, in this chapter, we have addressed the two studies, the effect of sym-
metry lowering and strain engineering on the thermoelectric properties of MXenes. Firstly, we investigate
the thermoelectric parameters of Ti,CO,, Mo,CO,, Zr,CO,, and Hf,CO, MXenes and five Janus com-
pounds TiMoCO,, ZrMoCO,, HfMoCO,, TiZrCO,, and TiHfCO,. Our goal is to explore the possibility
of achieving high ZT through inversion symmetry breaking and to provide insights into the interrelations
between symmetry lowering, electronic structure, lattice dynamics, and transport parameters, with special
emphasis on harmonic and anharmonic phonon contributions. Secondly, we examine the effect of biaxial
strain on the three Janus compositions derived from Zr,CO,: (a) Zr,COS, obtained by substituting one -O
with -S, (b) ZrHfCO,, formed by replacing Zr with Hf on one surface, and (c) ZrHfCOS, combining both
metal and functional group asymmetry. This chapter thus examines the impact of both surface compositional
engineering and biaxial strain on the thermoelectric performance of a novel class of 2D materials, MXenes.

4.2 Computational Details

In this work, structural optimizations were done with a kinetic energy cutoff of 550 eV and dense I'-centered
k-point grids, ensuring convergence of forces below 1073 eV/A and total energies to 10~/ eV. Ab initio
molecular dynamics (AIMD) simulations were conducted in the canonical (NVT) ensemble with a Nosé-
Hoover thermostat to assess thermal stability. Supercells of size 3 X3 X 1 and 4 X4 X 1 k-point meshes were
used, with simulations running for 12—20 ps.

For electronic transport properties, a I'-centered k-point mesh of 32 X 32 x 1 was used to evaluate the
Kohn-Sham eigenvalues. These were interpolated to a finer k-grid of 15000 k-points in the irreducible
part of the Brillouin zone for evaluation of electronic transport coefficients. Harmonic and anharmonic
interatomic force constants (IFCs) were computed with supercells up to 6 X6 1, and 4 X4 X 1, respectively,
ensuring convergence. Interaction up to eight nearest neighbors was considered during the evaluation of
anharmonic IFCs. The lattice thermal conductivity (k;) was determined by solving the phonon Boltzmann
transport equation using the iterative approach. The calculated k; values were scaled appropriately for the
vacuum thickness. Convergence with respect to supercell size and g-point mesh was systematically checked,
with differences below 1%.

4.3 Surface modification and thermoelectric properties of MXenes

4.3.1 Structural Parameters, Bond Strengths and Band Structures

Fig. 4.1 shows the possible sites of surface passivation by functional groups in M,C and MM’C Janus
MXenes. The possible sites for functionalization are C (above and below the C atom), H (hollow sites above
and below the transition metal atom), and T (exactly above the transition metal atom). Thus there are 9
possible structural models for functionalized Janus MXenes. The ground state structures are obtained from
DFT calculations by calculating total energies corresponding to structural models that differ from each other
depending upon the sites of passivation by -O. The models along with their total energies are shown in Fig.
4.1,4.2.

In Table 4.1, the total energies of all models for each one of the five Janus MXenes considered in the
work, are shown. Results for non-degenerate structural models are shown only. While Mo-containing Janus
compounds have -O preferring a HC combination, for the non-Mo ones it is HH (Fig. 4.2).

The ground state structural parameters of M,CO, and MM’CO,, (M, M")=Ti, Mo, Zr, Hf), are presented
in Table 4.2. We find that the sites of passivation on the M and M’ surfaces in the Janus compounds remain
unchanged from those in their M, C counterparts (Fig. 4.3). The calculated lattice constants are in excellent
agreement with the available results. Expectedly, the lattice constants of Janus MM’CO, MXenes are in
between those of end point MXenes M,CO, and M’2C02. Since the inversion symmetry of the M,CO,
MXenes is broken in Janus MXenes (the space group of M,CO, compounds is P3m1 while that of Janus
MM/ CO, is P3m1), there is significant fluctuations in the M/M’-O/C bond lengths, as is evident from Table
4.2. For Janus compounds with Mo as M’ element, Mo-C(M-C) and Mo-O(M-C) bonds increase (decrease)
slightly in comparison to those in parent Mo,CO,(M,CO,) compounds. However, the common feature
across parent and Janus compounds is that the M/M’ -O bonds are shorter than the M/M’-C bonds. The
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Figure 4.1: Schematic diagram showing the possible sites of surface passivation in M,C ( (a): side view,
(c): top view) and MM’'C MXenes ((b): side view, (d): top view).

Energy (eV)

Models(MD) | TiMoCO, | ZrMoCO, | Hf MoCO, | TiZrCO, | TiH fCO,
MDI1 (TT') -43.8985 -44.3654 -46.9871 -44.8060 -46.5082
MD2 (HH') -45.4814 -45.9024 -47.7030 -45.3306 -47.2035
MD3 (CH) -44.7065 -45.4717 -47.0970 -44.5926 -46.5123
MD4 (CC) -45.0784 -45.5988 -47.5484 -43.8902 -45.5739
MD5 (HC) -45.9870 -46.4794 -48.3104 -44.8059 -46.4587

Table 4.1: Total energy (eV) of different structural models for all Janus-MXenes considered in this work.

The lowest energy in each case is shown in bold.
(d) S

(@

(b)E E (c).

Figure 4.2: Ground state structures of M,CO, MXenes considered in this work. The top(bottom) row shows
side(top) views of the systems.

fluctuations in the bond lengths lead to fluctuations in the bond strengths, resulting in anharmonicity in the
system, which has an effect on the lattice thermal conductivity ;.

An assessment of the bond strengths and it’s correlation with the dispersions in the M/M’-C/O bond
lengths is done by the Crystal Orbital Hamilton Population (COHP) method [165] as implemented in LOB-
STER code[166]. In this method, a measure of the bond strengths are obtained from the energy integrated
COHP, that is, from the energy averaged bond-weighted densities of states between a pair of atoms. In Table
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4.3 Surface modification and thermoelectric properties of MXenes

Figure 4.3: Ground state structure of Janus MXenes, (a)-(e) side view, (g)-(k) top view

MXenes | GS-Model a E, | d M-C d M-0 d M/~C d M'-0
@A) eV) | A) A) (A) A)
Ti,CO, HH 3.03 (3.03)[146] | 0.32 | 2.18 1.97 - -
Mo, CO, CcC 2.89(2.88)[164] - 2.15 2.06 - -
7Zr,CO, HH 3.31(3.26)[146] | 0.97 | 2.36 2.12 - -
Hf,CO, HH 3.26(3.26)[146] | 1.03 | 2.33 2.10 - -
TiMoCO, HC 2.95 0.16 | 2.15 1.95 2.13 2.08
ZrMoCO, HC 3.10 0.18 | 2.29 2.07 2.18 213
HfMoCO, HC 3.08 0.29 | 2.26 2.05 2.18 2.12
TiZrCO, HH' 3.18 0.74 | 2.25 2.01 2.31 2.08
TiHfCO, HH' 3.16 0.72 | 2.24 2.00 2.28 2.07

Table 4.2: Structural parameters (lattice constant (a), bond length (d,, /M ~C /0)) and electronic band gaps
(E,) for the systems considered. GS-Model refers to the ground state structural model described in Fig.4.2.

4.3, the strengths between various bonds in parent and Janus compounds are shown. We find that the bond
strengths are clearly correlated with the variations in the bond lengths. Among the parent M,CO, MXenes,
M-C and M-O bond strengths are comparable in case of Mo,CO,. For the other three compounds, M-O
bonds are significantly stronger than the M-C bonds. For TiZrCO, and TiHfCO, Janus compounds, Ti-O
and Ti-C bonds weaken considerably while M’-O and M’-C bonds strengthen, in comparison to those for
their respective parent M,CO, MXenes. For MMoCO, Janus, Mo-C and Mo-O bonds weaken only slightly
while M-O and M-C bonds strengthen with respect to the respective bond strengths in the corresponding
parent compounds.

Bond strength (eV)
M-C | M-O | M-C | M-O
Ti,CO, -2.85 | -3.88 - -
Mo,CO, | -3.42 | -3.56 - -
Zr,CO, -3.15 | 4.14 - -
Hf,CO, | -2.99 | -4.18 - -
TiMoCO, | -291 | -4.01 | -3.37 | -3.41
ZrMoCO, | -3.37 | -4.53 | -3.36 | -3.10
HfMoCO, | -3.37 | -4.51 | -3.31 | -3.16
TiZrCO, | -2.46 | -3.50 | -3.34 | -4.39
TiHfCO, | -2.48 | -3.56 | -3.31 | -4.37

MXenes

Table 4.3: Bond strengths for parent (M, CO,) and Janus (MM’CO,) MXenes obtained from COHP analysis.
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Figure 4.4: Electronic band structures of the Janus MXenes considered.
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Figure 4.5: Band structures of M,CO, MXenes considered in this work.

The band structures of Janus and the parent MXenes are shown in Fig. 4.4 and Fig. 4.5, respectively.
Densities of states of the Janus MXenes are shown in Fig. 4.6. In agreement with existing results, we find
that except Mo,CO, which is a semi-metal, all M,CO, MXenes considered are semiconductors. However
all MM'CO, Janus compounds, even with Mo as M’ component, are semiconductors. The semiconducting
nature of Mo-based Janus MXenes are due to the presence of the other transition metal constituent. The
electronic structures in Fig. 4.6, clearly show that in the anti-bonding part of the spectra, hybridisations
between d orbitals of Mo and the other transition metals that are located higher in energy, open the gaps
in Mo-based Janus compounds. The magnitude of the gap depends on the position of the conduction band
of the M element in MM’CO, MXene. The band gaps of TiZrCO, and TiHfCO, decrease considerably
in comparison with Zr,CO, and Hf,CO,, respectively (Table 4.2). Once again, the reductions are due to
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4.3 Surface modification and thermoelectric properties of MXenes

the positions of Ti states that are closer to the Fermi levels. Analysing the band structures, we find that
for ZtMoCO, and HfMoCO,, the valence band maxima (VBM) and conduction band minima (CBM) are
located at the I" and K points, respectively. In contrast, they are located at I" and M points, respectively, for
TiZrCO, and TiHfCO,. The electronic structure of TiMoCO, has very distinctive features. The VBM and
CBM are located at I' and along K-I" direction, respectively. The band structure shows a flat band close to
the Fermi level in the conduction region, the presence of which is reflected in the large Van Hove singularity
in the densities of states. The presence of such a flat band near the Fermi level would have a profound impact
on electronic transport properties, as the effective mass of different carriers will be significantly different.
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Figure 4.6: Densities of States of the Janus MXenes considered.

4.3.2 Phonon spectra and dynamical stability

Dynamical stabilities of the Janus compounds are assessed by computing their phonon spectra. The phonon
dispersion curves and the phonon partial density of states for MM’CO, (M,CO,) Janus (parent) MXenes
are shown in Fig. 4.7 (Fig. 4.8).
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Figure 4.7: (a)-(e) Phonon dispersion and phonon density of states of the Janus MXenes considered. (f) The schematic
diagram for vibration modes

We find all systems to be dynamically stable in their respective ground states. For M,CO, MXenes,
the heavier elements (Ti, Mo, Zr, and Hf) dominate the low-frequency (acoustic and lower optical modes)
phonon modes, while O and the lightest C atoms dominate the mid and high-frequency optical modes (Fig.
4.8). Similarly, in Janus MXenes, M and M’ atoms majorly contribute in the lower frequency range (Fig.
4.7). Mid-frequency optical modes show significant hybridization between two O atoms attached to M and
M’ surfaces. C atoms are responsible for the high frequency vibrations. We have performed the group theory
analysis to identify the Raman and infrared (IR) active modes for Janus(for parent MXenes Fig. 4.9) MXenes.
According to group theory, these vibrations can be expressed as irreducible representations (I'(vib)) of Cs,
point group and can be represented as

T(vib) = 4A, + 4E @.1)

where A refers out-of-plane vibrations, and E denotes the in-plane vibrations, that are doubly degenerate
at the I" point. For this point group, all modes are Raman and IR active. Vibrational patterns for the modes
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4.3 Surface modification and thermoelectric properties of MXenes

are schematically shown in Fig. 4.7(f) (Vibration patterns corresponding to all E and A; modes are shown

in Fig.4.9).
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Figure 4.8: Phonon spectra and densities of states of M,CO, MXenes considered.
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Figure 4.9: Schematic diagram of phonon mode vibration at I" point for different frequencies

4.3.3 Transport properties

In this section we discuss the electronic and thermal transport properties of M,CO, and MM’CO, MXenes.
By making a comparative assessment of Janus MXenes and the corresponding end point compounds, we
analyse the effects of inversion symmetry breaking on the transport properties.

Electronic transport parameters

In Fig. 4.10, 4.11 and 4.12, we show results for variations of Seebeck coefficient (.5), electrical conductivity
(o) and electronic part of thermal conductivity (x,) with energy, at three different temperatures, respectively.
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The transport coefficient are obtained under CRTA and RBA provide S, 6 /7 and k, /7, 7 (carrier relaxation
time) is calculated from DP theory calculation details for 7 are discussed in the detailed in chapter 2.

The results suggest that TiZrCO, and TiHfCO, Janus have significantly higher values of S(~10004V/K)
in comparison to the ones containing Mo(~2504V/K). Among the parent MXenes, Hf,CO, and Zr,CO,
have large values of S(~1600xV/K) in comparison with the other two. Our results for parent MXenes agree
well with existing results [146, 147, 167, 164]. Moreover, the calculated values of .S for the Janus MXenes
are either higher or are comparable to those for the established thermoelectric materials [168, 169].

The comparative behaviour of the electrical conductivity (¢), on the other hand, is different for different
charge carriers. For p-type carrier, Ti,CO, has significantly large ¢ in comparison to Zr,CO, and Hf,CO,,
which have comparable values. For n-type carrier, o is highest for Hf,CO,, followed by Zr,CO, and Ti,CO,.
However, all three have comparable values of . Mo,CO, has almost negligible electrical conductivity in
comparison to the rest of the parent MXenes, irrespective of the type of charge carrier. In the case of Janus
compounds, too, different trends are observed for different charge carriers. For p-type carriers, Mo-based
Janus compounds have substantially lower values of ¢ in comparison to TiZrCO, and TiHfCO,, which have
almost identical magnitudes. For n-type carriers, the trend is exactly opposite. Like .S, the maximum o
for Janus compounds is noticeably smaller in comparison with that of the parent MXenes. The behaviour
of electronic thermal conductivity k, follows the trends of ¢. This is consistent with the Widemann-Franz
relationship «, « o.
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Figure 4.10: Seebeck coefficient (S(uV /K)) as a function of energy at different temperatures. The

top(bottom) panel shows results for Janus(Parent) MXenes.

The trends in the electronic transport parameters .S’ and o can be qualitatively understood from the trends
of the effective mass of the carriers, m; (holes) and m; (electrons), the band gaps E,, the mobilities y, and
u, of electrons and holes, respectively. The effective masses and the mobilities of the carriers for parent and
Janus MXenes considered in this work are computed using DP theory and are presented in Table 4.4. For
parabolic bands and energy independent scattering S n';’—;s where m* is the effective mass of the carrier
and n the carrier density. Considering the parent compounds first, we find that mZ’Tiz co, mj’Tl.z c 02) <>
mz Zr,CO, (m:’ ZnC 02) ~ (>)mzy Hf,CO, (m:’ HyC 02). Since the band gap of Ti,CO, is substantially smaller
than that of the other two, it has a larger electron density n. As a result S for Zr,CO, and Hf,CO, are
much larger than Ti,CO, irrespective of the carrier type. The reason for quantitatively smaller (larger) .S
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u(10%em?v 1571 7(fs)
System Carrier | m*/mgy | E (eV) | Cop(N/m) | T=300K | T =500K | T =800K || T =300K | T =500K | T = 800K
Ti.CO e 0.408 11.39 713.02 0.0466 0.0280 0.0175 108.26 64.96 40.59
22 h 0.190 3.37 ’ 2.4579 1.4747 0.9217 2655.73 1593.44 995.89
e 0.310 13.94 0.0524 0.0314 0.0196 92.42 55.45 34.66
Zr,C0, h 0.404 6.48 692.76 0.1428 0.0857 0.0535 328.21 196.92 123.08
e 0.257 13.59 0.0849 0.0509 0.0318 124.07 74.44 46.53
HF,CO, h 0.439 5.65 732.73 0.1683 0.1009 0.0631 420.22 252.13 157.58
. e 2.14 1.97 0.0689 0.0413 0.0258 838.35 503.014 314.383
TiMoCO, h 0.31 8.48 866.32 0.1818 0.1091 0.0682 316.42 189.85 118.65
e 0.44 4.32 0.3135 0.1881 0.1176 775.68 465.41 290.88
Z:MoCO, h 0.46 8.48 78351 0.0721 0.0432 0.0270 189.54 113.72 71.08
e 0.43 6.02 0.1708 0.1024 0.0640 420.54 252.32 157.70
HfMoCO, h 0.53 7.50 821.10 0.0721 0.0432 0.0270 219.29 131.57 82.23
. e 0.46 11.77 0.0316 0.0190 0.0118 84.33 50.59 31.62
TizrCO, h 0.29 4.35 680.28 0.5683 0.3410 0.2131 966.35 579.81 362.38
. e 0.44 12.45 0.0336 0.0201 0.0126 83.61 50.16 31.35
TiHfCO, h 0.29 5.34 704.64 0.3959 0.2375 0.1484 668.69 401.21 250.76

Table 4.4: Effective mass(m*), DP constant(E, ), In-plane stiffness(C, ), Carrier mobility(x) and Relaxation
times(7) of electrons and holes for the compounds considered in this work.

for Janus TiZrCO, and TiHfCO, in comparison with Zr,CO,, Hf,CO, (Ti,CO,) can also be understood in
a similar way. The effective masses of Mo-based Janus compounds, irrespective of charge carrier type, are
larger than those of the three parent MXenes considered. The band gaps follow exactly the opposite trend,
implying that the carrier densities of Janus are larger. However, S of Janus ZrMoCO, and HfMoCO, are
significantly smaller in comparison to S' of Zr,CO, and Hf,CO,. Reduction of such magnitude is probably
due to a substantial reduction of band gaps in Janus compounds, which has a larger effect on n, superseding
the effect of m*. A comparison between .S of TiMoCO, and Ti,CO, shows that S7;yr.c0, R Sti,c0,- This
is because of two reasons: (a) the reduction in the band gap in TiMoCO, in comparison with Ti,CO, is not
as large as is the case of the other two sets of Janus-parent MXenes and (b) the increase in the effective mass
in TiMoCO, in comparison with Ti,CO, is much larger with respect to the other two sets. Such an increase
in effective mass in TiMoCO, is due to flatter bands in comparison to the other systems.

The comparative magnitudes of S for the five Janus MXenes can also be understood by comparing
the effective masses of holes and electronic band gaps. From the results presented in Table 4.2 and Ta-

* * * = *
ble 4.4, we find that M, TiMoCO, < My, ZrMoCO, < My 1 £ MoCO, > m #p77:c0,= My, Tik £CO, and

E, rimoco, < Egzrmoco, < Egnrmoco, << Egrizrco, ® Egrinsco,- As aresult npiproco, >
NzrMocO, > NHfMoCO, >> MTizrco, ® NTiHfco,- The large electron densities in the Mo-based Janus
compounds, as compared with TiZrCO, and TiHfCO,, nullify the effect of larger m;‘l in Mo-based Janus
MXenes. Consequently, the Mo-based Janus MXenes have a much smaller Seebeck coefficient as compared
to the rest.

The electrical conductivity ¢ o« pn. For the parent and Janus MXenes considered in this work, we
find that the trends in ¢ are largely dictated by u of the carriers. In case of parent Mxenes, the hole mo-
bilities are related as y;’,iz co, >> ”;rz co, M?{ £,C0, while the electron mobilities follow y;{ 1,C0, >
/erz co, ¥ ;4%2 oy’ The corresponding o for these compounds exactly follow these trends. Mo,CO, is
not considered in this context as it has an extremely low ¢ and it being a semi-metal, mobilities associ-
ated with different charge carriers is irrelevant. For Janus compounds, the hole mobilities follow the trend
;4[. zrco, > ;4[. HfCO, >> /4%, Moco, > ugr Moco, ~ //1’1 £ MoCO, while the electron mobilities are related
as yleMocoz > y;{fMocoz >> 'u;"iMoCOZ > ”;inCOZ ~ yeTinCOZ. For the hole carriers, trend of ¢
exactly follows the trend in carrier mobility. For the electron carriers, ¢ of Mo-based Janus compounds
are significantly higher than the remaining two. This cannot be explained by the trend in u° alone. The
Mo-based Janus have much lower band gaps compared to the other two leading to very high carrier density
n resulting in substantially high ¢. Even among the three Mo-based Janus, the qualitative trend of o for
electron carriers can be explained only if both 4¢ and » are considered. The mobility turns out to be the de-
ciding factor too for explaining the comparative trends between parent and Janus MXenes. For hole carriers,
,ugrQ co, << "41‘ zrco, << y?iz co, and 6, co, < Oriz/co, < OTiycO,- Same behaviour is observed for
TiHfCO,. For Mo-based Janus MXenes, hole mobilities are much smaller than those of Ti,CO,, TiZrCO,
and TiHfCO,. This explains the reason behind significantly smaller ¢ of Mo-based Janus compounds in
comparison with the other MXenes considered. For electron carriers, electrical conductivity of TiZrCO,
and TiHfCO, are not very different from that of the corresponding parent MXenes. This is consistent with

close values of their electron mobilities.
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Figure 4.11: Electrical conductivity (¢ (Q'em™")) as a function of energy at different temperatures. The
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4.3 Surface modification and thermoelectric properties of MXenes

According to DP theory [111], carrier mobility ¢ depends upon the carrier effective mass m*, the in-
plane stiffness constant C,, and the DP constant E,;, a measure of electron-phonon coupling strength, the

following way: p Im*lczﬁ It is expected that m* and E,; will have more profound effects on u. From
the calculated values of thedse quantities presented in Table 4.4, we infer that the trends in u for different
charge carriers are dictated by m* which in turn is decided by the curvatures of the top(bottom) of va-
lence(conduction)bands. For example, a noticeably large value of m for TiMoCO, in conjunction with
small E; is responsible for small . The large value of m is due to the flattest bottom of the conduction
band among the series of compounds investigated. For TiHfCO, and TiZrCO, Janus compounds, m(m})
increase (decrease) in comparison with parent compounds Hf,CO, and Zr,CO,. This behaviour is due to
the fact that in Janus compounds bottom of the conduction bands (top of the valence bands) are less(more)
dispersive. In case of the three Mo-based Janus, larger values of m*, in comparison with Ti,CO,, Zr,CO,
and Hf,CO,,irrespective of charge carrier type, are also an artefact of the band structures near Fermi level.

The electronic transport parameters show two overall trends. First, maximum values of the transport
parameters are less upon breaking of inversion symmetry in parent MXenes and second, based upon the
quantitative trends, the five Janus compounds can be grouped into two distinct sets: three Mo-based com-
pounds and the remaining two. The trends in the electronic transport parts clearly imply that if only the
electronic transport is considered, the inversion symmetry breaking to form Janus MXenes may not lead to
higher figure of merit (as compared to parent compounds) as the Seebeck coefficient would be dominant due
to its higher power in the expression for ZT. Therefore, the contribution of lattice thermal conductivity will
be crucial. In the next subsection we explore this in detail.

Lattice thermal conductivity
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Figure 4.13: Lattice thermal conductivity (k; (W/m-K)) as function of temperature for the MXenes consid-
ered.

Fig. 4.13 shows the lattice thermal conductivity (k;) as a function of temperature T in the range 300-800
K for the parent and Janus MXenes considered in this work. Three distinct features are observed in the
behaviour of k;: (1) Among the parent MXenes, Mo,CO, (Ti,CO,) has the highest (lowest) k; with the
following quantitative trend: Mo2C02 o ( HNCO2 5 ZrCOs KITIZCOZ, (2) Among the Janus MXenes,
the three Mo-based compounds have higher x; as compared to the remaining two with the quantitative trend
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TiMoCO ZrMoCO H fMoCO TiZrCO TiH fCO
Izo 2>K1ro szlfo 2>Kltr 22K11f h
free Janus compounds are significantly lower than the relevant parent MXenes (x
Ti,CO Zr,CO Hf,CO
P 2<<Klr2 2 o4 Hh

as K and (3) Thermal conductivities of Mo-

lTinCOZ ~ KlTiH /co,
%) while lattice thermal conductivity of the three Mo-containing Janus are
substantially lower than Mo,CO, and greater than the other three parent MXenes Zr,CO,, Hf,CO, and
Ti,CO,. The trends are encouraging and intriguing as well. It, therefore, warrants a detailed analysis which
has hitherto been unavailable. For example, though lattice thermal conductivities of Ti,CO,, Zr,CO, and
Hf,CO, have been calculated [146, 147] and our results agree well with them, any discussion on the trends
based upon quantitative analysis was absent.

Lattice thermal conductivity of non-metallic solids has been understood by a simple qualitative model
[170]. According to this model, crystal structure, average atomic mass (7), bond strength and anharmonicity
are the factors deciding ;. m and the bond strengths that comprise of the harmonic effects influencing «;
are manifested through a single quantity, the average acoustic Debye temperature ® p:

1 1/ 1 1 1
o §< 5 te T ) “2)
©p Oza O14 O14
0, = hu;" - """ is the frequency of i"® acoustic mode at the zone boundary [171], ZA,T A, LA are the
B

out-of-plane, transverse and longitudinal acoustic modes, respectively. According to Ref [170], x; « ©p
and heavier m and weak bond strengths will lead to lower value of ®p,, and consequently lower k;. Heavier
mass and weaker bonding will also lead to lower phonon group velocity and lower ;. In Fig. 4.14, m,®p
and «; for all MXenes considered in this work are shown. The results depict a few contradictions with the
qualitative model [170]. According to the model, Ti,CO, should have lattice thermal conductivity larger
than Zr,CO, and Hf,CO,. This is because its 7 is the lowest while the bond strengths (Table 4.3) are not
drastically lower in comparison with the other two. The calculated values of ® , corroborate this anomaly. In
Fig. 4.14 we find that the ® j, decreases as one moves from Ti, CO, to Hf,CO, but k; instead of decreasing in

0y (6f0)

the same direction, increases. Similarly, this model cannot explain why KIM ? is substantially higher than

Ker2002 when m of the two compounds are almost same. ® p, of Mo,CO, turns out to be substantially higher

in comparison with ®, of Zr,CO, (Fig. 4.14) providing the explanation for behaviour of k;. However, this
happens inspite of no clear trends in the bond strengths. The phonon spectra of these two MXenes (Fig.
4.8) offer some clues to the behaviour of ® . The maximum frequencies of the three acoustic modes are
noticeably higher in the case of Mo,CO,, leading to larger ©®, and larger k; as a consequence. Moreover,
large gaps between the four-fold degenerate optical mode around 400 cm~! and the two-fold degenerate
optical mode around 550 cm™! implies a suppression of phonon-phonon scattering due to decrease in phonon
population [14] leading to subsequent elevation of k;. Nevertheless, these are only indirect evidence and do
not provide a definite mechanism with quantitative estimates.

No such anomaly is encountered if one inspects the two groups of Janus compounds, the Mo-based
ones and the remaining two, separately. In both groups, m @L x Ki is satisfied. The impact of the bond

strengths, however, is not clear. The bond strengths of TiZrCO, alild TiII{fCOZ are hardly different, so that @,
is completely determined by the differences in their masses. The maximum frequencies of the three acoustic
modes also explain the behaviour of ®. The same is true for the three Mo-based Janus compounds. The
results become unexplainable in terms of the simple model with harmonic parameters only when comparison
is made between members belonging to different groups. TiMoCO, and TiZrCO,, despite having identical
m have very different ® . Like the parent compounds Zr,CO, and Mo,CO,, ®, of TiMoCO, is higher,
albeit not as substantially as is the case for parent MXenes. This, however, has a profound impact on «;

TiZrCO,
K

is less than KlTiMOCOZ by about 80% . This trend is found for other compounds too, which implies

that the quantitative variation cannot be explained in terms of variations in the harmonic parameters alone.

The limitation of the model appears more pronounced when comparison is made between the lattice
thermal conductivities of the parent and Janus groups. For example, m%"2€02 > pTi2rC02 > {Ti2C02 byt
@IT;"’CO2 > ®TD:ZrC02 < @grzcoz. Though the trend in @, is consistent with the trend in «; for these three
compounds, the trends in /n and ®p, contradict the harmonic model. Even the trends in the bond strengths
(Table 4.3) contradict the model. A comparison between Mo,CO, and Mo-based Janus compounds also
corroborates this. For this group of MXenes, ®p and k; of Mo,CO, are always greater than the Janus
compounds inspite of the m of Janus compounds being equal to (in case of ZrMoCO,) or greater (in case of
HfMoCO,) than m of Mo,CO,. The Janus bonds, too, are stronger.
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Figure 4.15: Group velocities of phonon modes in M,CO, MXenes. Blue, orange, green, and brown colors
indicate the ZA, TA, LA, and optical modes, respectively
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One more hindrance in understanding the trends of harmonic parameters and k; across all parents and
Janus compounds using the harmonic model [170] is that the symmetry of the members of two different
groups of compounds (one containing Mo and the other consists of the remaining ones) is different due to
different site preference of the -O functional group. Therefore, we next compute the phonon group velocities
as they are directly proportional to lattice thermal conductivity (Equation (2.45)). The results are presented
in Fig. 4.15 and 4.16. The results still cannot resolve the anomalies. For example, Hf,CO, has group
velocities lower than Ti,CO, and TiHfCO,, HfMoCO, have group velocities comparable to TiZrCO,. But
the trends in their k; do not support this behaviour.

Group velocity(km/s)

Frequency (cm™1)

e ZA e LA
TA e Optical

500
Frequency (cm™1)

Figure 4.16: Group velocities of phonon modes in MM’CO, Janus MXenes. Blue, orange, green, and brown
colors indicate the ZA, TA, LA, and optical modes, respectively

These anomalies, therefore, indicate that anharmonicity plays a key role in understanding the trends in
k;. Earlier works on parent compounds Ti,CO,, Zr,CO, and Hf,CO, [146, 147] indicated this by analysing
the phonon dispersions. However, they did not analyse the reasons behind the trend among the compounds
, neither did they quantify the extent of anharmonicity. In what follows, we compute various quantities
associated with the anharmonicity in the systems. In Fig. 4.14, we show the total Gruneisen parameter y
, the measure of the strength of anharmonicity in the system, calculated using phonon BTE [116]. Among
the parent MXenes, y decreases monotonically from Ti,CO, to Mo,CO, suggesting that largest (smallest)
anharmonicity in Ti,CO, (Mo,CO,) can be the reason for the smallest(largest) x; in Ti, CO,(Mo,CO,). The
comparable y values of Zr,CO, and Hf,CO, explains their near identical x; that are between Mo,CO, and
Ti,CO,. Among the Janus MXenes, larger anharmonicity is found in compounds without Mo, with their
y values being largest among all parent and Janus considered. y for three Mo-based MXenes are almost
identical that fits perfectly into the trends of their ;. A comparison between y of parent and Janus MXenes
too perfectly correlate with the trends in the lattice thermal conductivities.
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Figure 4.18: Mode resolved lattice thermal conductivity for all MXenes considered. The 3 acoustic and 12
optical modes in ascending order of frequency are plotted along x-axis.

In order to completely understand the extent of anharmonic effects and develop a microscopic picture,
we next look into the phonon modes responsible and the strengths of phonon-phonon scattering. To this
end, we first look at the frequency range and the corresponding modes that are major contributors to «;. In
Fig. 4.17, we show the variations in normalised cumulative lattice thermal conductivity (k./k;) as a function
of frequency. The results are presented for 300 K only. The results show that for all systems considered,
phonon modes with frequencies upto 200 cm™! are the major contributors to &;. The mode resolved «;,
presented in Fig. 4.18, corroborates this. We find that for all systems the three acoustic (ZA, TA, and LA)
and first three optical modes (numbered 4,5,6 in the figure) contribute almost entirely to the lattice thermal
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conductivity. A noticeable feature is that for Mo,CO,, the contributions from acoustic and optical modes
towards k; are significantly different. This is also true for the Janus compounds containing Mo. On the
other hand, Ti,CO,, TiZrCO, and TiHfCO, have near equal contributions from acoustic and optical modes
implying strong phonon-phonon interactions.

To connect the behaviour of mode-resolved x; with anharmonicity, we first look at mode-resolved Griineisen
parameters (y,) calculated using third-order IFCs [172]. The results are presented in Fig. 4.19. We find that
among the parent compounds, Zr,CO, has larger y; than Mo,CO, in the relevant frequency range, implying

significant large anharmonicity in the former. This can be correlated to their very different x; with Ker2002
much smaller than that of the other. y, for Zr,CO, and Hf,CO, in the same frequency range are comparable.
Ti,CO, has the highest y, among all parents. The y, in non-Mo Janus compounds are 2-3 times higher than
Ti,CO,. The Mo-based Janus compounds, on the other hand, have extremely low y,. These trends nicely
explain the behaviour of ;. In fact y, turns out to be a better indicator than y for comparing the degree of
anharmonicity among compounds. For example, y of Ti,CO, and TiHfCO, are same. But y, of the later is
much higher in the relevant frequency range. The differences in their k; values, thus, can only be explained

by ;-

15; (a) Ig Ii‘z TiMoéoz 1T (b) | | > Tizcloz
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Figure 4.19: Griineisen parameter for the (a) Janus and (b) parent MXenes considered.

We further understand the degree of anharmonic effects as quantified by y, by calculating the anharmonic
scattering rates over the frequency region. The results for Janus (parent) MXenes are shown in Fig. 4.20(Fig.
4.21). Among the parent compounds, Ti,CO, has appreciably large scattering rates in comparison with other
three. Mo,CO, has the lowest scattering rate, scattering rates of the other two lie in between these two. The
large scattering rate of Ti,CO, finally resolves the anomaly regarding its lowest kx; as compared to other
parent compounds despite all harmonic parameters indicating the opposite. The lattice thermal conductivity
is directly proportional to the group velocity v, and the phonon relaxation time 70 (Equation 2.45). Since
scattering rate is inversely proportional to 7°, the effect of larger v, of Ti,CO, discussed earlier is nullified by
the small z°, yielding lowest k; among the parent compounds. Among Janus compounds, higher scattering
rates are observed for TiZrCO, and TiHfCO,. This explains their higher values of y; and consequently
lower x; among the MXenes considered.
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Figure 4.20: Anharmonic scattering rates as a function of frequency for Janus MXenes considered .
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Figure 4.21: Anharmonic scattering rates as function of phonon frequency for parent MXenes considered.

In Fig. 4.22, a comparison between scattering rates in Janus and parent compounds is made. The no-
ticeable trend observed in this comparison is that while the scattering rates of MMoCO, Janus compounds
lie in between that of M,CO, and Mo,CO,, the scattering rates of TiZrCO, and TiHfCO, are higher than
the corresponding parent MXenes. To find the reason, we first look at the accessible phase space for phonon
scattering since 70 (and thus k) is inversely proportional to the accessible phase space [173, 174]which is
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determined by the condition of phonon energy and momentum conservation.
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Figure 4.22: Comparison of anharmonic scattering rates between Janus and corresponding parent MXenes.

Fig. 4.23(a)((b)) shows the weighted scattering phase space (possible three-phonon scattering processes
weighted by the frequencies) accessible to the parent(Janus) MXenes. Among the Janus MXenes, available
phase spaces for Mo-based ones are lower than those of the others. TiHfCO, has a more accessible phase
space than TiZrCO,. More phase spaces are available for three-phonon scattering, which can be the expla-
nation for the higher scattering rates seen in these two Janus MXenes. But this proposition is violated in
the case of the parent MXenes. We find that Ti,CO, has less accessible phase space compared to Hf,CO,
and Zr,CO,. Even TiHfCO, has less accessible phase space in comparison with Hf,CO, in the frequency
range 100-150 cm™!, the range most responsible for anharmonic scattering. Therefore, the trends in the
anharmonic scattering rates cannot be understood in terms of accessible phase space. To resolve this is-
sue, we present the results on the strength of scattering matrix elements |¢Z, ! |2, which is a measure of the

strength of three phonon scattering and depends on the anharmonic IFCs (Equation (2.56)). Fig. 4.23(c)(Fig.
4.23(d)) shows the average scattering matrix elements as a function of frequency for parent(Janus) MXenes.
It is clear from Fig.4.23(c) that throughout the frequency range, the scattering strength in Ti,CO, is more
than Hf,CO,. Therefore, despite Hf,CO, having more available phase space than Ti,CO,, it has lower
scattering rate. Among the Janus compounds, TiZrCO, has the largest scattering strength with TiHfCO,
competing closely. Therefore, the degree of anharmonicity among the parent and among the Janus can be
finally understood in terms of the anharmonic scattering strengths. Comparison between parents and Janus,
however, shows an anomaly: scattering strengths in Ti,CO, in the frequency range of interest is still slightly
higher than those in TiZrCO,. Despite this, larger anharmonicity in TiZrCO, can be attributed to a higher
number of scatterings, as can be understood by comparing Fig. 4.23 (c) and (d).

The inversion symmetry breaking in the Janus MXenes produces dispersions in the bond strengths (Table
4.3). We find that such dispersion can be connected to the degree of anharmonicity in Janus. The phonon
densities of states of TiHfCO,(Fig. 4.7(e)) shows that in the frequency range 100-200 cm™~!, the vibrations
are dominated by the Ti atoms. In this Janus Ti-anion bond strengths weaken considerably as compared to
the corresponding ones in parent Ti,CO,. The Hf-cation bond strengths strengthen, on the other hand, in
comparison to those in parent MXene Hf,CO,. In Janus TiZrCO, ( Fig. 4.7(d)), both Ti and Zr vibrations
contribute in the relevant frequency range. Here too we find significant dispersion in bond strengths, similar
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Figure 4.23: (a,b) Available weighted phase space as a function of phonon frequency for the MXenes consid-
ered. (c,d) Average scattering matrix element |¢>Z,AS |2 as function of frequency for all MXenes considered

to TiHfCO,. In the Mo-based Janus ZrMoCO, and HfMoCO,, these dispersions are much less. Although
dispersions are there in TiMoCO,, the Ti-cation bond strengths have hardly changed in comparison with
Ti,CO,. Since the vibrations in the frequency range of interest is overwhelmingly dominated by the Ti
atoms, the Ti-anion bond strengths decide the extent of anharmonicity.

Figure of Merit

Fig. 4.24 shows the maximum value of the figure of Merit ZT as a function of temperature for all parent
and Janus MXenes. Energy window from -1.5 to 1.5 eV and carrier concentration ~ 10%* em~3 are used to
extract maximum Z7. We find that surface engineering by forming Janus greatly enhances the ZT'. The
maximum ZT of 3.5 at 800K is obtained for TiZrCO, in the case of p-doped systems. This is more than
double the maximum ZT obtained in any of the parent MXenes (a maximum Z7T value of 1.6 at 300 K is
obtained for Ti,CO,). p-doped TiHfCO, also yields ahigh ZT of ~ 3 at 800K. These two Janus compounds,
even when n-doped, produce a maximum ZT of 2 while none of the parent compounds and the Mo-based
Janus could produce a maximum ZT more than 1. The dominant reason for such high ZT in these two
systems, irrespective of the type of doping, is due to their extremely low «;. High values of .S and ¢ for
p-doped TiZrCO, and TiHfCO, are responsible for substantially higher ZT in these systems when they are
doped by p-type carriers in comparison to doping by n-type one. Thus, desired values of maximum ZT can
be obtained by breaking the inversion symmetry in MXenes.

The evaluated ¢ and «, values might be overestimated because of constant relaxation time approxima-
tion (CRTA) and deformation potential approximation (DPA) used to evaluate these coefficients. In the DPA
method, it is assumed that electrons interact only with the acoustic phonons. This may result in an over-
estimated carrier relaxation time (7). This can have serious consequences on the electronic transport prop-
erties, particularly for systems having components with significant differences in their electronegativities
[175, 176]. More accurate calculation of 7 is possible by the electron-phonon coupling (EPC) method[176]
that includes interactions between electrons and optical phonons. However, in this work, we have focused on
how asymmetrization of surfaces by making Janus out of its end point MXenes improves the thermoelectric
performance. Since the same DP theory has been used for M,C and Janus MM'C MXenes, we expect there
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Figure 4.24: Maximum Figure of merit (ZT') of all MXenes considered, as a function of temperature.
Results for both n and p-doped systems are shown.

wouldn’t be drastic changes in the qualitative trends if we include electron-optical phonon coupling in the
estimation of electronic transport parameters. This is because in the estimation of Z T, the overestimation
that creeps in ¢ will be more or less balanced by the error in k,. Thus, even from a quantitative point of
view, the changes in ZT may not be substantial. Therefore, given that the EPC method is computationally
very demanding, the qualitative trends focused on in this work may not be significantly affected, and the
quantitative estimation of ZT may not be starkly different; we have not attempted any comparative study of
results obtained from DP and EPC methods. In a future communication, we would like to focus on this.

4.3.4 Thermodynamical stability

Since the Janus compounds presented in this work are yet to be synthesised experimentally, it is important
to check their thermodynamic stabilities at the maximum temperature at which these are proposed to be
used as thermoelectric devices. To this end, we have performed the ab initio molecular dynamics (AIMD)
simulations for all five Janus MXenes considered. The simulations are performed at 800K, the maximum
temperature at which thermoelectric parameters are calculated. Fig. 4.25 shows the fluctuations in Free
energy (red curves ) and temperature (green curves). The top and side views of the initial (at T=0 K) and
final structures (at T=800 K) are shown in the insets. The Free energies and the temperatures fluctuate
about their average values and remain constant for the simulation time cycle of 20 ps. No signature of bond
distortion or loss of structural symmetry is observed, which ensures that these Janus MXenes possess good
thermal stability and can be used for thermoelectric applications at significantly high temperatures.
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Figure 4.25: AIMD simulations for the Janus MXenes considered.

4.4 Strain engineering and thermoelectric properties of Janus MX-
enes

As mentioned in the introduction strain is found to be another route to tune the electronic and thermal
tranport properties. In the following, we present the effect of strain on Janus MXenes Zr,COS, ZrHfCO,,
and ZrHfCOS, in detail. Reasons behind picking these three for strain engineering has been discussed in
section 4.1.

4.4.1 Structural parameters and stability

The Janus monolayers considered here are obtained from Zr,C pristine MXene. The ground state structures
are obtained from DFT calculations by calculating total energies corresponding to all possible structural
models, as discussed earlier. The structural model with minimum total energy is considered the ground
state. We find that both -O and -S atoms occupying the H site (the hollow site corresponding to the transition
metal atoms) minimise the total energy in all cases. The ground state structure in each of the three Janus
compounds is shown in Fig. 4.26.

In Table 4.5, the structural parameters of the systems as a function of bi-axial strain e(e = (a;a(’) X
0
100%), where ag(a) is the lattice constant for unstrained (strained) system) are shown. To ensure stability

of the compounds, the range of strain considered here is kept limited between -4% and +4%. We find
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ZrHfCO, ZrHfCOS Zr,COS

Figure 4.26: Ground state structures of Janus MXenes. The top (bottom) panel shows the top (side) view.

Compound | Strain a E, 0
’ Bond length (A
(c) % (A) V) R (et ()
Zr-C | Hf-C | Zr-O, | Hf-O,
4 3.16 061 | 230 | 228 | 2.04 | 2.03
2 3.22 082 | 233 | 231 | 207 | 207
ZrHR0, 0 3.29 099 | 236 | 234 | 211 | 210
+2 3.35 113 | 239 | 237 | 214 | 214
+4 3.42 124 | 242 | 240 | 218 | 217
ZrC | HEC | Zr-O | HES
4 323 ~ [ 235 | 228 | 2.10 | 2.49
2 3.30 - | 237 | 231 | 211 | 249
ZriliCOE | 337 _ | 240 | 234 | 213 | 250
L) 3.44 002 | 243 | 237 | 216 | 251
+4 3.50 022 | 245 | 240 | 218 | 2.5
Zr,-C | Zr;-C | Zr,-O | Zr;-S
4 325 ~ [ 235 | 231 | 210 | 252
2 3.32 ~ | 238 | 234 | 212 | 232
2, COS 0 | 339@44[177) | - | 240 | 236 | 214 | 252
+2 3.46 ~ | 243 | 239 | 216 | 253
+4 3.52 018 | 246 | 246 | 218 | 2.54

*Zr, (0,) and Zr, (O,) are the Zr (O) atoms at the (00-1) and (001) surfaces of Zr,COS (ZrHfCO,) MXene, respectively

Table 4.5: Lattice constant (a), band gap (E,), and bond lengths corresponding to different pairs of atoms
in the three Janus MXenes.Results are tabulated for different €.

significant dispersions in the M-C and M-T bond lengths. When the functional group T is -O (-S), the M-C
bonds are about 13% (2-7%) longer (shorter) than the M-T bonds. Such fluctuations in bond lengths as a
result of surface manipulation introduce anharmonicity in the system and directly affect the lattice thermal
conductivity.

Since the Janus MXenes considered in this work are yet to be synthesised experimentally, their me-
chanical, thermal, and dynamical stabilities as a function of strain are crucial. In what follows, we have
investigated these by varying the strain from the compressive to the tensile region. The mechanical sta-
bility of the optimized structures at each strain is examined by computing the elastic constants C;;. Since
the symmetry of the Janus structure is hexagonal, three elastic constants C;;, C;,, and Cgg =(C;1-C1,)/2
are computed. Table 4.6 shows the evaluated elastic constants of the three compounds at each value of €.
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Strain Elastic Constants
System (e) C,=C,, Cp, Ces
(%) (Nm™) | Nm™!) | Nm™)
-4 339.16 95.95 121.61
-2 311.06 85.82 112.62
ZrHfCO, 0 278.19 78.51 99.84
+2 246.94 72.04 87.45
+4 214.34 67.60 73.37

-4 256.38 68.36 94.01
-2 232.63 63.69 84.47
ZrHfCOS 0 219.35 61.55 78.90
+7 196.14 56.86 69.64
+4 170.05 57.67 56.19

-4 252.81 72.46 90.18
-2 210.54 56.54 77.00
Zr,COS 0 213.66 63.42 el 2
=) 185.22 56.05 64.59
+4 163.97 56.36 53.80

Table 4.6: The Calculated Elastic Constants (Cy, C,,, C;,, Cgg) as a function of strain are shown for the
three compounds.

We find that the criteria[178] for mechanical stability, C;; > 0 and C;; > C,,, are satisfied in each case,
suggesting the mechanical stability of each compound for the entire range of strain considered.

The thermal stability of a compound at higher temperatures is vital for thermoelectric (TE) applications.
The thermal stability of all three Janus compounds at each strain is calculated by ab initio molecular dynam-
ics (AIMD) simulations. Variations in the free energy and the temperature with time at 800 K, along with
the initial (T = 0 K) and final (T = 800 K) structures, are shown in Fig. 4.27 (for zero strain) and Fig.4.28
(for different strains). The results suggest that even at this high temperature, none of the structures distort
over time, ensuring thermal stability of all compounds, irrespective of the amount of strain. The stability at
800 K, the highest temperature for calculations of TE parameters, also ensures that the structures are stable
at lower temperatures and under various strains.
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Figure 4.27: Variations in the Free Energy and the Temperature of the three compounds, over a time of 12
ps. The calculations are done on the systems at zero strain. The temperature considered for the calculations
is 800 K.
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Figure 4.28: Variations in the Free Energy and the Temperature of the three compounds, subjected to various
biaxial strains, over a time of 12 ps. The temperature considered in the calculations is 800 K.

The dynamical stability of the compounds on application of strains is assessed by computing the phonon
dispersion relations. The results are shown in Fig. 4.29 (Fig. 4.30) for the unstrained (strained) Janus
MXenes. The results imply that all three systems with and without strains are dynamically stable. There-
fore, these three systems satisfy the necessary stability criteria in the temperature window of thermoelectric
operation for the range of strains used in this work.
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Figure 4.29: Phonon dispersions and atom-projected phonon densities of states for the three Janus com-

pounds at zero strain.
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Figure 4.30: Phonon dispersions of the three compounds at zero and finite strains.

4.4.2 Electronic structure

Features in the electronic structures provide clues to the expected behaviours of electronic transport pa-
rameters associated with the thermoelectric figure of merit. In Figure 4.31 we present the electronic band
structures and atom-projected densities of states of the three compounds at different strains. Without strain,
ZrHfCO, is an indirect semiconductor ,whereas ZrHfCOS and Zr,COS exhibit semi-metallic behaviour.
Application of strain is quite significant for these three as the band gap changes upto about 39% for the
semiconductor and the semiconducting gaps open in the other two. The band gaps increase (decrease) with
tensile (compressive) strains for all three; the largest band gap is found for a strain of +4%. The evolution
of the band gap with strain is shown in Table 4.5. The positions of conduction band minima (CBM) and
valence band maxima (VBM) of the three compounds remain invariant with strain, the CBM (VBM) being
located at the M (I') point. With the application of tensile (compressive) strain, the conduction band edges
for all three compounds become flatter (dispersive). Moreover, the CBM for all the compounds is flatter
than the VBM. This may result in a higher .S for n-type doping.

The atom projected densities of states for all three compounds indicate significant contributions from p
orbitals of C and T and d orbitals of M in both valence and conduction bands. However, the features and
contributions near the band edges vary with composition and strain. For Zr,COS and ZrHfCOS, a sharp
peak dominated by S shapes up with the increase in the tensile strain. Although no such sharp peak is
observed in the case of ZrHfCO,, the sharpness of the band edges is found to increase with tensile strain
as well. This is consistent with the flatter CBM as tensile strain is increased. This may result in a larger
Seebeck coefficient with tensile stress. In the next sub-section, we will examine this.
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Figure 4.31: Electronic band structures and atom-projected densities of states for the three Janus MXenes.
The three panels represent (a) ZrHfCO,, (b) ZrHfCOS, and (c) Zr,COS, for strains between -4% and +4%.

4.4.3 Electronic transport properties

Seebeck coefficient (S) is the measure of the ability of a material to convert a temperature gradient into
electrical voltage[36]. A high value of S, therefore, is desired for better TE conversion efficiency. For
a semiconductor, a negative (positive) value of S depicts that the majority-charge carriers are electrons
(holes). Fig. 4.32 (Fig. 4.33) shows the Seebeck coefficient .S as a function of n-type (p-type) carrier
concentration at different temperatures and strains. Among the three Janus compounds, n-ZrHfCO, has
the maximum value of S(~ 1200 ¢ V/K at 300 K), irrespective of strain. The qualitative variation of S
with electron concentration changes as the temperature is increased. For example, at 300 K, the absolute
value of S’ of ZrHfCO, decreases monotonically (following the inverse relation of S and n, the carrier
concentration[179]). For higher temperatures, the variation is non-monotonic[180], that is, .S first increases
then decreases with n. The position of the peak shifts with the increase in temperature. Similar behaviour
is visible in ZrHfCOS and Zr,COS even at 300 K. This behaviour of .S at low » and high T for the narrow
band gap semiconductors can be attributed to the bipolar conduction effect[181]. For n-type Janus structures,
although electrons are the majority carriers, the contribution from holes (minority carriers) is non-negligible.
Therefore, for the bipolar conduction regime, we observe, for our narrow band gap systems, a deviation from
standard S o« n~%/3 behaviour. Such deviation of S’ due to minority carriers has been reported in earlier
studies [182, 183, 184].
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Figure 4.32: Seebeck coefficient (S (in #V/K)) as a function of electron concentration (in cm™3) for n-type
Janus MXenes ((a) ZrHfCO,, (b) ZrHfCOS, and (c) Zr,COS) at different temperatures. Results are shown
for various €.
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Figure 4.33: Seebeck coefficient (S (in 4 V/K)) as a function of hole concentration (in cm™3) for p-type Janus
MXenes at different temperatures. Results are shown for various e
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The effect of strain is visible on all three compounds. As the tensile (compressive) strain is applied,
the S value increases (decreases). For n-type ZrHfCOS and n-type Zr,COS, the effect of strain is more
prominent. For these two compounds, S at 4% tensile strain is 6-8 times higher than .S when no strain is
applied. The explanation for such enhancement in .S can be done from the changes in the densities of states
and the band gaps (E,). The emergence of sharp edges with application of tensile strain (Fig. 4.29) and
flattening of the bands increases the effective mass (m*) leading to an increase in .S, since .S o« m*[179],
m* the effective mass. Such a substantial effect is not seen in ZrHfCO, as the changes in the band edges
with strain are not so drastic. Neverthelss, at any value of €, Sz, rco, > Szrnrcos ~ Szr,cos- This is
due to the significantly larger band gap of ZrHfCO, in comparison with the other two. The variations of
S with concentration of p-type carrier, temperature, and strain are shown in Fig. 4.33. The .S of all three
compounds, obtained with p-type carriers, is slightly smaller than the corresponding n-type counterpart,
irrespective of the strain and temperature. This is because of the dispersive nature of valence band edges in
all three compounds as compared to the corresponding conduction band edges. It is worth mentioning that
the evaluated values of .S for these three compounds are, in general, higher or comparable to those of some
established thermoelectric materials[169, 168, 185]. This raises the prospect of these materials as ones with
higher TE efficiency.
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Figure 4.34: Electrical conductivity (¢/7) as a function of electron concentration (in cm™3) for n-type Janus

MXenes ((a) ZrtHfCO,, (b) ZrHfCOS, and (c) Zr,COS) at different temperatures. Results are shown for
various €

Fig. 4.34,4.35 show electrical conductivity(c) and electronic thermal conductivity (k,) of the three com-
pounds, scaled by the relaxation time (z), as a function of n-type carrier concentration, strain and tempera-
ture. On comparing the /7 of the three Janus compounds, we find that 6 7,y rco, < 6z rcos ~ 0zr,cos-
The behaviour is exactly opposite to that of .S. In general, for high value of carrier concentration n, o/ in-
creases linearly with » which is consistent with standard ¢ « » relation. However, a weak dependence
of ¢/ on carrier concentration is observed for smaller n. The x,/r follows the trends of o/r, validating
the Wiedemann-Franz law (kx, « o). Similar variations in ¢/7 and «,/7 are found when the carrier is p-
type (Fig. 4.36 and Fig. 4.37). Thus, in all three Janus MXenes, the biaxial strain is found to affect the
electronic transport properties substantially. The conversion efficiency, nevertheless, is constrained by the
inverse dependence of .S and o. The lattice thermal conductivity may, thus, be decisive.

TH-3785_206121014 68



4.4 Strain engineering and thermoelectric properties of Janus MXenes

— 4% — -2% — 0% — +2% — +4%
10t < [

1013
1011

10°

¢ODJHIZ

107
1015E
1014:

1013 ;

SOD4HIZ

1012 S

1015 E

1014;

"s0dUz

1013L

1012L

Electronic thermal conductivity (ke/T) (W/m-K's)

107 1022101 T 1p1 102 '1"51'*'3":'31"51@' 1022
Electron concentration (cm™>)

Figure 4.35: Electronic thermal conductivity (x,/7) as a function of electron concentration (in cm™?) for
n-type Janus MXenes ((a) ZrHfCO,, (b) ZrHfCOS, and (c) Zr,COS) at different temperatures.Results are
shown for various €.
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Figure 4.37: Electronic thermal conductivity (k,/7) as a function of hole concentration (in cm™3) for p-type
Janus MXenes at different temperatures. Results are shown for various e.

4.4.4 Phonon dispersion and Lattice thermal conductivity
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Figure 4.38: The lattice thermal conductivity as a function of temperature for the three compounds. Results
are shown for different e.

The phonon dispersion relations and densities of states shown in Fig. 4.29 and Fig.4.30, provide hints at
possible effects of surface and strain engineering on lattice thermal conductivity k;. For all three Janus
compounds, quadratic behaviour of the ZA mode near I', a hallmark of 2D systems, is observed. Phonon
densities of states (Fig. 4.29) show that the acoustic and first three optical modes are dominated by the
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vibrations from the transition metal atoms. C and the functional group elements (O and S) dominate the rest
of the frequency spectra. As compared to ZrHfCO,, the phonon modes shift towards lower frequencies in
ZrHfCOS and Zr,COS. This is due to the inclusion of S in the system replacing O, as S is heavier. As aresult,
the lower optical modes get closer to the acoustic modes (an effect of surface engineering). Such overlapping
acoustic-optical phonon modes promote three-phonon scattering and restrict heat transfer. Similar behaviour
is observed when biaxial strain is applied (Fig. 4.30). The phonon modes of all three systems shift to
lower (higher) frequencies if the applied strain is tensile (compressive). Such shifts in phonon modes imply
that the material’s Debye temperatures (6)) and group velocity reduce[170]. Consequently, lattice thermal
conductivities (k;) are expected to decrease with tensile strain.

That this indeed is the case for the systems considered here is validated by the variations of ; with strain.
In Fig. 4.38 we present the variations in k; as a function of temperature and strain for all three Janus MXenes.
To substantiate the accuracy of our calculations, the convergence of k; with respect to g-grid size is shown
in Fig. 4.39. For each case, the calculated x; varies inversely with temperature. This suggests that intrinsic
three-phonon (anharmonic) scattering dominates as temperature increases. We find that without any strain,
ZrHfCOS (ZrHfCO,) has the lowest (largest) k; of 27.19 W/m-K (59.88 W/m-K) at 300 K. This means that
increasing surface asymmetry by heterogeneous passivation reduces k; more (a reduction of about 55% is
observed in this case). Tensile biaxial strain in these compounds reduces k; further. At 300 K, compared
to the zero-strain case, k; reduces by ~76% for ZrHfCO, and Zr,COS, while it is 67% for ZrHfCOS. The
lowest k; found for ZrHfCO,, ZrHfCOS, and Zr,COS at +4% strain and 300 (800) K are 14.42 (5.28) W/m-
K, 8.85 (3.28) W/m-K, and 6.79 (2.53) W/m-K, respectively. These values are significantly less than those
of some well-studied TMDCs [186, 187].
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Figure 4.39: Variations of x; (W/m-K) with the size of ¢g-grid is shown for Janus MXenes considered here.
The results are for zero strain.

In order to understand the reasons behind such drastic reductions of k; with increasing asymmetry and
tensile strain, we have performed an analysis from various angles. First, we look into it from the perspective
of structural parameters. To this end, we have done a qualitative analysis of the strengths of bonds between
different atomic pairs, as weaker (stronger) bond strengths imply larger (smaller) anharmonicity and lower
(higher) k; as a consequence. Significant variations in the bond lengths in these compounds, particularly
with changes in the composition (Table 4.5), indicate dispersions in the bond strengths. Using the Crystal
orbital Hamilton Population (COHP) method[165] as implemented in the LOBSTER package[166], we have
estimated the bond strengths (Integrated COHP or ICOHP). The results are shown in Fig. 4.40. The results
provide some insights regarding connections between bond strengths, strain, and surface engineering to
understand the trends in x;. In case of zero and compressive strains only, there are noticeable differences
between the M-T bond strengths. The two compounds having S in one of the surfaces have weaker M-T
bonds; the strengths of M-T bonds of these two compounds are comparable. The difference surely is due
to the presence of longer bonds associated with S atoms. Also, irrespective of strain, the dispersions in
bond strengths is more in the two compounds containing S. This, along with stronger bonds at zero and
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compressive strains in ZrHfCO, as compared to the other two compounds and subsequent large value of «;
indicate larger anharmonicity in S containing compounds. With an increase in tensile strain, such differences
reduce considerably. The reason lies in the relative changes of the M-T bond lengths. In ZrHfCO,, the Hf-O
bond length increases by 7% as the strain changes from -4% to +4%. The corresponding bond in the other two
compounds, that is, Hf-S in ZrHfCOS and Zr,;-S in Zr,COS, changes by only 1% over the same changes in
strain. As a result, the Hf-O bond strength reduces substantially with an increase in strain in ZrHfCO, while
there is hardly any change in the strengths of Hf-S and Zr,-S bonds in ZrHfCOS and Zr, COS, respectively.
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Figure 4.40: Bond strength (ICOHP (in eV)) for different atomic pairs of the three compounds. Results are
shown for different e.
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Next, we focus on the quantitative estimates of anharmonicity in the systems and the roles of surface and
strain engineering. To this end, the first thing is the identification of the largest contributors towards heat
transport from among the phonon modes. We do this by calculating the percent contribution of each of the
phonon modes to k; (Fig. 4.41). Across the compounds, irrespective of the strain, the major contributions
are from the acoustic modes (~ 80%) and the first three optical modes (~15%). The noticeable differences are
(a) for compressive (tensile) strains, the LA (ZA) mode is the major contributor among acoustic modes, and
(b) the contribution from the first three optical modes is more significant in the case of compressive strains.
Since these results suggest that frequencies lower than 6 THz are the primary contributors to k;, further
analyses will be restricted to this frequency region only. Moreover, for the sake of qualitative understanding,
cases with € = —4, 0, +4% only will be discussed.
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Figure 4.42: Phonon group velocity (v, (in km/s)) for the three compounds shown as a function of phonon
frequency. The value of € in each case is given in the inset. The dashed line in each panel marks the highest
v, for the parameters associated with the panel.

As discussed earlier, the changes in the phonon dispersions with increasing strain point towards a drop
in phonon group velocities and consequently ;. The variations in group velocity v, at three values of e

are shown in Fig. 4.42. We find that for each of the three compounds, Vg decreases (increases) with tensile

(compressive) strain. This indeed explains the variations in k; with ¢ for a given compound as k; « U;

(Equation 2.45). Moreover, the quantitative comparison among v, of the three compounds at any € including
e = 0 is consistent with the qualitative variation of k; across compounds for a given bi-axial strain.

Mode resolved Griineisen parameter (I';) is one of the parameters that quantify the degree of anhar-
monicity in a compound. In Fig. 4.43, we present results of I"; as a function of phonon frequencies, cal-
culated using anharmonic IFCs[172]. At zero and 4% tensile strain, Zr,COS has largest I'; followed by
ZrHfCOS and ZrHfCO,. This trend is consistent with the trend in «; at 300 K. For a compressive strain
of -4%, larger and near equal contributions towards I"; between 2 and 4 THz for ZrHfCOS and Zr,COS in
comparison to ZrHfCO, too explains the trends in x; among the compounds and strain values.
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Figure 4.43: Griineisen parameter (I';) for three compounds at 300 K. Black, magenta, and green indicate
results for € = —4,0, 4%, respectively.

In order to understand the trends in the strengths of anharmonicity as seen in the variations of I'; in terms
of phonon-phonon scattering, we next look at the anharmonic scattering rates. Fig. 4.44 shows the calculated
anharmonic scattering rates for the relevant frequency region. The higher scattering rates for S containing
Janus in comparison with ZrHfCO, at any e including e = 0 explains the trends in k; with composition and
strain. To understand the reason behind higher scattering rates in S-containing Janus, we have evaluated
the weighted scattering phase space (WP5) accessible to the compounds (Fig. 4.45). Results are shown for
three values of e. For each compound, we find that WP'3"4% > WPg% > WP;*%. This explains the trends in
the scattering rates and thus that of ;. Howeyver, the information obtained from WP; do not have the clarity
to explain higher anharmonic scattering rates in Janus containing S. We, therefore, conclude that the higher
anharmonic scattering rates in Janus containing S in comparison with ZrHfCO, for compressive and zero
strains can be understood from the comparative rates of scattering between 1-4 THz. The greater proximity
of the acoustic and optical branches due to the overall downward shift of phonon frequencies brought about
by the replacement of O with heavier S leads to higher scattering rates in these two Janus compounds. This
is an important contribution of surface engineering.
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(@)  ZrHfCO; (b) ZrHfCOS

101
100
1071}

10725,

Scattering rate (ps~1)

0 2 4 6 0 2 4 60 2 4 6
Frequency (THz)

Figure 4.44: Anharmonic scattering rates for three compounds at 300 K. Black, magenta, and green indicate
results for e = —4,0,4%, respectively.
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Figure 4.45: Weighted scattering phase spaces WP; available to the Janus MXenes as a function of phonon
frequency are shown. The calculations are done at 300 K. Results are shown for three values of e (given as
ligands in panel (b)).

4.4.5 Figure of merit (ZT)
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Figure 4.46: Figure of merit as a function of carrier concentration at 300 K (column a,b) and maximum

figure of merit as a function of temperature (column c,d) for the three Janus MXenes. Results are shown for
various €. The calculations are done with carrier relaxation time 7 = 75 f's.
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Figure 4.47: Figure of merit as a function of carrier concentration at 300 K (column a,b) and maximum
figure of merit as a function of temperature (column c,d) for the three Janus MXenes. Results are shown for
various €. The calculations are done with carrier relaxation time 7 = 10 f's.
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Figure 4.48: Figure of merit as a function of carrier concentration at 300 K (column a,b) and maximum
figure of merit as a function of temperature (column c,d) forthe three Janus MXenes. Results are shown for
various €. The calculations are done with carrier relaxation time 7 = 100 fs.
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Apart from temperature, ZT depends on the carrier concentration » and relaxation time 7 since the trans-
port parameters are calculated under RBA and CRTA. In Fig. 4.46 (a)-(b), we show the variation of ZT
as a function of carrier concentrations for different strains, at 300 K. For n-type (p-type) doping of com-
pounds, the variations of maximum Z7T with strain and temperature are shown in Figure 4.46(c) (Figure
4.46(d)). The results presented are for 7=75 fs. We have chosen this particular value of = as values close to
it have been used successfully for various 2D thermoelectrics [188], including MXenes [150, 151]. ZT as
a function of carrier concentration, strain (at 300 K), and maximum ZT as a function of temperature and
strain for each compound, calculated for different 7, are shown in Figures 4.47,4.48. The results suggest that
irrespective of value of 7, maximum ZT is obtained around the carrier concentration of 10'°-10%° cm™3.
This, too, agrees with the results of previous works. Irrespective of the systems and the type of carrier, the
maximum Z7T increases as one moves from the region of compressive to that of the tensile strain. How-
ever, the ZT values for n-doped systems are higher in all cases. The increase (decrease) of maximum ZT
with tensile (compressive) strain is due to reduction (elevation) in x;, while larger (smaller) ZT for n-type
(p-type) doping is due to the trends in the electronic transport parameters. The increase of maximum ZT
with 7 for all systems, irrespective of ¢, is an artefact of the increase in the electronic transport coefficients
with 7. Finally, we find a substantial impact of surface and strain engineering on the variation of maximum
ZT with temperature. Although the qualitative effects of strain in this case are identical for all three sys-
tems, the values and the qualitative variations differ across the systems. For the maximum tensile strain
considered, a maximum ZT of 3.2 is obtained in ZrHfCO, at 800 K, while for ZrHfCOS (Zr,COS) it is
~ 2 at 600 K (500 K). This difference is mostly due to the variations in the electronic transport parameters,
notably the Seebeck coefficient .S. Since with an increase in temperature, the differences of x; among the
three compounds for the maximum tensile strain reduce considerably in comparison with that at 300 K, the
differences in maximum ZT are purely due to electronic transport. Nevertheless, the maximum ZT for all
three compounds, obtained at a tensile strain of 4%, are close to those obtained in other surface-engineered
MXenes [150, 154]. Moreover, such high ZT values are desirable to obtain from the thermoelectric device,
a Carnot efficiency at par with a Carnot refrigerator.

4.5 Conclusions

Inversion symmetry breaking in two-dimensional materials has turned out to be the driving force behind
many material properties. In the context of thermoelectric properties of materials, this aspect has not been
addressed in detail. Strain engineering has also proved to be an effective and feasible approach to enhance
thermoelectric performance in 2D materials. In this chapter, the interplay of symmetry breaking and strain
engineering on electronic structure, lattice dynamics, and transport properties has been investigated with the
help of DFT-based first-principles techniques and semi-classical Boltzmann transport theory.

First, the systems chosen are from the MXene family, whose compositional flexibility is ideal to study
such structure—property relationships. The inversion symmetry in M,CO, MXenes is broken by manipulat-
ing its surfaces through substitution of transition metal atoms, resulting in Janus MXenes. Our calculations
predict two Janus compounds, TiZrCO, and TiHfCO,, with thermoelectric figure of merit ~ 3, much larger
in comparison with M,CO, MXenes considered. In the MXene family of compounds, only two have been
reported to possess such a large figure of merit. With great detail, we have systematically done a comparative
study of the thermoelectric parameters of the Janus and corresponding parent MXenes to develop a micro-
scopic understanding of the trends in these parameters. We infer that the dispersions in the bond strengths
and weakening of metal-anion bonds on one particular surface, due to lowering of symmetry, are respon-
sible for the degree of anharmonicity in the Janus compounds. This, in turn, affects their lattice thermal
conductivities in particular and the thermoelectric figure of merit subsequently.

Subsequently, we find that while strain is the primary factor affecting the electronic transport param-
eters like Seebeck coefficient .S, electrical conductivity o, and electronic thermal conductivity k,, both
composition (surface manipulation) and strain substantially affect the lattice thermal conductivity ;. As a
consequence, we obtain excellent thermoelectric figure of merit ZT for all three compounds within a tem-
perature window of 500 K. The tensile strain on one hand modifies the electronic band gap and the electronic
structures of the compounds, thus improving the electronic parameters, while on the other hand, it increases
anharmonicity through enhancement of phonon-phonon scattering. The interplay of the electronic and lat-
tice transport parameters in the three compounds that differ in their compositions is understood to be the
reason behind the higher maximum ZT obtained in ZrHfCO,, in spite of undergoing the least engineering
of its surfaces. This work establishes that application of moderate tensile strain on Janus systems, obtained
from manipulation of surfaces through the functional groups attached to the transition metal components in
2D materials like MXenes, can be an efficient way to obtain materials with potentially high thermoelectric
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conversion efficiencies. This chapter is a demonstration of the fact that both surface compositional engi-
neering and strain engineering are effective strategies to enhance the thermoelectric performance of Janus
MXenes.
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Chapter 5

Anisotropic transport in Janus
monochalcogenides and its effects on the
thermoelectric properties

5.1 Introduction

Group IV-VI monochalcogenides (MX; M= Ge, Sn and X= = S, Se, Te) are another family of materials ex-
tensively investigated for a variety of applications [189, 190, 191, 192, 193]. Recent investigations project
them as promising candidates for thermoelectric applications too [194, 195, 196]. Like black phosphorus,
in their bulk phases, these materials exist in orthorhombic puckered layered structures, where multiple MX
layers are held together by weak van der Waals forces[197, 198]. Experimentally, few-layer and monolayer
MX structures have been successfully exfoliated from bulk MX. The monolayers inherit the crystal struc-
tures of the bulk and are analogous to that of 2D phosphorene[199, 200]. MX compounds are found to exist
in different stable polymorphs a, §, and y[201, 202, 203], both in bulk and in 2D, which gives rise to ver-
satile functional properties and make them candidates for use as anode material in batteries, and in exciton
physics[204, 205], for example. Their potentials as thermoelectric materials originate in their unconven-
tional band structures. Their electronic band structures exhibit pudding-mold-shaped features characterized
by flat bands at the top and dispersive bands at the side. These features enhance the electric conductivity
and thermopower[190, 194]. The calculated ZT of Bulk a-SnSe is 2.6 at 923 K. Such a high thermo-
electric figure of merit is attributed to its ultra-low thermal conductivity of 0.25 W/m.K[194]. Various first-
principles calculations predict high values of Z T for 2D SnSe(at 700K, the reported values are 2.46,2.63, and
3.27)[206, 207], indicating superior thermoelectric performance compared to its bulk phase. Subsequently,
various studies have been conducted on 2D MX monolayers, demonstrating their potential as a promising
TE material[207, 208, 209]. Recently, thermoelectric parameters of several Janus monochalcogenides have
been calculated by first-principles computational methods. These studies report high thermoelectric figure-
of-merits for y—SnSSe (3.0 at 700K) [210], a—Sn,SSe (1.93 at 700K) [211] and for a—Ge,SeTe (2.12 at
300K) [212]. These investigations, though, demonstrate enough promises for Janus compounds in the I'V-
VI monochalcogenide family with regard to thermoelectric applications, but have two limitations. These
studies focused only on M,XY Janus, where the asymmetry is with respect to the group VI constituents,
making the investigations on this family of compounds incomplete. The more serious limitation is in the
approximations used in the evaluation of the transport parameters. In these works, the transport parameters
are calculated by considering the interactions between electrons and acoustic phonons only. As a result, the
calculated ZT values may turn out to be overestimated.

To address these limitations, in this chapter, we have calculated the electronic, vibrational, and thermo-
electric properties of monolayers of two types of Janus monochalcogenides M, XY and MM'X, (M, M’ =
Ge, Sn; X, Y =S, Se, Te) with better approximations where the interactions of electrons with both acous-
tic and optical phonons have been taken into account. Subsequently, we have provided a systematic and
in-depth analysis of the transport properties of both classes of Janus monochalcogenides.
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5.2 Computational Details

For this study, a plane-wave kinetic energy cutoff of 450 eV was used. Structural optimizations employed a
14 X 12 x 1 k-mesh for relaxation and a denser 30 X 28 X 1 grid for self-consistent electronic calculations.
Thermal stability was assessed via AIMD simulations in the NVT ensemble at 800 K using a3 X 3 x 1
supercell, over a time of 12 ps. Harmonic IFCs were calculated using a 4 X 4 X 1 supercell and a 6 x4 x 1
k-mesh. Anharmonic IFCs included interactions up to 5 A using the same supercell and k-mesh. The
lattice thermal conductivity was evaluated with a 70 X 70 X 1 q-grid, enforcing the rotational sum rule on
harmonic IFCs. The electronic transport coefficients were computed using EPA-derived relaxation times.
The relaxation times were obtained from self-consistent runs on a 14X 12x 1 k-mesh and phonon eigenvalues
on an 8 X 8 X 1 g-grid interpolated to a 36 X 34 X 1 larger mesh with energy spacing of 0.6 eV.

5.3 Result and Discussion

5.3.1 Structural information and Electronic structure
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Figure 5.1: (a) side view and (b) top view of Ge, XY, Sn, XY, and GeSnX, Janus Monochalcogenides. d; d,,
and dj are the bond lengths. d; and dj are the out of plane ones while d, is the in-plane bond distance. The
black dotted line in (b) is the unit cell. The corresponding Brillouin zone, highlighting the high-symmetry
points and transport directions along-x (I'-Y) and along-y (I'-X), is shown in (c).

Fig. 5.1 illustrates the crystal structures and atomic arrangements of the Janus monochalcogenides con-
sidered here. Both M,XY and MM’X, Janus crystallize in a puckered, 2D phosphorene-like structure,
similar to their parent MX compounds. We obtain the Janus structures considered here by atomic substi-
tutions at either M or at X sites of optimized MX monochalcogenides. Subsequently, the symmetry of the
Janus compounds is lowered in comparison to their parents; from Pmn2; (in parent monochalcogenides) to
Pm (in Janus monochalcogenides). In Table 5.1, we present the ground-state structure-related information
of all Janus compounds considered. The calculated lattice constants are in good agreement with existing
results[213]. We find that there is considerable dispersion in the bond lengths of all compounds considered;
the dispersion is maximum in M,STe Janus. This indicates substantial anharmonicity in the lattices. An-
other noteworthy feature in the calculated results is the anisotropy factor estimated by (b/a). We find that it
is maximum in Ge,SSe and GeSnS,. Across both series considered here, it decreases with an increase in
the atomic radii of the constituent elements. Both have consequences on transport properties that will be
discussed later.
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Janus Lattice Bond Band
Constants (A) Length (1&) Gap (eV)
a b b/a d, d, d, E,
Ge,SSe 379 443 1.16 240 250 2.56 1.38
Ge,STe 399 446 1.11 238 254 276 0.99
Ge,SeTe 4.14  4.36 1.05 252 269 275 0.87
Sn,SSe 4.15 4.43 1.07 259 274 272 1.26
Sn,STe 439  4.60 1.05 258 277 294 0.92
Sn,SeTe 4.46  4.55 1.02 272 291 293 0.80
GeSnS, 384 445 1.16 2.59 251 241 1.51
GeSnSe, 4.17 437 1.05 272 271 254 1.20
GeSnTe, 4.43 4.55 1.03 291 292 276 0.92

Table 5.1: The lattice constants (A), anisotropy parameters (b/a), bond lengths (10\), and electronic band-gaps
(eV) in the ground states of M, XY and MM'X, Janus compounds considered in this work.

Free energy (eV/atom)

Sn,SeTe

Time (ps)

Figure 5.2: Free energy and temperature variations of the Janus monochalcogenides for a simulation time

of 12 ps at 800 K.

Since these Janus compounds are yet to be realized experimentally, we check their thermal stability by
performing ab initio molecular dynamics (AIMD) simulations. Fig. 5.2 presents the variations in tempera-
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ture and free energy during the simulation, which is carried out for 12 ps at 800 K. The insets of Fig. 5.2
display the structures at 0 K and 800 K. It can be seen that no bonds are broken, and the crystal symmetry is
intact, ensuring these Janus compounds are thermally stable at high temperature (= 800 K). Therefore, the
compounds with the calculated optimized structures can be used further.

YTV 2 WA -

Energy (E-Eyf)

r Y s X 10 1 I Y S X 101 7T Y S X 710 1
Ty (fs71) T, (fs71) ok (fs71)

Figure 5.3: Electronic band structures and electron-phonon scattering rates (r;)1 (fs~1)) at 300 K for (a)
Ge, XY, (b) Sn, XY, and (c) GeSnX, Janus monochalcogenide.

In Fig. 5.3, we show the electronic band structures of these compounds along the high-symmetry direc-
tions. The energy-dependent electron-phonon scattering rates (re‘pl) at 300 K are also presented. All Janus
compounds considered are indirect band-gap semiconductors with band-gaps ranging from a minimum of
0.80 eV (Sn,SeTe) to a maximum of 1.51 eV (GeSnS,). A common feature observed is that as we move
towards materials with heavier elements, the band structure becomes more symmetric about the .S point in
the Brillouin zone. This can be attributed to the reduction in the anisotropy factor. The larger anisotropies
in the band structure may lead to anisotropic thermoelectric transport coefficients along the x- (I'-Y) and y-
(I'-X) directions. The pudding mold-shaped band structure (flat at the edges and dispersive elsewhere) and
multivalley band extrema near the Fermi level are inherited characteristics from the parent 2D compounds.
It is important to note that the pudding mold shape of the band plays a crucial role in enhancing the power
factor. The mixture of flat bands and valleys near the conduction and valence edges implies that these Janus
compounds can be good thermoelectrics. The flat bands lead to large effective masses, enhancing the See-
beck coefficients (S). The valley pockets enhance carrier concentration (N). Previous studies have shown
that a multivalley pocket in a band structure increases electrical conductivity (o) without significantly re-
ducing the Seebeck coefficient, boosting the power factor as a consequence[214, 215]. The ‘L'E_l is found to
be larger (smaller) for systems having more valleys or dispersive (flat) band edges in the conduction and
valence bands. In summary, the electronic band structure of these Janus compounds, possessing multiple
band extrema, multiple pockets, and a pudding mold-shaped structure, can result in a large thermoelectric
power factor either due to amplified S or o. In the following, we explore how these features of electronic
band structure, along with electron-phonon scattering rates, determine the transport properties of Janus
compounds.
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5.3.2 Thermal transport properties
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Frequency (THz)
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Figure 5.4: Phonon dispersion of the Janus monochalcogenides along the high-symmetry path in the Bril-
louin zone.

Fig. 5.4 shows the calculated phonon dispersion relations of these Janus monochalcogenides along the high-
symmetry ['-Y-S-X-I" direction. The absence of imaginary modes in all ensures their dynamical stability.
Among the twelve phonon modes (resulting from the four-atom unit cell), the first three low-frequency modes
are the acoustic modes: flexural(ZA), transverse (TA), and longitudinal(LA). The remaining nine high-
frequency modes are optical ones. Similar to other prototype 2D compounds[216], the LA and TA acoustic
modes (in-plane vibration modes) of these compounds exhibit linear dispersion while the ZA modes (out-
of-plane vibration modes) exhibit a quadratic dispersion near the I" point. This behavior is a unique feature
of 2D compounds and results from the rotational symmetry sum rules of inter-atomic force constants[217].

The lattice thermal conductivity (x;), shown in Fig. 5.5, decreases with increasing temperature. This
behavior reflects intrinsic three-phonon scattering. Among all compounds across different series, Sn,SeTe
and Sn,STe have lowest k; of 4.57 (2.86) W/m-K and 5.06 (2.42) W/m-K, respectively, at 300K along the
x(y)-direction. Ge,SSe, on the other hand, possesses the highest k; of 24.48 (9.08) W/m-K along the x(y)-
direction at 300 K. The anisotropy in «; is found to be most pronounced in the Ge, XY series. The anisotropy
in k; is less and quantitatively close for compounds of the series Sn, XY and GeSn.X,. The average relative
difference in k; in two directions, a measure of anisotropy in x;, is approximately 65% , 44 % and 46 % for
Ge, XY, Sn, XY and GeSnX, compounds, respectively. The reason for such high anisotropy is significantly

TH-3785_206121014 -



CHAPTER 5. ANISOTROPIC TRANSPORT IN JANUS MONOCHALCOGENIDES AND ITS
EFFECTS ON THE THERMOELECTRIC PROPERTIES

lower k; along the y-direction. This can be correlated to the softening of phonon branches in the I'-X (y-
direction) direction compared to I'-Y (x-direction)(Fig. 5.4), a uniform qualitative feature observed across
the three series. Table 5.2, present the mode-wise contribution to k;. The three acoustic modes contribute
about 75-90%, whereas the optical modes contribute 10-25% to the total x;. Notably, the contribution from
the optical phonons increases with the increase in average atomic mass across the series. This trend suggests
that the shift of phonon modes towards lower frequency regions increases the involvement of optical phonons
in heat transport phenomena. To further understand the trends in k; of these compounds, we next examine
the harmonic (group velocity, specific heat) and anharmonic (phonon-phonon scattering) properties since
k; increases with group velocity and decreases with scattering rates.

2509 (a) | " e Geysse(w) [ (b) —e— SmySSe(x) [ (0 —e GeSNSy(x) ]
—&— GepSTe(-x) ] [ —&— Sn,STe(-x) ][ —a— GeSnSey(-x) |
20’_ —— GeZSeTe(-x)_’ L —— SnZSeTe(-x)_’ L —o— GeSnTey(-x) ]
t m- Ge,SSe(-y) t ®- Sn,SSe(-y) ®- GeSnS;(-y)
L *- Ge,STe(-y) [ *- Sn,STe(-y) [ *- GeSnSey(-y) |
Q 15’ GeySeTe(y) ] [ SnySeTe(-y) ] [ GeSnTex(-y)

Temperature (K)

Figure 5.5: Lattice thermal conductivity (x; (W/m-K)) as a function of temperature for the Janus

monochalcogenides.

P ZA (%) TA (%) LA (%) Optical (%)

X y X y X y X y
Ge, SSe 22.40 24.56 32.76 32.46 35.89 31.99 8.95 11.00
Ge, STe 28.48 18.16 31.33 33.04 31.10 35.95 9.09 12.85
Ge, SeTe 29.40 24.20 31.46 28.64 26.99 25.13 12.15 22.03
Sny SSe 25.28 32.89 36.05 27.58 28.53 24.43 10.13 15.09
Sny STe 27.28 20.09 38.60 37.67 20.74 21.97 13.38 20.26
Sny SeTe 24.97 22.15 35.94 31.71 19.80 19.26 19.29 26.89
GeSnS, 27.81 39.45 26.52 26.21 38.72 23.59 6.94 10.75

GeSnSey 24.65 30.64 37.18 25.54 27.66 25.75 10.50 18.07
GeSnTey 18.58 21.40 36.27 29.22 28.99 24.45 16.16 24.93

Table 5.2: Percentage contribution to k; in x- and y-direction from acoustic (ZA, TA, and LA) and all-optical
modes for each of the compounds considered.

Fig. 5.6 shows the small-grain-limit reduced thermal conductivity «, for all Janus monochalcogenides
considered. «, for a direction a is defined as, K;’g =),C A(UZ)2, where C) and v are the specific heat
and group velocity for phonon mode A along a = x, y direction. It represents the harmonic contribution
(group velocity and specific heat) to the total x;. Since group velocity is quadratic in the expression of K;"g,
we expect that it will have the most pronounced effect on K;’g. That it is indeed so can be seen by comparing
Fig. 5.6 with the variations of group velocity v} with frequency (Fig. 5.7). We find that in case of Sn, XY

series, the variations in k; follow that in k,. This is not so for the other two series. We find that along

— GeSnsS GeSnT GeSnS GeSnS GeSnS GeSnT
both x- and y- directions Kle 2> M S T but kM > k0 > kg 2. For the

Ge, XY series, the discrepancy is in the case of the trends in the y-component of Ge,STe and Ge,SeTe.

. ,Ge,STe ,Ge,SeTe ,Ge,STe ,Ge,SeTe . . . g .
While k3, Ky 2 TN S VPN These discrepancies indicate that the differences

in k; cannot be fully explained by harmonic effects alone for these cases. To resolve this, we look into the
anharmonic phonon-phonon scattering-related properties. The anharmonic properties are discussed for the
dominant heat carrier phonons, focusing on the relevant frequency range (up to 3 THz).
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Figure 5.6: The small-grain-limit reduced thermal conductivity for the Janus monochalcogenides at 300 K
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Figure 5.7: Phonon group velocity of Janus monochalcogenides considered, along x-direction (top panel)

and y-direction (bottom panel).
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Figure 5.8: Three-phonon scattering (T,;P lh (ps~!)) rates as a function of frequency for the Janus monochalco-
genides.
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Figure 5.9: Mode-resolved Griineisen parameter (y,) as a function of frequency for the Janus monochalco-
genides at 300 K.

Fig. 5.8 illustrates calculated room temperature three-phonon scattering rates of the compounds as a
function of frequency. In the long-wavelength limit, the scattering rates exhibit a divergent behavior for all
materials. This can be attributed to the low symmetry of the Janus compound, which lifts the restrictions on
acoustic scattering processes imposed by the mirror-symmetry present in conventional 2D materials such as
graphene and MoS,[218,219]. Due to unique quadratic behavior, the flexural phonon contributes to a higher
phonon population, resulting in a larger divergent phonon scattering at long wavelengths. We also find that
the scattering rates for all compounds are significant for high-frequency modes. This suggests that in the
three-phonon scattering processes, along with acoustic-acoustic (a-a) phonon scattering, the acoustic-optical
(a-o0) phonon scattering plays a crucial role. Among Ge, XY Janus, Ge,SeTe exhibits the highest scattering
rate for the frequencies in the middle of the range considered. When comparing the scattering rates of
Ge,STe and Ge,SeTe in the longer and shorter wavelength limits, Ge,STe has a higher scattering rate.
Therefore, on average, the scattering rates of Ge,SeTe and Ge,STe are comparable. Consequently, the k.
should emerge as the deciding factor to explain the variation of k; among these two compounds in this series.
Though this is in agreement with the trend in the x-component of the lattice thermal conductivity, the case
of the y-component requires further investigation. Ge,SSe clearly has the lowest scattering rate among the
three compounds in this series. Thus, the highest k; of Ge,SSe can be understood from both harmonic and
anharmonic contributions. Among Sn,XY Janus compounds, Sn,SSe exhibits the weaker scattering rates
within its group, which explains its highest «;. In contrast, for Sn,STe and Sn,SeTe, the scattering rates are
comparable in strength, leading to minimal differences in their «; values. Thus, the qualitative trends in «;
for these two compounds can be better understood in terms of the trends in k,. For the GeSnX, compounds,
K, fails to explain the qualitative trend in k; as mentioned earlier. Thus, the anharmonic contributions must
play a decisive role. Inspecting the scattering rates of the three compounds in this series, we indeed find that
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5.3 Result and Discussion

the compounds can be arranged in the following ascending order of scattering rates: GeSnS, — GeSnTe, —
GeSnSe,.The reason for the larger scattering rates of GeSnSe, can be attributed to the stronger acoustic-
acoustic coupling caused by the bunching effect. Thus, the trend in three-phonon scattering rates for the
compounds in this series fully explains the trend in their ;.

In order to resolve the discrepancies with regard to Ge,STe and Ge,SeTe, we finally take recourse to
the mode-resolved Griineisen parameter (y,;), which quantifies how phonon frequencies vary with changes
in volume and serves as a measure of anharmonicity in the system. Fig. 5.9 presents the computed mode
Griineisen parameters (y,) for all compounds at 300K. We find that throughout the frequency range y,
for Ge,SeTe is significantly higher than Ge,STe. This implies substantially stronger anharmonicity in the
former, the effect of which is a k; lower than in the latter. Thus, the trends in the Griineisen parameter
completely explain the trend in the x; of compounds in the Ge,XY series in both directions. Overall, the

trends in k; across the series can be explained by contributions of both harmonic and anharmonic effects in
their lattice dynamics.

5.3.3 Power factor (PF) and Figure of merit (ZT)
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Figure 5.10: Power factor (S?c (W/m.K?)) of Janus monochalcogenides along x-direction (top-panel) and

y-direction (bottom panel) as a function of carrier concentration for both n-type (N<0) and p-type (N>0)
carriers.

The electronic band structures presented in Fig. 5.3 reveal features favorable for good thermoelectric per-
formance. The presence of multiple extrema in the narrow energy window, each with different curvatures,
leads to a strong dependence of electron carrier lifetime (z,,) on the carrier energy (E) in the vicinity of the
Fermi-level. This dependence of z,, on E affects the transport coefficients significantly[220]. Therefore, we
evaluate the transport coefficients by incorporating energy-dependent electron-phonon scattering, invoking
the rigid band approximation(RBA).

In Fig. 5.10, we present the power factor (PF = S¢) as a function of carrier concentration (N) at 300 K
and 800 K, along x- and y-directions, for all three series of Janus monochalcogenides. For all compounds,
the PF decreases with increasing temperature. We find a significant anisotropy in the power factor across the
series. Along x-direction, the maximum PF in Ge, XY series is obtained for Ge,SeTe (15x 1074 W m~1K2)
for n-type carrier, and for Ge,STe (23x10™* W m~'K~2) for p-type carrier. In Sn,XY series, maximum
PF along x-direction is obtained in case of Sn,SeTe (18x10™* W m~'K~?2) for n-type carrier and in case of
Sn,STe (9x10~* W m~'K~2) for p-type carrier. In GeSnX, series, GeSnSe, has maximum PF for both types
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of carrier; 10.50x10~* W m~!'K~2 for n-type and 8.65x10~* W m~'K~2 for p-type. Along the y-direction,
the maximum PF values are as follows: in Ge, XY series, Ge,SSe has a maximum PF of 16x10™* W m™!K~2
for n-type carrier and Ge,STe has a maximum PF of 10.05x10~* W m~!K~2 for p-type carrier. In Sn,XY
series, it is obtained for Sn,SSe (20.25x10™* W m~'K~2) and Sn,SeTe (9.91x10~* W m~'K~2) for n-
type and p-type carriers, respectively. In GeSnX, series, maximum PF of 19x10~* W m~'K~?2 for n-type
carriers is obtained for GeSnSe, while it is 8x10™* W m~'K~2 for p-type carriers in GeSnS,. These values
are comparable to those of other well-studied thermoelectric compounds[221, 222, 223]. This anisotropy in
the power factor originates from the anisotropic dispersion in electronic bands. Higher valley degeneracy
near the band edges enhances the PF by either increasing the electrical conductivity (o) without decreasing
the Seebeck coefficient (.5) and vice versa. The presence of flat-band edges increases the effective mass,
leading to higher S, whereas the band convergence due to multivalley band edges may boost the .S and
o. For the compounds under investigation, the variations in their .S and o with carrier concentration are
shown in Figs. 5.11 and 5.12. These results imply two distinct trends. First, in the two series of M, XY
Janus, Ge,STe (Ge,SeTe) and Sn,STe (Sn,SeTe) have higher S (¢) among the members of their respective
series. This can be traced back to their band structures. As we move along Ge,SSe (Sn,SSe)— Ge,STe
(Sn,STe) — Ge,SeTe (Sn,SeTe), the flatness of band edges reduces. This implies that .S should reduce.
On the other hand, band convergence with more valleys is found too. This means that .S should increase.
However, band convergence does not always promote the .S. This is due to increased intra-band scattering of
carriers. On top of this, with the increase in valleys, the carrier concentration increases too. This results in
lower .S as S « 1/N. Thus, a balance between band convergence, moderate band flatness, and reduced Te_pl,
can explain the trends of .S and ¢ in M, XY series. Second, in the remaining series, GeSnTe, (GeSnSe,)
with the most number of band valleys has the largest .S (6) compared to the rest. This is because here, the
band-convergence is favorable for the enhancement of .S. The reason could be a lower carrier scattering rate

(7))
For all compounds, we find that the inverse relationship between .S and ¢ holds. The electronic thermal
conductivity (x,) follows a similar trend, consistent with the Wiedemann-Franz law (¢ « «,). The optimal

PF is obtained at lower carrier concentrations, where k; dominates over k,. This suggests that k; will have
a dominating effect on the maximum value of ZT.
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Figure 5.11: Seebeck coefficient (S uV /K) of Janus monochalcogenides along x-direction (top-panel) and
y-direction (bottom panel) as a function of carrier concentration for both n-type (N<0) and p-type (N>0)
carriers. Results are shown for 300 K (dashed line) and 800 K (solid line)
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carriers. Results are shown for 300 K (dashed line) and 800 K (solid line).
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EFFECTS ON THE THERMOELECTRIC PROPERTIES

Fig. 5.13 shows the variation of ZT of all compounds as a function of carrier concentration at 300 K
(dashed line) and 800 K (solid line) along the x- and y-directions. The ZT initially increases with N, reaches
the maximum, and then decreases, exhibiting the typical "open book" shape feature. This trend suggests that
the optimal thermoelectric performance is achieved with light n- and p-type doping within a narrow energy
window near the Fermi level. It is clearly observed that for all Janus, (a) the ZT along the y-direction is
more than the x-direction, and (b) ZT increases with temperature. The maximum Z7T values at 800 K along
the y-direction are 1.61 (1.62) for Ge,STe, 1.70 (1.60) for Sn,SeTe, and 1.55 (0.84) for GeSnSe,, for the
n-type (p-type) carrier, respectively. The primary reason for these high ZT values is the combination of a
high PF and low «;.

Finally, for comparison, we have calculated the electronic transport parameters and ZT considering
only the interaction of electrons and acoustic phonons. The carrier relaxation time 7 is obtained from the
deformation potential theory (DPT) [224] (discussed in Chapter 2). The results are shown in Table 5.3. As
expected, we find the ZT, thus obtained, is substantially overestimated. We infer that, given the complexities
in the electronic band structures of Janus monochalcogenides considered in this work, it becomes a necessity
to consider the full electron-phonon interaction for the evaluation of the transport coefficients. Thus, the ZT
obtained in this work is more realistic compared to the ones obtained in previous works [210, 212, 211].

System | Carrier | m}/mg mi/mo EY (eV) E; V) | ¢, (N/m) | C,(N/m) | 7, (fs) 7, (fs) 7T, zT,
GessSe | b | o3 | otee | 73 | e | 9% | 159 | o5 | e | o710 | 059067
GeSTe | 4| oaog | oom | mme | am | 007 | s | G0 |G | oo | 206
GeseTe | | oo | oree | o | 3w | 463 | 27 | G | S0 | 750y | 3640139
swsse | 3| oiso | o310 | sas | asy | o1 | a3 O S| 0 oas | 0e0n
ST | [ | o | ooon | 549 | ees | 29 | 1902 | G |5 | 335 toe | 25660
Susete | [ | ot | o | aas | e | B9 | 879 | |50 | Tescim | a2 en
GesiS: | | Soen | oeot | aar | 2m0 | M6 | 1042 | o | 35 | {3ne | 03904
Gesnser | | ois | otso | mae | a6t | B® | 192 | 95F | NP | os0as | 136085
Gesitey | | oiss | oaos | s | 32 | B | 184 | 750 | 55" | uosy | 14305

Table 5.3: Effective mass (m*), DP constant (E,), In-plane stiffness (C), Relaxation times (z) and figure
of merit (ZT) of Janus monochalcogenides. Results presented are for electrons and holes along x- and y-
direction. The values in parentheses are the ZT evaluated using EPA.

5.4 Conclusions

In this chapter, we have investigated the thermoelectric properties of three families of 2D Janus monochalco-
genides: Ge, XY, Sn, XY and GeSnX, (X, Y =S, Se, Te), using first principles density functional theory
in conjunction with Boltzmann transport theory. The electron-phonon approximation (EPA) is employed to
evaluate the electron carrier lifetime, providing a more accurate quantitative assessment of transport parame-
ters. Our analysis of the electronic band structures reveals the presence of pudding mold-shaped features near
the band edges, which contribute to highly anisotropic transport parameters for both n-type and p-type dop-
ing. We find that the balance between flat band and valley degeneracy plays a crucial role in optimizing the
power factor, particularly for Ge,SeTe and Sn,SeTe. The observed «; trends are attributed to both harmonic
and anharmonic effects of lattice dynamics. The anisotropy in k; is explained using the results obtained for
group velocity,three-phonon scattering strength of acoustic phonons, and mode-resolved Griineisen parame-
ters. Among the Janus compounds investigated, the highest figure of merit (ZT') is obtained at 800 K along
the y-direction for n-type doping.Sn,SeTe exhibits the highest ZT of 1.70, followed by Ge,STe (ZT =
1.61), and GeSnSe, (ZT = 1.55). These high ZT values indicate that IV-VI Janus monochalcogenides are
promising thermoelectric materials at elevated temperatures, benefiting from their optimized electronic and
thermal transport properties. Our study lays the foundation for future experimental studies and optimization
of materials for thermoelectric applications.
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Chapter 6

Four-phonon scattering in h-NbN
monolayer *

6.1 Introduction

Modeling x; using only three-phonon scattering processes is inadequate for 2D materials, especially when
an acoustic-optical (A-O) phonon gap exists, flexural (ZA) modes are prominent, selection rules are strict,
and acoustic phonon bunching arises from simplified lattice structures [225]. These features significantly
enlarge the phase space for four-phonon interactions, opening additional scattering channels and leading to
a substantial reduction in x; for materials such as graphene [74, 226], MoS, [227, 228], and other 2D sys-
tems [229, 230]. In graphene, theoretical predictions of high x; exceeding 3000 W m~! K~! at 300K arise
from the long mean free paths of low-frequency ZA phonons, which dominate heat transport [76, 72, 74].
This is due to strict selection rules that limit three-phonon processes, especially for ZA modes, where
in-plane reflection symmetry forbids interactions such as ZA + ZA < ZA [72]. However, inclusion of
four-phonon scattering, driven by fourth-order anharmonicity, opens additional relaxation channels and
significantly increases scattering rates, reducing k; closer to experimental measurements of 1000-1500
W m~! K~![74,226, 231, 232]. It is important to note that heat conduction in graphene is highly sensitive to
structural defects, sample size, substrate interactions, and isotope composition [233, 234, 235, 232, 236, 237]
and is often associated with significant experimental uncertainties [236, 237, 238].

In the quest for novel 2D materials for next-generation devices, polymorphs of NbN, the rectangular
s-NbN and honeycomb h-NbN monolayers, have gained significant attention [239]. While s-NbN retains
superconducting behavior akin to its bulk rocksalt counterpart [240], h-NbN exhibits semiconducting prop-
erties along with an unusually large piezoelectric response, forbidden by symmetry in the bulk. Remarkably,
h-NbN also hosts a Dirac semimetallic state that coexists with ferroelectricity, which couples strongly to both
strain and external electric fields [241]. Owing to broken inversion symmetry and preserved time-reversal
symmetry, h-NbN has been proposed as a promising valleytronic material [242]. The interplay between
valley and spin degrees of freedom, mediated by Zeeman and Rashba-type spin splittings, further enhances
its potential for device applications. Despite extensive interest in its semiconducting behavior, the lattice
thermal and electronic transport properties of h-NbN remain largely unexplored.

In this chapter, we present a comprehensive investigation of the lattice thermal conductivity and elec-
tronic transport properties of the recently discovered honeycomb h-NbN using first-principles density func-
tional theory combined with phonon Boltzmann transport formalism. Our study reveals that four-phonon
scattering plays a critical role in suppressing k;, even in the absence of mirror symmetry. Under mechan-
ical strain, k; shows a slight increase, primarily attributed to the changes in anharmonicity. Notably, k; of
h-NbN remains significantly lower than that of prototypical 2D materials such as MoS,. We further eval-
uate the electronic transport coefficients and thermoelectric figure of merit (zT") using an electron-phonon
interaction-based approach. Our analysis reveals that four-phonon scattering plays a critical role in shaping
zT', highlighting the necessity of its inclusion in predictive transport modeling. These findings indicate that
h-NbN is a promising candidate for thermoelectric and nanoelectronic applications, where multi-phonon
processes govern overall performance. The insights presented here contribute to the broader goal of under-
standing and engineering thermal transport in 2D materials, providing a foundation for future experimental
and theoretical exploration.

*The contents of this chapter are published in 2025 Nanoscale, 17, 24301-24310
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CHAPTER 6. HNBN

6.2 Computational Details

All total energy calculations were done by PAW formalism as implemented in VASP code (discussed in
Chapter 2). Plane-wave energy cutoff of 550 eV and a 16 X 16 X 1 Monkhorst-Pack k-point grid [243] were
employed. Structural relaxations were performed until the total energy and forces converged below 10~/ eV
and 1073 eV/A, respectively.

Harmonic second-order interatomic force constants (IFCs) were computed using a 10 X 10 X 1 supercell
with a 2 X 2 X 1 k-mesh. Third- and fourth-order anharmonic IFCs were obtained using 8 X 8 X 1 supercells
with2 X2 X 1 and 1 X 1 X 1 k-meshes, capturing interactions up to the tenth and fourth nearest neighbors,
respectively. The lattice thermal conductivity was calculated by iteratively solving the linearized phonon
Boltzmann transport equation using the FourPhonon code [117], with a 60 X 60 X 1 q-mesh.

While calculating electronic transport properties, the energy-dependent carrier relaxation time was com-
puted using the electron-phonon averaged (EPA) approximation [112], within the plane-wave pseudopo-
tential framework implemented in Quantum Espresso package [113], employing ultrasoft pseudopoten-
tials [244]. A kinetic energy cutoff of 100 Ry was used, with 16 X 16 X 1 k- and q-meshes. Electronic
eigenvalues were interpolated onto a 64 X 64 X 1 grid to ensure accurate transport property evaluation.

6.3 Results and Discussion

We begin with an analysis of the structural properties and phonon dispersion. We then examine the lattice
thermal conductivity and its strain dependence, highlighting the essential role of four-phonon scattering in
modeling heat transport. Finally, we explore the thermoelectric properties of the system.

6.3.1 Structural details

(@)

Figure 6.1: Crystal structure of h-NbN. (a) Top view shows a hexagonal lattice. (b) Side view reveals
significant buckling that breaks reflection symmetry, likely influencing heat transport. The short Nb—N
bond length indicates strong covalent bonding.

The h-NbN monolayer adopts a buckled hexagonal lattice (Figure 6.1) derived from the [111] planes of bulk
rocksalt NbN. Unlike the planar honeycomb structures of graphene and h-BN, h-NbN features a pronounced
buckling (A, = dlflb —dg) of 0.77 A in the unstrained state, reflecting a vertical separation between Nb
and N sublattices (Table 6.1). This buckling breaks in-plane reflection symmetry, thereby altering phonon
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scattering and impacting k;. Similar symmetry-breaking effects have been reported in low-buckled 2D ma-
terials such as silicene, germanene, and stanene [230]. The optimized lattice constant of 3.15 A and Nb—N
bond length of 1.98 A indicate strong covalent bonding, consistent with earlier predictions [241, 242]. Heat
conduction can be tuned by in-plane strain (e,, = €,, = €) as tensile strain reduces buckling (Table 6.1).
We investigate the effects of a tensile € = 3%, remaining below the critical threshold at which the structure
transitions to a planar configuration.

2 b

E-Ef (eV)

h-NbN (0%) h-NbN (3 %)

r M K rr M K r

Figure 6.2: The electronic band structure reveals an indirect band gap along the K —I" path for both unstrained
(e = 0%) and strained (¢ = 3%) h-NbN. The band gap decreases under strain. The Fermi level is set to O
eV.

The electronic structure of the h-NbN monolayer reveals an indirect band gap of 0.75eV along the
K —T path (Fig. 6.2). This moderate band gap confirms its semiconducting nature, suggesting that phonons
dominate heat transport. Applying a tensile strain of € = 3% significantly narrows the band gap (Table 6.1)
and reduces buckling. This is expected to influence k; by modifying phonon scattering mechanisms

Straine  ay (A) Ay (A) dypn (A On_npn ) E, V)
0% 316 077 1.98 105.65 0.75
3% 325 0.0 2.00 108.46 0.40

Table 6.1: Structural properties of unstrained and strained h-NbN monolayer. The lattice constant a,,, buck-
ling height A;, Nb—N bond length dy,_y, bond angle Oy_yp_n» and electronic band gap (E,) are listed.

6.3.2 Lattice dynamics

Phonon dispersion confirms the dynamic stability of h-NbN monolayer, with no unstable modes [Fig-
ure 6.3(a)]. A wide A-O phonon gap of 9.5 THz arises from the significant mass difference between Nb
and N. The phonon densities of states (PDOS) indicates that acoustic modes are associated with Nb vi-
brations, while optical modes stem primarily from N atoms. The flexural ZA mode exhibits the expected
quadratic dispersion, @ « ¢, near the I" point, while the in-plane transverse (TA) and longitudinal (LA)
acoustic modes follow a linear g dependence. Earlier, it was suggested that the quadratic ZA mode near I in
2D materials is influenced by structural buckling, contrasting planar graphene with buckled silicene [245].
However, it was later demonstrated that enforcing translational and rotational invariance in IFCs recovers the
correct quadratic dispersion, independent of buckling [246]. By employing a larger supercell and enforcing
the rotational sum rules, we ensure the quadratic ZA mode in h-NbN, achieving improved accuracy over
prior reports [239, 242].
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Figure 6.3: (a) The phonon dispersion of h-NbN confirms dynamic stability, featuring a quadratic ZA mode
near I', a wide A-O gap, and nearly non-dispersive acoustic branches along M — K. PDOS analysis shows
that acoustic modes are dominated by Nb vibrations, while N contributes mainly to optical modes. (b) The
calculated lattice thermal conductivity (k;) shows a significant reduction when four-phonon scattering is in-
cluded. The mode-resolved Klm"de at 300 K (inset) reveals that this suppression affects all acoustic branches,
with the ZA mode being the most severely affected. (c) Scattering rates involving acoustic modes calculated
at 300 K indicate that four-phonon processes are weaker at low frequencies, but become comparable to three-
phonon scatterings in the intermediate frequency range. The cumulative x; corresponding to total scattering
rates is also shown. (d) Mode-resolved acoustic scattering rates show that the ZA mode predominantly gov-
erns phonon scattering. Although TA and LA modes exhibit stronger scattering at higher frequencies, their
contributions to k; remain limited.

The quadratic ZA mode and wide A-O phonon gap in h-NbN point to strong four-phonon scattering,
consistent with observations in other 2D and bulk systems [74, 247, 248, 249]. This occurs because the
large A-O gap suppresses many three-phonon scattering processes that cannot satisfy energy and momen-
tum conservation. In contrast, four-phonon scattering processes are less restricted, as the involvement of an
additional phonon offers greater flexibility in satisfying energy and momentum conservation laws. More-
over, the phonon dispersion of h-NbN reveals nearly non-dispersive acoustic branches along the M — K
path, reflected in a pronounced PDOS peak near the top of the acoustic band [Figure 6.3(a)]. Such flat
dispersion further amplifies four-phonon scattering [250], reinforcing the need to account for higher-order
anharmonicity in accurately evaluating the intrinsic lattice thermal conductivity.

6.3.3 Impact of four-phonon scattering on «;

Four-phonon interactions significantly reduce k; across all temperatures [Figure 6.3(b)]. At 300 K, the in-
clusion of both three- and four-phonon scatterings results in a 52% decrease in comparison to that obtained
using only three-phonon scattering. This reduction becomes more pronounced at higher temperatures, reach-
ing 72% at 800 K. This trend highlights the stronger temperature dependence of four-phonon scattering
(r;plh ~ T?) compared to the linear scaling of three-phonon scattering (T;plh ~ T). However, the impact
of four-phonon processes varies across materials due to symmetry and phonon dispersion characteristics.
At 300K, the reduction in «; is substantial in graphene and MoS, (~75%) [74, 228], moderate in stanene
and SnC (~50%) [230, 251], and modest in silicene and germanene (~35%) [230]. In h-NbN, acoustic

phonons dominate heat transport, contributing about 98% to x; [Figure 6.3(b)], consistent with other 2D
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materials. Mode-resolved k™°% reveals that four-phonon scattering most strongly suppresses the ZA mode

contribution [Figure 6.3(b)], highlighting its critical role in heat transport.

To further investigate the underlying mechanisms, we present the frequency-dependent scattering rates
and cumulative k; in the acoustic region [Figure 6.3(c)]. Notably, four-phonon scattering is significant
and comparable to three-phonon scattering in the intermediate frequency (2-4.5 THz) range. This trend
persists at higher temperatures (Fig. 6.4), where four-phonon scattering becomes dominant above 1 THz,
consistent with its stronger temperature dependence. However, three-phonon scattering remains dominant at
low frequencies across all temperatures. This behavior is in contrast with prototypical 2D materials such as
graphene [74], MoS, [228], and SnC [251], where in-plane mirror symmetry enforces reflection symmetry
selection rules (RSSR). These rules forbid three-phonon processes involving an odd number of ZA phonons
(e.g., TA/LA+ZA < TA/LA and ZA + ZA < ZA), thus suppressing effective three-phonon scattering [72,
252, 76]. In such cases, four-phonon processes become relevant, as they allow interactions involving two
and four ZA phonons [74]. Combined with the large phonon population arising from the quadratic ZA
dispersion at low frequencies, this explains the dominance of four-phonon scattering in 2D materials with
mirror symmetry.
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Figure 6.4: Comparison of three- and four-phonon scattering reveals that four-phonon processes increase
more rapidly with temperature than three-phonon processes. Mode-resolved contributions further clarify
this trend, showing that four-phonon scattering in the TA and LA modes surpasses their three-phonon coun-
terparts.

In buckled 2D materials, the absence of mirror symmetry lifts the constraints imposed by RSSR, allow-
ing both three- and four-phonon processes involving any number of ZA modes. Within the framework of
perturbation theory, higher-order interactions are typically weaker; however, a large A-O phonon gap, flexu-
ral modes, and nearly non-dispersive acoustic branches [Figure 6.3(a)] together with enhanced four-phonon
scattering in h-NbN [Figures 6.3(b) and 6.3(c)]. The A-O gap limits three-phonon processes involving opti-
cal modes due to restricted phase space for energy-momentum conservation, whereas four-phonon processes,
with greater combinatorial flexibility, remain less restricted.

Mode-resolved scattering rates provide further insight into thermal transport in h-NbN [Figure 6.3(d)].
Since &, is dominated by acoustic modes, we focus on their z~!. While low-frequency phonons generally ex-
hibit long lifetimes due to limited phase space, ZA modes involved in three-phonon processes display anoma-
lously short lifetimes, indicative of strong scattering. This arises from the high population of low-energy
ZA phonons, owing to their quadratic dispersion and absence of mirror symmetry, which lifts RSSR con-
straints and permits all ZA involved processes. Consequently, the three-phonon scattering is dominated by
normal processes (Figure 6.5), which redistribute phonon momentum without disrupting heat flow, whereas
Umklapp processes directly resist it by reversing momentum. A similar dominance of normal scattering has
been reported in other low-buckled 2D materials like germanene and stanene [230]. However, in h-NbN,
despite strong three-phonon scattering involving the ZA mode, its contribution to K?ph remains substantial,
albeit lower than those of the TA and LA modes. This contrasts with other 2D materials [228, 74], where
the ZA mode is the dominant contributor to k; when only three-phonon scattering is considered.

Four-phonon scattering of the ZA mode remain stronger than that of the TA and LA modes [Fig-

ure 6.3(d)], mainly via normal scattering [Figure 6.5(b)], reducing KIZA nearly fourfold, while the contri-
butions from the TA and LA modes experience a smaller suppression. This trend in Klm"de

that of graphene and other 2D materials [74]. Another key feature is the strong 77!
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CHAPTER 6. HNBN

THz range [Figure 6.3(d)], driven by a high PDOS from non-dispersive acoustic branches in this region
[Figure 6.3(a)]. However, this has minimal impact on k;, as the cumulative k; reveals that low-frequency
acoustic phonons primarily govern thermal conductivity [Figure 6.3(c)].

The prominence of all-acoustic (AAA and AAAA) scattering in multi-phonon processes (Figure 6.5)
arises from the quadratic ZA mode, large A-O phonon gap, and nearly flat acoustic branches. This be-
havior contrasts with bulk materials [248, 249], where mixed acoustic-optical AAOO interactions typically
dominate, but aligns with graphene lacking a phonon gap [74] and AgCrSe, featuring flat dispersions [250].

(a)

Ny " O normal AUmk'Iapp QTot'aI O AAA
10 bog \ 1 0 A0O

@ Total O AAAA
1F  DOAAAO [>AAOO 1

Frequency (THz)

Figure 6.5: (a) Three-phonon (3ph) (b) four-phonon (4ph) scattering rates are presented. At 300 K, both
three-phonon and four-phonon scattering in monolayer h-NbN are predominantly governed by normal pro-
cesses rather than Umklapp scattering. Moreover, phonon scattering is primarily driven by all-acoustic
processes, specifically the AAA and AAAA channels.

6.3.4 Effect of tensile strain on

A practical route to modulate ZA mode is through tensile strain, which can linearise its otherwise quadratic
dispersion even at small values [76]. This transition significantly alters phonon populations and scattering
dynamics, thereby impacting heat transport. To explore this effect, we apply a modest in-plane tensile strain
of 3%, well below the threshold for inducing a planar structural transition [241].

The strained structure remains dynamically stable, with all phonon branches softening and shifting to
lower frequencies [Figure 6.6(a)], leading to modified group velocities. Notably, the ZA mode transitions
from a quadratic to a near-linear dispersion near the I" point, consistent with observations in other 2D mate-
rials [251, 228]. Strain induces stronger softening of the optical branches, slightly narrowing the A-O gap
(8.70 THz), which is unlikely to influence ;. Additionally, it slightly enhances acoustic phonon bunching,
which can modify scattering rates.

Regardless of scattering order, the strained lattice exhibits a higher k;, with four-phonon processes being
most significantly impacted [Figure 6.6(b)]. At 300K, «; rises by 23% to 14.80 W m~! K~!, when account-
ing for scattering up to the fourth order; a notable increase compared to the result obtained by considering
only three-phonon interactions.
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Figure 6.6: (a) The h-NbN monolayer remains dynamically stable under tensile strain € = 3%, with phonon
dispersion showing overall softening, a reduced A-O phonon gap, and a transition to nearly linear ZA disper-
sion near the Brillouin zone centre. (b) Lattice thermal conductivity (x;) as a function of temperature for both
strained and unstrained h-NbN for multiphonon scattering considered. (¢) The group velocity vy, and (d)
Mode-resolved Griineisen parameter y of all acoustic modes for unstrained and strained h-NbN monolayer .
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Figure 6.7: The Griineisen parameter (y) reflects the anharmonicity of the system and is primarily dominated
by the ZA mode, which is significantly suppressed under tensile strain. Here, we highlight the suppression
of y for TA and LA modes under strain.
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Figure 6.8: (a) Three-phonon r;plh and (b) four-phonon r4‘p1h
butions, in the strained monolayer, exhibit a pronounced reduction in the low frequency range, which plays
a dominant role in heat conduction. Mode-resolved ; for (c) 3ph and (d) 3ph + 4ph processes shows that
the modest enhancement is primarily driven by the weakening of four-phonon scattering under strain. All

results presented are computed at 300 K.

scattering rates and their mode-resolved contri-

We analyze the group velocity v,, Griineisen parameter, and phonon scattering rates to elucidate the
mechanism driving thermal transport under strain. Tensile strain generally lowers v, (= dw/dq) across
all frequencies [Figure 6.6(c)], consistent with phonon softening and a narrower acoustic bandwidth [Fig-
ure 6.6(a)]. An exception arises near the Brillouin zone centre, where the ZA mode exhibits an increase in
v, below 1THz as the dispersion becomes nearly linear, a regime that contributes negligibly to x;. Given

that x; Cvéf (with C as heat capacity), we compute the small-grain k; to isolate the influence of vy,

which drops from 2.2 to 1.8 W m~! K~! nm~! under strain, consistent with reduced Vg. Howeyver, the over-
all increase in k; suggests that anharmonic phonon scattering plays the dominant role. To probe this, we
calculate the Griineisen parameter y, a measure of anharmonicity. Mode-resolved y reveals that ZA phonons
exhibit the highest anharmonicity in unstrained h-NbN [Figure 6.6(d)], aligning with their strong scattering.
Under strain, y,, reduces by a factor of 2.2, indicating suppressed anharmonicity, and thus lower scatter-
ing rates, ultimately enhancing k;. Although the decrease in y is less pronounced for LA and TA modes,
they follow the same decreasing trend (Fig. 6.7). This trend aligns with graphene and SnC but differs from
MoS, [76, 251, 228].

To further elucidate the scattering mechanism, we compute mode-resolved ™! for the strained lattice and
compare it with the unstrained monolayer [Figure 6.8(a) and 6.8(b)]. Across all acoustic modes, tensile strain
consistently reduces ™!, regardless of the scattering order, in line with the previously discussed reduction
in anharmonicity. This decrease in scattering rates accounts for the enhanced «; observed in strained h-NbN
[Figure 6.6(b)].

Mode-specific contributions to k; offer valuable insight. Although low-frequency scattering in T3_p1h and
T;plh is significantly reduced under strain, this regime is primarily governed by normal scattering, which,
as established for the unstrained monolayer [Figure 6.3(c) and Figure 6.5], does not directly impede heat
transport. Consequently, x; under three-phonon scattering remains largely unaffected [Figure 6.8(c)]. An

exception is the TA mode, where a reduction in 13_p lh extends into the intermediate frequency range, leading
-1

to a modest increase in k; [Figure 6.6(b)]. A pronounced reduction in 7 ph across the intermediate frequency
range, which governs heat transport, leads to an overall increase in mode-resolved «; for all acoustic modes

[Figure 6.8(d)].
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Figure 6.9: (a) Three-phonon (3ph) (b) four-phonon (4ph) scattering rates are presented. At 300K, both
three-phonon and four-phonon scattering in monolayer h-NbN are also predominantly governed by normal
processes rather than Umklapp scattering under tensile strain 3%. Moreover, phonon scattering is primarily
driven by all-acoustic processes, specifically the AAA and AAAA channels.
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Figure 6.10: At 300 K, three-phonon scattering in h-NbN is dominated by absorption (+) processes rather
than decay (—) events, under both unstrained and strained conditions.

Similar to the unstrained monolayer (Fig. 6.5), the multi-phonon scattering is predominantly driven by all
acoustic modes (Fig. 6.9). For three-phonon scattering, decay (4; — 4, + 43) and absorption (4; +4, — 43)
processes contribute comparably in both unstrained and strained h-NbN (Fig. 6.10). In contrast, the four-
phonon redistribution process (4; + 4, < A3 + A4) consistently overweights splitting (4 — 4, + A3 +
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CHAPTER 6. HNBN

A4) and recombination (4; + 4, + A3 — A), irrespective of strain (Fig. 6.11). The dominance of the
redistribution process and AAAA scattering highlights ZA + ZA < ZA + ZA as the leading scattering
channel. The reduction in scattering rates under tensile strain arises from the contraction of the three- and
four-phonon phase space (Fig. 6.12), leading to a modest increase in k;, albeit less pronounced than in
other 2D materials [251]. These findings highlight the critical role of higher-order phonon interactions in
accurately modeling thermal transport. Compared to other monolayers, the k; of h-NbN is lower than that
of materials such as MoS, [228], Janus monolayers like PtSTe [253] and WSSe [254], and TiS; [255], yet
remains higher than that of low-x; 2D energy materials such as SnSe [256] and SnS [257].
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Figure 6.11: At 300 K, four-phonon scattering in h-NbN is predominantly governed by redistribution (+—)
events over splitting (——) and recombination (++) events, for both unstrained and strained conditions.
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Figure 6.12: The weighted phase space for both three- and four-phonon processes decreases under strain,
leading to reduced phonon scattering and an increase in lattice thermal conductivity at 300 K.
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6.3.5 Thermoelectric properties
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Figure 6.13: Electrical conductivity o improves under tensile strain for both (a) n-type and (d) p-type carrier
doping through a reduction in the electronic band gap. (b) and (e) As expected, the Seebeck coefficient .S
exhibits an inverse trend to o under tensile strain. (c) and (f) The thermoelectric figure of merit zT', evaluated

at a carrier concentration of ~ 1020 cm=3, exhibits distinct strain-dependent behavior for n-type and p-type
3ph+4ph

: highlight the critical role of four-order phonon scattering

doping. Calculations using both K?ph and k
in accurately predicting zT .

Owing to the intrinsically low lattice thermal conductivity of h-NbN, it is pertinent to evaluate its thermo-
electric properties. We evaluate key parameters, including the electrical conductivity o, Seebeck coefficient,
and figure of merit zT (Figure 6.13), with particular emphasis on the influence of four-phonon scattering and
strain. Incorporating energy-dependent electron-phonon interactions to calculate carrier relaxation times,
even when averaged, is crucial for accurately computing electronic transport properties. This approach, com-
bined with a comprehensive thermal transport modeling framework, outperforms conventional deformation
potential methods, which often overestimate zT" by oversimplifying relaxation times.
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Figure 6.14: Variation of the figure of merit (zT') with carrier concentration (n) for both p- and n-type at
different temperatures reveals the optimal doping levels required for enhanced thermoelectric performance.
The zT values are evaluated using the lattice thermal conductivity considering both three- and four-phonon
scattering (Klgp h+4p h) for (a) unstrained (0%) and (b) tensile-strained (3%) h-NbN.

The narrowing of the electronic band gap under tensile strain (Table 6.1) results in an increase in o,
accompanied by a corresponding decrease in the Seebeck coefficient .S (Figure 6.13). Although both car-

TH-3785_206121014

101



CHAPTER 6. HNBN

rier types follow a similar trend, the p-type system exhibits significantly higher o, attributed to the more
dispersive valence band, yielding a lighter effective mass near the band edge.

Accounting for four-phonon scattering is crucial, as it reduces «;, and prevents underestimation of z7T" if
neglected [Figure 6.13(c) and (f)]. For n-type doping, zT decreases under tensile strain due to the rising ;.
In contrast, p-type doping significantly enhances zT', even altering its strain dependence, as the enhancement
in S%c outweighs the increase in ;. Given that the optimal zT is determined at a carrier concentration
near the Fermi level, high zT values can be attained through moderate carrier doping (Fig. 6.14a-6.14b). At
higher temperatures, the calculated zT" of h-NbN approaches 1, comparable to that of Janus monolayers [254,
253], highlighting its potential for high-temperature thermoelectric applications.

6.4 Summary

In this chapter, we present a comprehensive first-principles study of phonon and electronic transport in two-
dimensional h-NbN, combining density functional theory with Boltzmann transport formalism. Our findings
highlight the crucial role of multi-phonon scattering and strain in governing thermal and thermoelectric
performance. Even in the absence of in-plane reflection symmetry selection rules due to lattice buckling,
four-phonon scattering significantly limits lattice thermal conductivity. This arises predominantly from all-
acoustic AAAA processes due to a large acoustic-optical phonon gap and is further amplified by the quadratic
ZA mode and weakly dispersive acoustic branches.

Although the underlying scattering mechanisms remain unchanged under tensile strain, reduced bonding
covalency softens the acoustic phonons, leading to lower group velocities and Griineisen parameters. This
diminished anharmonicity suppresses scattering rates, thereby enhancing the lattice thermal conductivity.
Our results reveal that the thermoelectric response under tensile strain is governed by concurrent increases
in thermal and electrical conductivity, driven by electronic band gap reduction. A high-temperature zT'
approaching 1 highlights the promising thermoelectric potential of h-NbN. These findings underscore the
importance of comprehensive microscopic modeling, not only to accurately capture thermal transport but
also to reliably predict thermoelectric performance.
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Chapter 7

Conclusion

7.1 Summary and Outlook

In this dissertation, we have systematically investigated the thermoelectric properties of a wide range of
two-dimensional materials. This is a rapidly growing field due to their unique electronic and phononic char-
acteristics. The focus has been on understanding and tailoring transport properties through different design
strategies, including structural arrangement, symmetry breaking, and strain engineering. These approaches
collectively provide pathways to enhance the thermoelectric (TE) efficiency. The transport properties have
been analyzed within the framework of the Boltzmann transport equation. For electronic transport, two
distinct approaches were employed to evaluate the carrier relaxation time (z). The deformation potential
theory (DPT), which corresponds to a constant relaxation time approximation (CRTA), offers a qualitative
estimate of 7, limited primarily to carrier—acoustic phonon scattering. In contrast, the electron—phonon av-
eraged (EPA) method accounts for the full electron—phonon coupling matrix and yields an energy-dependent
7, thereby providing a more realistic description beyond CRTA, albeit with significantly higher computa-
tional cost. For phonon transport, the lattice thermal conductivity was determined by explicitly considering
phonon lifetimes obtained from three-phonon and, when necessary, four-phonon scattering processes, en-
suring a reliable treatment of anharmonicity. The summary of the chapters is as follows.

In Chapter-3, we investigated the thermoelectric properties of Si-X (X = N, P, As, Sb, Bi) monolayers,
with a focus on the role of structural rearrangement. We explored an alternative atomic configuration, distinct
from the conventional one, by reordering the inner and outer layer atoms. This rearrangement led to a
significant enhancement in thermoelectric performance, with the SiP monolayer exhibiting a maximum
theoretical efficiency of 27% in the optimized configuration. The figure of merit (ZT) was found to increase
by a factor of 2-6, attributed to an improved electrical conductivity (¢) and a notably reduced lattice thermal
conductivity (x;). These changes are linked to band edge modifications, such as increased flatness, and
weaker bonding that amplifies phonon anharmonicity. Overall, this study demonstrates that the stacking
arrangement in Si—X monolayers is a key parameter governing their thermoelectric behavior, offering a
viable pathway for achieving high ZT values at elevated temperatures.

In Chapter-4, we introduced MXenes as a promising class of thermoelectric materials, which had re-
mained largely unexplored in this context. Taking advantage of their inherent structural flexibility, we in-
vestigated two strategies to tune their thermoelectric performance: (i) surface engineering via the creation
of Janus structures, and (ii) strain engineering applied to Janus MXenes. In the first part, we constructed
Janus MM’ CO, compounds by replacing one of the transition metal atoms (M # M/; M, M = Ti, Zr, Hf,
Mo) in M,CO,, thereby breaking inversion symmetry. This symmetry-breaking induced notable changes
in the electronic structure. While Mo,CO, is semi-metallic, its Janus derivatives, TiMoCO,, ZrMoCO,,
and HfMoCO,, exhibit narrow band gaps and semiconducting behavior. In particular, these Janus systems
displayed flat bands near the Fermi level, leading to Van Hove singularities and enhanced Seebeck coeffi-
cients (.5), especially in Mo-based compounds. For the phonon properties, we observed a discrepancy in
the k; trends of parent M,CO, systems, where conventional harmonic descriptors such as average atomic
mass (m), Debye temperature (® ), and phonon group velocity (v,) failed to explain the thermal transport
behavior. The in-depth analysis of anharmonic features explains the origin of the anomaly in ;. However, in
Janus MXenes, the emergence of acoustic bunching and enhanced anharmonicity, primarily rooted in weak-
ening bonding strength, led to a systematic reduction in ;. The combined improvement in electronic and
thermal transport properties resulted in an enhanced figure of merit (ZT), establishing surface engineering
as a highly effective design strategy for MXenes. In the second part, we explored the influence of biaxial
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strain on three Janus MXene variants: ZrHfCO,, Zr,COS, and ZrHfCOS. Application of tensile strain trans-
formed the electronic structure by modulating the dispersive nature of band edges, shifting the compounds
toward semiconducting behavior. In contrast, compressive strain induced more metallic characteristics. The
opening of the band gap leads to the enhancement of the Seebeck coefficient (S). Tensile strain also pro-
moted increased anharmonic phonon scattering and reduced phonon group velocity, further lowering ;.
These results demonstrate that both symmetry breaking via surface engineering and strain modulation offer
powerful levers to control and enhance the thermoelectric performance of MXenes. This work opens new
pathways for designing efficient 2D thermoelectric materials through targeted structural manipulation.

In Chapter-5, we examined the thermoelectric properties of Janus monochalcogenides, motivated by the
known efficiency of monochalcogenides in both bulk and low-dimensional forms. We studied three families
of Janus compounds, Ge, XY, Sn, XY, and GeSnX, (X, Y =S, Se, Te), in which the lack of mirror symmetry
leads to surface asymmetry. These systems exhibit highly anisotropic transport behavior, primarily due to
their anisotropic crystal structure, where the in-plane lattice constants differ significantly. The electronic
band structures exhibit characteristic pudding-mold shape features, which are flat near the band edges and
dispersive elsewhere. Combined with the presence of multi-valley pockets, these features give rise to large
power factors (S%c). Due to the complexity of the electronic band dispersion, the transport properties
were evaluated using the electron-phonon averaged (EPA) method for improved quantitative accuracy. The
surface asymmetry enhances phonon—phonon scattering and reduces lattice thermal conductivity (x;). As
a result, several Janus compounds exhibit high thermoelectric performance, with ZT values ranging from
1.55 to 1.70 at 800 K. These findings underscore the effectiveness of surface asymmetry as a design strategy
that not only amplifies the intrinsic anisotropy of monochalcogenides but also enables precise tuning of
their transport properties. Overall, Janus monochalcogenides emerge as highly promising candidates for
high-temperature thermoelectric applications.

In Chapter-6, we investigated the impact of four-phonon (4ph) scattering on the thermal and thermo-
electric properties of the h-NbN monolayer. We found that inclusion of 4ph processes led to a significant
reduction in lattice thermal conductivity (x;), decreasing by 52% at 300 K and 72% at 800 K compared to
values obtained with only three-phonon (3ph) scattering. Unlike graphene or MoS,, where the reflection
symmetry selection rule (RSSR) governs the suppression of certain phonon scattering channels, h-NbN lacks
mirror symmetry. Despite this, our results reveal that 4ph scattering remains strong, thereby challenging the
common assumption that RSSR is a prerequisite for its significance in two-dimensional materials. The ori-
gin of this pronounced 4ph scattering lies in three key factors: (i) the quadratic dispersion of out-of-plane
flexural (ZA) phonons, (ii) a large acoustic—optical (A—O) phonon gap, and (iii) flat acoustic branches, all
of which collectively promote strong 4ph-scattering. A detailed process-wise scattering analysis showed
that the dominant contributions to k; arise from acoustic—acoustic scattering events, AAA and AAAA pro-
cesses for 3ph and 4ph interactions, respectively. Under +3% tensile strain, the ZA mode transitions from
quadratic to nearly linear dispersion, reducing anharmonic scattering and increasing ;. Despite this in-
crease, electronic transport analysis confirms that h-NbN maintains favorable thermoelectric performance,
with ZT approaching 1 at elevated temperatures. This study establishes that four-phonon scattering can be
substantial even in non-RSSR 2D systems, expanding the conventional understanding of anharmonicity in
low-dimensional materials.

7.2 Scopes for Future Work
The present thesis opens several avenues for further investigation:

1. We found that four-phonon scattering can be prominent in 2D materials. Therefore, the inclusion of
phonon-renormalization effects to obtain temperature-dependent force constants, thereby capturing
the influence of phonon softening on scattering and anharmonicity can be attempted.

2. Development of machine-learned force fields (MLFF) to evaluate lattice thermal conductivity with
high efficiency, accompanied by the creation of a dedicated database for two-dimensional materials is
another direction.

3. Another direction is to extend surface engineering to include doping and solid solutions, which may
provide further control over electronic and phonon transport in 2D materials.

4. Thermoelectric studies of heterostructures of newly synthesized two-dimensional materials is cer-
tainly worth doing. Such heterostructures can combine distinct electronic and phononic features from
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different layers, potentially leading to synergistic effects such as enhanced Seebeck coefficient, in-
terfacial phonon scattering, and reduced lattice thermal conductivity. Investigating their transport
behavior will provide valuable insights into interface-driven thermoelectric mechanisms and open up
new design routes for high-performance materials.

5. Recent studies have begun exploring the influence of magnetism on thermoelectric performance, par-
ticularly through the Anomalous Nernst Effect (ANE). Investigating such coupled phenomena, in-
cluding magnetic effects and spin-caloritronics, can open new avenues for enhancing thermoelectric
efficiency in two-dimensional materials.
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