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 Abstract 

Abstract 

This thesis highlights different kinds of energy conversion in atomically thin, two-dimensional (2D) 

transition metal dichalcogenide (TMDC) monolayers. More precisely, nanoelectromechanical energy 

conversion (piezoelectricity), scavenging waste heat into electricity (thermoelectricity) and solar energy 

harvesting (artificial photosynthesis) based on 1T-MX2 (M=Zr, Hf; X = S, Se, Te) and 1H-MoS2 

monolayers have been addressed in the thesis. As carrier mobility commonly influences all these kinds 

of energy conversion, it has also been thoroughly investigated as well. Atomic-scale understanding 

reached via state-of-art first-principles calculations based on density functional theory (DFT) has been 

employed to uncover their electronic, optical, mechanical, piezoelectric and thermoelectric properties. 

First of all, the thesis introduces the occurrence of piezoelectricity in 2D semiconducting transition 

metal dichalcogenide monolayers, such as 1H-MoS2, which arises from the breaking of inversion 

symmetry. However, pristine, semiconducting 1T-MX2 (M=Zr, Hf; X = S, Se, Te) monolayers are 

intrinsically centrosymmetric and hence, non-piezoelectric. This inversion symmetry is broken in their 

Janus monolayer (non-centrosymmetric) structures, leading to the emergence of a high level of 

piezoelectricity in them. It brings along a new dimension in nanoscale piezoelectricity, as the origin of 

this piezoelectricity is predominantly ionic in nature, in contrast to 1H-MoS2 monolayer, where it is of 

electronic character. Next, the mechanism underlying the compressive strain induced enhancement in 

thermoelectric power-factor has been unveiled in single-layer MoS2, using density functional theory 

coupled to Boltzmann transport equation. A synergic coupling between the lattice vibrational properties 

and high Born effective charges in monolayer Hafnium dichalcogenides, such as HfS2, HfSe2 and their 

Janus derivative HfSSe, have been explored to reach the origin of ultralow lattice thermal conductivity 

in them. Finally, the effect of strain and pH on the artificial photosynthetic properties in single layer 

MoS2 has been comprehensively studied in terms of band edges straddling the water redox potential, 

CO2 reduction levels, optical conductivity, absorbance, carrier mobility and carrier mobility ratio in 

order to ascertain the type and magnitude of strain under which photocatalytic activities are optimally 

enhanced.  

The thesis stresses the importance of finding sustainable, clean and alternative energies through efficient 

use and engineering of 2D materials. The approach adopted in the Ph.D. work consists in studying the 

several intertwined properties in a multifunctional material, thereby enabling to draw a systematic 

correlation between them. 
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 Chapter 1 

           “Do the difficult things while they are easy and do the great things while they are small. 

A journey of thousand miles begins with a single step.”                                               Lao Tzu     

Chapter 1  

Introduction 

1.1 Background: Two-dimensional materials 

The evolution of human civilizations has an interesting history of discovering and designing 

new materials [1]. From the Stone, Bronze and Iron Ages to the modern Information Age that 

is built on the basis of silicon semiconductors, materials have always been an epitome of 

science and technology development.  

Over the last decade, two-dimensional (2D) layered nanomaterials is one of the fastest 

developing areas in contemporary Nanoscience and Technology. 2D materials, referred to as 

“atomically-thin crystals” consisting of one- to few- layer thickness of atoms. In fact, for a long 

time, it was argued in the scientific community that no crystal could ever exist in its 2D form. 

Peierl [2] (in 1935) and Landau [3] (in 1937) theoretically demonstrated that one- and two-

dimensional crystals could not exist because of infinite fluctuation in atomic displacements at 

finite temperature. Later, Mermin and Wagner [4,5]  extended this hypothesis in their work, 

which was strongly endorsed by the experimental observations, where the melting point of thin 

films was shown to reduce rapidly with decrease in lattice thickness. This solidified the 

understanding of supported thin films and yielded a longstanding belief that these materials can 

only be grown on solid substrates with negligible lattice mismatch, but they can’t be stable in 

their freestanding/isolated form. This prevalent knowledge persisted for a long-term until K. 

Novoselov and A. Geim made this impossible possible, which eventually led to their Nobel 

Prize (in 2010) recognizing their successful exfoliation of graphene in 2004 [6] and its exotic 

properties.  

The success of graphene has generated tremendous interest in other 2D materials, where 

the use of different elements opens new endeavours for exciting physics and miniaturized 

devices for future generations (see Figure 1.1. 1). These include the well-known mono-

elemental crystals 2D-Xenes (e.g. silicene, germanene) [7], Group VA 2D-Xenes (e.g. 

phosphorene, bismuthene) [8,9], transition metal dichalcogenides (TMDCs, e.g. MoS2, 

WS2)[10], Group III–V semiconductors and insulators (e.g. GaN, InP)[11], transition metal 

carbides and nitrides (MXenes, e.g. Ti2CO2)[12], post-transition metal chalcogenides (e.g. GaS, 

GaSe) [13], transition metal trihalides (e.g. CrI3) [14], and organic-inorganic hybrid perovskites  
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Figure 1. 1 Timeline of major breakthroughs in 2D materials [Details of the discoveries are in Ref. 

[6,14–21]]. 

(e.g. Pb(C4H9NH3)2I4) [22]. In fact, the utilization of data mining approaches reveal that it is 

possible to exfoliate over 1000 2D materials and several hundreds of 3D materials consisting 

of weak van der Waals (vdWs) interaction [23–26].  

2D materials have shown considerably distinct and sometimes unique properties 

compared to their host 3D bulk counterparts owing to the quantum confinement effects. 

Examples include the high mechanical strength (1TPa) and electrical conductivity of graphene 

[6,27,28], the piezoelectric properties of single-layer MoS2 and h-BN (hexagonal Boron nitride) 

[29], an unprecedented high thermoelectric figure-of-merit of 2.6±0.3 in single-crystal SnSe 

[30–32] at 923 K, the 2D ferromagnetism in exfoliated monolayer CrI3 [14], the high 

photocatalytic activity for water splitting of 2D SnS2 [33,34], the predicted remarkable optical 

and magnetic properties predicted in doped 2D BN [35], the promising electronic bandgap and 

band-alignment of 2D dichalcogenide, and monochalcogenide materials for semiconductor and 

photocatalysis applications [36,37]. 

There are several prevalent characteristics of 2D layered materials, such as the intra-layer 

bonding which are typically covalent in nature, whereas adjacent layers are held together by 

weak vdW forces of interaction. Due to vdW interactions between the weakly stacked layers, 

methods such as micromechanical exfoliation [38] and liquid-phase exfoliation [39,40] have 

been developed to obtain atomically thin 2D materials. As the sample size of 2D materials 

obtained from micromechanical exfoliation processes is usually limited, chemical vapor 
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deposition (CVD) technique can grow wafer-scale 2D materials on desired substrates [39,40]. 

In addition, the development of efficient sample transfer methods paved the way for the 

fabrication of various devices to investigate the physical characteristics of 2D materials.  

As 2D materials are devoid of dangling bonds, they can be readily fabricated vertically with 

a precise sequence control to form vdW heterostructures, regardless of the differences in their 

incommensurate lattices, lattice constants and crystal symmetry [41]. Vertical 2D 

heterostructures consisting of distinct single-layers demonstrate some novel electronic [42] and 

optical properties [43], such as high carrier mobility [18] and ideal photoresponse [44]. 

Graphene/ TMDC heterostructures provide a rich platform for exploring coupled spin-valley 

phenomena that offers a new spin manipulation approach based on spin-relaxation anisotropy 

[45,46]. Such unique characteristics generated by the stacking of different atomically thin 

materials have opened the opportunities for tuning and engineering new materials for next-

generation devices.  

1.2 Objective of the thesis 

The strong demand for futuristic energy materials and devices are dreadfully increasing owing 

to the growing consumption of limited and unsustainable fossils fuels, which have been an 

alarming cause of concern [47–52]. For this reason, serious efforts are being undertaken to 

explore new materials to realize the desired properties. Figure 1.2 shows the schematic 

representation of three different kinds of energy conversion processes that have been 

investigated in 2D TMDC monolayers in the present thesis. A brief overview of the research 

topics that have been explored individually in the subsequent chapters is as follows. 

 

Figure 1. 2 Schematic representation of three kinds of energy conversion investigated in the 2D 

materials. 
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1.2.1 Nanoelectromechanical energy conversion 

Materials with intrinsic non-centrosymmetric crystal structures and having bandgap allow for 

the interconversion between electrical energy and mechanical energy [53]. For the first time, 

in 1880, Pierre Curie and Jacques Curie demonstrated the piezoelectric effect in quartz crystals. 

Thereafter, a series of piezoelectric materials have been developed which include piezoelectric 

crystals, such as quartz, GaN, BaTiO3, etc. and piezoelectric ceramics, such as lead zirconate 

titanate (PZT). Any insulating material which is a member of one of 20 polar crystal classes, 

out of 32, will be polarized and piezoelectric. However, in order to have a large piezoelectric 

effect, the crystal should contain the ions with large effective dynamic charges so that a large 

polarization can occur in response to the application of external lattice strain. 

Piezoelectricity is known in bulk 3D materials for long. However, nanoscale 

piezoelectricity is relatively new. For instance, in 2006, Wang and Song revealed that zinc 

oxide (ZnO) nanowires behave like small power generators [54]. They continued and 

developed a whole new field, coined as piezotronics that could harvest power even from the 

tiny atomic scale movements. The nanoscale piezoelectric materials have a wide range of 

applications which include flexible and wearable electronics, sensors, actuators, transducers, 

and energy harvesters in the field of nanorobotics. For such applications, piezoelectric 

materials are required to be thin, flexible, chemically stable, and biocompatible. These 

requirements are difficult to be achieved in the conventional piezoelectric ceramics because 

they have no mechanical flexibility and lack of chemical stability in bio-environment and some 

of them contain the toxic components. These problems can be overcome with the use of strong, 

flexible and ultrathin piezoelectric materials. In 2014, the research groups of Wang and Zhang 

focused on improving the piezoelectric efficiency of the 2D materials by the pioneering studies 

of piezoelectricity in monolayer MoS2 [55]. The cationic and the anionic charge centres 

coincide in monolayers with broken inversion symmetry in hexagonal honeycomb lattices, 

such as h-BN and MoS2. The application of tensile (compressive) strain shifts the cationic 

(anionic) charge centres away from each other along opposite directions along the arm-chair 

direction, thereby resulting in the piezoelectric constant along the +ve or -ve y direction (arm-

chair direction). So far, the reported piezoelectric vdWs layered semiconductors include but 

not limited to h-BN and TMDCs [56], Group III monochalcogenides (i.e., GaS, GaSe, and InSe) 

[57], and Group IV monochalcogenides (MX, M=Sn or Ge, X=S or Se) [58]. These layered 

materials have an inversion symmetry in their bulk structures, which is broken when they are 

thinned down to a monolayer or a few odd-layers. Moreover, their in-plane piezoelectricity is 

significantly decreased with the increase of atomic layer number because the reversed 

polarization directions between adjacent layers results in the cancellation of polarization. Thus, 
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the highest in-plane piezoelectric coefficient in vdWs layered materials exhibit in their 

monolayer structure form.  

In fact, for the application of atomically thin piezoelectric materials in practical device 

applications involve some bottleneck issues because the piezoelectric current and voltage 

outputs are only about dozens of pA and mV, as found in monolayer MoS2 [59]. Therefore, 

there is still need to explore new 2D piezoelectric materials or new avenues to bring about high 

magnitude of polarization and larger piezoelectric output signals together with long-term 

durability. For instance, in this Ph.D. work, inversion symmetry has been broken in the 

intrinsically centrosymmetric 1T-MX2 (M=Zr, and Hf; X=S, Se, and Te) monolayers upon the 

formation of their Janus structures. As a result, a high level of piezoelectricity has been found 

to emerge in Janus Group IVB TMDC monolayers along with robust electronic mobility, which 

has been discussed in detail in Chapter 3. The corresponding schematic has been presented in 

Figure 1.3. A deeper insight into the mechanism underlying the process of piezoelectricity is 

provided in Chapter 3. 

 

Figure 1. 3 Schematic representation of nanoelectromechanical energy harvesting in Janus structure of 

Group IVB TMDC monolayers. 

 

1.2.2 Thermoelectric energy conversion 

Thermoelectricity has long been recognized as a potentially transformative power generation 

technology which has been consistently growing due to their ability to convert waste-heat into 

electricity directly [60–62]. The advantage of such type of energy conversion mechanism is 

that it does not require any mechanical part. The effective way to enhance 𝑍𝑇 =
𝑆2𝜎

𝑘𝑒+𝑘𝐿
𝑇,which 

is the figure of merit used to characterize the energy conversion performance of thermoelectric 

materials (TEMs), is to reduce the lattice thermal conductivity (𝑘𝐿), and the same time maintain 
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their electronic transport properties [63]-,[64]. Ideally, TEMs behave like an “Electron-crystal 

and Phonon-glass” [65], which means that they can withstand a large temperature gradient 

across it, while maintaining high electric conductivity (𝜎)  for an efficient thermoelectric 

energy conversion. In the bulk 3D crystalline semiconductor, 𝑆 can be greater when the Fermi 

energy (EF) close to the band edge as compared to when EF lies midgap between the conduction 

and valence band edges. The transport properties are closely related to the electronic states near 

the CBM and VBM. Light bands facilitate large electrical conductivity, while heavy bands 

together with large degeneracy can bring about high Seebeck coefficients [66,67]. Therefore, 

via striking a balance between the two conflicting considerations, a well dispersed 

conduction/valence bands having a high local curvature along several k-pathways, which show 

up as multiple narrow peaks in the density of states (DOS), can be highly favourable in 

enhancing both 𝜎 and 𝑆 simultaneously.  

Bulk Bi2Te3 and Sb2Te3 show low thermal conductivity on account of the heavy atomic mass 

of the constituent atoms and the smaller difference in mass between the constituents. As a result, 

the phonons are dispersed over a smaller frequency scale, which provide adequate channels for 

the propagation of heat (or, thermal transport). This lowers thermal conductivity in these 

materials. Such understanding helps to design efficient thermoelectric materials in the low 

dimensions, i.e., nanoscale, as well. 

In the past few years, the discovery of two-dimensional (2D) materials have been hogging the 

limelight owing to their superior thermoelectric properties [68],[69],[70] arising from quantum 

confinement effects and several other factors: (1) multiply degenerate energy band edges cause 

localized peaks in the DOS resulting in an enhanced Seebeck coefficient; (2) opportunities to 

exploit the anisotropic Fermi surfaces in multi-valley semiconductors; (3) pristine surfaces devoid 

of any surface dangling bonds effectively scatter heat-carrying phonons; (4) increased boundary 

scattering of phonons at interfaces allow to disentangle the two inversely coupled physical 

properties (𝜎 and 𝑘𝐿) which limit the thermoelectric performance and (5) anharmonic crystal 

potential to facilitate the decoupling of 𝜎 and 𝑘𝐿. Density of states change with the material 

dimension. The improvement in thermoelectric properties in low dimensional materials is 

induced by an enhanced Seebeck coefficient, which arises from the increased density of states, 

as mentioned in (1).  Lowering the dimensionality in materials opens the possibilities for 

phonon-boundary scattering, which may reduce phonon mean free path and in turn, phonon 

group velocities and thermal conductivity. Further details on the process of thermoelectricity 

have been elaborately discussed in Chapter 4. 
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In this context, the investigations on 2D materials based on chalcogenides (S, Se, and Te) have 

been boosted-up owing to their very high thermoelectric performance. Bismuth and Antimony 

based tellurides, such as Bi2Te3 [71], Sb2Te3 [72], lead chalcogenides(PbS, PbSe, PbTe) [73], 

tin dichalcogendies (SnS2, SnSe2) [74],[75],[76],[77], tin monochalcogenides [78],[79] (SnS, 

SnSe, SnTe), germanium chalcogenide (GeS, GeSe) [80],[81], indium chalcogenide (InSe) [82], 

ZnO [83], few-layer PdSe2 [84] and transition metal dichalcogenide (TMDC) MX2 (M=Mo, W, 

Zr, Hf; X=S, Se, Te) [85],[86],[87], have recently been added to the existing catalogue of 2D 

thermoelectric materials. Lead chalcogenides are promising thermoelectric materials; however, 

they are less preferable for mass production due to toxicity issues. The environmental 

instability of other 2D materials such as phosphorene [88], tellurene [89] has severely 

undermined the application prospects of the related materials. In a bid to further identify 

similarly good thermoelectric materials, much research efforts are still required to unleash their 

unique properties at a fundamental level. In this context, a promising route to enhance the 

thermoelectric power factor in single layer MoS2 has been explored, as elaborated in Chapter 

4. Besides, the origin of ultralow lattice thermal conductivity (𝑘𝐿)  in Hf-based dichalcogenides 

and their Janus derivatives have also been ascertained. Such insightful findings will be helpful 

in the design of thermoelectric materials with a high thermoelectric figure of merit. A more 

elaborate discussion on the process of thermoelectricity is provided in Chapter 4. 

 

Figure 1. 4 Schematic representation of strain sensitive thermoelectric properties of ML-MoS2. (Based 

on the work published in Journal of Physics: Condensed Matter 2017, 29, 225501) 

1.2.3 Solar energy harvesting 

Among various strategies to harness reliable, clean, cheap, green, sustainable and renewable 

energy; scavenging solar energy [90] has emerged as one the most viable option, e.g., in 

photovoltaics and water splitting. The most troublesome greenhouse gas, CO2 is an extremely 

stable molecule where carbon exists in its highest oxidation state. Returning CO2 to a useful 
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state via partial or complete reduction is an intricate problem from both scientific and 

technological perspectives. It requires appropriate catalysts and energy input, thereby posing 

several fundamental challenges in chemical catalysis, electrochemistry, photochemistry, and 

semiconductor physics and engineering. Solar water-splitting and CO2 conversion via 

electrocatalytic reduction of carbon dioxide are already well documented. In 1972, Fujishima 

and Honda [91] made the first photocatalytic solar cell of semi-conducting TiO2, where they 

split water into hydrogen and oxygen using ultraviolet radiation. In the context of such useful 

pointers, one of the promising avenues turns out to be artificial photosynthesis, which replicates 

the natural process of photosynthesis, a process where sunlight induces the simultaneous 

conversion of carbon dioxide and water into carbohydrates and oxygen. Solar Water Splitting 

[92] and light-driven carbon dioxide reduction [93], which also addresses the natural carbon 

fixation, has been drawing a surge in research interests. Photo-catalysts based on 

semiconducting materials is being actively investigated for solar light harvesting in several 

applications such as water splitting, dye degradation and CO2 reduction [94–96]. It requires 

only water and sunlight, supplies of which are almost unlimited. 

Band edges need to straddle the redox potentials, as discussed in Chapter 5, for water 

splitting to be thermodynamically favorable. For instance, for the hydrogen evolution reaction 

(HER) to be thermodynamically feasible, the HER level or the reduction potential of water 

should lie below the conduction band edge (CBE) of the semiconducting photocatalytic 

material. The smaller the difference in energy between the HER level and CBE, higher is the 

thermodynamic favorability of the HER reaction, as the protons need to draw electrons from 

the CBE in order to undergo reduction. Similar mechanism underlie the other reactions, such 

as, CO2 reduction.   

Photo-catalysts powered by sunlight offers the potential of a clean and renewable way 

to produce fuels and fuel precursors such as H2, HCOOH, HCHO, CH3OH, CH4, via 

simultaneous photoconversion of CO2 and water. The photocatalytic conversion of CO2 into 

liquid fuels, such as, HCOOH, HCHO, and CH3OH, depending on the varying degrees in 

reducibility of CO2, is a crucial goal that would positively impact the global carbon balance by 

recycling CO2 into usable fuels. The potential rewards that can accrue from meeting the 

challenges in artificial photosynthesis are enormous. 

Due to quantum confinement effects, reducing the dimensionality is a promising way 

to tailor the electronic and optical properties of a material. Moreover, the valence band edge 

(VBE) and conduction band edge (CBE) positions can also be tuned along with other physical 

parameters [97,98]. In nanosheets, the high surface-to-volume ratio provides more chemically 
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active sites [99], more efficient light absorption and separation of electron-hole pairs as 

compared to the corresponding bulk counterparts [100]. Therefore, nanomaterials can 

potentially serve as new building blocks in constructing light energy harvesting assemblies and 

in opening up new avenues in utilizing renewable energy sources. 

Monolayer MoS2 is the second highest explored 2D material after graphene because of its 

outstanding electronic and optical properties. The Chapter no. 5 of Thesis is dedicated to the 

detailed exploration of the effect of different kind of mechanical strain for the photo-conversion 

of carbon-dioxide with water into renewable solar-fuels. Additionally, the role pH has been 

carefully addressed. A more detailed and an insightful analysis on the photocatalysis processes 

are discussed in Chapter 5. 

 

 

Figure 1. 5 Schematic representation of strain and pH induced optimization of photosynthetic activity 

in single layer MoS2.   
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Chapter 2  

Theoretical background 

A brief introduction to the theoretical background and methods used in this thesis is described 

in this chapter.  

2.1 Quantum Mechanical Methods 

An important shortcoming of classical models lies in their inability to describe the electronic 

structure of materials which arises from electron interactions. However, in contrast, quantum 

mechanical models explicitly treat electron interactions by solving the Schrödinger equation, 

the governing equation of quantum mechanics. This equation can provide the fundamental 

description of matter at the atomic scale and predicts macroscopic material properties almost 

exclusively in terms of the interactions of electrons.  

Within quantum mechanics, the electronic structure of a material is represented by a wave 

function Ψ. To determine Ψ, one must solve the N-electron Schrödinger equation, 

[−
ℏ2

2𝑚
∇2 + 𝑉𝐼𝐼 + 𝑉𝐼𝑒 + 𝑉𝑒𝑒]Ψ(𝑟1, …… , 𝑟𝑁) = 휀 Ψ(𝑟1, …… , 𝑟𝑁)                              (2.1) 

The first term on the left represents kinetic energy and 𝑉𝐼𝐼 , 𝑉𝐼𝑒 and 𝑉𝑒𝑒 denote the potential 

energy arising from ion-ion, ion-electron, and electron-electron interactions, respectively. Most 

computational techniques expand Ψ in a pre-defined basis-sets functions. Solving for Ψ is then 

analogous to determining the degree to which each basis function contributes to the overall 

wave function. The accuracy and cost of the calculation rises with the increase in basis-sets 

functions. When evaluating the Schrödinger equation, one generally invokes the Born-

Oppenheimer approximation [101], which allows ionic and electronic degrees of freedom to 

be treated separately. Electrons are assumed to respond instantaneously to the fixed potential 

field generated by stationary ions, which is reasonable since electron dynamics occur on 

substantially shorter time scales than those of the ionic cores. 

2.2 Density Functional Theory (DFT) 

The basic idea of DFT is to use the electron density, 𝑛(𝑟) as the basic variable instead of the 

wave function. This simplifies the problem of working with 3N spatial variables for a N-

electron problem to only 3. The first attempts to use density functional is found with the 

Thomas-Fermi theory (in 1927) [102,103]. This was a density-based theory to deal with many-

electron systems. In this model, the kinetic energy density of a many-electron system is 

approximated by a homogeneous independent electron system with electron density, 𝑛(𝑟): 
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                                          𝑇𝑇𝐹[𝑛] = 𝐴∫𝑛 (𝑟)
5 3⁄ 𝑑𝑟                                                            (2.2) 

where 𝑛(𝑟) is the electron density of the homogeneous electron gas and 𝐴 is a constant. The 

total energy is determined by adding electrostatic energy and interaction with external potential 

𝑉𝑒𝑥𝑡(𝑟) to the kinetic energy, so that 

𝐸𝑇𝐹[𝑛] = 𝐴∫𝑛 (𝑟)
5 3⁄ 𝑑𝑟 + ∫𝑛 (𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 +

1

2
∬
𝑛(𝑟)𝑛(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟𝑑𝑟′                  (2.3) 

The second term is the electrostatic energy of the ion-electron interaction, and the final term is 

the classical Hartree-energy. The ground-state density and energy can be obtained by 

minimizing eq. 2.3 with the constraint of constant electron number 𝑁. The original Thomas-

Fermi method overestimates the total energy because it does not take into consideration the 

impacts of exchange and correlation, which always lower the energy.  

In conclusion, because of the crude approximation, Thomas-Fermi theory misses important 

physics of electrons in real materials. However, it provides a simple example of using the 

electron density as a fundamental variable, which was later developed in DFT. 

2.2.1 Hohenberg-Kohn Theorem 

Eq. 2.3 shows that the ground-state energy is a functional of both the density and external 

potential. However, if a mapping between the two physical qualities is established, then the 

total energy would be the only functional of one of these quantities. That is exactly what was 

done in 1964 by Hohenberg and Kohn[104]. They proved that DFT can be applied to a system 

of interacting particles in an external potential 𝑉𝑒𝑥𝑡(𝑟). The two theorems are as follows.  

First theorem:  For any system of interacting particles in an external potential 𝑉𝑒𝑥𝑡(𝑟), the 

potential 𝑉𝑒𝑥𝑡(𝑟) is determined uniquely, except for a constant, by the ground-state electron 

density 𝑛(𝑟). This means ground-state electron density determines all properties of the system. 

Second theorem: There exists a universal functional 𝐹[𝑛(𝑟)]  of the electron density, 

independent of the external field potential, such that the global minimum value of the energy 

functional 𝐸[𝑛(𝑟)] = ∫𝑛(𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 + 𝐹[𝑛(𝑟)]  is the exact ground-state energy of the 

system and the exact ground-state density 𝑛0(𝑟)  minimizes this functional. So the exact 

ground-state energy and density are fully determined by the functional 𝐸[𝑛(𝑟)]. 

The Hohenberg-Kohn theorems formulate the quantum many body problem in terms of the 

electron density 𝑛(𝑟) as the basic variable. But in practice, it is still impossible to calculate any 

property of a system because the universal functional 𝐹[𝑛(𝑟)] is unknown. This leads to the 

Kohn-Sham approach, which assumes the ground-state density of the interacting system to be 
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that of a fictitious non-interacting system with all the difficult many-body terms incorporated 

into the exchange correlation functional of the charge density. While the exact exchange-

correlation functional is still unknown, various approximation can be made, allowing for a 

practical implementation of DFT within the Kohn-Sham framework. 

2.2.2 The Kohn-Sham Ansatz  

In 1965, based upon Hohenberg-Kohn theorem, Kohn and Sham [105] introduced a method to 

minimize the energy functional 𝐸[𝑛(𝑟)] with respect to charge density to find the ground state 

energy under the constraint that the total number of electrons is constant:                 

                                          
𝛿

𝛿𝑛(𝑟)
[𝐸[𝑛(𝑟)] − 𝜇∫𝑛(𝑟)𝑑𝑟] = 0                                            (2.4) 

where 𝜇 is a Langrange multiplier. The corresponding Euler equation is: 

                                                               
𝛿𝐸[𝑛(𝑟)]

𝛿𝑛(𝑟)
= 𝜇                                                               (2.5) 

Kohn and Sham separated 𝐹[𝑛(𝑟)] into three parts, so that 𝐸[𝑛(𝑟)] becomes 

          𝐸[𝑛(𝑟)] = 𝑇[𝑛(𝑟)] +
1

2
∬
𝑛(𝑟)𝑛(𝑟′)

|𝑟 − 𝑟′|
+ 𝐸𝑋𝐶[𝑛(𝑟)] + ∫𝑛(𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟            (2.6) 

where 𝑇[𝑛(𝑟)] is defined as the kinetic energy of a non-interacting electron gas with electron 

density 𝑛(𝑟).  

Rewriting Eq. 2.5 in terms of an effective KS potential, 𝑉𝐾𝑆(𝑟), as follows 

                                                         
𝛿𝑇[𝑛(𝑟)]

𝛿𝑛(𝑟)
+ 𝑉𝐾𝑆(𝑟) = 𝜇                                                   (2.7) 

where 

                                               𝑉𝐾𝑆(𝑟) = 𝑉𝑒𝑥𝑡(𝑟) +
𝛿𝐸𝐻[𝑛(𝑟)]

𝛿𝑛(𝑟)
+
𝛿𝐸𝑋𝐶[𝑛(𝑟)]

𝛿𝑛(𝑟)
                     (2.8) 

= 𝑉𝑒𝑥𝑡(𝑟) + 𝑉𝐻(𝑟) + 𝑉𝑋𝐶(𝑟) 

and 

                                                         𝑉𝐻(𝑟) = ∫
𝑛(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′                                                 (2.9) 

Now, if we consider a system that is truly of non-interacting electrons with an external potential 

equal to 𝑉𝐾𝑆(𝑟), then the same analysis would lead to exactly the same Eq. 2.7. To find the 

ground-state energy and density of such a system, one has to solve the one-electron equation 
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                                       (−
1

2
∇2 + 𝑉𝐾𝑆(𝑟))Ψ𝑖(𝑟) = 휀𝑖 Ψ𝑖(𝑟)                                        (2.10) 

where Ψ𝑖(𝑟) is the one-electron wavefunction. The electron density is then determined by  

                                                            𝑛(𝑟) =∑|Ψ𝑖(𝑟)|
2

𝑁

𝑖=1

                                                  (2.11) 

Equations (2.8), (2.10) and (2.11) have to be solved self-consistently because 𝑉𝐾𝑆(𝑟) depends 

on the density through the exchange-correlation potential 𝑉𝑋𝐶(𝑟) and Hartree potential 𝑉𝐻(𝑟), 

and the density depends on the wave-function. So far, the Kohn-Sham approach has mapped 

the original interacting system to a non-interacting system with an effective Kohn-Sham single 

particle 𝑉𝐾𝑆(𝑟), and the two systems have the same ground state density. 

In practice, the Kohn-Sham approach is an approximation to the original many-body problem 

because the exchange-correlation functional 𝐸𝑋𝐶[𝑛(𝑟)]  is unknown. In order to obtain a 

satisfactory description of a real system, it is important to have an accurate functional 

𝐸𝑋𝐶[𝑛(𝑟)].  

Two of the most widely used approximations for the exchange-correlation potential are the 

local density approximation (LDA) [105] and the generalized gradient approximations (GGA) 

[106]. 

2.2.3 Exchange-correlation functional 

In the LDA, the exchange-correlation energy per electron at a point 𝑟 is taken to be the same 

as that for a homogeneous electron gas with density equal to that at point 𝑟. The exchange-

correlation functional  𝐸𝑋𝐶[𝑛(𝑟)] can then be expressed as 

                                             𝐸𝑋𝐶
𝐿𝐷𝐴[𝑛(𝑟)] = ∫𝑛(𝑟)𝜖𝑋𝐶

ℎ𝑜𝑚𝑛(𝑟)𝑑𝑟                                              (2.12) 

                                          = ∫𝑛(𝑟)[𝜖𝑋
ℎ𝑜𝑚(𝑛(𝑟)) + 𝜖𝐶

ℎ𝑜𝑚(𝑛(𝑟))]𝑑𝑟 

                   = 𝐸𝑋
𝐿𝐷𝐴[𝑛(𝑟)] + 𝐸𝐶

𝐿𝐷𝐴[𝑛(𝑟)] 

The exchange energy functional 𝐸𝑋
𝐿𝐷𝐴[𝑛(𝑟)] can be written analytically using the result for the 

homogeneous electron gas: 

                                             𝐸𝑋
𝐿𝐷𝐴[𝑛(𝑟)] = ∫𝑛(𝑟)𝜖𝑋

ℎ𝑜𝑚𝑛(𝑟)𝑑𝑟                                            (2.13) 

                  = −
3

4
(
3

𝜋
)
1 3⁄

∫𝑛(𝑟)4 3⁄ 𝑑𝑟 
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where 

                                                       𝜖𝑋
ℎ𝑜𝑚 = −

3

4
(
3

𝜋
)
1 3⁄

𝑛(𝑟)1 3⁄                                           (2.14) 

is the exchange energy density. Analytical expression for the correlation energy functional 

𝐸𝐶
𝐿𝐷𝐴[𝑛(𝑟)] in the homogeneous electron gas is unknown except in the high- and low-density 

limits. Most LDA formulas use analytic forms for 𝜖𝐶, fit to accurate quantum simulation results 

of the correlation energy at intermediate density, and reproduce the exact result at the high- and 

low-density limits. 

In principle, the LDA should work best in systems where the density varies slowly. In fact, it 

turns out to work surprisingly well even in some systems where the electron density is rapidly 

varying. In general, the LDA tends to underestimate bond-length by 1-2% [107], overestimate 

binding energies by 10-50% [108,109], and underestimate band gaps by ~50% [110]. 

The XC energy of an inhomogeneous electron density can be significantly different from that 

of a homogeneous electron gas. The GGA addresses this problem by allowing the functional 

to depend on not just the local density, but the local gradient of the density as well. It generally 

works better than LDA in predicting bond lengths, crystal lattice constants, binding energies, 

and so on, but often overcorrects. As 2D semiconductors have been studied in the thesis, it is 

important to discuss the description of semiconductors in DFT, which is a ground state theory. 

The conduction and valence bands correspond to the excited state of electrons and holes 

respectively and therefore, DFT does not provide an adequate description of the excited states. 

As a result, DFT underestimates band gaps, which is well known. Nevertheless, GGA is very 

good at predicting the trends, e.g., the variation in band gap with strain, thereby substantiating 

the reliability of GGA. Hybrid functionals have also been employed in the thesis to obtain more 

accurate band gaps and band edge positions, which are particularly, useful in photocatalytic 

studies.  

2.2.4 Hybrid exchange- correlation functional 

In the standard DFT, both the exchange 𝐸𝑋  and the correlation 𝐸𝐶  energies are 

treated by a local or semilocal approximations. The errors in the self-interaction and lack of 

derivative discontinuity present in the local functional leads to the underestimation of 

electronic bandgaps. However, Hartree-Fock method overestimates bandgaps significantly, 

which is attributed to the lack of correlation; and the experience of repulsive Hartree potential 

only by the unoccupied orbitals. Thereafter, a more robust hybrid approach came into being, 

which was conceptualised by Becke in 1993 [111]. The approach relies on the adiabatic 

connection proposed by Harris [112] and compared to the standard vanilla function in which a 
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fraction of the local exchange is replaced by the non-local Fock exchange operator. 

In general, the exchange-correlational energy functional for hybrids is written as follows: 

𝐸𝑋𝐶
ℎ𝑦𝑏

= 𝑎𝐸𝑋
𝑙𝑜𝑐𝑎𝑙 + (1 − 𝑎)𝐸𝑋

𝑛𝑙 + 𝐸𝐶
𝑙𝑜𝑐𝑎𝑙 

where 𝑙𝑜𝑐𝑎𝑙 refers to a (or mix of ) vanilla type functional 𝑛𝑙 is the non-local Hartree-Fock 

exchange. The mixing parameter 𝑎 determines how much of the non-local exchange is used in 

the functional. In parts of present thesis work, HSE06 functional has been used, in which 25% 

of the short-range exchange interaction of the PBE-GGA has been replaced by the short-range 

non-local Hartree-Fork exchange interaction [113,114].    

2.2.5 Solving Kohn-Sham Equations 

The KS equations must be solved self consistently because the KS potential 𝑉𝐾𝑆(𝑟) and the 

electron density 𝑛(𝑟) are related. Usually these equations are solved by starting with an initial 

guess for the electron density. For example, the initial guess could be a superposition of atomic 

electron densities. Thus, the KS potential 𝑉𝐾𝑆(𝑟) is calculated and Eq. 2.10 is solved to obtain 

the one-electron eigenvalues and wave functions. Given the wave functions, a new electron 

density is calculated. For stability, the calculated electron density is often mixed the electron 

density from the previous iteration to get a new density for the next iteration. The KS equations 

with the new 𝑉𝐾𝑆 are solved again to obtain the next round of electron density. The iteration 

continues until a pre-set level of self-consistency is reached. For example, if the change of total 

energy or electron density between two iterations is smaller than some specified convergence 

criteria, then after various quantities of interest can be determined. 

2.2.6 Plane Waves and Pseudopotential 

To solve KS equations, one needs to expand the wave functions in a basis-sets. Plane-wave 

basis-sets provide a simple unbiased choice of basis-sets in periodic solids and 2D materials. 

According to the Bloch theorem, the Eigen-functions of the KS equations with wave vector k 

can be written as: 

                                                         Ψ𝑘(𝑟) = 𝑒
𝑖𝑘.𝑟u𝑘(𝑟)                                                 (2.15) 

where u𝑘(𝑟) is a periodic function with crystal periodicity and it can be expanded in a 

Fourier series as follows: 

                                          u𝑘(𝑟) =
1

√Ω
∑𝑐𝑘(𝐺)

𝐺

𝑒𝑖𝐺.𝑟                                                 (2.16) 

where 𝐺 is a reciprocal lattice vector, Ω is the crystal unit cell volume, 𝑐𝑘(𝐺) is the expansion 

coefficient, and 𝑒𝑖𝐺.𝑟 is a plane-wave vector 𝐺. So, the eigen-function Ψ𝑘(𝑟) can be expanded 
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in plane-wave basis as: 

                                        Ψ𝑘(𝑟) =
1

√Ω
∑𝑐𝑘(𝐺)

𝐺

𝑒𝑖(𝑘+𝐺).𝑟                                        (2.17) 

As it is the valence electrons that are significant for the chemical interactions, therefore, it is 

convenient to treat only valence-electrons, and to use pseudopotentials to represent the 

interaction between valence-electrons and ion-cores only. In addition, pseudopotential wave- 

functions are constructed to match the true atomic valence wave-function beyond a given radius, 

but within the core region they can be much smoother than atomic wave functions. This means 

that the number of plane-waves needed to expand the wave-function can be significantly 

reduced. With a plane-wave basis, the accuracy of the calculation can be improved in a 

systematic and unbiased way by increasing the size of the basis set. 

2.3 Density Functional Perturbation Theory (DFPT) 

DFPT methods are popular because they can be easily implemented to determine the various 

important physical parameters which includes the linear response properties and lattice 

dynamics studies, directly without the need for multiple ground-state calculations.  The 

different types of perturbations that generally includes in DFPT calculations depends upon the 

response via ionic displacements, lattice strain and electric field effects [115]. DFPT methods 

allow the calculations of corresponding properties such as phonon-dispersion spectra, elastic-

stiffness tensors, and dielectric polarization within the DFT framework.  Furthermore, DFPT 

have been shown to give a successful description of the dielectric and piezoelectric properties 

of a wide range of materials in which electronic correlations are not too strong [116,117]. 

Therefore, DFPT approach provides the desired response properties in a more systematic, and 

reliable manner.  

2.3.1 Linear response within the Kohn-Sham scheme 

The linear response within the DFT[116] scheme can be obtained by standard perturbation 

techniques under the condition that the effective potential 𝑉𝑒𝑓𝑓(𝑟) entering in the Kohn-Sham 

equations depends on the ground-state density itself. Thus, its linear variation is given by: 

 

               𝛿𝑉𝑒𝑓𝑓(𝑟) = 𝛿𝑉𝑒𝑥𝑡(𝑟) + 𝛿𝑉𝑠𝑐𝑟(𝑟) = 𝛿𝑉𝑒𝑥𝑡(𝑟) + ∫𝑑
3𝑟′𝐼(𝑟, 𝑟′) 𝛿𝑛(𝑟′)                (2.18)      

           

                         𝐼(𝑟, 𝑟′) ≡
𝛿𝑉𝑠𝑐𝑟(𝑟)

𝛿𝑛(𝑟′)
=
𝛿𝑉𝐻(𝑟)

𝛿𝑛(𝑟′)
+
𝛿𝑉𝑋𝐶(𝑟)

𝛿𝑛(𝑟′)
                                                       (2.19) 
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This induces a first-order variation of the single-particle wave-functions 

                                           𝛿𝜓𝑖(𝑟) = ∑
< 𝑗|𝛿𝑉𝑒𝑓𝑓|𝑖 >

𝜖𝑖 − 𝜖𝑗
𝑗(≠𝑖)

𝜓𝑗(𝑟)                                  (2.20) 

By using a similar expression for 𝜓𝑖
∗(𝑟) gives 

                                     𝛿𝑛(𝑟) =∑
𝑓𝑖 − 𝑓𝑗

𝜖𝑖 − 𝜖𝑗
< 𝑗|𝛿𝑉𝑒𝑓𝑓|𝑖 >

𝑖≠𝑗

𝜓𝑖
∗(𝑟)𝜓𝑗(𝑟)                    (2.21) 

Equations (2.19) and (2.21) must be solved self-consistently to obtain the first order variation 

of the density.  

2.3.2 Lattice dynamics approach 

For the case of lattice vibrations or phonon studies[116], this perturbation corresponds to the 

ionic displacements. The standard perturbation is applied to the Kohn-Sham equations. Using 

the Hellmann-Feynman theorem for the electron density, it is assumed that the potential, 

subject to small perturbation can be expressed in the form of Talyor expansion: 

                                         𝑉𝜆(𝑟) = 𝑉0(𝑟) + 𝜆
𝜕𝑉

𝜕𝜆
+ 𝜆2

𝜕2𝑉

𝜕𝜆2
+⋯                                   (2.22) 

And the perturbed electron density n(r) and wave-function become 

                                              𝑛𝜆(𝑟) = 𝑛0(𝑟) + 𝜆
𝜕𝑛

𝜕𝜆
+ 𝜆2

𝜕2𝑛

𝜕𝜆2
+⋯                                (2.23) 

                                           𝜓𝜆(𝑟) = 𝜓0(𝑟) + 𝜆
𝜕𝜓

𝜕𝜆
+ 𝜆2

𝜕2𝜓

𝜕𝜆2
+⋯                                 (2.24) 

Evaluation of the first order terms results in the first-order Schrodinger equation also leading 

to the Hellman-Feynamn theorem which states that the expectation value of the derivative of 

the Hamiltonian gives the derivative of the eigenvalues of the Hamiltonian. 

                                              
𝜕𝐸

𝜕𝜆
=< 𝜓 |

𝜕𝐻

𝜕𝜆
|𝜓 >                                                                (2.25) 

Using the Hellman-Feynman theorem and doing a perturbation expansion to the first order in 

the electron density, we arrive at an expression for the total energy of the perturbed system: 

 

𝐸 = 𝐸0 +∑𝜆𝑖∫𝑛0(𝑟)

𝑖

𝜕𝑉(𝑟)

𝜕𝜆
𝑑𝑟 +

1

2
∑𝜆𝑖𝜆𝑗∫(

𝜕𝑛(𝑟)

𝜕𝜆𝑖

𝜕𝑉(𝑟)

𝜕𝜆𝑗
+ 𝑛0

𝜕2𝑉(𝑟)

𝜕𝜆𝑖𝜆𝑗
)

𝑖,𝑗

𝑑𝑟 (2.26) 
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When comparing this expression with the Taylor series expansion of the total energy 

                            𝐸 = 𝐸0 +
1

2
∑∑𝑢𝑖(𝑅𝐿)𝑢𝑗(𝑅𝐿′)𝐶𝑖,𝑗(𝑅𝐿 , 𝑅𝐿′)

𝑖,𝑗𝐿,𝐿′

                                  (2.27) 

We can identify the second order term connected to the force constants and write as:  

𝐶𝑖,𝑗(𝑅𝐿 , 𝑅𝐿′) = ∫(
𝜕𝑛(𝑟)

𝜕𝑢𝑖(𝑅𝐿)

𝜕𝑉(𝑟)

𝜕𝑢𝑗(𝑅𝐿′)
+ 𝑛0

𝜕2𝑉(𝑟)

𝜕𝑢𝑖(𝑅𝐿)𝜕𝑢𝑗(𝑅𝐿′)
)𝑑𝑟                          (2.28) 

here only the 1st order perturbations to the electron density are needed. Further details are 

available in the reference [116].  
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 Nanoelectromechanical energy harvesting in Group IVB Janus transition metal 

dichalcogenide monolayers 

3.1 Introduction 

It is well documented that the semiconducting band gap in MoS2, one of the most widely 

studied 2D materials, widens and becomes direct when its thickness is reduced to the level of 

a monolayer [118]. Interestingly, when bulk MoS2 is thinned down to the scale of a monolayer, 

the inversion symmetry in the crystal lattice is broken. As a result, piezoelectricity manifests 

itself in non-centrosymmetric single-layer MoS2. Theoretical predictions have preceded 

experimental confirmation or realization, in many instances. It turns out that piezoelectricity in 

single layer MoS2 was first predicted theoretically using first principles based density 

functional theory calculations [29] and later observed experimentally [55,59]. Since then, 

piezoelectric properties at the nanoscale, and particularly in 2D materials, have seen a surge in 

research interest. Alyӧrük et al [119] reported the promising piezoelectric properties of the 1H-

phase of Group-IV and VI dichalcogenides and their respective oxides. Lidia et al [120] 

predicted a much higher piezoelectric effect in Group-IV monochalcogenides as compared to 

hexagonal BN sheets and TMDCs. Ruixiang et al [121] predicted enormous anisotropy in the 

piezoelectric effects in monolayers of Group-IV monochalcogenides such as SnSe, SnS, GeS, 

GeSe. Huabing et al [122] reported extremely high piezoelectric values in hexagonal phase of 

Group-V binary compounds. Simultaneous occurrence of semiconducting and piezoelectric 

properties in these nanostructures may induce multifunctionality in them through a synergic 

coupling between these properties, thereby enabling their potential applications in 

piezoelectric/piezotronics [59,123], piezophototronics [124] and piezophtotocatalysis [125–

127].  Piezoelectricity at the nanoscale is in its infancy and at the level of fundamental research. 

The insight into the origin of piezoelectricity and its possible merger with other properties 

needs to be deepened in order to bridge the gap between the current understanding and its 

implementation in these envisioned practical applications. 

Group VI TMDCs have been widely studied from both scientific and application 

perspectives. The nature of the bonds in these monolayers is polar and covalent. The valence 

and conduction band edges in these monolayers arise from the hybridization of the metal d-

states with the chalcogen p-states. As a result, these 2D monolayers show a direct band gap in 

their equilibrium lattice structures.  The monolayers have also been manipulated both out of 

scientific interest and for the utilization of properties emanating from it. For instance, 

substituting the entire upper atomic layer of chalcogen in these monolayers by an atomic layer 

of another chalcogen introduces the so-called Janus phase, which can bring about new 

capabilities or functionalities in these layered 2D materials. These type of two-faced structures 

have been theoretically [128,129] predicted first and then experimentally [15,130] realized in 

Group-VI TMDCs.  Ang-Yu Lu et al [131]  proposed an innovative synthetic strategy in 



 

21 

 

 Nanoelectromechanical energy harvesting in Group IVB Janus transition metal 

dichalcogenide monolayers 

synthesizing Janus structures in transition metal dichalcogenides. Zhang et al [130] also 

obtained monolayer Janus SMoSe flakes by well-controlled sulfurization of monolayer MoSe2. 

Seok et al[132] suggested telluriding monolayer MoS2 and WS2 via alkali metal scooter. Yu et 

al[129] predicted the enhancement in the piezoelectric effect in Janus structures in Group-III 

(Ga, In) monochalcogenides with respect to their non-Janus [57] structures. Moreover, the 

breaking of symmetry in the out-of-plane direction could also lead to many applications such 

as a basal-plane active 2D photocatalysis [133],[134],[135], Rashba-type spin splitting 

[136],[137],[15], ferromagnetism[138] & robust pieoztronic devices at the 2D or nano level.  

The successful experimental [139–141] isolation of atomically thin semiconducting 1T-

MX2  monolayers of Group IVB dichalcogenides has lately attracted a good deal of scientific 

interest[142]. Due to their semiconducting band gaps together with an appreciable carrier 

mobility, these monolayers are promising candidates in low-power electronic devices [143]. 

These type of 2D transition metal dichalcogenide (TMDC) monolayers are completely different 

from Group VI TMDCs in terms of electronic structure [144]. The interatomic bonds in these 

monolayers are predominantly of ionic nature. The valence band states are primarily 

constituted of chalcogen p-states, while the conduction band states are composed of metal d-

states. As the band edges are decoupled, the band gaps turn out to be indirect. Furthermore, a 

parallel-band feature, which is a characteristic of van Hove singularity is induced in the 

absorption spectra. As a result, strong light-matter interaction is found in Group IVB 

dichalcogenide monolayers [145]. Moreover, the Group IVB dichalcogenide monolayers are 

centrosymmetric and, therefore, do not exhibit piezoelectric properties.  

In the present chapter, the Janus structures of 1T-MX2 (M=Zr, and Hf; X=S, Se, and 

Te) monolayers have been investigated. Inversion symmetry is broken in these 2D Janus 

structures, which causes the occurrence of piezoelectricity. Piezoelectric material needs to be 

an insulator or semiconductor with a reasonable band gap in order to avoid current leakage. 

Therefore, these Janus structures in 1T-TMDC monolayers satisfy this criterion as well. 

Inversion symmetry broken by the introduction of Janus structure  adds a new dimension to 

piezoelectricity in 2D materials on account of the origin of piezoelectricity in these layered 

semiconducting nanosheets, which is ionic in nature, in contrast to the electronic nature of 

piezoelectricity in 2D layered materials studied so far [57,119,146,147]. Although high values 

of piezoelectricity have been reported for layered materials; however, their carrier mobility has 

either not been reported or found to be low. Here, Group IVB based Janus structures in 

monolayers exhibit high piezoelectricity along with robust electronic mobility. The formation 

of Janus structures breaks the inversion symmetry and induces in-plane as well as out-of-plane 
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piezoelectricity. Additionally, on account of lower elastic constants in Group IVB based 

dichalcogenides with respect to Group VI dichalcogenides, significantly high piezoelectric 

strain coefficient can be speculated.  

The present chapter is organized as follows. First of all, the consequences of the reduction 

in symmetry brought about in the Janus monolayers with respect to the native 1T structure has 

been discussed. Thereafter, the origin of piezoelectricity has been ascertained and the 

piezoelectric strength has been ascribed to related parameters such as Born effective charges 

and elastic stiffness constant. The dynamical stability of these monolayers has also been 

confirmed by phonon dispersion calculations. Then, the effect of decoupled band edges on the 

relative magnitude of deformation potential for holes and electrons and that of the anisotropy 

in carrier effective mass and deformation potential on carrier mobility has been thoroughly 

investigated for their potential applications in nanopiezotronics.  

3.2 Computational Details 

First-principles calculations have been carried out using density functional theory (DFT) as 

encoded in the Vienna Ab-initio Simulation Package (VASP 5.3) [148–150]. The Perdew-

Burke-Ernzerhof (PBE) [151] variant of the generalized gradient approximation (GGA)[106] 

has been used for the exchange correlational functional, while projected augmented wave 

(PAW) potentials have been employed to describe the interaction between the electrons and 

ions. In some part of the calculations, the screened hybrid Heyd-Scuseria-Ernzerhof 2006 

(HSE06) functional [113,114] has been adopted to secure accurate electronic structures as 

GGA-PBE exchange correlation functional is known to underestimate the band gap in 

semiconductors. The electronic wave functions have been expanded within the energy cut off 

of 500 eV. Both atomic positions and lattice constants have been fully relaxed using the 

conjugate gradient method. Atomic relaxations have been performed until the Hellmann–

Feynman forces on each atom reduced to values below 0.01 eV Å-1. The total energy 

convergence criterion between successive self-consistent cycles was set at 1 x10-4 eV. A 7×7×1 

Monkhorst-Pack k-mesh sampling have been used to optimize the geometries. A vacuum 

thickness of more than 13 Å along the z-direction has been adopted to minimize the spurious 

interactions between the periodic images to a negligible level. In HSE06 functional, 25% of 

the short-range exchange interaction of the PBE-GGA has been replaced by the short-range 

non-local Hartree-Fork exchange interaction. For this study, an exchange-screening range 

separation parameter, 𝜔 of 0.2 Å−1  was set. To confirm the dynamic stability, the phonon 

dispersion calculations have been performed within density functional perturbation theory 

(DFPT) [116], as implemented in the Phonopy code [152]. The relaxed-ion elastic stiffness 
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coefficients, Cijkl, including both the ionic and electronic components, have been calculated by 

using a finite difference method, as implemented in the VASP code. The static dielectric 

constants and Born effective charge tensors have been computed based on the linear response 

theory. The relaxed-ion piezoelectric stress coefficients have been obtained as the sum of ionic 

and electronic contributions by using DFPT method as incorporated into VASP [115]. Within 

DFPT, the VASP code directly gives the electronic and ionic contribution to the piezoelectric 

stress coefficient.   

 

Figure 3. 1 (a-b) Side and top view of Janus structures in semiconducting Group IVB MXY (M= metal; 

X/Y= chalcogen) monolayers in 1T-phase, (c) the lattice of the Janus structure is devoid of the centre 

of inversion and hence, exhibits piezoelectricity. Octahedral coordination of the metal atom with 

chalcogen atoms, i.e., each M atom coordinates with six chalcogen atom in this trilayer structure. For 

1T-MX2, M lies exactly at the centre of this octahedron. However, in Janus structures, M shifts off from 

the centre of the octahedron and thereby breaks the inversion symmetry. (d)-(e) Bonding charge density 

of the Janus-ZrSSe and 1T-ZrS2 monolayer, obtained from the difference in the valence charge density 

between the monolayer and the superposition of the valence charge density of the neutral constituent 

atoms. Magenta and green colours indicate regions of electron accumulation and depletion respectively. 

3.3 Results and Discussion 

3.3.1 Breaking inversion symmetry in centrosymmetric 1T monolayers  

Structurally, monolayers of 1T-MX2 (M=Zr and Hf; X=S, Se, and Te) are similar to those of 

1T-CdI2 [139],[153].  They belongs to a centrosymmetric space group 𝑃3̅𝑚1  (164). The 

monolayers  have been recently synthesized experimentally [154],[139]-[140]. MX2 contains a 

planar M layer sandwiched between two planar X layers, forming a trigonal structure when 

projected onto the (001) plane. Dynamic and thermodynamic stabilities have been confirmed 

by carrying out phonon dispersion (see Figure 3.2) and cohesive-energy calculations, as shown 
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in Table 3.1. All compounds crystallize in the CdI2 (1T) polytype with octahedral metal 

coordination, resembling the 1H-MoS2 structure but with top and bottom layers of chalcogen 

atoms staggered relative to one another. MX2 in the 1T phase has an inversion centre at the M 

atomic sites and belong to the D3d point group. To construct the Janus structure of monolayer 

1T-MX2, the top or the bottom layer of X atoms need to be replaced by the Y atoms, yielding 

1T-MXY monolayers, as shown in Figure 3.1 (a). In such a manner, six Janus monolayer 

structures, ZrSSe, ZrSTe, ZrSeTe, HfSSe, HfSTe and HfSeTe, have been generated.  

Experimentally, careful control of heating allows to replace the sulphur atoms in the top 

planar layer by selenium atoms in the two-dimensional materials [15,130]. Calculations 

reveal that 1T-phase belongs to centrosymmetric space group whereas the Janus phase 

belongs to the non-centrosymmetric space group. Polar Janus MXY monolayers possesses 

trigonal P3m1 (156) space group symmetry. This polar structure is characterized by the 

absence of mirror planes that are perpendicular to the c-axis. Also, as evident from Figure 

3.1, symmetry is lowered in the Janus monolayer structures relative to their 1T pristine 

monolayers, as the Janus monolayers contain only 6 symmetry operations, while the pure 

1T- phase contains 12 symmetry operations. 

To visualize the hybridization of electronic states between the transition metal and 

chalcogen atoms, the electronic charge density distribution has been calculated. The charge 

density (as shown in Figure 3.1 (d and e) in the bonding states is obtained as the difference 

between the valence charge density of the MX2 or MXY nanosheet and the non-interacting 

electron charge density calculated from a superposition of the valence charge density of the 

free atoms. This agrees with the earlier reports[155]. Magenta and green colors indicate 

regions of electronic charge accumulation and depletion respectively. As the lower and upper 

chalcogen atoms are staggered with respect to each other in 1T-MX2 and its Janus MXY 

monolayer, the bonding charge distribution is different from that of 1H-MX2 or its MXY 

Group-VI TMDC monolayers where electronic charge accumulation occurs around the 

centre of the M-X bond, indicating the covalent character of M-X bond[128,156,157]. 

However, for 1T-MX2 TMDC monolayers and thier Janus MXY monolayers, the bonding 

charge distribution is different. Electronic charge accumulation takes place symmetrically 

around the chalcogen atoms both in the upper and lower layer in 1T-MX2, whereas for the 

Janus structures the electronic charge distribution is non-symmetrical. This implies the ionic 

character of the interatomic bonds in pristine 1T-structures and a mixture of ionic and 

covalent bonds in the Janus structures. Furthermore, in the Janus monolayers, the difference 

in the atomic sizes and electronegativities in X and Y atoms gives rise to inequality in the 
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bond lengths, M-X and M-Y, and in turn, the charge distribution, as shown in Figure 3.1 (d) 

and (e). More charges are transferred from Zr to S than from Zr to Se, as shown in Fig. 1 (d) 

and (e) and in Table 3.2. This imbalance breaks the inversion symmetry between the top 

layered X and bottom layered Y atoms centred on M atom (moreover, in pristine 1T-TMDC 

monolayers, top and bottom layered X atoms are staggered relative to each other and not 

vertically aligned, as in 1H-phase), resulting in a lower degree of 3𝑚 symmetry, instead of 

3̅𝑚, as found in the conventional 1T-MX2 monolayers. Furthermore, the M/X atom has 

nominal ionic charge of +4/-2 in the neutral state, however the effective atomic charge was 

computed to be +2.05e/-1.025e and +1.945e/-1.053e/-0.891e for Zr/S and Zr/S/Se in ZrS2 

and ZrSSe monolayers respectively, according to the Bader charge population analysis, 

indicating that the bonding between Zr and S is a mixture of covalent and ionic character. 

Details of Bader charges on each ionic species for all monolayers can be found in Table 3.2.  

Table 3. 1 Optimized structure of 2D monolayer nanosheets (2D-NS): lattice constant: 𝑎 (Å), bond-

lengths: 𝑑𝑀−𝑋 (Å) and 𝑑𝑀−𝑌 (Å), bond angle: 𝜃𝑋−𝑀−𝑌 (°), cohesive energy per unit cell, 𝐸𝑐(𝑒𝑉), 

charge transferred from the metal atom, ∆𝑄𝑀(𝑒) and vertical dipole moment, 𝜇⊥(𝐷𝑒𝑏𝑦𝑒) 
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Table 3. 2 Effective charges on atomic species calculated via Bader population analysis 

 

In addition to these properties of Janus strcutures, it is interesting to know the intrinsic dipole 

moment  perpendicular to the plane of nanosheet (𝜇⊥), which is calculated by resolving the 

vector components of the dipole moment. All the Janus monolayer structures show an out-of-

plane dipole moment which is zero in their pristine 1T-phase. The calculated results, tabulated 

in Table 3.1, show a large dipole moment and  an electric field perpendicular to the plane of 

Janus 2D sheet, as compared  to the dipole moment, in Group-VI Janus structure[133,134].   

3.3.2 Dynamical stability 

Even if the total energy of a structure is minimized, its stability cannot be assured. Therefore, 

frequencies of the vibrational modes of optimized single-layer MX2 or MXY in 1T or Janus 

structures have been calculated along the high-symmetry k-points in the BZ to provide a 

rigorous test for the stability. A structure is taken to be stable only when calculated frequencies 

of all phonon modes in the BZ are positive; otherwise, imaginary frequencies indicate 

instability. In such calculations, the long wavelength, out of plane acoustical (ZA) modes are 

vulnerable to instability. Thus, caution has to be taken in calculating forces with extreme 

accuracy. 

To confirm the dynamical stability, phonon dispersions of 1T-MX2 and their Janus MXY 

monolayers have been calculated by using the density functional perturbation theory (DFPT). 

The results are plotted in Figure 3.2 for all Janus MXY and also for 1T-MX2 monolayers. No 

appreciable imaginary vibrational frequency is noticed in the first Brillouin zone, which clearly 

suggests that monolayers are dynamically stable. Except a small pocket near the Γ point, no 

trace of imaginary frequencies is observed in the Brillouin zone. This small pocket of instability 

is extremely sensitive to the details of the calculation and in some cases, it disappears altogether. 

This suggests that it merely indicates the difficulty in achieving numerical convergence for the 

flexural phonon branch, which appears to be a common issue in the first principle calculations 
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for 2D materials [158]. The existence of small regions of phonon instability in the flexural 

acoustic (ZA) modes around the Γ point has also been observed in graphene, silicone, 

molybdenum disulfide and gallium chalcogenides. The region of instability shows extreme 

sensitivity to simulation parameters such as supercell size and k-point sampling. Moreover, the 

absolute values of the imaginary frequencies are close and vary by the amount by which the 

acoustic branches of the dispersion curve miss zero when Newton’s third law is not imposed 

on the matrix of the force constants. For these reasons, it is understood that these regions of 

instability are spurious [158].  

 

Figure 3. 2 Phonon energy dispersion spectrum of 1T-MX2 and MXY Janus monolayers. 

 

3.3.3 Electronic structure 

The electronic band structure of the pristine and Janus structures in the 1T phase in Group 

IVB-VIA monolayers is presented in Figure 3.3. Monolayers of ZrS2, ZrSe2, HfS2 and 

HfSe2 are semiconductors with indirect bandgap. DFT at GGA-PBE level is well known to 

underestimate the band gap. Therefore, more accurate calculations with HSE06 functional 

have been performed to compute the band gap in all the monolayers. Telluride-based MX2 

monolayers are found to be semi-metallic in nature. Janus structures of Zr and Hf based 

dichalcogenides are found to be semiconductors with an indirect band gap ranging from 

0.15-2.03 eV. The conduction band minimum (CBM) lies at the M-point while valence 

band maximum (VBM) is located at the Г point of the Brillouin zone (BZ), which agrees 

well with the experimental and theoretical findings [139]. A closer inception shows that the 

incorporation of sulphur imparts to the Janus monolayer a larger band gap relative to ZrSe2 

and HfSe2 monolayers. For a deeper understanding, we have probed into the origin of VBM 
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and CBM. For these monolayers occurring in trigonal structures, the valence bands 

primarily show p-orbital character arising from the chalcogen atoms, while the conduction 

bands consist mainly of d-orbitals contributed by the transition metal atoms, as shown in 

Figure 3.4 (a) and (b). In1H-MX2 (M=Mo, W; X = S, Se, Te) monolayers, the VBM and  

 

Figure 3. 3 Electronic band dispersion of 1T-MX2 and their corresponding Janus MXY monolayers 

determined via GGA-PBE (dotted curves) and HSE06 calculations (solid curves). M= Zr, Hf and 

X=S/Se/Te.  

 

Table 3. 3 Electronic band gap of monolayer MX2 (M = Zr, Hf; X= S, Se, Te) using GGA-PBE 

and HSE06 functional. 

 

 

 

CBM are bonding and antibonding states arising from the hybridization of the metal-d and 

chalcogen-p states. Consequently, the VBM and CBM in 1H-MX2 (M=Mo, W; X = S, Se, Te) 

monolayers and their Janus structures are coupled, while these band edges in 1T-MX2 (M=Zr, 
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Hf; X=S, Se, Te) monolayers and their Janus structures are decoupled. The coupled (decoupled) 

band edges cause direct (indirect) band gaps in the former and latter respectively. The orbital 

projected electronic band structure of monolayer structures of 1T-ZrS2 and Janus ZrSSe is 

shown in Fig. 3.4. The projections on the S-p orbitals and Zr-d orbitals reveal that the valence 

band comprises mainly of p-orbitals of chalcogen atoms, whereas the composition of the 

conduction band is dominated by the d orbitals of transition metal atoms. Furthermore, for the 

ZrSSe monolayer, the p-orbital contribution to VBM is mainly made by the Se atom, instead 

of the S atom. Similar results are obtainable for the other Janus monolayers. Figure 3.5 shows 

that the detailed band decomposed charge density of the VBM and CBM at the Г and M point 

in the BZ for ZrS2 and ZrSSe monolayers with the contribution of different orbitals in varying 

percentages agrees with the earlier findings[159]. 

 

Figure 3. 4 Electronic band structure of monolayers of (a) 1T-ZrS2 and (b) Janus ZrSSe projected on 

the p-orbitals of S-atom and d-orbitals of Zr-atom. The valence band shows a predominance of the p-

orbital character of chalcogen atoms whereas conduction band shows that of the d-orbital of the 

transition metal atom. The scale indicates the magnitude of the orbital projection. 
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Figure 3. 5 Band decomposed charge density at the VBM (G point) and CBM (M point) 

in the BZ for ZrS2 and ZrSSe monolayers. 

 

 

3.3.4 Elastic properties  

A stiffer material will have a lower elongation per unit length for the same magnitude of applied 

force or strain. Therefore, the stiffer the material, the larger will be its Young’s modulus. In 

such cases, a large force must be applied to bring about a considerable deformation and 

generate electricity in the piezoelectric material. Therefore, a small Young’s modulus is 

preferable to induce piezoelectric voltages with relative ease. Moreover, in the expressions for 

piezoelectric strain coefficients, the elastic tensor components occur in the denominator. 

Therefore, a smaller elastic constant will induce a higher piezoelectric response under the 

application of uniaxial strain. According to the definition, the total elastic stiffness coefficients, 

which is the sum of ionic and electronic contributions, can be evaluated as 𝐶𝑖𝑗𝑘𝑙 = 𝑑𝜎𝑖𝑗 𝑑휀𝑘𝑙⁄ =

𝐶𝑖𝑗𝑘𝑙
𝑖𝑜𝑛 + 𝐶𝑖𝑗𝑘𝑙

𝑒𝑙 ; where 𝜎𝑖𝑗 and 휀𝑘𝑙 depict the stress tensor and strain tensor respectively. In the 

Voigt notation, the subscripts 𝑖 and 𝑗 for the components of 𝜎𝑖𝑗 and 휀𝑖𝑗 can be indicated as 1 =

𝑥𝑥 , 2 = 𝑦𝑦 , 3 = 𝑧𝑧 , 4 = 𝑦𝑧 , 5 = 𝑧𝑥 , 6 = 𝑥𝑦 . Symmetry analysis based on point group 

reduces the number of independent components of the elastic tensors. As 1T-MX2 and Janus 

MXY monolayers belong to the trigonal 3𝑚 and 3̅𝑚 point group, the elastic tensors reduce to 
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                                𝐶𝑘𝑙 =

(

 
 
 
 

𝐶11 𝐶12 𝐶13 𝐶14 . .
𝐶12 𝐶11 𝐶13 −𝐶14 . .
𝐶13 𝐶13 𝐶33 . . .
𝐶14 −𝐶14 . 𝐶44 . .
. . . . 𝐶44 𝐶14

. . . . 𝐶14
𝐶11−𝐶12

2 )

 
 
 
 

                             (3.1) 

It is noticed in Table 3.3 and Figure 3.6 that the calculated elastic constants are positive (with 

exception of ZrTe2) and satisfies the Born-Huang stability criteria for crystals having trigonal 

symmetry for which the following conditions must be met for mechanically stable trigonal 

crystals:  𝐶11 > 0 and 𝐶11 − 𝐶12 > 0. 

The 2D Young’s modulus of elasticity can be determined using the following relation [160]: 

𝑌2𝐷 =
𝐶11
2 − 𝐶12

2

𝐶11
 

The corresponding Poisson’s ratio can be obtained as 

𝜈2𝐷 =
𝐶12
𝐶11

 

Table 3. 4 Electronic and ionic contribution to in-plane elastic stiffness constants, C11 (Nm-1), C12 

(Nm-1), Young’s modulus, Y2D (Nm-1), and Poisson’s ratio, ν2D of 1T-MX2 and Janus MXY 

monolayers in 1T-phase 
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Figure 3. 6 Young’s modulus and Poisson’s ratio in pristine 1T-MX2 and its Janus structures, MXY 

The calculated elastic stiffness constants and elastic moduli (Y2D and ν2D) agree well with 

previous reports[161],[162]. The total in-plane elastic stiffness constants (C11, C12) have been 

split into electronic and ionic components, as shown in Table 3.3. It is observed that the ionic 

contribution to the elastic constant of Group IVB monolayers such as ZrS2 and HfS2 is 

comparable to the Group-VI monolayers such as 1H-MoS2. For a systematic comparison, the 

ionic and electronic contribution to the in-plane elastic stiffness constants in 1H-MoS2 

calculated in the present study agrees with the earlier reports [29,163,164]; however, there is a 

diminution in the contribution of the electronic component which results in a low elastic 

stiffness in Group IVB monolayers. From Table 3.3, it is evident that all the materials 

considered in this study are found to be less stiff than other 2D materials such as graphene [165] 

(Y=341 N/m), single layer h-BN[166] (Y=275.9 N/m), and most of the TMDCs [162]. The 

Poisson ratio, ν2D of the Janus structures are slightly larger than that of Group VI TMDCs. 

Similar to MoS2 and MoSSe monolayers, the related elastic constants of the ZrSSe monolayer 

are smaller than those of the ZrS2 monolayer. Compared to MoSSe, the in-plane strain 

engineering of a larger magnitude can be easily achieved in ZrSSe monolayer due to its smaller 

Young’s modulus. According to Table 3.3, the elastic stiffness constant and Young’s modulus 

for Janus MXY monolayers are slightly smaller than 1T-MX2 monolayers. This indicates that 

MXY monolayers are more flexible than MX2 monolayers due to smaller Young’s modulus. 

The smaller Young’s modulus is due to the weaker M-X/Y bond strength. This opens the scope 
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for in-plane strain engineering, of a large magnitude, in these monolayers, which is very 

important in tuning physical properties, such as, bandgap engineering and piezoelectricity.  

3.3.5 Piezoelectric properties 

Piezoelectricity occurs only in certain non-centrosymmetric materials where an electric dipole 

moment is generated upon the application of stress or strain. This is often referred to as the 

direct piezoelectric effect. Conversely, the indirect piezoelectric effect refers to the case when 

strain or stress is generated in a material upon the application of an applied electric field. The 

piezoelectric response of a material is ascertained via different piezoelectric constants, which 

are the various Maxwell derivatives of thermodynamic functions such as 𝑒𝑖𝑗𝑘 = 𝑒𝑖𝑗𝑘
𝑖𝑜𝑛 + 𝑒𝑖𝑗𝑘

𝑒𝑙  =

(𝜕𝑃𝑖 𝜕휀𝑗𝑘⁄ )
𝐸,𝑇

 for the direct piezoelectric effect and 𝑒𝑖𝑗𝑘 = 𝑒𝑖𝑗𝑘
𝑖𝑜𝑛 + 𝑒𝑖𝑗𝑘

𝑒𝑙  = −(𝜕𝜎𝑗𝑘 𝜕𝐸𝑖⁄ )
𝜀,𝑇

 for 

the converse piezoelectric effect. 𝑒𝑖𝑗𝑘 is a third-rank piezoelectric stress tensor, 𝑃𝑖 is the electric 

polarisation vector, 휀𝑗𝑘  is the strain tensor, 𝜎𝑗𝑘  is the stress tensor, 𝐸𝑖  is the macroscopic 

electric field, and 𝑇 is the temperature; 𝑖, 𝑗, 𝑘 ∈ {1,2,3} and 1,2,3 corresponds to the spatial 𝑥, 

𝑦  and 𝑧  directions respectively. Besides, the mechano-electrical transduction efficiency is 

expressed via the piezoelectric strain coefficient, 𝑑𝑖𝑗𝑘. In two-dimensional materials, in the 

Voigt notation, the third rank tensors, 𝑒𝑖𝑗𝑘 and  𝑑𝑖𝑗𝑘 reduce to second rank tensors, 𝑒𝑖𝑙 and 𝑑𝑖𝑙, 

where  𝑙 ∈ {1,2, . . . ,6} . The total number of independent components is reduced due to 

symmetry constraints, as given in eqn. (3.1)-(3.3). Pristine 1T-MX2 monolayer possesses 

centrosymmetric 3̅𝑚 point group symmetry and therefore, all its piezoelectric coefficients are 

zero, while symmetry in their Janus MXY monolayers changes to non-centrosymmetric 3𝑚 

point group giving non-zero piezoelectric stress tensors, 𝑒𝑖𝑙 as  

 

                                        𝑒𝑖𝑙 = (

. . . . 𝑒15 −𝑒22
−𝑒22 𝑒22 . 𝑒15 . .
𝑒31 𝑒31 𝑒33 . . .

)                               (3.2) 

 

and non-zero piezoelectric strain tensor, 𝑑𝑖𝑙 as 

 

                                 𝑑𝑖𝑙 = (

. . . . 𝑑15 −2𝑑22
−𝑑22 𝑑22 . 𝑑15 . .
𝑑31 𝑑31 𝑑33 . . .

)                           (3.3) 

 

where the dot denotes 0 value. 
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In Voigt notation, in two-dimensional systems, the non-vanishing components become as 

follows 

𝑒222 = −𝑒211 = −𝑒112 = 𝑒22 = −𝑒21 = −𝑒16 

𝑒311 = 𝑒322 = 𝑒31 = 𝑒32 

𝑒333 = 𝑒33 

𝑒113 = 𝑒212 = 𝑒15 = 𝑒24 

Based on symmetry analysis, 1T-MXY (M= Zr and Hf; X, Y = S, Se, and Te) Janus monolayers 

will have four independent piezoelectric tensor components or coefficients, namely, 𝑒22 , 

𝑒31, 𝑒33 and  𝑒15.  

𝑒22  corresponds to the in-plane polarisation inducible by uniaxial in-plane uniaxial 

strain, while 𝑒31 and 𝑒33 represent the out-of-plane polarisation inducible by uniaxial strain 

along a-axis and c-axis, respectively. 𝑒15 describes the polarisation inducible by shear strain. 

Density functional perturbation theory has been used to calculate  𝑒𝑖𝑙 , while 𝑑𝑖𝑙  has been 

derived using the relation  

                                                          𝑒𝑖𝑙 = 𝑑𝑖𝑘𝐶𝑘𝑙                                                       (3.4) 

where 𝐶𝑘𝑙 is elastic stiffness tensor. The non-zero components in 𝑑𝑖𝑙 can be derived from the 

following relationships:  

            

                                             𝑑22 =
𝑒22

𝐶11 − 𝐶12
                                                                 (3.5) 

                                             𝑑31 =
𝑒31

𝐶11 + 𝐶12
                                                                 (3.6) 

For a systematic and a direct comparison with the experimental piezoelectric response, the 

calculated piezoelectric stress tensor needs to be converted into piezoelectric strain tensor. Only 

in-plane piezoelectric coefficients, or 𝑑22  in MXY (M=Zr and Hf; X=S, Se, and Te) 

monolayers have a significantly high value, which is comparable to the known bulk 

piezoelectric materials and 1H-MX2 monolayers. The piezoelectric strain coefficient, 𝑑22 

values are even much higher than commonly used 3D piezoelectric materials such as α-quartz 

[167] (d11 = 2.3 pm/V) and AlN [167] (d33= 5.6 pm/V), wurtzite-GaN [167] (d33 = 3.1 pm/V) 

implying the importance of the in-plane piezoelectric effects in these monolayer materials. The 

values shown in Table 3.4 clearly show remarkably high piezoelectric constants of the Janus 

monolayer and their great potential for application in nanoscale technologies. 
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Table 3. 5 Piezoelectric stress/strain coefficients or tensor components: e22/d22 (in-plane) and e31/d31 

(out-of-plane) in Janus MXY monolayers in 1T-phasea. 

 

a The units 𝑒𝑖𝑙 and 𝑑𝑖𝑙 are 10-10 C/m and pm/V respectively. 

For 1T Janus TMDCs, we need to calculate the in-plane e22 component and out-of-plane 

e31 and e33 components. The piezoelectric coefficient e31 is non-zero here due to the absence of 

an inversion centre between the two layers of chalcogenides. The corresponding piezoelectric 

strain tensor, dijk of each material has been calculated from the relationship, (3.5) and (3.6). For 

1T-MX2 monolayer, a zero piezoelectric coefficient is obtained owing to its centrosymmetric 

structure. The calculated piezoelectric stress tensor for 1T MX2 monolayers are all zero as 

expected from the symmetry of these materials. Table 3.4 shows the results for piezoelectric 

stress coefficient (eijk) and piezoelectric strain (dijk) coefficient of Janus monolayer MXY 

structures with M=Zr and Hf and X=S, Se, and Te. The calculated values show that the 

magnitude of the ionic contribution is larger than the electronic contribution for all the 

considered materials. 

Furthermore, to explore the maximum possible enhancement in the piezoelectric 

coefficients in these Janus monolayers under the application of strain, the HfSSe monolayer 

has been subjected to both uniaxial and biaxial strain. The Janus HfSSe monolayer has been 

judiciously chosen here, as it shows the lowest  𝑒22  and  𝑑22  values among the six Janus 

monolayers studied in this work. Yet, a colossal enhancement in its piezoelectric coefficients is 

observed at 9% of uniaxial tensile strain (𝑒22=78.49 × 10-10 C/m; 𝑑22=123.04 pm/V) applied 

along the arm-chair direction, as shown in Figure 3.7 (a), while 𝑒22=16.74 ×10-10 C/m; 

𝑑22=37.67 pm/V is reached at 7% of biaxial tensile strain, as shown in Figure 3.7 (b). Out of 

all the strain types investigated, the application of uniaxial strain along the arm-chair direction 

has been found to cause the largest enhancement in 𝑒22 and 𝑑22, which reach as high as the 

ones in the state-of-the-art perovskites. Uniaxial strain applied along the zig-zag direction is 

not found to cause any noticeable change in 𝑒22 or 𝑑22, as shown in Figure 3.8.  

A smooth rise (drop) in 𝑑33  (𝑑31 ) in the state-of-the-art perovskites bulk BaTiO3 
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(PbTiO3) with the application of hydrostatic-pressure was reported [168]; however, the peak in 

𝑑33 (𝑑31) was not reached, as the application of pressure was limited to 4 GPa in that study. 

Nonetheless, the peak in 𝑑31 (𝑑33) in PbTiO3 was reported to reach around 8 GPa and 13 GPa 

respectively in a later work by Wu and Cohen [169], based on local density approximation 

(LDA).  Subsequently, Kvasov et al.[170] verified experimentally the enhancement in 

piezoelectric coefficient under negative pressure, which was predicted by first principles 

calculations. In that work, the maximum enhancement in longitudinal piezoelectric coefficient 

(d33) and hydrostatic piezoelectric coefficient (dH) was simultaneously found to occur at -1 GPa, 

-2 GPa and -7 GPa in bulk PbTiO3, Pb(Zr,Ti)O3 and BaTiO3 respectively.  

 

Figure 3. 7 Variation in the piezoelectric stress coefficient, e22 in Janus HfSSe monolayer with the 

application of (a) uniaxial strain along the arm-chair direction and (b) biaxial strain. [The peaks are 

found to occur at 9% uniaxial tensile strain applied along arm-chair direction and at 7% biaxial tensile 

strain.] (c) Strain induced pressure on the basal plane in Janus HfSSe monolayers. 
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The pressure induced on the basal plane of HfSSe monolayer by the application of mechanical 

strain, as computed in this work, has been provided in Figure 3.7 (c). Tensile (compressive) 

strain is found to bring about negative (positive) pressure on the basal plane.  

-2.8 GPa and -4.2 GPa correspond to the pressure induced on the basal plane in HfSSe 

monolayer by the application of 9% uniaxial tensile strain applied along the arm-chair direction 

and 7% biaxial strain respectively, where the piezoelectric coefficients reach their peak values.   

Janus HfSSe monolayers are found to remain mechanically stable under these types and 

magnitude of strain, as confirmed by the satisfaction of Born-Huang stability criteria. Moreover, 

Young’s modulus and Poisson’s ratio tabulated in Table 3.6. Interestingly, band gap changes 

from indirect to direct at these type and magnitude of strain, as tabulated in Table 3.6. 

 

Table 3. 6 Elastic stiffness constants, C11 (N/m), C22 (N/m), C12(N/m), Young’s modulus, Y2D 

(N/m) & Poisson ratio, ν2D along zig-zag (zz) and arm-chair (ac) directions, piezoelectric stress 

coefficients, e22 & e31 (10-10 C/m), piezoelectric strain coefficients, d22 & d31 (pm/V), external 

pressure, Pext. (GPa) and HSE06 Bandgap, Eg in unstrained and strained HfSSe monolayer 

 

The state-of-the-art perovskites show a major anisotropy in piezoelectricity between its crystal 

orientations, e.g, between the [001] and [111] directions in BaTiO3 [171]. However, in this 

work on Janus monolayers, Table 3.4 shows 𝑒31 and 𝑑31 to be so small as to be ignorable. As 

𝑑22  is considerable and 𝑑31  is ignorable, piezoelectricity in the pristine, unstrained Janus 

monolayers may essentially be regarded as in-plane. Nevertheless, 𝑑31 is found to reach its 

maximum value of 0.83 pm/V at 9% uniaxial tensile strain applied along the arm-chair 

direction, as shown in Figure 3.8. Therefore, under this type and magnitude of strain, a mild 

anisotropy in piezoelectricity is found to arise between the in-plane arm-chair direction and the 

out-of-plane 𝑧  direction. In nanopiezotronic FET devices, the Janus monolayers need to 

interface the source and the drain along its arm-chair direction. 𝑑22  will then be able to 

facilitate and control the flow of carriers considerably along the arm-chair direction in response 

to uniaxial tensile strain applied along the same direction, while d31 can bring about top gating 

effects via the build-up of piezopotential along the 𝑧  direction in response to uniaxial 

mechanical strain applied along the zig-zag direction. 𝑑31  will also ease the separation of 

electron and holes along the 𝑧 direction. Mild polarization along the 𝑧 direction may also help 
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to attract and adsorb polar molecules both on the top and bottom side of the Janus monolayers, 

thereby enabling its sensing applications as well.       

 

Figure 3. 8 Variation in the out-of-plane e31 piezoelectric coefficients with the application of (a) 

uniaxial strain along the armchair direction and (b) biaxial strain.  

3.3.6 Born effective charges 

Born effective charges (BEC), 𝑍𝑖𝑗
∗  are derivatives of the intrinsic polarisation vector (𝑃𝑖) with 

respect to the strain or the derivatives of the atomic forces with respect to the applied electric 

field, as given below.   

𝑍𝑖𝑗
∗ = Ω 𝑒(𝜕𝑃𝑖 𝜕𝑢𝑗⁄ )⁄ = 1 𝑒(𝜕𝐹𝑖 𝜕𝐸𝑗⁄ )⁄ , 

where 𝑖, 𝑗 = 𝑥, 𝑦, 𝑎𝑛𝑑 𝑧, Ω is the unit cell volume, u is the strain, 𝐸 is electric field and 𝐹 is the 

Hellmann-Feynman forces. 

Therefore, BEC elucidates the physical picture or the mechanism underlying the 

piezoelectric properties. The macroscopic current and electronic polarisation change due to 

displacement of ions can be quantified through 𝑍𝑖𝑗
∗ . For all studied monolayers, off diagonal 

elements of  𝑍𝑖𝑗
∗   are zero and the values obey the acoustic sum rule with negligible error. The 

1T-MX2 (M=Zr and Hf; X=S, Se, and Te) monolayers are in stark contrast to 1H-MX2 (M=Mo 

and W; X = S, Se, and Te ) monolayers, as the sign of the static charge and the BEC are 

counterintuitive [172]. However, like perovskite materials [173,174], the BEC charges in 1T-

MX2 and their Janus monolayers are found to be enormously large with respect to their static 

nominal charges as shown in Figure 3.9. The high 𝑍𝑖𝑗
∗  magnitude is consistent with previous 

findings [175] and confirms the high piezoelectric coefficients.  
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Figure 3. 9 Born effective (or dynamical) charge tensors on each ionic species in Janus structures in 

Group IVB transition metal dichalcogenide monolayers or MXY 

3.3.7 Robust charge carrier mobility for piezotronics 

The possibilities for a seamless and an adaptive merging of piezoelectric properties with the 

semiconducting properties and high charge carrier mobility make 2D 1T-MX2 monolayers 

suitable for piezotronic applications[59],[123]. Furthermore, high carrier mobility in the 

semiconducting materials is necessary to guarantee a low power dissipation and a high 

switching rate in the electronic device [143]. The room temperature carrier mobility has been 

calculated in this work by using longitudinal acoustic phonon-limited carrier scattering model 

within the framework of effective mass and deformation potential approximation originally 

formulated by Bardeen and Shockley [176] (eqn. (3.7)) and recently modified by Lang et al 

[177] (eqn. (3.8)). The latter is a quantum leap beyond the former as it incorporates the 

anisotropy in the elastic stiffness constants, deformation potential and effective mass along 

both the longitudinal charge transport direction and the in-plane transverse direction. In 

inorganic semiconductors, the coherent wavelength of thermally agitated carriers at room 

temperature is much larger than their lattice constants and is close to acoustic phonon modes 

at the zone center of the BZ. Therefore, the coupling between electron and acoustic phonons 

dominates the carrier scattering in the low energy regime. Therefore, in this limit, carrier 

mobility can be effectively derived from the effective mass and deformation potential 

approximation. Both the formulations have been used in the present work in the calculation of 

longitudinal acoustic phonon limited charge carrier mobility. 

 

                                               𝜇𝛼𝑥
(1)
≈

2𝑒ℏ3𝐶𝑥2𝐷
3𝑘𝐵𝑇𝑚𝛼𝑥∗2𝐸𝛼𝑥2

𝘹104 𝑐𝑚2𝑉−1𝑠−1                                (3.7) 
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           𝜇𝛼𝑥
(2)
≈

𝑒ℏ3 (
5𝐶𝑥2𝐷 + 3𝐶𝑦2𝐷

8
)

𝑘𝐵𝑇(𝑚𝛼𝑥)
3
2(𝑚𝛼𝑦)

1
2 (
9𝐸𝛼𝑥2 + 7𝐸𝛼𝑥𝐸𝛼𝑦 + 4𝐸𝛼𝑦2

20 )

𝘹104 𝑐𝑚2𝑉−1𝑠−1     (3.8) 

where 𝛼 = 𝑒, ℎ denotes the type of carriers (electrons or holes), effective mass of carriers in 

the units of rest mass of electron 𝑚0 along the 𝑥 and 𝑦 directions are designated by 𝑚𝛼𝑥 and 

𝑚𝛼𝑦 respectively and calculated by using the relation: 𝑚𝛼 = ℏ
2[𝜕2𝐸(𝑘) 𝜕𝑘2⁄ ]−1, deformation 

potential of the carriers along the 𝑥 and 𝑦 directions are denoted by 𝐸𝛼𝑥 and 𝐸𝛼𝑦 respectively 

and 2D elastic stiffness coefficients along  the 𝑥 and 𝑦 directions are designated by 𝐶𝑥2𝐷 and 

𝐶𝑦2𝐷  respectively. All the mobility calculations have been carried out at 300 K. The other 

component 𝜇𝛼𝑦 of mobility can be easily calculated by simply interchanging 𝑥 and 𝑦 in eqn 

(3.8). 

The results on carrier mobility are summarized in Table 3.6.  The carrier mobility is 

highly sensitive to the deformation potential, as the former is inversely proportional to the 

square of the latter. The deformation potential of electrons (holes) is given by the slope of the 

CBM (VBM) energies with the application of infinitesimal magnitude of strain about the 

equilibrium lattice constant [178–180]. Therefore, the physical origin of the differences in 

deformation potential between holes and electrons can be clearly understood from the nature 

and composition of the band edges, i.e., the CBM and VBM.  

Table 3. 7 Parameters along the zigzag (x) and armchair (y) directions used in the carrier mobility 

calculations on different 2D monolayer nanosheets (2D-NS). 
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Figure 3. 10 (a) Acoustic phonon-limited electron mobility and energy band gap calculated using the 

formulation of Lang et al.[177] and HSE06 respectively. The color bar inclined at 45° is for guiding 

the eye. (b) Schematic diagram of the optimized structure used to calculate charge carrier mobility 

using a supercell having an orthorhombic symmetry. (c) Contour plots for momentum dependent 

energy dispersion of valence band maximum (VBM) and the conduction band minimum (CBM) in 

the BZ. Energy is in units of eV. (d) Variation in VBM and VBM energies with uniaxial strain applied 

along in-plane transverse directions, namely, zig-zag (zz) and arm-chair (ac). Ed denotes the 

deformation potential and is given by the slope of the lines in the figure.   

In 1H-MX2 (M=Mo and W; X = S, Se, and Te) monolayers, the VBM and the CBM are 

bonding and anti-bonding states arising from the hybridization between metal-d and chalcogen-

p states. However, in 1T-MX2 (M=Zr and Hf; X=S, Se, and Te) monolayers, the VBM and 

CBM are decoupled, as the former and the latter are primarily comprised of chalcogen-p and 

metal-d states.  

Strain brings about two kinds of effects on the absolute energies of the VBM and CBM. 

First of all, the kinetic energy (KE) of the state, which is proportional to the k2 or (2π/l)2 (k is 

reciprocal-lattice vector in the extended BZ and l is the interatomic bond length) decreases 

when the interatomic lattice constant of the 2D material increases with the application of 

uniaxial tensile strain [181]. Secondly, how the band edges shift with the application of strain 

determines the relative magnitude of the deformation potential for holes and electrons. The 
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shift in the band edges with strain is controlled by the nature and composition of the band edges. 

The valence and conduction band edges, VBM and CBM, are coupled in 1H-MX2 

monolayers. With the application of tensile strain, the orbital overlap between metal-d and 

chalcogen-p states decreases. As a result, the CBM(VBM) shifts down(up) in energy to reduce 

the energy splitting between the band edges[182],[180]. The upshift in the VBM partially 

counteracts the downshift in its kinetic energy, resulting in a small deformation potential for 

holes. While the downshift in CBM adds to the drop in its kinetic energy, thereby causing a 

large deformation potential for electrons. As the carrier mobility is inversely proportional to 

the square of the deformation potential, the hole mobility is higher than the electron mobility 

in 1H-MX2 monolayers.  

On the other hand, the band edges are decoupled in 1T-MX2 monolayers. The band 

width of the conduction and valence bands narrows with the application of tensile strain [144]. 

Consequently, the absolute energy of CBM (VBM) shift up (down) with the application of 

strain, leading to an increase in the energy splitting between CBM and VBM. The upshift in 

CBM energy partially neutralizes the drop in its kinetic energy, thereby causing a low 

deformation potential for electrons. The downshift in VBM energy and the drop in its kinetic 

energy add up, resulting in a large deformation potential for holes. As a consequence, the 

electron mobility becomes higher than the hole mobility, as clearly depicted in Figure 3.10 (d). 

The electron mobility in Group IVB dichalcogenide monolayers and their Janus counterparts 

is much higher than that in Group-VI dichalcogenide monolayers [178,183],[180], owing to 

lower deformation potential in the former. Among all Janus monolayers, HfSSe and HfSeTe 

show the highest electron mobility. 

The deformation potential for holes is found to be highly anisotropic, while the same 

for electrons is isotropic, as shown in Figure 3.10 (d).  The large deformation potential for holes 

along the arm-chair direction will lower the hole mobility considerably along the arm-chair 

direction.  

The hole effective mass is found to be isotropic, whereas electron effective is anisotropic. 

This is attributable to the anisotropy in the momentum dependent energy distribution of the 

conduction band and isotropy in the same for the valence band about their extrema, as shown 

in Figure 3.10 (c). As the VBM in 1T-monolayers lie at the Γ point, the valence band energy 

gets isotropically distributed around the Γ point of BZ along the kx and ky directions, while the 

occurrence of CBM at the M point in the BZ causes an anisotropic distribution in the 

conduction band energy and its curvature around the M point along the kx and ky directions in 

momentum space. As a result, this causes an anisotropy in the electronic effective mass. The 
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electron effective masses along the kx (zig-zag) direction are found to be nearly 1/10th of that 

along the ky (arm-chair) direction, which is consistent with earlier findings [183]. This 

significantly lowers the electron mobility along the arm-chair direction. The detailed 

parameters leading to the calculation of charge carrier mobilities in 1T-Group IVB 

semiconducting monolayers and their Janus counterparts are tabulated in Table 3.6. It may be 

noted here that the large anisotropy in the effective mass for electrons and the deformation 

potential for holes can be captured in the more robust formalism for the calculation of carrier 

mobility introduced by Lang et al. [eqn. (3.8)] and not in the original one by Bardeen and 

Shockley [eqn. (3.7)]. Therefore, eqn. (3.7) is found to overestimate the carrier mobility relative 

to the experimentally measured ones in Group IVB based TMDCs. The advanced formulation 

by Lang et al. [eqn. 3.8] lowers the carrier mobility estimate with respect to the one given by 

Bardeen and Shockley [eqn. (3.7)]. The former agrees with the experimentally measured ones 

in Zr and Hf based dichalcogenides [140,143,184,185] in the order of magnitude. Takagi 

formulation, based on the original one by Bardeen and Shockley, adopted in our work [183]  

incorporates the anisotropy in effective mass and not the same in deformation potential and the 

elastic constants. However, the erroneously small deformation potential used in an earlier work 

[183] has given a disputably high electron mobility in the Group IV B TMDCs. 

3.4  Conclusion 

In summary, inversion symmetry in centrosymmetric Group IVB transition metal 

dichalcogenide (TMDC) monolayers occurring in 1T phase is broken upon the formation of its 

Janus structures and in turn, piezoelectricity is induced. The atomic scale origin of the high 

level of piezoelectricity induced in these Janus structures in Group IVB TMDC monolayers 

has been ascertained via first-principles density functional perturbation theory. Quantitatively, 

the piezoelectric constants have been split into their electronic and ionic components in order 

to highlight the dominance of the ionic contribution to the piezoelectric coefficient. 

Piezoelectric coefficient (d22 = 4.68 - 14.58 pm/V) in the Janus structures in Group IVB TMDC 

monolayers are found to be much higher than that in single layer 1H-MoS2 (d11 = 2.99 pm/V). 

Dynamical, mechanical and thermodynamic properties confirm the all-around stability of these 

monolayers. The monolayers are more flexible with a Young's modulus much smaller than 

other 2D materials, such as graphene and Group VI TMDCs, e.g., the most widely studied 

MoS2. The smaller Young's modulus in these materials resulting from the weaker M–X/Y bond 

strength imparts an enhanced flexibility to these materials, making them a good choice for their 

practical applications in-plane strain engineering. A colossal enhancement in the piezoelectric 

coefficients in Janus HfSSe is observed under the application of uniaxial tensile strain along 

the arm-chair direction, where 𝑑22 reaches 123.04 pm/V at 9% strain, which reaches the level 
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of the piezoelectric coefficients in the state-of-the-art perovskites. The advanced formulation 

of Lang et al.[177]  is able to incorporate the anisotropy in the electron effective mass and hole 

deformation potential in calculating the acoustic phonon limited carrier mobility. Therefore, 

the carrier mobility computed using this formulation reaches closest to the experimentally 

measured ones in 1T Group IVB TMDC monolayers [140,143,184,185]. Takagi formulation 

[183]  has been used in the calculation of electron mobility in 1T Zr and Hf-based disulphides 

and diselenides. Although the Takagi formulation considers the anisotropy in effective mass 

along the longitudinal and the in-plane transverse direction, the erroneously low deformation 

potential calculated in that work has overestimated the experimentally measured electron 

mobility in these 1T TMDC monolayers by an order of magnitude. The remarkable electronic, 

piezoelectric and mechanical properties predicted in the Janus structures in 1T Group IVB 

TMDC monolayers along with the robust electron mobility will hopefully be confirmed 

experimentally in the near future.  
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Chapter 4  

Scavenging waste heat into electricity in selected 

2D materials 

The thermoelectric figure of merit consists of the thermoelectric power-factor (TPF) scaled by 

the thermal conductivity (𝑘). Results and discussions on TPF and 𝑘 are distributed into two 

sections 4.1 and 4.2.  

Section 4.1 deals with avenues to raise the thermoelectric power factor in 2D materials. It is 

devoted to the study of strain-sensitive and temperature dependent thermoelectric properties in 

monolayer MoS2.  

Section 4.2 illustrates the lattice vibrational analysis of Hafnium (Hf) dichalcogenide 

monolayers and reaches the origin of ultralow lattice thermal conductivities (𝑘𝐿). 
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4.1  

 

Strain sensitive thermoelectric   properties in 

single layer MoS2 

 

 

 

Based on the work published in: 

Dimple, Nityasagar Jena, and Abir De Sarkar, "Compressive strain induced enhancement in 

thermoelectric-power-factor in monolayer MoS2 nanosheet", Journal of Physics: Condensed 

Matter 2017, 29, 225501 
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4.1.1 Introduction  

An in-depth understanding of the nanoscale Physics in 2D materials may open up new avenues 

for designing high performance thermoelectric materials [186]. Graphene, the first two 

dimensional material discovered and studied, shows extraordinary electronic properties such 

as ultrahigh mobility [187] as well as super high thermal conductivity [188]. However, the 

pristine graphene, is a Dirac semi-metal, having zero band gap [189] and a very small value of 

Seebeck coefficient (𝑆) [190], which precludes its application in electronics and thermoelectric 

devices. Layered transition metal dichalcogenides (TMDCs) such as MX2 (M=Mo, W etc.; X= 

S, Se, Te) have drawn a great deal of attention owing to their stable crystal structure at ambient 

conditions and intrinsic semi-conducting nature. TMDCs retain hexagonal honeycomb motif 

in their lattice structures, without undergoing any surface reconstruction even after they are 

thinned down to monolayers. Among the family of TMDCs, MoS2 has been most widely 

studied [10,16,17,191–199]. The thermoelectric properties in a few layer to bulk MoS2 have 

been theoretically investigated [200–202]. ML-MoS2 has been found to be a reasonably good 

thermoelectric material among these 2D materials [65]. Kedar et al. [203] have observed the 

thermoelectric power factor of ML-MoS2 to be 8.5 mW/mK2 in their experiments conducted at 

room temperature, which is the highest among all thermoelectric materials and twice that of 

commercially used bismuth telluride (Bi2Te3). Hasan et al. [204] found poor response in the 

thermoelectric power factor in ML-MoS2 supported on substrates. Contrarily, they found the 

thermoelectric power factor in suspended ML-MoS2 to reach high values of up to ~ 28 

mW/mK2 at 300 K, corresponding to an electron concentration of 1012 cm-2. Zelin et al. reported 

the thermal conductivity and 𝑍𝑇 of ML-MoS2 to be 116.8 W/mK and 0.26 at 500 K [65]. Large 

Seebeck coefficient in ML-MoS2 has been experimentally demonstrated  by Buscema et al. [33] 

to be tunable between -4x102 μV/K and -1x105 μV/K via a controlled application of the external 

electric field.  Thermoelectric properties in TMDCs which stabilize in 1T phase have also been 

explored: 1T-SnSe2 monolayer shows a higher thermoelectric performance with p-type doping 

than with n-type doping [76].   Monolayer TMDCs have been found to be superior to the 

nanotubes in the thermoelectric (TE) performance [206]. Hybridization and doping are 

commonly explored avenues in improving the TE performance. SiGe alloys, hybrid 

BN/graphene and MoS2/WS2 nanoribbons show higher thermoelectric properties than single 

nanostructures [207]. It has been generally observed that the thermoelectric power factor or 

figure-of-merit of a material is enhanced upon doping. This enhancement in TE power-factor 

is found to be maximized at an optimal doping concentration of p or n type dopants. However, 

introducing hybrid interfaces or doping is accompanied by the complexity of these processes, 
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which are in no way benign. Moreover, a permanent change is brought about in the material by 

these processes. Properties in nanomaterials are reversibly alterable by the application of 

mechanical strain within the elastic limits. Additionally, the application of strain is a gentle and 

a simple technique, and free from harsh treatments. Recently, enhancement in thermoelectric 

properties have been reported in monolayer ZrS2 and PtSe2 nanosheets via the application of 

mechanical strain [208,209]. This work focuses on optimizing the thermoelectric response of 

ML-MoS2 nanosheet by the application of mechanical strain. To the best of our knowledge, no 

prior study was done to alter or improve the thermoelectric properties in ML-MoS2 by adopting 

approaches other than doping. Therefore, in this chapter, the variation in the thermoelectric 

properties in ML-MoS2 with different types of strain has been elucidated and the underlying 

mechanism has been unveiled through a thorough and a systematic theoretical investigation.  

4.1.2 Computational Details 

First-principles calculations have been conducted using ab-initio density functional theory 

(DFT) in conjugation with all-electron projector augmented wave potentials [151] and the 

Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [106,210] for the 

electronic exchange and correlation, as implemented in the Vienna Ab initio Simulation 

Package (VASP) [149,150,211,212]. A 16 ×  9 ×  1 Γ-centered k-mesh was sampled to 

optimize the geometry of ML-MoS2. The energy cut-off for the expansion of the electronic 

wave functions in plane-wave basis was chosen to be 500 eV throughout the calculations. All 

atomic co-ordinates were relaxed until the atomic forces reached 0.01 eV/Å, while the total 

energy convergence criterion between successive self-consistent cycles was set at 10-5 eV. A 

vacuum thickness of more than 14 Å was used to minimize the spurious interactions between 

the periodic images of the slab. For all the strained systems, only the ionic relaxations have 

been carried out while the scaled lattice constants have been held fixed. 

For the investigation of thermoelectric properties, semi-classical Boltzmann transport theory 

was used, which enables calculation of the temperature and doping level-dependent thermo-

power and other thermoelectric (TE) parameters such as Seebeck coefficient, electronic 

conductivity, Hall coefficients etc. on the basis of electronic structure calculations performed 

using VASP. All the TE properties have been calculated within the constant scattering time 

approximation (CSTA). The CSTA is based on the assumption that the scattering time is 

weakly sensitive to energy. It is valid so long as the electron relaxation time does not vary 

strongly with energy on a scale of 𝑘𝐵𝑇, and the rigid band model as implemented in BoltzTraP 

[213] code holds good. By using Fourier series expansion, the BoltzTraP code fits the ab-initio 

electronic band structure to an analytic function while maintaining the crystal symmetry as 
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such. As ML-MoS2 is found to be structurally stable up to 900 K [214];  so, the present study 

has been confined within the temperature limit of 900 K.  

The acoustic phonon limited electron mobility calculated in an independent study [179] and 

partially presented here is based on effective mass and deformation potential approximation 

proposed by Bardeen and Shockley [176]. This approach has been extensively used [178,215–

217] to study charge carrier mobility in 2D materials using the relation, μ(mobility) =

2eℏ3C2D/3kBT|m
∗|2E2D

2
, where in-plane elastic stiffness constant is designated as C2D , 

effective mass as m∗ in units of rest mass of electron me, acoustic phonon limited deformation 

potential as E2D and relaxation time as τ = m∗μ/e. 

 

4.1.3 Results and Discussion 

This section is systematically organized into the following sub-sections. 

4.1.3.1 Structural parameters 

ML-MoS2 nanosheet consists of a hexagonal honeycomb motif akin to graphene, in which Mo 

sub-lattice layer is sandwiched between two S sub-layers on either side. It shows strong 

covalent bonding forming a trigonal prismatic co-ordination in which each Mo atom is 

coordinated with six S-atoms, bringing about 1H-phase. While bulk MoS2 shows 2H-phase 

belonging to D6h point group. To realize the application of mechanical strain along two non-

equivalent lattice directions namely, the zigzag (ZZ) and the armchair (AC) directions, the 

hexagonal primitive unit cell geometry has been purposefully changed into an orthorhombic 

supercell (rectangular in 2D) which contains two Mo atoms and four S atoms. Upon geometry 

optimization, supercell lattice dimension reach a=3.17Å and b=5.50 Å, as shown in Figure 

4.1.1, which agrees well with the lattice constants reported using GGA-PBE XC functional 

[155]. To study the effect of different types of mechanical strain such as uniaxial strain, biaxial 

strain and shear mode of strain, the lattice constants have been varied from 0 to ± 9% with 

respect to the unstrained value in steps of 1%. The phonon dispersion at 9% tensile and 

compressive strain provided in Fig. 4.3.2 shows the dynamical stability in ML-MoS2 under the 

application of ±9 % strain. ML-MoS2 is found to be unstable for strain greater than 9% [164]. 

Positive and negative strain % corresponds to tensile and compressive strain respectively. 

Besides, two types of shear strain, namely, Type-I and Type-II have been studied. In Type-I, 

tensile strain is applied along the zig-zag direction, while compressive strain of the same 

magnitude is applied simultaneously along the arm-chair direction. While Type-II is the other 

way around, where the ML-MoS2 is compressed along the zig-zag direction while it is stretched 
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by the same magnitude along the arm-chair direction. 

 

Figure 4.1. 1 Optimized geometry of monolayer MoS2 nanosheet (Top view). The Mo and S atoms are 

represented by cyan and yellow color respectively. The arrows indicate tunability in the thermoelectric 

properties via application of mechanical strain. 

 

 

Figure 4.1. 2 Phonon band structure at no strain (0%) and under a compressive and tensile strain of 9% 

along the zig-zag direction in ML-MoS2. The absence of any imaginary frequency confirms the 

dynamical stability in ML-MoS2 under ±9% strain. 

4.1.3.2 Thermoelectric transport properties 

The thermoelectric transport coefficients such as Seebeck coefficient ( 𝑆 ), electrical 

conductivity (σ) and relaxation time-scaled thermoelectric (TE) power factor (𝑆2σ/τ) have been 

calculated as a function of chemical potential (µ) and plotted in Figure 4.1.2. The high Seebeck 

coefficient of 2688 μV/K at 𝑇 = 300 𝐾 arises mainly from its large band-gap of 1.68 eV. The 

value of  𝑆2σ/τ in the n-region (i.e., for µ > 0) is found to be 11.82 x 1010 Wm-1K-2s-1 (i.e., 1.182 

mWm-1K-2 or 1.182x1014 µWcm-1K-2s-1) at 300 K which agrees with the findings of Keder et 
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al. (8.5mWm-1K-2) [203]. It turns out to be slightly smaller than San-Dong’s work (3.2x1014 

µWcm-1K-2s-1) [47] due to a different exchange correlation functional, namely LDA, used in 

their investigations. To raise the 𝑆2σ/τ, which lies low at 300 K, its variation with temperature 

has also been explored. The peak value of 𝑆2σ/τ is found to rise by an order of magnitude as 

temperature increases from T = 300 to 900 K, while the peak value of 𝑆 declines from 2688 to 

869.79 μV/K, as shown in Figure 4.1.2. The 𝑆 and 𝑆2σ/τ values obtained in n-type region (µ > 

0) are higher than the ones found in the p-type region (µ < 0) which indicates the higher 

effectiveness of n-type doping relative to p-type doping in improving the thermoelectric 

response. A small shift in the peak values of 𝑆2σ/τ towards lower chemical potential has also 

been observed with the rise in temperature for both types of doping, as shown in Figure 4.1.2 

 

Figure 4.1.3 Variation in Seebeck coefficient, electrical conductivity and relaxation time-scaled 

thermoelectric power factor with chemical potential, µ at different temperatures (300 K, 600 K and 

900 K). µ > 0 corresponds to n-type doping or higher electron concentration relative to the pristine 

monolayer MoS2 nanosheet (where µ = 0), while µ < 0 applies to p-type doping or lower electron 

concentration. µ is the chemical potential.  

Seebeck coefficient (𝑆 ) of monolayer MoS2 varies dramatically with mechanical strain, 

indicating the efficacy of strain in controlling thermoelectric (TE) performance in ML-MoS2, 
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as shown in Figure 4.1.3. It is found that the value of 𝑆 increases from 2688 to 2905 μV/K 

under 3% of uniaxial compressive strain applied along zigzag direction and thereafter it 

decreases gradually. Similar trend has been observed for 3% of uniaxial compressive strain 

applied along the armchair direction in which the value of the 𝑆 rises from 2688 μV/K to 2889 

μV/K. For all types of tensile strain, 𝑆  decreases.  𝑆  is found to remain insensitive to the 

application of Shear Type-I and Type-II strain. It is evident from the Figure 4.1.3 that 𝑆 is more 

strain sensitive at lower temperatures. 

 

Figure 4.1. 4 Variation in Seebeck coefficient for n-type (µ > 0) and p-type (µ < 0) doping with 

various types of strain at different temperatures (300 K, 600 K and 900 K), where µ is the chemical 

potential. Shear strain of type I corresponds to the simultaneous application of tensile strain along 

the zig-zag direction and compressive strain of equal magnitude along the arm-chair direction. 

Shear strain of type II is the other way round. Figure labels represent the doping type (n or p) 

together with the temperature in K. 

For an efficient thermoelectric material,  𝑆2σ/τ needs to be high. 𝑆2σ/τ is found to be higher for 

n-type doping (i.e. µ > 0) than for p-type doping (i.e. µ < 0) and this trend has been observed 

for all strain types at different temperatures, as shown in Figure 4.1.4.  This is attributable to 

the intrinsic n-type semiconducting nature in ML-MoS2.  

As ML-MoS2 is intrinsically an n-type semiconductor, strengthening of its intrinsic n-type 

nature by compressive strain is found to be favorable. Moreover, the increase in band gap and 

Seebeck coefficient acts in concert as compressive strain increases to 3%. As a result, 𝑆2σ/τ for 

n-type doping (i.e. µ > 0) undergoes maximal enhancement when the band gap and the Seebeck 
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coefficient reaches its maximum at 3% uniaxial compressive strain. Of all the three types of 

compressive strain shown in Figure 4.1.4, uniaxial strain along the zig-zag direction is found 

to be most effectual. This is attributable to the higher electron mobility and its sensitivity to 

lattice compression along the zig-zag direction. Band gap of ML-MoS2 is remain direct under 

3% uniaxial compressive strain applied along zig-zag direction, while the electron mobility 

along this direction drops abruptly from 73.08 cm2V-1s-1 in unstrained, pristine ML-MoS2 

nanosheet to 44.15 cm2V-1s-1 at 3% strain at room temperature (300 K). Along the arm-chair 

direction, electron mobility reduces to 35.67 cm2V-1s-1 relative to 62.39 cm2V-1s-1 in the 

unstrained, pristine ML-MoS2 nanosheet. 

 

Figure 4.1. 5 Variation in relaxation time-scaled thermoelectric power factor in optimally n and p 

doped monolayer MoS2 nanosheet with various strain modes at different temperatures (300 K, 600 

K and 900 K). Figure labels represent the doping type (n or p) and the temperature in K. 

At T = 300 K, 𝑆2σ/τ increases with uniaxial compressive strain along zigzag and armchair 

direction and maximizes at 3% strain. 𝑆2σ/τ rises from 11.82 x 1010 Wm-1K-2s-1 in the strain 

free condition to 21.25 x 1010 Wm-1K-2s-1 and to 17.45 x 1010 Wm-1K-2s-1 under the application 

of 3% uniaxial compressive strain along the zig-zag and arm-chair direction respectively. 𝑆2σ/τ 

also increases with temperature. For 3% of uniaxial compressive strain along zigzag direction, 

𝑆2σ/τ rises to 42.85 x 1010 Wm-1K-2s-1 and 51.75 x 1010  Wm-1K-2s-1 at T = 600 K and 900 K 

respectively.  For 3% of uniaxial compressive strain along armchair direction, 𝑆2σ/τ reaches 

36.78 x 1010 Wm-1K-2s-1 and 49.43 x 1010 Wm-1K-2s-1 at T = 600 K and 900 K respectively. 

𝑆2σ/τ drops down with all types of tensile strains. 𝑆2σ/τ remains insensitive to Type-I shear 
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strain; however, it increases marginally with the application of 1 to 3 % shear strain of type-II 

at high temperatures only. In this context, the findings on monolayer ZrS2 (ML-ZrS2) are 

relevant for a meaningful comparison. Although monolayer ZrS2 is intrinsically an n-type 

semiconductor; the maximization in its electronic band gap and Seebeck coefficient occurs at 

6% tensile strain, which favors the enhancement in 𝑆2σ/τ  via p-type doping (i.e. µ < 0) in 

strained ML-ZrS2 [208] unlike ML-MoS2. In a theoretical study on a few layer to bulk MoS2, 

trilayer and bilayer MoS2 have been found to experience the maximum improvement in 𝑆2σ/τ  

under vertical inter-layer compression and biaxial tensile strain respectively, which have been 

ascribed to the modification in the dispersion in the band edges [200]. 

The mathematical Goldsmid-Sharp relation given as, Eg=2e| 𝑆 |maxTmax [219] is found to hold 

good, as the variation in band gap follows the same trend as that of the Seebeck coefficient 

with strain. In this relationship, Eg is the band gap, while  𝑆max is the maximum value attained 

by the Seebeck coefficient at that temperature. The above relation has been found to be valid 

with all types of strain studied, as shown in Figure 4.1.5. This signifies the sensitivity of both 

electronic and thermoelectric parameters to strain. Figure 4.1.5 (a) shows that the band gap (Eg) 

as well as 𝑆 increases with uniaxial lattice compression along zigzag direction which reaches 

its maximum at 3% strain, and then decreases upon further compression. Similar trend has been 

found for uniaxial strain applied along the armchair direction. 3% of uniaxial compressive 

strain along zigzag direction and armchair direction increases the band gap from 1.68 eV in 

unstrained, pristine ML-MoS2 to 1.82 eV and 1.85 eV respectively; however, the band gap 

decreases with tensile stain.  

To realize the application of uniaxial compressive strain in actual experiments, MoS2 

monolayer nanosheet needs to be deposited first on a flexible substrate like polyethylene 

terephthalate (PET) [59]. Then, the substrate needs to be bent mechanically upward  [7,220] in 

order to induce uniaxial compressive strain in the MoS2 monolayer nanosheet. 

Finally, in order to realize a good thermoelectric performance or a high figure of merit, the 

thermal conductivity needs to be lowered, in addition to enhancing the thermoelectric power 

factor. In this context, the lattice heat capacity of ML-MoS2, which is mainly contributed by 

phonons, has been calculated. It is found to be 63.1 J/mol/K, which agrees well with previous 

theoretical findings [221]. The lattice specific heat is found to drop to 62.82 and 62.71 J/mol/K 

under 3% uniaxial compressive strain applied along zig-zag and arm-chair directions 

respectively. Under the application of 3% biaxial compressive strain, the same reduces to 62.31 

J/mol/K. As the thermal conductivity, 𝑘 is directly proportional to specific heat, the reduction 
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in specific heat implies an attenuation in thermal conductivity and in turn, a high ZT.  

 

Figure 4.1. 6 Variation in (a) Seebeck coefficients and (b) electronic band gap with uniaxial strain 

applied along zig-zag and arm-chair directions, showing the validity of Goldsmid-Sharp relation 

4.1.4 Conclusion 

Thermoelectric (TE) properties in monolayer MoS2 (ML-MoS2) nanosheet have been found to 

be sensitive to the application of mechanical strain, implying that strain can serve as an 

important avenue in tuning the thermoelectric properties in 2D semiconducting transition metal 

dichalcogenides. Of all the strain types studied, compressive strain is found to be most effective. 

Again, out of the three modes of compressive strain, uniaxial strain along the zig-zag direction 

is found to be most effectual due to the higher electron mobility and its sensitivity to lattice 

compression along this direction. Relaxation time-scaled thermoelectric power factor is found 

to be higher upon n-type doping as compared to p-type doping. As a result, the maximal 

enhancement in 𝑆2σ/τ, upon optimal n-type doping, is found to occur under the application 3% 

of uniaxial compressive strain, when the electronic band gap and Seebeck coefficient, 𝑆 

reaches its maximum. At T = 900 K and 3% of compressive strain along zig-zag direction, the 

thermoelectric power factor is found to attain its maximum value of 51.75 x 1010 Wm-1K-2s-1.   
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4.2  

Low lattice thermal-conductivities in Hafnium 

based TMDCs 

4.2.1 Introduction 

Apart from the thermoelectric power factor, the term occurring in the denominator of the figure 

of merit is equally important in thermoelectrics. Lowering the thermal conductivity (𝑘𝐿) is 

necessary for enhancing its thermoelectric figure of merit (𝑍𝑇) . Therefore, the factors 

responsible for a low or ultralow 𝑘𝐿 in a thermoelectric material is essential for the purpose of 

designing a novel thermoelectric material with a superhigh 𝑍𝑇.  Group VI MX2 (M = Mo, W; 

X = S, Se, Te) monolayers have captivated a great deal of research interest due to their superior 

electronic and optical properties as compared to their corresponding bulk counterparts. Typical 

monolayers of MoS2 and WSe2 exhibit ZT values of 0.11 [65] and 0.7 [222] at elevated 

temperatures > 500-900K. The main cause of such a low ZT is high 𝑘𝐿, which is as large as 100 

Wm−1K−1 for MoS2 [65] at 300K and larger than 40 W m−1 K−1 for WSe2 [222]. It is worth 

noting that all of these explored monolayer TMDCs have a hexagonal 1H-type crystal structure.  

Akin to 1T-CdI2 type structure, the Group IVB TMDCs 1T-MX2 (M = Zr, Hf; X=S, Se) 

monolayers, which have been synthesized recently, show great air-stability in thier 1T-phase 

[223],[141],[224]. These monolayers have been predicted to have much lower 𝑘𝐿 value of 3.29 

Wm−1K−1 for 1T-ZrS2 [208], 1.2 W m−1 K−1 for 1T-ZrSe2 [225], 2.92 Wm−1K−1 for 1T-HfS2 

[226] and 1.8 W m−1 K−1 for 1T-HfSe2 [225] at 300 K. Till now, such low 𝑘𝐿 values are found 

in the well-known peer thermoelectric materials such as PbTe [227] (2.2 Wm-1K-1), Bi2Te3 [228] 

(1.6 Wm-1K-1) and SnSe [229] (2.6 Wm-1K-1). Concomitantly, the application of external 

mechanical strain have been shown to induce energy valley degeneracy [84,226,230–236], i.e. 

multiple extrema in the band edges around the same energy due to their degenerate orbitals and 

multiple pockets of a single band in the Brillouin zone (BZ), which facilitates thermoelectric 

properties such as high thermoelectric Seebeck coefficient. These findings indicate that 

monolayer TMDCs with CdI2 type structure may have better thermoelectric performance due 

to their much lower kL than those of 1H-type Group VI TMDCs monolayers. In the earlier 

theoretical analysis, primarily the focus was put on the electronic part of thermoelectric 

properties and the depth of details of favorable low lattice thermal conductivities was found 

missing in the existing literature [225,226,237–239]. Therefore, there is still clearly a need for 

the detailed study of phonon transport properties of these monolayers.  
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In this chapter, the mechanism underlying the ultralow 𝑘𝐿  in 1T-CdI2 type Hf 

dichalcogenide monolayers, such as HfS2 (2.19 Wm-1K-1), HfSe2 (1.23 Wm-1K-1) and their 

Janus derivative HfSSe (1.78 Wm-1K-1) at 300 K has been revealed. Earlier theoretical studies 

were limited to either electronic part of the ZT or the magnitude of 𝑘𝐿 only. Those studies have 

addressed neither the cause nor the effect of ultralow 𝑘𝐿  in such ionic (polar) materials 

[225,226,237–239]. In the present study, an in-depth study on 𝑘𝐿 has been performed, which 

has been strongly supported by our benchmarking studies on pure 1T-HfS2 and 1T-HfSe2 

systems. We set out calculations by means of first-principles density functional theory driven 

by linearized phonon Boltzmann transport equations, which are conceptually related to the 

phonon-phonon interaction strength, as well as vibrational frequency dispersion analysis. The 

magnitude of Debye temperature and lattice specific heat capacity is found to be lower than the 

Group-VI TMDCs such as MoS2.  Apart from this, large Γ-point LO-TO splitting is arising 

from substantially high phonon-electric field coupling which is rooted in the domination of 

ionic bond character and high Born-effective charges. This effect imparts a striking difference 

in the lattice thermal conductivities upon incorporation of non-analytical correction (NAC) 

term. The possible impact of optical phonons on the thermoelectric properties has been 

discussed.  Small magnitudes of phonon lifetimes combined with reduced group velocities lead 

to severely low lattice thermal conductivities, as found in this work. Besides, the calculated 

mode Grüneisen parameter is found as high as ~ 2.0 at 300 𝐾, which is a fairly large value in 

2D materials, indicating a strong anharmonicity in these monolayers.  

4.2.2 Computational Details  

First-principles based density functional theory has been employed to calculate accurate 

second-order harmonic and third-order anharmonic interatomic force constants (IFCs) via 

finite-displacements and total energy calculations as implemented in Vienna Ab-initio 

Simulation Package (VASP)[148–150,240]. The projected augmented wave (PAW)[151] 

method and the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof 

(PBE) [241] exchange-correlation functional have been used. Supercells of 2 × 2 × 1 have 

been used to obtain the second and third-order IFCs. The valence electronic states have been 

expanded in the plane-wave basis-sets with an energy cut-off of 400 eV. The energy tolerance 

of 10−8𝑒𝑉 has been used for an accurate calculation of the force constants. The BZ integration 

were performed with 7 × 7 × 1 Monkhorst-Pack grids. The displacement amplitude employed 

in the calculation of finite displacement was set to 0.03Å. These forces are employed to 

calculate the phonon transport properties, including phonon dispersion relations and phonon-

phonon interactions. 𝑘𝐿is calculated with q-mesh of 11 × 11 × 1, and a tetrahedron method is 
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employed in calculating the imaginary part of self-energy and the phonon lifetime. The phonon 

dynamics information is then used as the inputs for phonon Boltzmann transport equation 

(PBTE) calculations, which considers the balance between phonon diffusion driven by small 

temperature difference and phonon scattering due to various scattering mechanisms. 𝑘𝐿  is 

determined by studying the phonon-phonon interaction processes at different temperatures (See 

Appendix I). Mode Gruneisen parameter is calculated from the third-order force constant using 

Phono3py [242] (See Appendix II). We also examined the elastic stiffness of these materials 

by applying the finite difference method as implemented in VASP [148–150,240].  

The splitting between transverse optical and longitudinal optical phonon modes at the zone-

centre has been calculated based on the NAC approach [243,244] as implemented in Phonopy 

[152] and Phono3py [242] (See Appendix III). The static dielectric tensors and Born effective 

charges required for these calculations are calculated by using density functional perturbation 

theory (DFPT) as implemented in VASP [115]. 

4.2.3 Results and Discussions 

4.2.3.1 Structure 

 

Figure 4.2. 1 Ball and stick model of the optimized atomic structure of 1T-CdI2 type monolayers (a) 

HfS2 or HfSe2 and (b) Janus HfSSe. 

As shown in Figure 4.2.1, each of HfS2 and HfSe2 monolayers share the same trigonal 1T 

structure akin to 1T-CdI2 with a centrosymmetric space group 𝑃3̅𝑚1(164), whereas Janus 

monolayer structure of HfSSe (see Figure 4.2.1b) has been created from pristine monolayers 

by replacing one chalcogen layer (S) by other chalcogen (Se) element. The equilibrium lattice 
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of monolayer Janus monolayer HfSSe belongs to the non-centrosymmetric space 

group 𝑃3𝑚1(156) which is polar in nature. The PBE-GGA exchange correlation result in the 

optimized lattice constants of HfS2 (3.65 Å), HfSe2 (3.72 Å), and HfSSe (3.68 Å), respectively. 

Our optimized lattice constants for HfS2 and HfSe2 are consistent with the earlier experimental 

[245],[246],[247]  and theoretical reports [248],[249],[250]; however, the Janus monolayer 

HfSSe has not been experimentally synthesized as of yet. 

4.2.3.2 Lattice thermal conductivity w/o NAC correction 

Our 𝑘𝐿 calculations are based on harmonic second-order and anharmonic third-order IFCs, 

which have been calculated using Phono3py [242] code (see APPENDIX I for details) 

interfaced with VASP [148–150,240]. Temperature is one of the most important controlling 

parameter which significantly affect the  𝑘𝐿 . Figure 4.2.2, demonstrates the temperature 

dependent of 𝑘𝐿 for monolayer HfS2, HfSe2 and HfSSe on a scale of 100-1000K. At 300 𝐾, 𝑘𝐿 

is 2.19 𝑊𝑚−1𝐾−1 for HfS2, 1.23 𝑊𝑚−1𝐾−1 for HfSe2 and 1.78 𝑊𝑚−1𝐾−1 for HfSSe. This 

magnitude of 𝑘𝐿 found in monolayer HfX2 is much lower as compared to their respective bulk 

counterparts, ~ 7.5 Wm-1K-1 for bulk HfS2 [239] and 8.5 Wm-1K-1 for HfSe2 [239]. So far, such 

a low magnitude of 𝑘𝐿 has been observed in the well-known bulk thermoelectric systems such 

as Bi2Te3 [228](1.6 Wm-1K-1), PbTe [251],[227]  (2.2 Wm-1K-1) and SnSe (2.6 Wm-1K-1)[229] 

at 300 K. In Fig. 2, the 𝑘𝐿 is decreasing with rise in temperature, as expected for a phonon-

dominated crystalline material. At 900 K, 𝑘𝐿 reaches its minimum, 0.71 Wm-1K-1 for HfS2, 

0.41 Wm-1K-1 for HfSe2 and 0.59 Wm-1K-1 for HfSSe. 

In Figure 4.2.2 (b), the cumulative lattice thermal conductivities (𝑘𝑐) have been calculated 

which can explain, how different phonon modes contribute to the total 𝑘𝐿. The curve reflects a 

slow start in the acoustic mode regime, which grows to the relevant magnitudes, followed by 

the somewhat steep linear regime and finally a less steep plateau towards the maximum. For 

this, we normalized the mode-dependent 𝑘𝐶 with respect to their respective total 𝑘𝐿. This gives 

the percentage of each phonon mode towards the 𝑘𝐿. The normalized acoustic-modes phonon 

frequencies reaching their maximum at 0.44, 0.49 and 0.40 for HfS2, HfSe2 and HfSSe 

respectively, contribute of 91%, 89% and 90% respectively. Average contribution of optical 

phonons to the 𝑘𝐿 is about ~12%, which is much higher than the optical phonons of monolayer 

Group VI MX2, where it is almost negligible and hence generally ignored. The more details 

about the phonon mode effects on 𝑘𝐿, will be explained in Section III E.   

In the remaining chapter, the various possible aspects that are responsible for low 𝑘𝐿 in these 

monolayers have been explored.  
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Figure 4.2. 2 (a) Calculated temperature dependent lattice thermal conductivities (𝑘𝐿) of monolayer 

HfS2, HfSe2, and Janus HfSSe. (b) Normalized mode dependent cumulative lattice thermal 

conductivities (𝑘𝐶) with respect to an average 𝑘𝐿. The zoom-in view represents some kind of anomaly 

in 𝑘𝐿, originated from the effect of optic phonon modes. 
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Table 4.2. 1 Calculated relaxed/optimized lattice constant (a), Average atomic mass (�̅�) of primitive 

unit-cell, Young’s modulus (𝑌2𝐷), Debye temperature (𝜃𝐷), Born-effective charge tensors, 𝑍𝐻𝑓/𝑆/𝑆𝑒
∗  

and In-plane (𝜖∥) & out-of-plane (𝜖⊥) high frequency static dielectric tensor of HfS2, HfSe2, and Janus 

HfSSe monolayers. 

Parameters HfS2 HfSe2 HfSSe 

a (Å) 3.65  3.72 3.68 

𝑴 ̅̅̅̅  (u) 80.87 112.13 96.50 

𝒀𝟐𝑫 (Nm-1) 79.99 71.85 74.63 

𝜽𝑫 (K) 185.20 167.97 166.21 

𝒁𝑯𝒇,𝒙𝒙
∗  6.71 7.37 7.01 

𝒁𝑯𝒇,𝒛𝒛
∗  0.66 0.52 0.56 

𝒁𝑺,𝒙𝒙
∗  -3.35 _ -3.62 

𝒁𝑺,𝒛𝒛
∗  -0.33 _ -0.33 

𝒁𝑺𝒆,𝒙𝒙
∗  _ -3.68 -3.39 

𝒁𝑺𝒆,𝒛𝒛
∗  _ -0.26 -0.23 

𝝐∞,∥ 5.09 7.15 6.34 

𝝐∞,⊥ 1.58 1.62 1.61 

 

4.2.3.3 Debye temperature and specific heat capacity 

Traditionally, the Debye temperature (𝜃𝐷) is known as an important fundamental parameter 

which is related to the thermal vibrations.  It is closely linked to the specific heat capacity and 

elastic stiffness constant (see Table 4.2.1). In our calculations, we obtained 𝜃𝐷 for different 

systems by fitting the phonon density of states (PhDOS) at low frequency range, based on 

Debye-model as implemented in Phonopy code[152]. A generic understanding is based on the 

fact that materials with low 𝜃𝐷 gives low 𝑘𝐿. The calculated 𝜃𝐷 of HfSe2 (167.97 K) and HfSSe 

(166.21 K) is comparable to its well-known thermoelectric peer PbTe (164 K)[252]. The lowest 

𝜃𝐷 for HfSe2 is resulting from the heavy atomic-mass (178.49u of Hf and 78.96u of Se) and 

due to low elastic stiffness constants as shown in Table 4.2.1. Actually, low 𝜃𝐷 is advantageous 

for TEMs because for the temperatures above 𝜃𝐷, all phonon modes get excited, leads to strong 

three-phonon scattering process and lowered  𝑘𝐿 , while below 𝜃𝐷 , phonon modes begin to 

freeze out.  

Figure 4.2.3 shows the temperature dependency of lattice specific heat capacity. It is 

observed that the specific heat capacity for these systems follows a T3 law which is an expected 
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behaviour in the low-temperature limit and attains saturation values (3R) at high temperatures, 

which is known as Dulong and Petit classical limit. At 300 K, the specific heat capacity is 17.14 

JK−1mol−1, 17.57 JK−1mol−1, and 18.02 JK−1mol−1 for HfS2, HfSe2, and HfSSe respectively. 

These values are smaller than single-layer MoS2 (30.76 JK-1mol-1)[253].   

 

Figure 4.2. 3 Variation in specific heat-capacity of HfS2, HfSe2 and HfSSe monolayers with 

temperature. The difference in magnitude at the temperature range of 150 K to 450 K is shown in the 

inset. 

 

4.2.3.4 Analysis of Phonon Dispersion 

Apart from the aforementioned classical description based on 𝜃𝐷  and lattice specific-heat 

capacity; in this section we analyse the harmonic phonon dispersion and phonon density of 

states (PhDOS) in order to have a deeper insight into the underlying mechanisms that leads to 

the low 𝑘𝐿 in these monolayers. Figure 4.2.4 (a) depicts the phonon dispersion of HfS2, HfSe2, 

and HfSSe monolayers. The absence of imaginary phonon branch in the entire first BZ suggests 

lattice dynamical stability in these monolayers.  



 

63 

 

 Low lattice thermal-conductivities in Hafnium based TMDCs 

 

Figure 4.2. 4 (a) Phonon dispersion of monolayer HfS2, HfSe2, and HfSSe. The least elevated frequency 

scale is obtained for HfSe2 (b) Atom projected phonon density of states (PhDOS) reveals that low-

frequency acoustic modes originate largely due to the vibrations of heavy Hf atoms whereas optical 

modes originate due to the vibrations of lighter atoms (S and Se). 

At a first glance, the observed elevated frequency scale for HfS2, HfSe2 and HfSSe is 322 cm-

1, 224 cm-1, 302 cm-1 respectively. The magnitude of this scale is caused by the strength of 

interatomic bonding forces that facilitate the thermal conduction by increasing acoustic phonon 

velocities which in turn reduces the phonon scattering rates. Our earlier computational study 

and other scientific literature on these 2D crystals demonstrate the interatomic bonding in HfS2, 

HfSe2, and HfSSe are ionic in nature owing to decoupled or non-hybridised bands in the 

electronic band structure [254]. In case of HfSe2, the heavy metal/non-metal atom greatly 

suppresses the phonon dispersion frequencies in HfSe2 and thereby slows down the speed of 

heat-carrying phonons. 

The avoided crossing of acoustic and optic phonon branches is another indication of decoupled 

acoustic-optical (a-o) phonons. Thus, decoupled a-o scattering is noticable in all the studied 

monolayers. However, in the monolayer MoS2, bunching in the acoustic phonon modes is 

noticed. It leads to the violation of the law of conservation of energy and momenta, which is 
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necessary for the three-phonon scattering mechanism. Therefore, non-dispersive bunching of 

acoustic phonon modes in monolayer MoS2 largely suppresses the scattering mechanism, 

thereby reducing the scattering rate of acoustic phonons in particular, and in turn, results in a 

high magnitude of 𝑘𝐿. Acoustic branches in 1T-monolayers are well separated within the BZ, 

thus, allowing the acoustic phonons to participate in the scattering mechanism. So, high 

scattering rate of phonons give a low value of 𝑘𝐿. The larger frequency scale, a-o gap between 

acoustic and optic phonon branches combined with the bunching of acoustic phonon modes in 

Group VI monolayers considerably reduce the phonon scattering mechanics, which causes a 

relatively high magnitude of 𝑘𝐿. 

Furthermore, in order to identify the phonon branches that affects the 𝑘𝐿, we examine 

the PhDOS as shown in Fig. 4.2.4 (b). The atom projected PhDOS reveals the low-frequency 

acoustic modes in these systems to arise mainly from the vibrations of heavy Hf atoms and the 

optical modes originate due to the vibrations of lighter atoms (S and Se).               

4.2.3.5 Phonon-Electric field coupling effect and kL 

A high value of Born effective charges and a large dielectric permittivity in these systems can 

impact its LO-TO splitting significantly, as shown in Figure 4.2.5 (a) (See Appendix III for 

numerical details). A large LO-TO splitting is due to a simultaneous coupling between the 

vibrating ions in the lattice and the polarization field created by atomic vibrations in a 

polar/ionic crystal in the long-wavelength phonon limit where phonon wave-vector 𝑞 → 0. In 

such cases, the behaviour of phonon dynamic matrix get changed at 𝑞 → 0 and an additional 

NAC term correction is required for the correct estimation of  𝑘𝐿(see Appendix III). In case of 

a ML-MoS2, the Born effective charges (BEC) on Mo and S are small. The polarization field 

associated with LO-TO phonon branches are very weak (only 2 cm-1 LO/TO splitting is due to 

small mode oscillator strength). Therefore, a weak electronic screening leads to a smaller 

LO/TO splitting in MoS2 which is safely ignorable for its contribution to the  𝑘𝐿[255]. On the 

other hand, in the phonon dispersion of Hafnium based dichalcogenide with (Figure 4.2.5a) 

and without (Figure 4.2.4a) NAC term the long-range Coulomb interactions are found to have 

a much stronger effect on its LO mode than other phonon branches. The LO-TO splitting for 

HfS2, HfSe2 and HfSSe are 147.7 cm-1, 101.9 cm-1 and 59.8 cm-1 respectively.  

Upon incorporating the NAC term, the magnitude of  𝑘𝐿 for HfS2, HfSe2 and HfSSe are 

found to increase slightly to 4.1 𝑊𝑚−1𝐾−1, 1.7 𝑊𝑚−1𝐾−1 and 2.2 𝑊𝑚−1𝐾−1 respectively. 

The LO-TO splitting pushes the LO mode to higher frequencies, which then is no longer 

available at low temperatures to contribute to phonon scattering. The reduction in the phonon 
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scattering channel is therefore responsible for the slight rise in thermal conductivity upon the 

incorporation of NAC term. The LO-TO splitting is larger in HfS2 than HfSe2. As a result, the 

rise in lattice thermal conductivity upon incorporation of NAC term is higher in HfS2 than in 

HfSe2. 

 

Figure 4.2. 5(a) Non-analytical term corrected (NAC) phonon dispersion spectra of monolayer HfS2, 

HfSe2, and HfSSe. The red curve indicate frequency degeneracy lifting LO branch whose frequency 

gets most affected with NAC, whereas the blue curve is TO branch that remains unaffected. (b) 

Schematic shows the reverse vibrational motion of positive and negative ions that can be analogous to 

two oppositely charged parallel plates of a capacitor. The additional restoring force (FR) associated 

with LO branch is thus responsible for the lifting of the degenerate LO and TO into non-degenerate 

singlet branch (c) Lattice thermal conductivity by incorporating the NAC term for each case. 

4.2.3.6 Mode specific phonon group velocity 

Each phonon mode has a band index (𝛼) and 𝑞-dependent phonon group velocity, 𝑣𝛼(𝜆). This 

mode-specific phonon group velocity can be obtained directly from the phonon eigen-value 
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equation (Appendix I). Figure 4.2.6 (a-c) represents the 𝑥 and 𝑦 components of mode-specific 

phonon group velocities which follows the order HfS2> HfSSe >HfSe2. The phonon group 

velocities are nearly isotropic along x- and y- direction and their magnitude is smaller compared 

to Group VI MX2 monolayers. Figure 4.2.6 (d) shows the large zone-centre phonon softening 

of TO-branch in HfS2 owing to the long-range interactions. It is responsible for the high optical 

phonon velocities that are comparable to acoustic phonon velocities and thus, contribute to the 

𝑘𝐿 . Therefore, the magnitude 𝑘𝐿  is found higher in HfS2 than that of HfSe2 and HfSSe. 

Furthermore, the low lying TO-branch of HfSe2 and HfSSe are flattened and their energies are 

much lower than TO-branch of HfS2, thus have low group velocities as shown in Figure 4.2.6 

(d). Existence of a-o gaps in monolayers such as ML-MoS2 prohibits the optical phonon 

scattering, resulting in a large phonon group velocities and high magnitude of lattice thermal 

conductivities at low temperatures. 

 

Figure 4.2. 6 (a-c) Mode dependent phonon group velocities of HfS2, HfSe2, and HfSSe monolayers. 

Background cyan color indicates acoustic branch and optical phonon in orange. (d.) A comparison of 

transverse optical (TO) mode for all three monolayers. Large zone-center phonon softening of TO-

mode of HfS2 causes a higher optical phonon velocity which is comparable to the acoustic phonon 

velocities (as in Figure 4.2.6a). 
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4.2.3.7 Phonon lifetime distribution 

Phonon lifetime plays a vital role in determining the anharmonic phonon scattering rates in a 

crystalline solid. A finite kL is an outcome of phonon-phonon scattering. The single-mode 

relaxation time, 𝜏𝜆
𝑆𝑀𝑅𝑇 can be approximated by the phonon lifetime 𝜏𝜆, which is reciprocal of 

phonon linewidth, 2Γ𝜆(𝜔): 

 

𝜏𝜆
𝑆𝑀𝑅𝑇 = 𝜏𝜆 =

1

2Γ𝜆(𝜔)
 

 

where Γ𝜆(𝜔) takes the form analogous to that of Fermi Golden rule, 

 

Γ𝜆(𝜔) =
18

ℏ2
∑ |Φ−𝜆𝜆′𝜆′′|

2

𝜆′𝜆′′

{(𝑛𝜆′ − 𝑛𝜆′′ + 1)𝛿(𝜔 − 𝜔𝜆′ −𝜔𝜆′′)

+ (𝑛𝜆′ − 𝑛𝜆′′)[𝛿(𝜔 + 𝜔𝜆′ −𝜔𝜆′′) − 𝛿(𝜔 − 𝜔𝜆′ +𝜔𝜆′′)]} 

 

where 𝑛𝜆 is the phonon occupation number at the equilibrium, 

𝑛𝜆 =
1

exp(ℏ𝜔𝜆 𝑘𝐵𝑇⁄ ) − 1
 

and Φ−𝜆𝜆′𝜆′′ is the strength among three phonons 𝜆, 𝜆′ and 𝜆′′involved in the scattering event. 

In a generic scenario, optic phonons do not directly participate in thermal transport processes 

due to their low group velocities, yet they can provide essential scattering channels for heat-

carrying acoustic phonons. We looked into the distribution of phonon lifetimes at 300 K as a 

function of phonon frequency with the use of Seaborn Python visualization library as shown in 

Figure 4.2.7. A smaller lifetime will result in a smaller 𝑘𝐿 (See equation in Appendix I). The 

phonon modes are represented by black dots against the background colour. Regions with a 

high density of phonon modes are represented by red/orange colour. On the basis of phonon 

lifetime distributions as shown in Figure 4.2.7(a), it is evident that for HfS2 there exist two 

clusters centred about the point where phonon frequency is 7 THz and 8.5 THz. As evident in 

Figure 4.2.7 in the range of 4-6 THz, the calculated phonon lifetimes of TA LA and TO phonon 

modes are significantly shortened due to the strong a-o phonon scattering. 
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Figure 4.2. 7 Distribution of phonon lifetimes as a function of phonon frequency at temperature 300 𝐾 

for the monolayer HfS2, HfSe2, and Janus HfSSe, calculated with the use of Seaborn Python 

visualization library tool. Phonon lifetime is measured in picoseconds (𝑝𝑠) and phonon frequency is 

calculated in terahertz (𝑇𝐻𝑧). The black dots reflect the original phonon modes on the coloured 

background profile. Regions with a high density of phonon modes in the frequency-lifetime plot are 

calculated by using Gaussian-KDE (kernel density estimation) which is represented by red color. 
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4.2.3.8 Mode Grüneisen parameter with NAC term 

 

Figure 4.2. 8 Non-analytical term corrected mode Grüneisen parameter, (𝛾𝑞𝑗
𝑁𝐴𝐶) which is derived from 

third-order force constants for (a) HfS2 (b) HfSe2 and (c) HfSSe monolayers. Different coloured curves 

represent different phonon modes. 

The Grüneisen parameter, 𝛾𝑞𝑗 which describes the thermal expansion of a crystal also provides 

anharmonicity in crystal potential. Understanding the phonon dynamics, corresponding phonon 

anharmonicity, and its relationship with a low 𝑘𝐿  is critical for the development of better 

thermoelectric materials. Systems with intrinsically strong anharmonicity in their lattice 

vibrations assist to decouple phonon and electronic transport behaviour of solids. In Figure 

4.2.8, the non-analytically term corrected mode Grüneisen parameter (𝛾𝑞𝑗
𝑁𝐴𝐶) for acoustic and 

optical modes of monolayer HfS2, HfSe2 and HfSSe reflect the mode-dependent strength of 

anharmonicity (See Appendix II for numerical details). A large Grüneisen parameter is an 

indicator of strong anharmonic phonon vibrations. As depicted in the phonon dispersion in 

Figure 4.2.6(d), the lowest TO-mode exhibits an apparent drop into the acoustic phonon regime 

around the BZ centre (near Γ point) that results in the flattening of the TO-mode around the Γ 

point in the BZ. This leads to an abrupt change in calculated 𝛾𝑇𝐴 due to avoided crossing 

between TA and low-lying optic phonons. In comparison, LA mode is better able to retain its 

dispersion around the BZ boundary without undergoing a drastic softening. Accordingly, the 

calculated 𝛾𝐿𝐴 curve exhibits some small bumps when LA crosses the low-lying optic phonon 

with slight fluctuation in its slope. In Figure 4.2.5(a), the transverse optical (TO) phonon mode 

is found to be well dispersed round the Γ-point. In HfS2, the TO mode is found to be dispersed 

over more than 50 cm-1 along the Γ-M pathway. Likewise, Figure 4.2.8 shows the Grüneisen 

parameter for the TO1 mode on HfS2 to be dispersed over more than 1.5 unit along the Γ-M 

pathway. In Figure 4.2.5, LO-TO splitting is found be larger on HfS2 than on HfSe2. 
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Correspondingly, a larger dispersion in the phonon modes is noticed in Figure 4.2.8 on HfS2. 

This high sensitivity of the TO mode at Γ-point to the volume change indicate a large coupling 

between the TO modes and longitudinal acoustic LA modes where the intrinsic scattering of 

LA modes would facilitate in lowering the 𝑘𝐿. Thus one could expect that a strong coupling 

between low lying optical phonons and TA/LA phonons should play an important role in 

determining the thermal conduction in these solids.  

4.2.4 Conclusion 

A systematic investigation on ultralow 𝑘𝐿 in monolayer HfS2, HfSe2 and their Janus derivative 

HfSSe have been carried out via second-order harmonic and third-order anharmonic 

interatomic force-constants. Domination of ionic character in the interatomic bonding together 

with the high Born-effective/dynamical charges bring about a substantially high phonon-

electric field coupling, which in turn, induces a large longitudinal optic-transverse optic (i.e. 

LO-TO) splitting around the Γ-point in these monolayers crystals. This incorporation of NAC 

term imparts a striking difference in the lattice thermal conductivities, 𝑘𝐿 , as it is fairly high 

in such systems. A small magnitude of phonon lifetimes in combination with a low phonon 

group velocity causes an ultralow 𝑘𝐿  in these monolayers. The calculated mode Grüneisen 

parameter is found to be as high as ~ 2.0 at 300 𝐾, which is fairly large for a 2D material, 

indicating strong anharmonicity in lattice vibrations. It is favourable for enhancing phonon 

scattering and in turn, lowing its thermal conductivity. Our calculations unveil the importance 

of the considering of phonon-electric field coupling in ionic (polar) materials while designing 

thermoelectric systems, particularly, via impacting the magnitude of 𝑘𝐿.  
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Artificial Photosynthesis in Single Layer MoS2 

 

 

 

Based on the work published in: 
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artificial photosynthesis in monolayer MoS2 nanosheet", J. Mater. Chem. A 2017, 5, 22265-
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5.1 Introduction 

MoS2 has been extensively studied as a promising electro-catalyst for H2 evolution due to its 

high HER (Hydrogen evolution reaction) activity and can be regarded as a promising 

alternative to Pt due to its high abundance and low cost [256–261]. Using µ-Raman 

spectroscopy, under water stability of single layer MoS2 has also been verified [262]. Xiao el 

al. has demonstrated the high efficiency of crystallinity controllable monolayer (ML) MoS2 for 

solar hydrogen production [263]. Doping of MoS2 with different types of dopants has also been 

investigated [264–266]. On the basis of experimental investigation, Liu et al. reported flower-

like N-doped MoS2 for water pollution treatment [265]. Li et al. have explored the potential of 

phosphorus based p-type dopant in water-splitting. MoS2 based hetero-structures has also been 

widely investigated [267–270] in this regard. Wang et al. [271] predicted that type-II band 

alignment in hybrid g-C3N4/MoS2 nanocomposite may enhance photo-catalytic activity. 

Recently, Abbasi et al. [272] achieved lowest onset potential for CO2 reduction by Nb-doped 

vertically aligned MoS2. Asadi et al. [273] have unveiled that layer-stacked bulk MoS2 shows 

superior carbon dioxide reduction performance relative to the noble metals such as Au and Ag 

in terms of a high current density and low over potential (54 mV) in an ionic liquid. A few 

more strategies consisting in nanostructural engineering, such as alloying [274,275] and doping 

[266,276], have also been adopted to improve the photocatalytic water splitting by tuning the 

band edges. Notwithstanding the ease of applying mechanical strain reversibly, strain effects 

have been relatively sparsely explored. 

Strain arises naturally in heterostructures and core-shell structures due to lattice mismatch at 

the interfaces. However, strain effects are usually masked by other effects. The influence of 

strain on the electrocatalytic activity, e.g., the hydrogen evolution reaction (HER) in Pt, Cu and 

Ni films, has been reported, where the effect of strain has been isolated from other factors [277]. 

In this combined experimental and theoretical study [277] elastic strain has been demonstrated 

to play a crucial role in controlling HER. Strain effects on the photocatalytic activities have 

been relatively scarcely studied experimentally.  For instance, modulation in photocatalytic 

properties via strain in 2D BiOBr nanosheets have been studied [278]. In an experimental study, 

enhancement in photocatalytic HER in MoS2 nanosheet has been attributed to increased 

specific surface area or tensile strain induced by the lattice mismatch at the MoS2/TiO2 interface 

[279]. Despite a limited number of studies on the role of strain in catalytic reactions [278,280–

283], an in-depth investigation of the same on photocatalysis in 2D materials which adequately 

addresses the interplay of all the controlling factors is conspicuously missing. Moreover, in ab 

initio studies, photocatalytic activities have mainly been assessed in terms of band gap 
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engineering or alignment of the band edges of the photocatalytic material with the redox 

potential for water splitting and CO2 reduction,[266,275,284–286] which have undoubtedly 

advanced our scientific understanding. However, the efficiency in photocatalytic activity is 

governed by the collective operation of a multitude of factors such as suitable band edges 

straddling the redox potentials, high optical absorbance and conductivity, small exciton binding 

energies, high carrier mobility, large  carrier mobilities ratio for prolonging carrier lifetimes or 

lowering carrier recombination rates. The interconnections between all these factors and their 

variation with strain of all kinds have been comprehensively studied in this chapter using 

density functional theory to calibrate the photocatalytic response and in turn, ascertain the 

magnitude and type of strain under which the artificial photosynthetic activity of single layer 

MoS2 is optimally enhanced. Besides a detailed study on strain effects, the role of pH has been 

carefully addressed to find the appropriate pH for optimum solar energy harvesting in the 

photoconversion of CO2 with H2O. To the best of our knowledge, this was the first study on 

artificial photosynthesis in single layer MoS2. Our insightful findings are understood to 

motivate experimental work on strain controllable photocatalytic activity. 

5.2 Computational Details  

First-Principles calculations have been carried out using Vienna Ab-initio Simulation Package 

(VASP) [149,150,211,212], which is based on density functional theory (DFT). Electronic 

structure calculations have been performed using the generalized gradient approximation 

(GGA)[106] variant of the Perdew–Burke–Ernzerhof (PBE) functional. A cut off energy of 500 

eV for the plane wave basis set has been used throughout all the calculations. Both atomic 

positions and lattice constants were fully relaxed using conjugate gradient method. Atomic 

relaxations have been performed until the Hellman–Feynman forces on each atom reached less 

than 1 meV/Å. The total energy convergence criterion between successive self-consistent 

cycles was set at 1×10-5 eV. A 16𝘹9𝘹1 and 9×9×1 Γ-centred k-mesh have been sampled 

respectively for the supercells in orthorhombic and hexagonal symmetry to optimize the 

geometry of ML-MoS2. A vacuum thickness of more than 14 Å along the z direction was 

adopted to reduce the spurious interactions between the periodic images to a negligible level. 

For all the strained systems, only the ionic relaxations have been carried out, while the scaled 

lattice constants have been held fixed, as routinely pursued in earlier works [87,179,287]. Shear 

strain of type-I corresponds to the application of tensile strain and compressive strain of the 

same magnitude along the zigzag (zz) and armchair (ac) directions respectively, while shear 

strain of type II is the other way round.   

G0W0 or the quasiparticle (QP) approximation [36] is known to compute the band gap and band 
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edges more accurately and reliably as compared to the routinely used DFT functionals. 

Therefore, to get around the computationally demanding and time consuming QP calculations, 

the following assumptions have been reasonably made to combine the speed of GGA-PBE with 

the accuracy of QP. 

1. Electronic band structure for both strain-free and strained ML-MoS2 has been calculated by 

using GGA+PBE XC functional and the energy of the band edges obtained from G0W0 

approximation[36] in an earlier study has been used as a valuable input in the current study. 

2. Band structure for all the strained geometries have been calculated by using GGA-PBE as 

XC functional. 

3. GGA-PBE is good at predicting trends, e.g., the variation in band edges, band gap, 

absorbance peaks, etc with strain. Therefore, the strain induced shift in the band edges 

calculated using GGA-PBE has been added to the band edges of the pristine and unstrained 

MoS2 single layer obtained from G0W0 or quasi particle (QP) approximation [36] 

corresponding to the different levels and types of strain.  

Optical properties of ML-MoS2 have been determined by the frequency dependent complex 

dielectric function, 휀(𝜔) = 휀1(𝜔) + 𝑖휀2(𝜔), which represents a linear response of the system 

to an external electromagnetic field. The dielectric function 휀(𝜔) consists of two contributions: 

a Drude-like intraband contribution and an interband contribution. The imaginary part of the 

interband contribution involves the interband matrix elements of the momentum operators, and 

can be evaluated directly in DFT.[288] 

 

휀2(𝜔) = 휀𝛼𝛽
(2)
(𝜔) =

4𝜋2𝑒2

Ω
lim
𝑞→0

1

𝑞2
∑ 2𝑤𝑘𝛿(𝜖𝑐𝑘 − 𝜖𝑣𝑘−𝜔) × ⟨𝑢𝑐𝑘+𝑒𝛼𝑞|𝑢𝑣𝑘⟩⟨𝑢𝑐𝑘+𝑒𝛽𝑞|𝑢𝑣𝑘⟩

∗

𝑐,𝑣,𝑘

 

where the indices 𝑐 and 𝑣 refer to the conduction and valence band states respectively and 𝑢𝑐𝑘 

is the cell periodic part of the orbitals at the k-point. 

Its real part can then be calculated using Kramers-Kronig transformation. 

휀1(𝜔) = 휀𝛼𝛽
(1)(𝜔) = 1 +

2

π
𝑃∫

휀𝛼𝛽
(2)(𝜔′)𝜔′

𝜔′2 − 𝜔2 + 𝑖𝜂

∞

0

𝑑𝜔′ 

Where 𝑃 denotes the principle value and a small complex shift (𝜂) of 0.1 has been used for 

slight smoothening of the real part of the dielectric function, which is routinely used in most of 

the calculations.  
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Several optical parameters such as Absorbance, Reflectivity, EELS (electron energy loss 

spectra) function, Extinction function and optical conductivity etc can be derived from 휀1(𝜔) 

and 휀2(𝜔). Optical properties of ML-MoS2 are calculated from the complex dielectric 

function. The absorption coefficient (𝛼𝑎𝑏𝑠.) is given by  

                                               𝛼𝑎𝑏𝑠 = √2𝜔 (√휀1
2(𝜔) + 휀2

2(𝜔) − 휀1(휀))
1/2

 ,  

where 휀1(𝜔)  and 휀2(𝜔)  are the real and imaginary parts, respectively of the frequency 

dependent dielectric function, 휀(𝜔). By taking the tensor nature of 휀(𝜔) into account, 휀1(𝜔) 

and 휀2(𝜔) have been averaged over the three polarization vectors (along x, y, and z directions). 

5.3 Results and discussion 

 

Figure 5. 1 (a) Ball and stick model of optimized geometry of single layer MoS2 in supercells with 

hexagonal and orthorhombic symmetry [Top view], (b) side view of layered structure and (c) 

optimized geometry parameters for orthorhombic and hexagonal supercell 

Naturally occurring MoS2 can be found in two major polytypes: 2H and 3R phase. Out of these 

two, 2H phase having D6h point group symmetry is more abundant. 2H-phase can be converted 

into 1H-phase with D3h point group by exfoliating it from its bulk. In 1H-MoS2, each Mo (IV) 

centre occupies a trigonal prismatic coordination sphere that binds to six sulphide ligands and 

each sulphur centre is pyramidal and is connected to three Mo atoms forming the trigonal 

prismatic layered structure. ML-MoS2 nanosheet is highly flexible and its electronic properties 

can be extensively tuned via the application of strain. To realize the application of mechanical 
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strain, we initialized the atomic positions in the 2D MoS2 nanosheet in a hexagonal honeycomb 

lattice with two different symmetries, namely, hexagonal and orthorhombic (rectangular in 

plane), as shown in Figure 5.1 (a), for a systematic investigation. The lattice constants in the 

hexagonal supercell along the two equivalent lattice directions, namely, the zz direction, are 

equal (a=b), whereas the orthorhombic supercell has a rectangular symmetry and shows two 

non-equivalent directions, namely, zz and ac directions along its x and y axes respectively. The 

optimized lattice constants for both supercells are shown in Figure 5.1 (c), which is in 

agreement with earlier findings [29,249,255,289–295]. The Mo-S bond length is found to be 

2.41 Å and vertical S-S distance is 3.12 Å, which is consistent with the previous reports 

[29,249,255,289–295]. 

5.3.1 Optical properties 

 

Figure 5. 2 (a) Real 휀1(𝜔) and imaginary 휀2(𝜔) part of the frequency dependent dielectric function 

(b) Absorption spectra, 𝛼𝑎𝑏𝑠., (c) Real, 𝜎𝑟(𝜔) and imaginary, 𝜎𝑖(𝜔) part of optical conductivity in 

pristine unstrained  single layer MoS2  

Photo-catalytic properties of inorganic semiconducting materials are significantly controlled 

by their optical response. Therefore, the fundamental optical properties such as frequency 

dependent dielectric function and absorbance spectra of strain-free pristine ML-MoS2 

nanosheet have been calculated first, which is shown in Figure 5.2 (a)-(b). In pristineML-MoS2 

nanosheet, the prominent absorption peak in the absorbance spectra occurs at 2.7 eV with its 

low excitonic peaks at around 1.8 to 2.1 eV. The low energy excitonic peaks are not well 

resolved under the independent particle approximation as it does not take into account the local 

field and the excitonic effects. However, this approximation has been found to be good enough 

to predict trends in the perturbative response of the optical properties, e.g., under the application 

of electric field or strain [296,297]. The absorbance along the zz direction reaches its maximum 

at 3% uniaxial tensile strain applied along the zz direction; however, corresponding to uniaxial 

tensile strain applied along the ac direction, maximum value is attained along the ac direction 

at the same percentage of strain. For biaxial tensile strain, the absorbance peaks up at 1% along 

both the zz and ac directions.  
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The redshift in the absorbance peaks with the application of tensile strain of both kinds, uniaxial 

and biaxial, agrees with the trends in PL observed experimentally [296,297]. For shear strain 

of type I, the maximum in absorbance is attained along the zz direction at 3% strain; however, 

the maximum switches to the ac direction for shear strain of type-II (see Figure 5.3) 

corresponding to the same strain %.   

Furthermore, optical conductivity in pristine, strain free ML-MoS2 nanosheet have been 

calculated using the relation 𝜎1(𝜔) =
𝜔𝜀2(𝜔)

4𝜋
 and 𝜎2(𝜔) =

𝜔𝜀1(𝜔)

4𝜋
 , where 𝜎1(𝜔) and 𝜎2(𝜔) 

are real and imaginary part of the optical conductivity and 𝝎 is the frequency of the incident 

photon as shown in Figure 5.2 (c). Calculated optical conductivity correctly reproduces all main 

features measured experimentally [298] and calculated theoretically [299] based on the 

 

Figure 5. 3 Variation in the absorbance spectra with different kinds of applied mechanical strain 

empirical Sellmeier equation between refractive index and incident photon energy. A sharp rise 

or a peak at ℏ𝜔 = 2.7𝑒𝑉 , shown in Figure 5.1 (c), has been observed on account of the 

interband transition. The real and imaginary part of the optical conductivity, 𝜎1(𝜔) and 𝜎2(𝜔) 

signifies the dissipation of electromagnetic energy and the screening of the applied field 

respectively. The peak in 𝜎1(𝜔) attains its maximum value along the zz direction at 3% of 

uniaxial tensile strain applied along the zz direction. For uniaxial tensile strain applied along 

the ac direction, 𝜎1(𝜔) shows peak up at 1% of strain along the ac direction. For biaxial tensile 

strain, 𝜎1(𝜔) reaches its maximum along zz direction at 1% strain. Upon the application of 

shear strain of type-I, the peak in 𝜎1(𝜔) is found to reach its maximum at 3% strain along the 

zz direction, whereas for shear type-II, maximum is attained along the ac direction, as shown 

in Figure 5.4. Shear strain is found to be more effective as compared to the tensile and biaxial 
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strain in enhancing the magnitude of 𝜎1(𝜔) significantly. 

 

Figure 5. 4 Variation in optical conductivity with various types of mechanical strain. The vertical 

color bars correspond to different regions in the visible light spectrum. The optimum value of strain 

where the optical conductivity maximizes is highlighted in the figure. 

5.3.2 Exciton binding energy 

Furthermore, exciton binding energies under different types and magnitude of strain have been 

investigated. Small exciton binding energies are desirable to facilitate the splitting of excitons 

into free charge carriers (electrons and holes). Mott-Wannier exciton hydrogenic model has 

been considered to calculate the excitonic binding energy using the formula: 𝐸𝐵
𝑒𝑥𝑐𝑖𝑡𝑜𝑛 =

4×13.6 µ𝑒𝑥

𝑚0𝜀2
 (𝑒𝑉), where 𝑚0  is the the electron rest mass, 𝜇𝑒𝑥

−1 = 𝑚𝑒
−1 +𝑚ℎ

−1 is the excitonic 

effective mass and ε is the macroscopic static dielectric constant. The calculated value of 

excitonic binding energy for ML-MoS2 is 0.41eV which is in good agreement with the previous 

reports [300,301]. It is very important to note the variation in exciton binding energy with 

applied mechanical strain. High excitonic binding energies hinder electron-hole separation. In 

Figure 5.5, the variation in excitonic binding energy with uniaxial strain (well agreed with 

theoretical results [302,303]). The excitonic binding energy reaches 0.65 eV at 1% uniaxial 

tensile strain applied along the zz and ac directions while it decreases from 0.65 eV to 0.41eV 

when uniaxial tensile strain is varied from 2 to 9%. At 5% of uniaxial compression, it reaches 

its highest value of 0.91eV. The exciton binding energy decrease for uniaxial compression 

higher than 5% and reaches 0.7eV at 9%. Under the application of biaxial tensile strain, its 

value reaches its maximum, 0.65eV at 1% strain and declines for strain greater than 1%. It 

reaches 0.29eV at 9% strain, as shown in Figure 5.6. Its value also increases with biaxial 
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compression and reaches its maximum, 0.68eV at 4% of biaxial compression and then 

decreases and reaches 0.35 eV at 9%. However, a sharp drop in excitonic binding energy along 

the zz direction, from 0.41eV to 0.27eV, is found to occur at 8% shear strain of type-II, as 

shown in Figure 5.5. 

 

Figure 5. 5 Variation in excitonic binding energies with strain applied on to the ML-MoS2 

nanosheet. (Shear strain of type-I corresponds to the application of tensile strain and compressive 

strain of the same magnitude along the zigzag and armchair directions respectively. While shear 

strain of type-II is the other way round: application of tensile and compressive strain of equal 

magnitude along the armchair and zigzag directions respectively.) The exciton binding energies are 

small at 3-4% strain, when the optical absorbance/conductivity reaches its maximum 

5.3.3 Electronic properties: band edges relative to redox potentials  

For an inorganic semiconductor to function as an efficient photo-catalyst, proper alignment of 

the energy levels with respect to the redox level is a must. A photocatalytic material needs to 

be semi-conductor with a minimum band-gap (Eg) of 1.23eV in order to be able to absorb 

incident photons having energy E=hν ≥1.23eV, i.e. a wavelength λ≤1010nm at standard 

conditions (T=298 K, P=1 bar and pH=0). However, thermo-dynamical losses have to be 

realistically taken into account, implying that the minimum band gap needs to be at least 1.5eV 

that allows absorption of a large portion of the solar spectrum. Also, the photo-catalyst must 

have suitable band edges to straddle the redox potential of water to drive the kinetics of the 
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half-cell reactions, hydrogen evolution (reduction) and oxygen evolution (oxidation) reactions. 

On the absolute vacuum scale, at pH=0, this minimum band gap value of 1.23 eV corresponds 

to the situation where the CBE would ideally lie at -4.44eV, the reduction potential (RP) for 

hydrogen evolution reaction (H+/H2) and the VBE would remain at -5.67 eV, the oxidation 

potential (OP) for oxygen evolution reaction (H2O/O2). If CBE and VBE energy levels are 

positive and negative relative to the reduction and oxidation potentials, the water splitting 

reaction will be favoured. Likewise, CO2 reduction with water is thermodynamically 

favourable when the band edges straddle the reduction potentials of CO2 and the oxidation 

potential of H2O. The minimum band gap required for CO2 reduction is 1.43 eV, which is 0.2 

eV higher than the one needed for water splitting. This is due to the fact that the highest 

reduction potential for CO2 which corresponds to the reduction of CO2 reduction to HCOOH 

lies at -4.24 eV.  

The magnitude of the band gap in ML-MoS2 is larger than 1.23 eV and its band edges do 

straddle the reduction potentials for hydrogen evolution reaction (H+/H2) or CO2 reduction 

reaction (CO2/HCOOH), and oxidation potential for oxygen evolution reaction (H2O/O2). 

As the CBE in ML-MoS2 lies above the CO2 reduction level and thereby CO2 reduction is also 

thermodynamically favorable, in presence of CO2. Therefore, it turns out that ML-MoS2 is 

suitable not only for H2O reduction but also for CO2 reduction. For water splitting to occur, 

which leads to the evolution of H2 and O2, the following criteria is required to be satisfied at 

pH = 7.[304] 

𝑬𝑽𝑩𝑴 < 𝑬𝒐𝒙,𝑯𝟐𝑶 𝑶𝟐⁄
𝟎 = +𝟎. 𝟖𝟐 𝑽 

𝑬𝑪𝑩𝑴 > 𝑬𝒓𝒆𝒅,𝑯+ 𝑯𝟐⁄
𝟎 = −𝟎. 𝟒𝟏 𝑽 

Whereas for CO2 reduction to HCOOH, HCHO, CH3OH, or CH4, at pH = 7, the criteria changes 

to the following. 

𝑬𝑪𝑩𝑴 > 𝑬𝒓𝒆𝒅,𝑪𝑶𝟐 𝑯𝑪𝑶𝑶𝑯⁄
𝟎 = −𝟎. 𝟔𝟏 𝑽 

𝑬𝑪𝑩𝑴 > 𝑬𝒓𝒆𝒅,𝑪𝑶𝟐 𝑯𝑪𝑯𝑶⁄
𝟎 = −𝟎. 𝟒𝟖 𝑽 

𝑬𝑪𝑩𝑴 > 𝑬𝒓𝒆𝒅,𝑪𝑶𝟐 𝑪𝑯𝟑𝑶𝑯⁄
𝟎 = −𝟎. 𝟑𝟖 𝑽 

𝑬𝑪𝑩𝑴 > 𝑬𝒓𝒆𝒅,𝑪𝑶𝟐 𝑪𝑯𝟒⁄
𝟎 = −𝟎. 𝟐𝟒 𝑽 

Here 𝑬𝟎 represents the standard reduction potentials for different species. 
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Figure 5. 6 Variation in the valence and conduction band edges with the application of different kinds 

of mechanical strain for (a) solar water splitting and (b) light driven CO2 reduction with H2O. QP_CBE 

is an acronym for GoWo quasiparticle (QP) approximation and conduction band edge 

As electronic properties in ML-MoS2 are very sensitive to the applied mechanical strain, the 

variation in the alignment of the band edges with respect to reduction potentials of both H2O 

and CO2 and oxidation potential of H2O has been plotted as a function of strain in Figure 5.6. 

Figure 5.6 (a) depicts that CBE drops gradually towards the reduction potential with the 

application of uniaxial and biaxial tensile strain; however, VBE progressively rises towards the 

oxidation potential. 6% and 7% are found to be the optimum magnitudes of uniaxial tensile 

strain applied along the zz and ac directions; corresponding to which the band edges reach 

closest to the redox potentials. For biaxial tensile strain, it occurs at 4% when both oxygen 

evolution and hydrogen evolution reactions, are optimally favoured. Moreover, the optical 

conductivity and absorbance reach their maximum at 3% and 1% uniaxial tensile strain along 
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zig-zag and arm-chair directions respectively, and 1% biaxial tensile strain. These results on 

tensile strain is consistent with the experimentally observed enhancement in photocatalytic 

HER in MoS2 nanosheet induced by increased specific surface area or tensile strain induced by 

the lattice mismatch at the MoS2/TiO2 interface[279]. Shear strain is found to be particularly 

interesting. The band edge positions undergo minimal changes under the application of shear 

strain of both types, whereas the other properties such as carrier mobility vary significantly 

with the application of shear strain. With the application of shear strain of both types, the CBE 

and VBE are found to shift slightly towards the reduction potential and oxidation potential 

respectively.  

For CO2 reduction with H2O, the reduction potential is not a single one or unique. The several 

reduction potentials of CO2 correspond to the different degrees in the reduction of CO2. 

Production of different solar fuels or precursors such as HCOOH, HCHO, CH3OH, CO and 

CH4 is determined by the extent to which the oxidation state in C is lowered. As CBE in ML-

MoS2 nanosheet lies above all these reduction potentials, it may be considered as a suitable 

candidate for CO2 reduction as well. Furthermore, as shown in Figure 5.6 (b), 3% of the 

uniaxial tensile strain along its zz as well as ac direction is the optimum strain percentage. For 

biaxial tensile strain the optimum value is 1% of strain. For shear strain cases, band edges 

hardly shift with the application of strain. 

5.3.4 Suitability of pH for solar fuel production 

Efficiency of photo-catalytic reactions is crucially determined by the pH value[286,305]. Water 

redox potential can be adjusted to a suitable level to drive the overall water-splitting reactions 

on a single-layer MoS2 photo-catalyst. Many metal complexes such as Mn, Fe, Co etc.[306] 

are known to catalyze CO2 reduction and some of them show high selectivity. Selectivity over 

an inorganic semiconductor can be controlled by changing acidity/basicity. Furthermore, 

differences in the potential for reduction of CO2 to different fuels, such as HCOOH, HCHO, 

CH3OH, CH4, depending on the degree of CO2 reduction, provides an opportunity to carefully 

tune the selectivity in the generation of these renewable solar fuels, as shown in Figure 5.7 (b). 

The reduction potential of all the fuel precursors can be adjusted to suitable pH for CO2 

reduction. Experimental values of redox potential for all redox level at pH =7[307] have been 

used in this study. Specifically, the electrochemical potential of the oxidation and reduction 

reactions can be calculated using the Nernst equation[308] at all pH ranges from 0-14. 

𝐸𝑂2 𝐻2𝑂⁄
𝑂𝑥 = −4.44 + (−1)(+1.229) + 𝑝𝐻 × 0.0529𝑒𝑉 −

0.0592

4
𝑙𝑜𝑔10(𝑝𝑂2) 
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𝐸𝐻+ 𝐻2⁄
𝑂𝑥 = −4.44 + (−1)(+0.401) − 𝑝𝑂𝐻 × 0.0529𝑒𝑉 −

0.0592

4
𝑙𝑜𝑔10(𝑝𝑂2) 

where pO2 denotes the partial pressure of oxygen in ambient conditions, -4.44 eV corresponds 

to the NHE potential, and pOH + pH=14. From Figure 5.7 (a) it can be directly observed that 

pH between 0.5-6.5 seems to be the favorable condition for water splitting reaction whereas 

for CO2 reduction with H2O, the suitable pH range is 0.5-3, as shown by Figure 5.7 (b). 

 

Figure 5. 7 Effect of pH value on the redox potential level for (a) H2O splitting and (b) CO2 reduction 

with respect to the absolute vacuum scale and normal hydrogen electrode. QP is an acronym for 

G0W0 quasiparticle (QP) approximation, while AVS & NHE denote absolute vacuum scale and 

normal hydrogen electrode respectively 

5.3.5 Carrier Mobility  

The photocatalytic activity strongly depends on the charge carrier separation, carrier lifetimes 

or carrier recombination rates. To study the separation and migration of electron-hole pairs, the 

charge carrier mobility in pristine ML-MoS2 nanosheet and its variation with the applied 

mechanical strain has been studied. Correlation between the electron–hole recombination rate 

and the degree of lattice strain has also experimentally verified with silicon NWs and strain-

tuned carrier decay lifetime in InGaN/GaN SQW [309,310]. Room temperature carrier mobility 

is calculated by using longitudinal acoustic phonon-limited scattering model which was 

actually based on deformation potential approximation formulated by Bardeen and Schokley 

[176]-[177]. In 2D inorganic semiconductors, at room temperature, the coherent wavelength of 

thermally agitated carriers is much larger than their lattice constants and is close to acoustic 

phonon modes at the zone centre of the BZ where coupling between electron and acoustic 

phonons dominates over the carrier scattering in the low energy regime. Therefore, in this limit, 

carrier mobility can be effectively derived from effective mass and deformation potential 

approximation. This formulation has recently been significantly refined by Lang et al.[177] In 
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this formulation, mobility along one direction depends not only on the parameters (effective 

mass, deformation potential constant, and elastic modulus) in the same direction, but also on 

those along the perpendicular direction. The carrier mobility ratio has been shown to arise 

mainly from the anisotropic effective mass, while the contribution from the deformation 

potential constant and the elastic modulus are relatively insignificant. It has also been used 

recently to study on SnSe[217]. MoS2 has not been studied in that study possibly due to its 

isotropic nature in the pristine structure in terms of all these parameters, such as effective mass 

and elastic modulus.  Nevertheless, the application of mechanical strain induces anisotropy in 

ML-MoS2 and therefore, this approach is substantially more accurate in calculating the carrier 

mobility and its anisotropy under strain. The original formulation of the deformation potential 

theory of Bardeen and Shockley, which has been widely adopted has been demonstrated to be 

relatively much less reliable and more likely to overestimate the carrier mobility  and the carrier 

mobility ratio, relative to this new formulation, in a large number of case studies[177]. The 

carrier mobility in the new formulation is given as 

𝜇𝛼𝑥 ≈
𝑒ℏ3 (

5𝐶𝑥2𝐷 + 3𝐶𝑦2𝐷
8 )

𝑘𝐵𝑇(𝑚𝛼𝑥)
3
2(𝑚𝛼𝑦)

1
2 (
9𝐸𝛼𝑥2 + 7𝐸𝛼𝑥𝐸𝛼𝑦 + 4𝐸𝛼𝑦2

20 )

𝘹104 𝑐𝑚2𝑉−1𝑠−1 

Where 𝛼 = 𝑒, ℎ denotes the type of carriers (electrons or holes), effective mass of carriers 𝛼 in 

the units of rest mass of electron 𝑚0 along the 𝒙 and 𝒚 directions are designated by 𝑚𝛼𝑥 and 

𝑚𝛼𝑦 respectively and calculated by using the relation: 𝑚𝛼 = ℏ
2[𝜕2𝐸(𝑘) 𝜕𝑘2⁄ ]−1, deformation 

potential of the carriers along the  𝑥 and 𝑦 directions are denoted by 𝐸𝛼𝑥 and 𝐸𝛼𝑦 respectively 

and 2D elastic stiffness coefficients along  the 𝒙 and 𝒚 directions are designated by 𝐶𝑥2𝐷 and 

𝐶𝑦2𝐷  respectively. All the mobility calculations have been carried out at 300K. The other 

component 𝜇𝛼𝑦 of mobility can be easily calculated by simply interchanging 𝑥 and 𝑦 in the 

above mobility relation. The calculated parameters for the pristine ML-MoS2 are tabulated in 

Table 5.1.  

Table 5. 1 Effective mass (mα), elastic stiffness coefficient (C2D), deformation potential (Edirection_2D) 

and charge carrier mobility (μ) along zigzag (zz) and armchair (ac) direction in pristine ML-MoS2 

nanosheet 
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Figure 5. 8 Variation in carrier mobility (a)-(e) with the application of external mechanical strain of 

different types on the ML-MoS2 nanosheet and (f) high hole to electron mobility ratio ensures an 

efficient separation of e-/h+ pairs at 3-4% of shear strain, when optical absorbance/conductivity also 

reaches its maximum. 

For pristine ML-MoS2, the electron mobilities are found to be 21.52 cm2V-1s-1 and 20.89 cm2V-

1s-1 along the zz and ac direction respectively, whereas for hole mobility, it comes out to be 

38.02 cm2V-1s-1 and 38.07 cm2V-1s-1 along the zz and ac directions respectively. Using this new 

formulation, the hole mobility is found to be two times the electron mobility, which is in good 

agreement with experimental findings[311]. While the hole to electron mobility ratio was 

reported to be about three, using the original deformation potential theory of Bardeen and 

Shockley [178], implying the higher accuracy and reliability of the most recent formulation. 

The effective masses and the carrier mobilities are found to be isotropic in pristine ML-MoS2 

nanosheet; however, anisotropy arises when external mechanical strain is applied to the 

monolayer nanosheet. To clarify the strain-induced anisotropy, the mobility of charge carriers 

along zz and ac direction have been plotted as a function of strain in Figure 5.8. Hole mobility 

drops down drastically under the application of 1% tensile strain of both types, namely, tensile 

and uniaxial, applied along the zz and the ac directions. The hole mobility remains nearly the 

same even for higher values of applied tensile strain. Shear strain of type II was found to be the 

most interesting one where the hole mobility increases along the zz direction while electron 

mobility decreases along the ac direction. At 3-4% of this strain, which is actually the optimal 

value for optical and electronic properties, the difference between electron mobility and the 

hole mobility in the transverse direction is large enough to bring about electron-hole separation 
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and their subsequent migration along the opposite or mutually perpendicular directions, as 

shown in Figure 5.8 (e)-(f). The relaxation time of the charge carriers also signify the role of 

shear type-II strain as explained in detail in Figure 5.9.  

 

Figure 5. 9 Variation in the relaxation time of the charge carriers along the zig-zag (zz) and arm-

chair (ac) direction with mechanical strain of different types applied on to monolayer MoS2 

nanosheet. 

 

Furthermore, carrier mobility ratio of the charge carriers is calculated using relation,  

 

𝑅𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦_𝜂 =
max(𝜇𝑒_𝜂, 𝜇ℎ_𝜂)

min(𝜇𝑒_𝜂, 𝜇ℎ_𝜂)
 

 

where 𝜂 is either zz or ac direction as shown in Figure 5.10. At 1% of uniaxial tensile strain 

along the zz and ac direction and also with biaxial tensile strain, the carrier mobility ratio 

reaches its maximum value and beyond this value the ratio decreases with the further applied 

tensile strain. This is due to the significantly small hole mobility at 1% tensile strain. Shear 

strain of type-II strain is found to be very interesting where anisotropic ratio gradually increases 

with strain, as shown in Figure 5.10(d), which clearly indicates the higher probabilities for 

electron-hole separation and their migration along different directions.  



 

87 

 

 Artificial Photosynthesis in Single Layer MoS2 

 

Figure 5. 10 Variation in the carrier mobility ratio with the mechanical strain applied on to the ML-

MoS2 nanosheet (a)-(d): Carrier mobility ratio, 𝑅𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦_𝜂 =
max(𝜇𝑒_𝜂,𝜇ℎ_𝜂)

min(𝜇𝑒_𝜂,𝜇ℎ_𝜂)
, where 𝜂 is either the 

zigzag (zz) or armchair (ac) direction. 𝑅𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦_𝜂 = (
𝜇ℎ

𝜇𝑒
)
𝜂
 𝑜𝑟 (

𝜇𝑒

𝜇ℎ
)
𝜂
;  𝑅𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦_𝜂 > 1 ,   𝜇𝑒(ℎ) is 

the electron (hole) mobility. Labels in Fig. (a): zz-ZZ denotes anisotropy ratio, Rani along the zig-

zag (zz) direction for uniaxial strain applied along the zig-zag (ZZ) direction. Likewise, ac-ZZ 

implies anisotropy ratio along the arm-chair (ac) direction for uniaxial strain applied along the zig-

zag (ZZ) direction and so on. 

The selectivity of CO2 reduction and HER is found to be tunable by pH. In Fig 5.7, the CO2 

reduction level (CO2/HCOOH) lies closer to the conduction band edge for pH=0-3 than the 

water reduction potential or HER level. Therefore, in this pH range, CO2 reduction reaction 

will be more thermodynamically favorable than the HER. So, CO2 reduction reaction will 

be selective in the pH range (0-3). Moreover, the relative surface chemistry of these species 

(CO2 Vs hydrogen) with the MoS2 monolayer may play a role, which is addressable in 

future studies. Again, CO2 reduction reaction is found to be thermodynamically forbidden 

for pH > 3, while HER is still favorable up to pH = 6.5-7. Therefore, HER will be selective 

and proceed without any competition or hindrance for pH=3-7.  

5.4 Conclusion 

Solar fuel production from abundant sources such as CO2 and H2O is a daunting research 

challenge that necessarily requires a number of interconnected factors to act together in unison. 

Strained single-layer of MoS2 has been investigated as a potential photo-catalyst for the 
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generation of solar fuels and oxygen by the photo-reduction of CO2 with H2O. All kinds of 

strain have been applied to calibrate the photocatalytic response of ML-MoS2 to strain and in 

turn, to ascertain the type and magnitude of strain, and pH under which the photocatalytic 

response in ML-MoS2 are optimized. All factors governing the photocatalytic activity have 

been fully addressed in this work: optical absorbance and conductivity, suitable band edges, 

exciton binding energies, carrier mobilities and their anisotropy, and pH. The excitonic binding 

energy for pristine monolayer MoS2 calculated in this work (0.41eV) is in good agreement with 

the previous reports. The redshift in optical absorbance peaks with the application of tensile 

strain of both types, uniaxial and biaxial, agrees with the PL observed experimentally on 

monolayer MoS2 nanosheet. Calculated optical conductivity correctly reproduces all main 

features measured experimentally and calculated theoretically in earlier studies. Optical 

absorbance and conductivity show the same trend: the peak value rises with the application of 

1-5% of uniaxial tensile strain, while it reaches its maximum at 3% strain. Shear strain of both 

types are found to be most effective in enhancing the optical conductivity and absorbance along 

the direction of lattice dilation. Compressive strain is found to attenuate optical absorbance and 

conductivity. 3-4% of shear strain of type-II is found to be most favorable for artificial 

photosynthesis in monolayer MoS2 nanosheet on account of the following reasons. The optical 

absorbance and conductivity are found to be maximally enhanced, while the exciton binding 

energies also remain desirably small under 3-4% shear strain of type II. Band edge positions in 

pristine ML-MoS2 nanosheet are found to be well suited for CO2 reduction with H2O and 

oxidation of water leading to oxygen evolution reaction. Moreover, the band edges barely 

undergo any shift under the application of shear strain of both types, which is an additional 

advantage.  Shear strain, in general, and shear strain of type II, in particular, brings about the 

highest enhancement in carrier mobility along with the carrier mobility ratio, which facilitates 

the charge separation and the migration of the separated 𝑒− − ℎ+  pairs along opposite or 

transverse directions. As a result, the carrier lifetimes are prolonged; or, in other words, the 

carrier recombination rates are lowered. Nernst formulation is found to be beneficial in 

understanding the importance of adjusting the pH level for optimizing CO2 reduction with H2O 

and oxygen evolution reaction. Acidic medium turns out to be most suitable for carrying out 

such photo-conversion. This work is important from both scientific and technological 

perspectives. It provides an in-depth insight into the Science of photo-conversion of CO2 with 

H2O and in the natural fixation of carbon. 
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Chapter 6 

Summary and Future Directions 

The main thesis findings discussed in the different Chapters are summarized in this last Chapter. 

Chapter 1 provides a broad overview of the three different kinds of energy conversion in 2D 

materials, while Chapter 2 introduces the theoretical background and tools used in carrying out 

the Ph.D. work.   

Chapter 3 infers that the inversion symmetry in centrosymmetric Group IVB transition metal 

dichalcogenide (TMDC) monolayers occurring in 1T phase is broken upon the formation of its 

Janus structures and in turn, piezoelectricity is induced. Quantitatively, the piezoelectric 

constants have been split into its electronic and ionic components in order to highlight the 

dominance of the ionic contribution to the piezoelectric coefficient. Piezoelectric coefficient 

(d22 = 4.68 - 14.58 pm/V) in the Janus structures in Group IVB TMDC monolayers are found 

to be much higher than that in single layer 1H-MoS2 (d11 = 2.99 pm/V). Dynamical, mechanical 

and thermodynamic properties confirm the all-around stability of these monolayers. A colossal 

enhancement in the piezoelectric coefficients in Janus HfSSe is observed under the application 

of uniaxial tensile strain along the arm-chair direction, where 𝑑22 goes to 123.04 pm/V at 9% 

strain, reaching the level of the piezoelectric coefficients in the state-of-the-art perovskites. 

This work highlights an interesting avenue to induce a high level of piezoelectricity in 2D 

materials. Moreover, as Janus monolayer, MoSSe, has been experimentally synthesized, 

formation of Janus monolayer structures in the Group IVB transition metal dichalcogenides 

will be viable via the same synthesis route. 

In Chapter 4, thermoelectric properties in ML-MoS2 nanosheet have been found to be sensitive 

to the application of mechanical strain, implying that strain can serve as an important avenue 

in tuning the thermoelectric properties in 2D semiconducting transition metal dichalcogenides. 

Out of the three modes of compressive strain, uniaxial strain along the zig-zag direction is 

found to be most effectual due to the higher electron mobility and its sensitivity to lattice 

compression along this direction. Relaxation time-scaled thermoelectric power factor is found 

to be higher upon n-type doping as compared to p-type doping. As a result, the maximal 

enhancement in 𝑆2σ/τ, upon optimal n-type doping, is found to occur under the application 3% 

of uniaxial compressive strain, when the electronic band gap and Seebeck coefficient, 𝑆 

reaches its maximum. At T = 900 K and 3% of compressive strain along zig-zag direction, the 

thermoelectric power factor is found to attain its maximum value of 51.75 x 1010 Wm-1K-2s-1. 
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Strain sensitivity of the thermoelectric properties in 2D materials can be gainfully exploited in 

practical applications. Experimentally, application of up to 3% compressive strain has been 

possible. Therefore, compressive strain can be highly feasibly applied in adjusting the 

thermoelectric properties in nanosheets. 

A systematic investigation of ultralow lattice thermal conductivities of HfS2, HfSe2 and their 

Janus derivative HfSSe monolayers is carried out by means of second-order harmonic and 

third-order anharmonic interatomic force constants. The large LO-TO splitting around the Γ-

point induced by the substantially high phonon-electric field coupling effect that results from 

the domination of ionic bond character and high Born-effective/dynamical charges has been 

adequately addressed. This effect brings about a striking difference in the lattice thermal 

conductivities upon the incorporation of non-analytical correction term. Small magnitudes of 

phonon lifetimes combined with reduced group velocities, lead to a severely low lattice thermal 

conductivities. The calculated mode Grüneisen parameter is found to be as high as ~ 2.0 at 

300 𝐾, which is a fairly large value in 2D materials, indicating a strong anharmonicity in these 

monolayers. A clear understanding of the origin of thermal conductivities can be optimally 

utilized in choosing appropriate materials judiciously in designing efficient thermoelectric 

devices. 

Finally, Chapter 5 concludes that the solar fuel production from abundant sources such as CO2 

and H2O is a daunting research challenge that necessarily requires a number of interconnected 

factors to act together in unison. Strained single-layer of MoS2 has been investigated as a 

potential photo-catalyst for the generation of solar fuels and oxygen by the photoreduction of 

CO2 with H2O. 4-5% of shear strain of type-II is found to be the most optimum one as it 

maximally enhances the optical absorbance and conductivity. The exciton binding energies are 

also desirably small under 4-5% shear strain. Band edge positions of pristine ML-MoS2 are 

found to be well suited for CO2 reduction with H2O. Moreover, the band edges barely undergo 

any shift under the application of shear strain, which is an additional advantage.  Shear strain 

in general, and shear strain of type II, in particular, brings about the highest enhancement in 

carrier mobility and its anisotropy which facilitates the charge separation and the migration of 

the separated 𝑒− − ℎ+ pairs along transverse directions. As a result, the carrier lifetimes are 

prolonged; or, in other words, the recombination rate of electrons and holes are lowered. Nernst 

formulation is found to be beneficial in understanding the importance of adjusting the pH level 

for optimizing CO2 reduction with H2O and producing oxygen. Acidic medium turns out to be 

most suitable for carrying out such photoconversion. It provides an in-depth insight into the 

Science of photoconversion and useful pointers to experimentalists and technologists on 
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photoreduction of CO2 with H2O and in the natural fixation of carbon. Direct application of 

strain has been scarcely investigated in photocatalytic studies in experiments. However, the 

feasibility of applying elastic strain reversibly can be immensely beneficial in tuning the 

photocatalytic or artificial photosynthetic activities in a very controlled manner. 
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Appendix  

Appendix I 

Lattice thermal conductivity  

The lattice thermal conductivity, 𝑘𝐿  is calculated by solving the linearized phonon Boltzmann 

transport equation (LBTE) under the single-mode-relaxation-time (SMRT) method as 

implemented in Phono3py [242] package, the lattice thermal conductivity tensor can be written 

in a closed-form. 𝑘𝐿  can be calculated as [242] 

𝑘𝐿 =
1

𝑁𝑉0
∑𝐶𝑝ℎ,𝜆𝑣𝜆⊗𝑣𝜆𝜏𝜆

𝑆𝑀𝑅𝑇 ,

𝜆

 

where 𝑉0 is the volume of a unit cell, 𝑣𝜆 and 𝜏𝜆
𝑆𝑀𝑅𝑇 are the group velocity and SMRT of the 

phonon mode 𝜆, respectively. 𝐶𝑝ℎ,𝜆 is the mode-dependent specific heat capacity defined as 

[242]   

𝐶𝑝ℎ,𝜆 = 𝑘𝐵 (
ℏ𝜔𝜆
𝑘𝐵𝑇

)
2 exp (ℏ𝜔𝜆 𝑘𝐵𝑇⁄ )

[exp(ℏ𝜔𝜆 𝑘𝐵𝑇⁄ ) − 1]2
 

 

The mode-specific phonon group velocity can be obtained directly from the eigen-value 

equation: 

𝑣𝛼(𝜆) ≡
𝜕𝜔𝜆
𝜕𝑞𝛼

 

                                                                   =
1

2𝜔𝜆
∑ 𝑊𝛽(𝑘, 𝜆)

𝑘𝑘′𝛽𝛾

𝜕𝐷𝛽𝛾

𝜕𝑞𝛼
𝑊𝛾(𝑘

′, 𝜆) 

The single-mode relaxation time, 𝜏𝜆
𝑆𝑀𝑅𝑇 can be approximated by the phonon lifetime 𝜏𝜆, which 

is the reciprocal of the phonon linewidth 2Γ𝜆(𝜔) 

𝜏𝜆
𝑆𝑀𝑅𝑇 = 𝜏𝜆 =

1

2Γ𝜆(𝜔)
 

Cumulative lattice thermal conductivity  

The cumulative lattice thermal conductivity, 𝑘𝑐 is defined as [242]  

𝑘𝑐(𝜔) = ∫
1

𝑁

𝜔

0

∑𝑘𝜆
𝜆

𝛿(𝜔𝜆 − 𝜔
′)𝑑𝜔′ 

𝑘𝜆 is the contribution to 𝑘 from the phonon mode 𝜆 which is defined as  
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𝑘𝜆 =
1

𝑉0
𝐶𝜆𝑣𝜆⊗𝑣𝜆𝜏𝜆 

Appendix II 

Mode Grüneisen parameter 

The dimensionless mode-Gruneisen parameter can be written by relating the shifts in phonon 

frequencies modes {q, j} with respect to the varying volume, but a more general way is to 

define it is by the application of external strain [312]  

𝛾𝜇𝜈(𝑞𝑗) = −
1

𝜔𝑞𝑗
 
𝜕𝜔𝑞𝑗

𝜕𝜂𝜇𝜈
 

For the present work, within the DFT-based approach, 𝛾𝑞𝑗 is obtained from third-order IFCs 

using the following relation [312]-[313]  

𝛾𝑞𝑗 = −
1

2𝜔𝑞𝑗
2 ∑ ∑ ∑

𝑊𝑞𝑗
𝛼𝑘∗𝑊𝑞𝑗

𝛽𝑘′

√𝑚𝑘𝑚𝑘′𝛼𝛽𝛾𝑘𝑘′𝑘′′𝑙′𝑙′′

× Φ𝛼𝛽𝛾(0𝑘, 𝑙
′𝑘′, 𝑙′′𝑘′′) × 𝑒𝑖𝑞.[𝑟(𝑙

′𝑘′)−𝑟(0𝑘))]

× 𝑟(𝑙′′𝑘′′𝛾)  

Appendix III 

Non-analytical correction (NAC) term 

LO-TO mode spitting is calculated by including the long-range Coulomb interactions with the 

non-analytic term correction [243,244]. The required dielectric constant ( 𝜖∞ ) and Born 

effective charges (𝑍∗) are obtained by using the framework of DFPT [115]. 

                         𝐷𝛼𝛽(𝑗𝑗
′, 𝑞 → 0) = 𝐷𝛼𝛽(𝑗𝑗

′, 𝑞 = 0) + 
1

√𝑚𝑗𝑚𝑗′
 
4𝜋

Ω0
 
[∑ 𝑞𝛾𝑍𝑗,𝛾𝛼

∗
𝛾 ][∑ 𝑞

𝛾′
𝑍
𝑗′𝛾′𝛽
∗

𝛾′ ]

∑ 𝑞𝛼𝜖𝛼𝛽
∞

𝛼𝛽 𝑞𝛽
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