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Abstract 

In this thesis, van der Waals heterostructures (vdW-h) consisting of MX2 (M= Zr, 

Hf and X= S, Se) monolayers are modeled and their physical properties are explored. 

The favorable stacking and stability of the modeled monolayer heterostructures are 

confirmed through binding energy and phonon dispersion calculations. After confirming 

stability, the electronic and thermoelectric properties of these compounds are explored 

using the first-principles calculations combined with semi-classical Boltzmann transport 

theory. It is found that type-II band alignment in ZrS2-HfSe2 facilitates charge separation 

for optoelectronics and solar energy conversion. All studied heterostructures show 

remarkably higher electrical conductivity than corresponding monolayers, responsible 

for large power factor values, especially at 1200 K. These findings indicate that the 

creation of vdW-h from MX2 may be promising for efficient optoelectronic and 

thermoelectric devices. 

The modeled vdW-h of monolayer TMDCs MX2 (M= Zr, Hf and X= S, Se), and 

their Janus materials with heterostructure are further investigated. Through binding 

energy the stacking and stability of modeled Janus monolayers and Janus heterostructures 

are confirmed. Using first-principles calculations the electronic properties of the stable 

materials were calculated. Mulliken electronegativity is used to find the band edge 

energies to determine the photocatalytic properties. It is concluded that the band edges of 

mono-layer ZrS2, HfS2, ZrSSe and HfSSe straddle the redox potentials of water at pH 0, 
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in case of heterostructure only in ZrS2-HfS2 the band edges straddles, which make these 

five materials promising for photocatalytic water splitting. 

Even better functionalities can be achieved in transition metal diachalcogenides 

heterostructure than their individual monolayers. The electronic structure and band 

alignment controls the different device designs. For example type I band alignment is 

beneficial for high emission efficiency in light-emitting diodes, type II band alignment is 

required in light harvesting photovoltaic cells and the broken-gap alignment to boost the 

performance of next generation electronics like vertical tunneling field-effect transistors. 

For possible future electronic applications the understanding of band alignment in these 

tailored TMDCs heterostructure is very important. Novel vdW-h of monolayer TMDCs 

MX2 (M= Zr, Hf, Pt and X= S, Se) are modeled. Different stacking were theoretically 

investigated, from the binding energies most stable stacking were checked out for all the 

heterostructures through PBE and HSE06 and the electronic nature of these 

heterostructure are calculated.  Type-II band alignment in these heterostructures was 

confirmed which facilitates charge separation for optoelectronics and solar energy 

conversion. 
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Chapter 1 

Introduction 

The ever-increasing demand of energy for human activities is a pressing concern in the 

world; invoking to adopt more advance techniques for the exploration and development 

of sustainable and environment friendly energy resources. The importance of an ideal 

renewable energy resource for practical realization of designing viable products to 

overcome the negative impact of anthropogenic carbon on global climate is curious 

among the scientific and industrial communities. Thermoelectric phenomenon, 

converting the waste heat energy into electrical energy, is an ideal renewable energy 

resource for cheaper power supply to meet the challenges of the future energy needs. 

Additionally, the photocatalytic water splitting under the solar irradiation, being the most 

abundant, cheap and environment friendly approach, is also gaining extraordinary 

attention. In view of these facts, the search of advance and efficient thermoelectric and 

photocatalytic materials is highly emphasized for emerging renewable energy device 

applications in materials science and technology.  

The bulk form of many layered materials is formed from the stacks of layers 

which are strongly bonded with weak van der Waals (vdW) interaction, where this weak 

attraction between the layers allows the exfoliation into atomically thin individual layers 

[1]. Materials with a large ratio of their lateral size to thickness are classified as two-
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dimensional (2D) materials [2]. The strong intralayer covalent bonding and the weak 

interlayer vdW interaction with binding energy of 40-70meV facilitate the exfoliation of 

2D layer from their bulk crystals [3]. An effective method to control the electrostatic 

conductivity is offered by utilization of high quality of atomically thin and sub-nanometer 

thickness of 2D materials in electronic circuits. In electrochemistry, for layered material 

the high surface-to-volume ratio can be utilized [4] which results in extreme sensitivity in 

molecular sensors [5]. The 2D materials in many applications like conductive displays 

transport solar cells or protective light absorbing layers reduces the cost of the devices 

due to small thickness and reduction in mass and volume. In 2D materials, exotic 

properties for different applications like photonics, spintronics, plasmonics or 

valleytronics are also proposed [6-10]. 

In layered materials heat and charge carriers are confined to a single plane which 

causes unusual physical phenomena‘s like charge density waves and superconductivity at 

high temperature [11-13]. Layered materials with reduced dimensions, where the quantum 

confinement effect modifies the electronic, thermoelectric and photocatalytic response of free 

carriers are expected as promising candidates in resolving the renewable energy issues. A 

deep insight is taken into account to demonstrate the quantum confined materials and their 

hybrid structures with enhanced functionalities for thermoelectrics and photovoltaics. To 

compete the existing technologies developed from compound semiconductors, further 

studies and optimization of 2D materials is needed because of their reduced stability, 

higher contact resistance and lower mobility [14-16].  
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The first experimentally identified 2D material was graphene. It is derived from 

graphite which is present in nature abundantly. It comprises of a single layer of sp
2 

hybridized carbon atom, having good electronic properties, like quantum Hall effect at 

room temperature [17] and ultrahigh carrier mobilities [18] which enables graphene field-

effect transistors (FETs) for switching rate in tetra hertz [19] . The thickness of graphene 

is of the size of an atom, and it is flexible having great strength and optically transparent 

[20]. The charge carriers in graphene behaving like massless particles and its 2D 

hexagonal crystal structure makes it outstanding for electron transport while its high in-

plane stiffness, superior strength and Young modulus makes graphene promising for 

mechanical properties. Due to these properties, graphene has a lot of applications in many 

fields like in electronics and energy storage due to its controllable durability and for 

structural applications due to plastically curved form. In spite of exciting photonic and 

electronic phenomena‘s the absence of band gap in graphene the ‗original‘ 2D material, 

limits its applications in light emitting devices. Its applications are limited to radio 

frequency electronics, but in digital electronics, where not only high ON state current is 

required but also low OFF state currents are needed, graphene is unstable [21-24]. 

Hexagonal boron nitride (hBN) having band gap of 6eV makes it promising 2D 

material as dielectric which can be incorporated in heterostructure for electrostatic gating 

of other layered materials. 2D transition metal dichalcogenides (TMDCs) is an evolving 

class of crystals, having formula MX2 (M= transition metals and X=S, Se and Te). There 

is a strong covalent or ionic bonding in the in-plane direction, however a weak van der 
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Waals heterostructures (vdW-h) forces hold the individual atomic layer together in the 

out of plane direction of these materials. Therefore, the individual layers are easily 

separated by liquid or mechanical exfoliation due to weak forces along the c-axis. These 

materials are sensitive to interlayer coupling and so the properties of these materials are 

qualitatively changed as their thickness is reduced from bulk to monolayer. 

The absence of electronic band gap in graphene stimulated the researcher for 

search of other 2D materials having semiconducting nature. Because of large surface-to-

volume ratio and quantum confinement effect, the physical behavior of TMDCs and 

Janus-TMDCs monolayers has shown great importance for optoelectronic applications. 

The dynamical stability, satisfactory lattice mismatching and semiconducting band nature 

have shown strong motivation to design vdW-h of TMDCs-TMDCs and Janus-TMDCs- 

Janus-TMDCs. Furthermore, in these vdW heterostructures the band alignment is also 

expected to be type-II which is crucial for light harvesting and photocatalytic purposes. In 

addition, the suitable band gap character of the vdW-h will encourage to focus on the 

demonstration of thermoelectric performance useful for exploration and development of 

sustainable and environmentally friendly energy resources. In this dissertation we report 

first-principle investigation of layered TMDCs, after confirming their dynamical stability, we 

have calculated the electronic, thermoelectric and photocatalytic properties of layered TMDCs 

along with their out of plane heterostructure. Janus-TMDCs and heterostructure were also 

investigated for electronic and photocatalytic properties. Band alignment in heterostructure is also 

confirmed using first-principle investigation.  
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This dissertation includes five chapters. In chapter 1, the problem is briefly 

introduced. In 2
nd

 chapter different physical properties of TMDCs monolayer and their 

heterojunctions along with various applications are reviewed. In 3
rd

 chapter introduction 

to Density Functional Theory (DFT) and different methodologies adopted are briefly 

demonstrated. The chapter 4 includes calculated results along with detail discussion of 

structural, electronic, thermoelectric and photocatalytic properties of the under study 

mono- and heterobilayers. Chapter 5; the summary of thesis is presented. 
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Chapter 2 

Literature Review  

2.1 Transition Metal Diachalcogenides (TMDCs) 

TMDCs are extensively studied both theoretically and experimentally [25-27]. A single 

layer of TMDCs is composed of X-M-X sheets, stacked on one another, held by weak 

vdW forces. Even at high pressure shearing takes place easily due to weak forces between 

the sheets which make these materials efficient in lubricants applications [28]. The 

generic formula of layered TMDCs is MX2, where the transition metal is represented by 

M and the chalcogen atoms (S, Se and Te) by X. While within a layer the nature of 

interatomic interaction is covalent,  

2.1.1 Structural Properties of TMDCs 

Transition Metal Diachalcogenides exist in two different point-group symmetries, the D6h 

point-group and D3d point- group symmetry.  The bulk state of TMDCs is formed from 

the stacking of many layers. The D6h point-group compounds are known as 2H-MX2 and 

the D3d point-group are specified as 1T-MX2 compounds. The IVB-VIA TMDCs are 

isostructural. These materials crystalize in 1T-CdI2 like structure, 𝑃3̅𝑚1 space group. In 

bulk state of TMDCs, the chalcogen (X) atoms sandwich the transition metal (M) 
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forming X-M-X compounds. The M atom attached to X atoms is held by strong ionic 

bonds. The Brillouin zone of the bulk structure is different from the corresponding 

monolayer. Bulk MX2 compounds (M=Zr, Hf and X= S and Se) are reported as indirect 

band gap semiconductors, where conduction band minimum (CBM) lies at M and 

valance band maximum (VBM) at G of Brillion zone [29]. Numerous studies have 

reported nature of band gap to be indirect in these materials in the bulk phase [30-37].  

Several structural phases of TMDCs monolayer are due to the different 

coordination sphere of transition metal atoms and stacking order. The most common 

phase of TMDCs monolayer is trigonal prismatic (2H) and octahedral (1T), where 1 and 

2 shows the number of trilayer to form the bulk primitive unit cell. The individual layer 

of these materials is a combination of three atomic planes (chalcogen-transition metal-

chalcogen) in different stacking and combination. In 1T phase the chalcogen atoms of 

different layers are shifted from one another forming ABC stacking (with tetragonal 

symmetry D3d group) depending on the position of transition metals and chalcogen atoms 

in their corresponding layers, as displayed in Figure 2.1a (left) and 1b. In 2H or 3R phase, 

the chalcogen atoms are referred as trigonal prismatic coordination of the metal atom and 

described by D3h group (hexagonal symmetry). That is, the chalcogen atoms in the top 

layer are located directly above the chalcogen atoms in the bottom layer in a 

perpendicular direction to the layers forming ABA stacking, shown in Figure 2.1. The 2H 

and 1T phase are considered as thermodynamically stable phase while meta stable phase 

can also be obtained. 
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Figure 2.1: Structures of TMDCs. (a) Coordination in TMDCs. 1T structure is formed by 

Octahedral coordination (left) and 2H or 3R structure are formed by triangular prismatic 

coordination (right), (b) Octahedrally coordinated monolayers top view (left) and 

triangular prismatic coordinated monolayer top view (right). (c) Side views [24].  
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2.1.2 Electronic Properties of TMDCs 

Metals are classified in semimetals and metals with small and large overlap between their 

valance bands and conduction bands, semiconductors are solids with band gap of 0.1-4eV 

and insulators are having band gap of >4eV. Near 𝐾 and 𝐾′ points of brillouin zone, the 

linear dispersion of charge carriers and due to zero band gap semiconducting nature 

among 2D materials, graphene has a unique position. Graphene has interesting physical 

properties like Klein tunneling, wave length-independent light absorption and relativistic 

charge carriers [38, 39]. In graphene the high charge carriers mobility (𝝁�) is responsible 

for its high intrinsical conductivity (𝞂�) which is tunable through charge carrier density 

(n). 

Black phosphorous (BP) having wrinkled structure (Figure 2.2) at atmospheric 

pressure is the most stable allotrope of phosphorous with a band gap of 0.3 to 2eV. The 

band gap of BP can be modulated by number of layers. BP can absorb from visible light 

to nearly infrared light. In few layer BP the carrier mobility can reach to 10000 cm
2
V

-1
s

-1
 

[41]. Furthermore the behavior of BP is ambipolar with high on-off ratio up to 10
5
, which 

provides opportunity to 2D complementary semiconductor electronics. Multilayer BP 

detector was implemented by Engel et al. [42] having stable performance, where in the 

data acquisition signal fluctuation is not noticed. Along with this the image quality is 

improved when there is increase in the gain of detector.  
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Figure 2.2: Two-dimensional structure of Black Phosphorous [40] 

The lack of inversion symmetry leads to the electronic bands spin splitting driven 

by the spin orbit interaction. In 2H-TMDCs this is very important peculiarity. The spin 

degeneracy of the conduction band and the valence band maxima at 𝐾 and 𝐾′ are lifted 

because these points do not correspond to the time-reversal invariant momenta. In 

monolayer 2H-MoS2 and WSe2, where the spin splitting values ranges from 0.15eV to 

0.46eV, where this effect is observed to be strong in the valence band [43]. To understand 

this trend the spin orbit interaction should be considered as a relativistic effect and this 

effect will be stronger for heavy elements. The conduction band spin splitting is even 

though an order of magnitude weaker but not negligible [44]. The spin splitting of bands 

at 𝐾 and 𝐾′ is opposite because of time reversal symmetry. This property of a material is 

referred as spin-valley coupling [45] and implies that the valley polarization of charge 
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carriers is automatically translated in to their spin polarization. In designing spintronic 

devices this intrinsic property may be used without involving magnetic material. 

The covalent bond is facilitated by d orbitals of transition metals and the p orbitals 

of the chalcogen atoms in TMDCs monolayer. The patron of atoms is hexagonal in c-

axis, and weak vdW has held the individual layers. At the basal surface accessible orbitals 

of transition metal atoms and chalcogen atoms are involved in the intralayer bonding 

whereas for external or interlayer bonding high-energy antibonding orbitals are left, 

which results the absence of dangling bonds [45]. 

Interesting d-orbital physics arises due to the crystal field splitting of transition 

metal d-orbitals in TMDCs due to different stacking order [46]. The crystal field which 

splits the d-orbital of transition metal is based on their coordination environment with 

respect to the chalcogen atoms in TMDCs. In octahedrally coordinated transition metal 

atom, the d band splits to a eg (dzz , dx
2
-y

2
 ) and t2g (dyz, dxy, dxz). And when the 

coordination with transition metal is trigonal prismatic, the d-band splits into three fold of 

A1‘ (dz
2
), 𝐸′ (dx

2
-y

2
, dxy) and 𝐸′′ (dxz, dyz). A range of electronic properties that can be 

observed in different TMDCs can be qualitatively understood from this simple ionic 

picture. In the family of TMDCs, the different order of stacking and different positions of 

chalcogen atoms give rise to different phenomena based on electronic and vibrational 

properties. 
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2.1.3 Thermoelectric Properties of TMDCs 

In search of renewable energy production, the direct conversion of unwanted heat to 

electricity has increased the importance of thermoelectric materials. Efficiency of a 

thermoelectric material depends on the voltage generated when a temperature gradient is 

maintained across the material. For efficient thermoelectric material the electrical 

conductivity is high and the thermal conductivity is low. 

Nano structuring of material and quantum confinement effects in a material may 

be a good approach to improve the convergence capabilities and energy storage of a 

material. To overcome energy crisis, materials having good thermoelectric properties 

may provide partial solution to the problem. The electrostatic potential across a 

thermoelectric material is developed due to temperature gradient which is utilized for 

power. The Seebeck coefficient (SC) is defined by the conversion of heat to electric 

potential. In Bi2Te3 and Bi2Se3, when the thickness was reduced from bulk to monolayer, 

improvement in their thermoelectric performance is observed [47, 48]. Theoretically 

large increase in ZT for monolayer Bi2Te3 has been predicted compared to their bulk [49-

51]. In a single quintuple layer at the valence band edge, the density of modes has unique 

step-function shape which results in enhancement of ZT [50, 51]. The step-like shape and 

density of modes disappears in bilayer and trilayer, which leads to either slightly higher 

or slightly lower [51] value of ZT than that of the bulk.  
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To understand the variation of thermoelectric properties in TMDCs when it is 

reduced from bulk to layers, four TMDCs (Mo/WX2 where X=S and Se ) were 

theoretically investigated. The improved degeneracy or near degeneracy of the band 

edges in these layers results an increase in ZT like Bi2Te3. At room temperature, with 

energy differences of less than kBT, different valleys become nearly degenerate. In these 

TMDCs the value of ZT is the largest, where the density of modes has the sharpest 

increase [52]. 

Thermoelectric properties of different TMDCs are investigated for search of 

efficient thermoelectric materials. To explore material having high thermoelectric 

performance theoretical investigation is an efficient method. Using first-principles 

method, Kai-Xuan Chen et al. [53] investigated the thermoelectric performance for series 

of TMDCs MX2 (M=W and Mo, X= S, Se) including monolayer, armchair (6, 6) and 

zigzag (10, 0) [53]. Each series is separately reported with consistent regularity. Large SC 

and ZT for monolayer are reported as compared to small nanotubes. Due to lower 

phononic thermal conductance, zigzag nano tube has larger ZT than the armchair 

nanotube. It is also reported that at room temperature the ZT for monolayer WSe2 is 0.91 

and for the Zigzag nanotube it is 0.47, which revels the importance of layered materials. 

Hippalgaonkar et al. [54] reported a large power factor (PF) of 8.5 mWm
−1

 K
−2

 for MoS2 

at room temperature. This is one of the highest PF among the traditional thermoelectric 

materials. Thermoelectric properties of some TMDCs monolayers are reported [55-59]. 

For monolayer MoSe2 at 1200 K a much low thermoelectric figure of merit of 0.1 is 
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reported by Kumar et al. [57]. In case of MoS2 the value of ZT at 500 K is reported to be 

0.11 by Jin et al. [55]. The value of ZT for monolayer WSe2 is 0.7 at higher temperature 

which is better than the other reported materials. The reason behind such value of ZT is 

the high value of lattice thermal conductivity (Kl). The value of Kl at room temperature 

for monolayer MoS2 is 100 Wm
-1

K
-1

 and for WSe2 is 40 Wm
-1

K
-1

. Usually TMDCs have 

two different crystal structures, one is 2H-MoS2 and the other is 1T-CdI2 type [60]. In 

CdI2, usually the transition metals are Ti, Zr and Hf etc. The lattice thermal conductivity 

is 15 times small for bulk Zr and Hf based TMDCs in comparison to Mo based TMDCs. 

The reason for this small value of Kl is that, the low lying optical modes strongly 

hybridize with acoustic mode [61]. For monolayer ZrS2 in 1T phase similar behavior is 

also reported having a very small value of Kl equal to 3.29 Wm
-1

K
-1

and ZT equal to 1.6 at 

300K by Lv et al [59]. This revels that these values are better than those of monolayer 

MoS2. It is also observed that in monolayer TMDCs materials having 1T structure has 

small value of Kl than those of 2H-structure and hence has an enhanced ZT. Li et al. [62] 

theoretically investigated the thermoelectric properties of 1T-SnSe2 monolayer 

semiconducting material. Results revel that phonon thermal conductivity of the material 

is 3.27WmK
-1

 at room temperature, which is much smaller than the 2H-TMDCs. The 

phonon calculations also reveal that the acoustics modes have lower frequency and 

couple with the optical mode which results the low phonon thermal conductivity. It is 

also reported that p-type doping enhance the thermoelectric performance and at 600 K the 

optimal ZT reaches to 0.94 which is higher than most of the 2H-TMDCs. 
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Effect of strain on the thermoelectric performance of ZrS2 is theoretically reported 

by Lv et al. [59]. It is seen that applying the strain lead to increase the band gap and then 

it starts decreasing. Maximum band gap is achieved for ZrS2  with 6% strain. Effective 

tuning of the SC is reported due to strain. Enhancement in SC compensates the drop in 

electrical conductivity, and hence maximum PF is obtained as the band gap increases. It 

is also reported that the simultaneous decrease in thermal conductivity and increase in SC 

enhance the thermoelectric performance of 6% strained ZrS2. H. Y. Lv et al. [63] also 

predicted the thermoelectric properties of HfS2 and effect of strain on it. The maximum 

strain with which the material can withstand is 9%. It is also predicted that the 

thermoelectric performance of the material can be enhanced by applying strain. From the 

investigation of thermoelectric properties of 1T-ZrSe2 and 1T-HfSe2 by Guangqian Ding 

et al. [64] it is observed that PF of these materials are compatible with the MoS2 

monolayers. In these materials the high scattering rates and low group velocities are 

responsible for the low lattice thermal conductivity, which results high value of ZT in 

these materials. It is further suggested that n-type doping level of∼10
19 

cm
-3

at moderate 

temperature will enhance the properties of these monolayers for thermoelectric 

applications. Dan Qin [65], using first principle calculation combined with Boltzmann 

equations have theoretically calculated the thermoelectric properties of single layer ZrSe2 

.The effect of tensile biaxial strain on thermoelectric performance was also investigated. 

Maximum PF is reported for monolayer with 7.5% strain. The ZT obtained for p and n-

type doping is reported to be greater in strained than the unstrained monolayer. It is 
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effectively shown that in all of the cases the thermoelectric performance can be enhanced 

by applying strain. 

2.1.4 Photocatalytic Properties of TMDCs 

For hydrogen generation, photocatalytic water splitting is one of the most promising 

technologies. In 1970s the water splitting was demonstrated by Fujishima and Honda in 

the presence of UV light irradiation with TiO2 photoanode and Pt cathode. 

For promising material for water splitting some of the conditions may be fulfilled. 

Among these properties one is the band gap of the semiconductor must be such that it can 

drive the kinetics of oxygen and hydrogen evolution reactions, and the band edges must 

straddle the redox potential of water. In search of potential photocatalytic material, 

layered TMDCs were theoretically investigated. Among these monolayers TMDCs 13 are 

semi conducting in nature having four different types of band edges positions. MoS2, 

WS2, PtS2 and PtSe2 are confirmed as promising materials for water splitting. From the 

high enthalpies of solvation of these monolayers it is further confirmed that these 

monolayers are insoluble in water [66]. 

2.2 Tuning Properties of TMDCs 

The properties of layered TMDCs can be tuned by doping [67], stacking [68], alloying 

[69], formation of superlattices [70] and strain engineering [71]. As band gap engineering 

plays vital role in the fabrication of devices used in optoelectronics, nanoelectronics and 

photonics. The band gap of 2D materials can possibly be tanned by alloying two different 
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materials having different band gap. Chen et al. [72] investigated the alloy of MoS2 and 

WS2 (Mo1-xWxS2) for x=0-1. Experimentally it is investigated that the Mo and W atoms 

in monolayer Mo1-xWxS2 are randomly arranged. The band gap was enhanced from 

1.82eV to 1.99eV. The electronic structures of monolayer Mo1-xWxS2 were further 

confirmed by DFT. 

External electric field can be used to tune the band gap of layered materials like 

TMDCs. Using first principle investigations the band gap of layered materials MoS2, 

MoSe2, MoTe2 and WS2 were investigated [73]. It was observed that in contrast to 

graphene the band gap was decreasing by applying the electric field from 2-3V/nm in 

bilayers of these materials.  

2.2.1 Strain Engineering in TMDCs  

Strain changes the band gap, mobility of electrons and hence the effective mass, so it can 

be used as a useful tool to enhance performance of the devices. Layered TMDCs before 

breaking can with stand up to 10% strain [74]. This high enough strain make considerable 

changes in different properties of a material makes TMDCs promising for device 

applications. In case of lowering strain the three fold symmetry of these material is 

advantageous than the six fold symmetry of graphene [75, 76]. In semiconducting 

TMDCs the band gap is reduced by applying tensile strain [77-80] and also change the 

nature of band gap from direct to indirect [77,78, 81-87]. Strain also modulates thermal 

conductivity [88,89], spin orbit coupling [90, 91], dielectric properties [92] and on state 
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current in TMDCs transistors. Thus for the realization of various properties like 

electronic, electromechanical, optoelectronics, spintronics, strain engineering is a better 

approach.  

 In nanomechanical devices, for the application of strain a wide range of strategies 

are been applied. Among these are the fabrication of suspended devices polymer 

sacrificial layers [93] or wet-etching [94], trenches or pre-patterned holes for transfer on a 

substrate [95], pre-stretched or flexible [96-98] substrates, tailored nano-patterns [99] and 

piezoelectric [100] or thermal expansion [101]. To monitor the effect of strain on the 

vibrational modes and optical band gap of layered MoS2 and other TMDCs [102,103], 

photoluminescence spectroscopy [96-100,104], absorption spectroscopy [97] and Raman 

spectroscopy [96, 98, 100, 105] are used. Theoretically predicted redshift of ~70meV/% 

of strain for direct gap transition and ~110 meV/% strain for the indirect gap transition 

and reduction of band gap [96] was confirmed by photoluminescence measurements [97] 

in MoS2 bilayers. Furthermore the photoluminescence spectroscopy is only limited to 

mono and bilayer materials. Raman spectroscopy reveals that in MoS2 monolayer and 

bilayer the doubly degenerate in-plane vibrational modes splits due to the Raman modes 

shift by strain induced symmetry breaking [96]. 

 In TMDCs, tuning of band gap by strain and piezoelectric effect originates 

piezoresistive effects and piezotronics respectively which modulate strain induced 

modulation. Because of broken inversion symmetry, odd number layered 2H polymorphs 

of layered TMDCs are piezoelectric [106, 107]. For MoS2 voltage to strain [96] and strain 
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to voltage [108] conversion has been reported. In a material the increase or decrease in 

height of Schottky barrier depends on the direction of polarization field or piezoelectric 

polarization which is due to piezotronic effect. In atomically thin TMDCs both in odd and 

even-layered, the piezoresistive effect appears unlike piezoelectric effect. Using atomic 

force microscope, piezoresistive effect can be quantified in locally strained, suspended 

MoS2 by electromechanical experiment where in parallel with mechanical deformation, 

electrical conductivity is measured. In mono and bilayer MoS2 the relative change in 

electrical resistance to stain (gauge factor) is greater than 100 [94], and have high 

piezoresistive coefficients which is two times greater than graphene [109, 110] and 

comparable with state of the art silicon strain sensor [111]. Furthermore the fracture strain 

in silicon is 0.7% [112] while in MoS2 it is 11% [73]. So for highly deformable objects 

and curved surfaces MoS2 flexible strain sensors will be more suitable. For ultra-power 

transduction logic devices, MoS2 is a promising material due to the presence of 

piezoelectric and piezoresistive effect [113, 114]. The optical response in MoS2 based 

flexible photodetectors can be modulated using piezophototronic effects [115]. 

2.2.2 Heterostructures of Transition Metal Diachalcogenides  

The diversity in properties and functionalities of layered materials attracted the 

researchers to make heterostructures of these materials. For improvement in material 

application or for study of new phenomena different efforts are made [116-118]. The high 

defect density in traditionally alloyed material for electronic structure engineering is 
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much challenging. In MoS2/MoSe2 alloys, the PL peak energy tuning between 670nm and 

795nm is an example of such an approach [119].  

It has been experimentally proved that heterostructures are generally categorized 

into two types: in-plane stacking and out-of-plane stacking [120]. In-plane 

heterostructures are formed by lateral or side-by-side stitching of monolayers through 

covalent bonding. However, stacking of different monolayers via weak vdW interactions 

is termed as vdW or vertical heterostructures, shown in Figure 2.3 and Figure 2.4. 
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Figure 2.3: Out-of-plane heterostructures [121] 

 

 

Figure 2.4: In-plane heterostructures [121]. 
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To design electronic and optoelectronic devices suitable for generation of charge 

carriers, photons, excitons and their transportation vdW-h play important role due to their 

promising optical and  electronic properties. Invention of flexible, low power and 

ultrathin devices are possible from assembling vdW heterostructure having atomically 

sharp interface and layered structure. For obtaining promising properties of materials, 

their heterostructures are the main focus of interest of researchers. Various 

heterostructures are experimentally developed from the junction of two semiconductors 

or from the metal-semiconductor contact [122]. These heterostructures enhance the 

electronic and optical properties due to their fascinating band structure [123-127]. 

Therefore in electronics, photonics and optoelectronics to design new devices 

semiconducting heterostructures are considered as efficient materials.  

To form a vdW heterostructure, layered material are stacked one above the other, 

these stacked heterostructures are held by van der Wall forces, forming thin and smooth 

junctions. These materials play important role in devices having size of sub-nano meter. It 

has been observed that at van der Wall interface the transfer of charge and in interlayer 

excitons takes place. The uniqueness of these materials lie in the absence of material 

space along the c-axis. In vdW-h, the effective electronic band structures are dependent 

on the crystallographic orientation of the individual layers [128, 129].  

In MoS2/WSe2 vdW heterostructures tunneling-mediated recombination is 

demonstrated at the vertical p-n junctions of the two materials [130]. Britnell et al. [131] 

constructed a photovoltaic device with 30% external quantum efficiency from a vdW-h of 
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Graphene/TMDCs/graphene. In search of efficient electroluminescence and 

photoluminescence, elastic polymer substrates in flexible optoelectronics are used to 

engineer light emitting device from TMDCs quantum wells by Withers et al. [132] where 

h-BN was used as a tunneling barrier and for charge extraction transparent conducting 

layer of graphene was used [132]. In MoSe2/WSe2 heterostructures, the photoexcited 

electron-hole pairs separation into inter-layer excitons with longer life time than in the 

individual layer observed [133]. From the proper alignment of the electronic band 

structure of the monolayers Hong et al. [68] demonstrated photoexcited MoS2/WS2 vdW 

heterostructures with very fast carrier separation of ∼50 fs. PL tuning by mono and few-

layer h-BN tunneling barriers are reported for MoS2/WSe2 [129]. MoS2/graphene 

heterostructure was theoretically investigated for effective Schottky barrier and 

MoS2/WS2 heterostructure for excitonic-photovoltaic cells, having ∼1% conversion 

efficiency which can be enhanced by increasing the stacking [134]. 

In-plane lateral heterostructures of TMDCs are synthesized [135, 136], due to 

defect-mediated recombination in a monolayer of MoSe2-WSe2, at heterostructure 

interface with maximum integrated intensity tuneable between 760 nm to 790 nm PL 

emission was realized [136]. Using a photocurrent spectral AFM in monolayer 

WSe2/MoS2 lateral heterostructures, characteristic diode behavior is reported [137].  

This is also expected that strain will affect the heterostructures of TMDCs formed 

by different layers in vertical stacking [138, 139] due to interlayer interaction and lattice 

mismatch. Strain can be effectively used to modulate band gap in hybrid bilayers and 
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multilayers. Strain effect on anisotropic TMDCs like ReSe2 and ReS2 are theoretically 

investigated [140]. For these materials strong dependence of strain is observed on 

direction of applied strain in their 1T phase. In a direction perpendicular to the layers if 

strain is applied may significantly enhance the carrier mobility. 

The band structures alignment of the donors and acceptor play vital role in 

transfer of charge through the heterojunction, therefore different type of heterostructures 

are investigated. In type-I heterostructures, both electron and hole accumulates in one of 

the two components or in other words the narrow-band gap material is nestled entirely in 

the wider-band gap. As both holes and electrons are confined within the same material 

which leads to fast recombination. In type II and III heterostructures, the holes and 

electrons are separated into different layers of the semiconductors. Due to separate layers 

the electrons and holes will take long time for recombination in type II heterostructures. 

Type-II heterostructures allow larger offsets either on conduction or valance side and are 

much useful in unipolar electronics due to strong carrier confinement. Good examples of 

strong confinement in type-II heterostructures are InAs/AlSb based high electron 

mobility transistors [141]. Also in bipolar transistor as hot electron injector [142] and in 

tunneling bipolar transistor as quantum well resonant [143], the conduction band notches 

of type-II band can be used. For transition energy to be engineered from conduction to 

valance band the type-II and III heterojunctions are useful, particularly to enhance the 

current density in tunneling field effect transistors [144], wavelength photo detector [145] 
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and intersubband superlattice lasers [146]. Types of band alignments in heterostructure 

are shown in Figure 2.5.  

 

Figure 2.5: Types of band alignment in heterostructure [80]. 

In some of these heterostructures the observed band alignment is type II in which 

the recombination of charge is slow down causing the reduction of electron-hole wave 

function overlapping [147], which leads to an effectual way for the detection and 

harvesting of light [120, 148] . 

2.3 Applications of 2D TMDCs 

2D TMDCs have demonstrated physical properties, which make them potential 

candidates for novel device applications. In this section, we have briefly presented 

various TMDCs applications including, electronic, optoelectronic and thermoelectric. 
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2.3.1 Electronic Applications of TMDCs Heterostructures 

Heterostructures comprised of out-of-plane stacking of layered materials possess 

metamaterial-like structure have interesting properties. Theoretically several 

heterojunction composed of TMDCs, TMDCs/BN and TMDCs/graphene are studied [68, 

124, 149,150]. Indirect band gap in bilayer TMDCs heterostructure with same chalcogen 

atom is observed [151]. For example 1.58 eV indirect band gap in MoS2/WS2, with VBM 

at K points and is in the one layer and the CBM is in the other layer [149]. Direct band 

gap is observed in the heterostructure composed of monolayers having different 

chalcogen atoms like WS2/MoSe2, MoS2/MoSe2 and WS2/WSe2 [149]. Direct band gap 

of constituents monolayers are greater than their heterostructure in TMDCs due to giant 

Stark effect. In WS2/WSe2 and MoS2/WSe2 heterostructures the band gaps are smaller 

than the constituents monolayers [72, 151,152]. The charge difference between net 

negative charge (S) and net positive charge (Se) creates intrinsic vertical electric field 

which helps in separation of holes and photogenerated electrons. A type II p-n junction 

having built-in electric field confined within 2 unit cell can be created in WSe2-MoSe2 

and WSe2-MoS2 vdW-h. In these atomically thin junctions the quantum tunneling 

dominates charge transport instead of semiconductor depletion region [130]. In 

MoS2/WS2 and MoS2/MoSe2 vdW-h, within 50 fs ultrafast charge carrier has been 

demonstrated [68, 153]. Excitons have longer life (∼1.8 ns) due to strong Coulomb 

attraction in vdW heterojunction than the isolated monolayer TMDCs [154], which 
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results the carrier diffusion length to be much longer and extract photo-induced charge 

carriers efficiently [155]. Between such junctions, to control the band alignment 

electrostatic gating can be used as a possible solution. Through Stark effect the externally 

perpendicular electric field can be used to tune the excitons effect [156], where the 

shifted excitons optical absorption resonance peak changes the absorption intensity.  In 

self-electro-optic effect device, 2-D heterostructure lasers and in nonlinear optoelectronic 

devices (modulator) are potential applications of excitonic effects in vdW heterojunction 

of 2-D TMDCs [157,158]. 

2.3.2 Thermoelectric Applications 

Due to promising engineering applications and extraordinary physical, mechanical and 

chemical properties TMDCs have attracted much attention [159]. The large flexibility, 

strong chemical stability and the semiconducting characteristics makes TMDCs 

interesting materials. In smart health diagnostics, flexible displays, wearable computing 

and in ubiquitous electronics TMDCs have are a promising materials [160]. For 

thermoelectric applications (heat and electricity conversion), due to low thermal and high 

electrical conductivity TMDCs are suitable materials. To evaluate the thermal to electrical 

energy conversion efficiency a dimensionless figure of merit ZT is used, which depends 

upon the SC, electrical and thermal conductivity [161]. The first ever 2D material 

graphene has high SC [162] but the ultrahigh thermal conductivity limits it advantages as 

an efficient thermoelectric material [163]. In comparison with inorganic thermoelectric 
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materials, organic thermoelectric devices are constructed using conjugated polymers and 

related processing techniques. These materials are advantageous due to low cost, low 

weight, elasticity, large area deposition and material abundance [164-166]. These 

materials have the value of ZT approaching to the best inorganic thermoelectric materials. 

For developing energy generation devices and integrated wearable heating/cooling, the 

alternative materials of organic thermoelectric materials are TMDCs. In comparison to 

graphene ultra high thermal conductivity, TMDCs have very low thermal conductivity. In 

comparison to black phosphorene the electrical conductivity and SC of TMDCs are 

relatively higher. These excellent properties increase the exciting expectation of high-

performance thermoelectric applications in TMDCs. For the generation of electricity, 

using the temperature difference between ambient air and human body the TMDCs based 

self-powered wearable electronics are attractive on one hand while on the other hand 

thermal cooling is caused when electric current passes through TMDCs-based modules 

and heat is carried away [161]. Theoretical and experimental investigations have been 

carried out to study the thermoelectric response of TMDCs [167] and to enhance the 

thermoelectric efficiency of TMDCs many have been exploited [168]. 

2.3.3 Photocatalytic Hydrogen Evolution Reaction 

Solar energy is used for the cheap production of hydrogen through hydrogen evolution 

reaction (HER) [169-172]. The dielectric constant of the photocatalyst determines the 

absorption rate of visible light, which is proportional to solar-to-fuel energy conversion. 



 

29 
 

The intra band transition is related to the imaginary part of dielectric constant functions 

which is associated with the capability of material for absorption of light [173]. 

Theoretical investigation of monolayer MoS2, in visible region of light shows strong 

absorption peak. At pH 0, in monolayer MoS2 the oxidizing and reducing powers are 0.06 

and 0.41eV respectively [173], which is not ideal. To modify electronic band structure 

mechanical strain [174, 175] or extrinsic doping [173, 176-178] can be used. Oxidizing 

and reducing power of MoS2 changes to 0.19 and 0.20eV when S atom is replaced by P 

and makes it ideal for HER. By adjusting the pH for water splitting, the redox potential 

can be adjusted to match the CBM and VBM. 

On the basal surface, the catalytically active sites and metallic character of 1T 

phase shows better activity than the 2H phase for HER [179]. In 2H phase the active 

sides are located mainly at the edges, which are prone to oxidation and resulting reduced 

catalytic activity. Furthermore, in 2H polytypes the activity is limited because the charge 

transfer kinetics is hindered by high electrical resistance [180]. 

In monolayer TMDCs due to high exciton mobility have long diffusion length, 

thus the transfer of hole and electron, which are photogenerated are facilitated to the 

redox sites. The short transit distance in atomically thick monolayer TMDCs for the 

photo excited electron to move to the underlying conducting substrate and to the redox 

site from the TMDCs sheets is much advantageous in HER. The photocatalytic activity 

for natural TMDCs are investigated, which reveals that due to quantum confinement, the 

nanoparticles with 1.8eV indirect band gap show improved photocatalytic activity in 
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HER than their bulk counterpart [181, 182]. In the porous structure due to large surface 

area the number of active sites and optical absorption path length is enlarged in double-

gyroid structure which creates interconnected network of pours sheets like that of 

graphene oxide pours hydrogel.  

2.3.4 Solar Cells Applications of TMDCs 

One nanometer thick solar cells composed of graphene and stacked monolayers of 

TMDCs are investigated. It is observed that TMDCs having thickness less than 1 nm can 

absorb from 5 to 10% of the incident sun light which is an order higher than that 

absorbed by Si and GaAs of the same size [133]. Calculation shows that sunlight 

absorbed by 50 nm of Si is equal to that of single TMDCs monolayer and the electric 

current produced by TMDCs is as high as 4.5mA/cm
2
, furthermore the comparison is 

attractive at nanometer level because the power conversion efficiency (PCE) of TMDCs 

(1-2%) is considerably less than Si and GaAs (20%). Stacked TMDCs form a 3-D 

structure, which will remove the constraints in ultrathin layers, of short optical absorption 

path. Another approach to remove these constraints is to use multi junction geometry, 

different TMDCs having energy from infrared to visible are interconnected like graphene 

as the interlayer in tandem solar cells [183]. Multiple p-n junctions are used in these cells. 

The junction in these cells are modified to a particular frequency and to generate a higher 

PCE, from each sub shell the current is combined to the graphene, where the theoretical 

limit of each component is exceeded. In addition to p-n junction made of p-type and n-
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type TMDCs monolayer [130, 177, 184-187], p-n junction of TMDCs with 

semiconducting material like Si and GaAs are also used in solar cells. The PCE of type II 

heterostructure of p-type Si and n-type MoS2 is up to 5.23% [188]. 

2.3.5 Piezoelectric Applications of TMDCs 

In medical sensors and in environmental devices there is always need of devices which 

are self-powered. For micro or nano systems devices nanogenerators supply is required 

self-sustainable power [189]. Based on piezoelectric effect in layered materials nano 

generators are also developed [190, 191]. Electric polarization is produced in 

piezoelectric material when mechanical stress is applied on it and the originated 

piezoelectricity is due to structural non-centrosymmetry. Due to lack of center symmetry 

21 out of 32 crystal classes are noncentrosymmetric, and among these 20 shows direct 

piezoelectricity. The presence of interlayer inversion center in bulk TMDCs make them 

non-suitable for piezoelectricity. In case of layered TMDCs as the thickness reduces the 

inversion center is lost due which layered TMDCs are distinct from the bulk one and are 

potential candidates for piezoelectricity when strain-induced lattice distortion is produced 

in the material. The piezoelectric coefficients are theoretically calculated by Duerloo et 

al. [106] for a series of monolayer TMDCs. In comparison to the traditional bulk wurtzite 

structures strong piezoelectric coupling were predicted in these monolayers.  In 

atomically thin layered TMDCs the piezoelectric properties are experimentally measured 

[108]. 
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In a free standing monolayer MoS2 piezoelectricity are experimentally reported by 

Hanyu et al. [192]. Under isotropic mechanical deformation the theoretical prediction of 

piezoelectric effect was experimentally studied by Junjie et al. [193] in triangle 

monolayer MoS2. In piezoelectric devices due to robust piezoelectricity, flexibility and 

stretchability layered piezoelectric materials have great potential applications. In low 

power logic circuits as mechanical resonator, piezoelectric-gated diodes and 

electromechanical sensors, TMDCs layered materials has a profound effect. Energy 

harvesting from the environment by self-powered wireless nanosystems and nanodevices 

in nanogenerators was possible due to conversion of mechanical energy in to electrical 

energy. Due to controlled number of layers and large area TMDCs meets the 

requirements of nanopiezoelectronics, and can be considered as efficient materials to be 

explored for nanopiezoelectronics applications. 
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Chapter 3 

Theory and Computational Techniques 

A brief discussion to the basic principles with mathematical subtleties where necessary 

are given to complete any discussion. The objective of this chapter in the thesis is how to 

use the theory for describing various properties of layered transition metal 

diachalcogenides structures and establish an origin for the explanation of the equations 

that will be used latter in all the applications. The basic theorems on which the theory is 

based will also be explained. A brief historical introduction to the basic theories are given 

in the first section, in the next section DFT is discussed, and in the last section the main 

computational details and the parameters being used are summarized.  

3.1 Many Body Problem 

In solid form, materials are composed of electrons having very small mass with 

negative charge and nuclei having heavy mass and positive charge as compared to 

electrons. For N number of nuclei there are N+ZN numbers of interacting particles, these 

interacting particles interacts through electromagnetic forces. Due to very small size of 

these interacting particles, a system under study must be treated quantum mechanically. 

When a system have N numbers of nuclei having mass    and at  ⃗  and at     electrons 

with mass me the Hamiltonian can be written as: 
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 3.1 

For nuclei and electrons kinetic energy (K.E) operators are represented by the first and 

second terms respectively, while Columbic interaction between electron- nuclei is 

represented by the third term, the Columbic interaction between electron-electron by the 

fourth term and the Columbic interaction between nuclei-nuclie are respectively denoted 

last term. To find an exact solution to the problem which is understudy different 

approximation are used.  

3.1.1 The Born-Oppenheimer approximation 

In solids, in comparison to electrons the nuclei are relatively slow and heavy, and are 

considered "frozen" at a fixed location, and electrons with in the solids are considered to 

be momentarily balanced with these heavy nuclei. In many of these physical problems, to 

the electrons the nucleus acts as an external field and has positive charge, and the 

electrons are considered as key particles that affect the physical behavior of materials. By 

application of this approximation, the NZ electrons system interacts with the external 

potential of the fixed core. As the K.E of these fixed nuclei is zero so in equation 3.1 the 

first term disappear. The term lefts in Equation 3.1 is electrons cloud K.E and potential 
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energy (P.E) due to interaction between electrons and interaction between nuclei with 

electrons can be summarized as 

  ̂   ̂   ̂   ̂    3.2 

In equation 3.2 the first two terms are generic and involve only multi-electron systems, 

but are not applicable to attractive nuclear force systems such as multi-proton systems. 

The last term  ̂    contain the specific information related to the system. Here nucleus 

external potential is represented by  ̂   . 

3.1.2 Hartree-Fock (HF) Theory  

After the approximation of Born-Oppenheimer, the HF theory is assumed to be able to 

achieve the exact solution of wave function of quantum multi-particle problem through a 

single Slater determinant of the N-spin orbit and to help determining the energy of the 

system understudy at rest. The Slater determinant of the N electronic system is as follows 
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The coordinate of space and spin are represented by “X”. By Pauli Exclusion 

Principle, the anti-symmetric wave function is written as 
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  (                 )  � � (                 ) 3.4 

For N-electron system this leads to the full HF equation 

 
𝜖   ( )  ( 

1

 
∇    𝑜𝑛( )  ∑𝑑 ′

 

|  ( 
′)|
 

|   ′|
  ( )  

 
 ∑     

 

∫𝑑 ′
  
 ( ′)  ( 

′)

|   ′|
  ( ) 

3.5 

In the above equation on the right side, the first term and the second term, respectively 

represents the K.E contributions and ion electron potential. The electrostatic potential of 

the electron (Hartree-term) is represented by the third term, and the exchange term which 

is produced by determinant form of the wave function and Pauli principle are represented 

by the fourth term. In HF theory the major problem is that it ignores electronic 

correlations and it cannot explain electronic structures. Conversely, in several cases, the 

HF theory proposes a more precise qualitative prediction. Another method of HF theory 

is DFT, DFT deals with the exchange and associated energy of the corresponding system 

[194]. 

3.1.3 Variational Principle (VP) 

The VP stresses that "the Schrödinger equation is considered to be stationary" or that the 

"wave function of stationary H is the Eigen function of energy". The time-independent 
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Schrodinger equation having Hamiltonian H, eigenvector  𝑛> and energy eigenvalue En | 

in Hilbert space is written 

  | 𝑛⟩  �𝐸𝑛| 𝑛⟩ 3.6 

The expectation value of H must be satisfied when   𝑛 is normalized. 

 ⟨ ⟩  𝐸  � ⟨ 𝑛| | 𝑛⟩ 〈 𝑛| 𝑛〉 � �𝐸𝑜 3.7 

Where the exact ground stat energy is denoted by E0. The true ground state Eigen 

function will be represented by  𝑛 if there is equality in above equation. Furthermore the 

best wave function is obtained when E is minimized. 

3.2 Density Functional Theory (DFT) 

Density functional theory (DFT) is a standard quantum mechanical approach to 

investigate different properties of solids like structure, electronic and polarization. DFT 

was proposed by Hohenberg and Kohn [195] which solve the complex system and 

reduced the 3N variable to three variables in terms of electronic density (x, y, z) hence 

become the mostly used methodology to study different properties accurately at a very 

low cost.  
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3.2.1 The Hohenberg-Kohn (HK) Theorem 

The fundamental references of DFT is the work of Hohenberg and Kohn. It has been seen 

that for electronic system the ground state energy (GSE) is functional of electron density. 

Furthermore it is concluded that with respect to electron density, minimizing the energy 

functional, we can obtain the GSE. When the density is the true ground-state electron 

density, this minimizes the energy functional. These results can be summarized in two 

theorems as follows.  

Theorem I: The external potential Vext(r) is determined by electron density n0(r). 

As number of electrons can be determined from n0(r) for a system, so for other electronic 

properties the ground state wave function can also be determined from n0(r). 

From this it is concluded that the electron density uniquely determines the 

Hamiltonian operator. 

Theorem II: The global minimum possible value of the functional FHK[n0] gives the exact 

ground state energy E[n0] and the electronic density will be the exact ground state 

density. 

 𝐸  𝑚  𝑛  𝐸, -  𝐸,  - 3.8 

The variational principle is shown by limit nN, from which the ground state densities 

can be determined. The energy of a system is defined as the functional of electronic 

density which proves that electron density at the ground state minimizes the energy 
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functional [196]. In comparison to the wave functional approach all of the terms in the 

above equation (3.8) are density dependent, which give poor results. 

These theorems are proved for non-degenerate ground state system. To determine 

the exact functional Levy [197] extended the definition of functional in formally tractable 

and more clarified physical meaning. The HK theorems are extended to other formalism, 

such as for open shell molecule description (for transition metal complexes) Spin density 

functional theory (SDFT) [198],  for the calculation of properties of the excited states 

Ensemble density functional theory (EDFT) [199,200], for systems interacting  with 

magnetic fields Current density functional theory (CDFT) [201, 202], for systems with 

heavy atoms Relativistic Density Functional Theory (RDFT) [203, 204] and for the study 

of excited states and systems that interacts with time dependent potentials, Time 

dependent density functional theory (TDDFT) [205]. 

3.2.2 Kohn-Sham Equation 

Kohn-Sham (KS) proposed an elegant method to solve many electrons system by 

considering no electron-electron repulsion. The density of such a non-interacting system 

is equal to ground state electron density. The electron behaves like charge less particles in 

such a non-interacting electron system having no interaction with each other. The field 

force produced by other electrons is experienced by each electron. Using single particle 

wave function (i) the K.E of such system can be exactly calculated. 
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The Kohn-Sham functional K.E is represented by Ts. The total GSE can be expressed as. 

 𝐸,  -    ,  -   ,  -  𝐸  ,  -  ∫  ( )  ( )𝑑
3  3.10 

Electrons classical electrostatic energy is represented by U[n0], the exchange correlation 

by Exc[n0] and the external potential by V(r). The Exc term is used for the contribution of 

all the unknown spin-dependent energy. The Exc[n0] is the sum of exchange and 

correlation energies and has no exact solution. So we can only approximate the exchange-

correlation. 

3.2.3 Exchange-Correlation Functionals 

For charge density the unknown functional of exchange and correlation is introduced to 

replace the many electron problem by single electron problem. The main concern is that 

for exchange-correlation there is no detailed formalism in Kohn-Sham, to obtain 

exchange correlation energy exchange-correlation functional are approximated to solve 

the KS equation. Different exchange correlation are given below. 

Local density approximation (LDA) 

Generalized gradient approximation (GGA) 
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 3.2.4 Local Density Approximation  

In DFT the most widely used approximation to find Exc is LDA. LDA is proposed for 

homogeneous electron gas system with interacting electron. This approximation will 

work for system with spatial variations in density. The approximation is mathematically 

expressed as 

 𝐸  
   , -  ∫ ( )𝜖  

   
( ( ))𝑑   3.11 

In the equation a homogeneous electron gas of density n(r) the exchange-correlation per 

electron is denoted by 𝐸  
   n(r). The high density limit is denoted by 𝜖   which can 

accurately be computed at any density. To include the electronic spin this formalism can 

be generalized to the local spin-density approximation (LSDA) [206, 207]. 

 
𝐸  
    ,     -  ∫ ( ) 𝜖  

   (  ( )   ( ))𝑑
   3.12 

Including spin in LDA, unexpectedly its domain of applicability extended beyond the 

nearly-free homogeneous electron gas and for inhomogeneous system correct results 

were obtained. In LDA the spin term was included by Perdew and Zunger  [208] in 1981. 

3.2.5 Generalized Gradient Approximation (GGA) 

GGA is an improvement in the exchange-correlation functionals [209, 210]. GGA is still 

local formulation and depends on electron density n0(r) and electronic density. GGA is 

used to treat non-homogenous systems where density is varying. GGA is described by 
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taking gradient of current density n0(r) which is better exchange-correlation functional 

for inhomogeneous system.  

 𝐸  
   ,  -  ∫   

   (  ( )  ( ))𝑑
   3.13 

It is the well-known expression for GGA. Where the exchange-correlation energy per 

electron density is represented by    
   . GGA depends on the density gradient n0(r). If 

spin term is included in GGA then 

 𝐸  
   ,  (     )-  ∫   

   (     )  (     )𝑑
   3.14 

In comparison better results are provided by GGA than LDA. PBE96, B-88, PW-86 are 

the commonly used GGA potentials [211-217]. 

3.2.6 Heyd-Scuseria-Ernzerhof (HSE) exchange-correlation functional 

After the use of LDA for quite some time in solid state physics, the DFT become a 

valuable tool in chemistry with the advent of functional based on GGA. The induction of 

Hartree-Fock (HF) in hybrid density functionals [218] has better results than the GGA. 

For large system linear scale DFT and HF [219-221] methods have reduced the 

calculation cost. Fast multipole method (FMM) [222-227] can efficiently calculate the 

long range Coulomb interaction. But for HF exchange interaction this method cannot be 

used. The range of exchange correlation interaction was shown by Kohn to decay 

exponentially as a function of band gap in insulators. For a system with sizable band gap 
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various attempt were made to exploit the exponential decay in the system [220,228,229]. 

These attempts were failed for small are no gaps.  The failure of pure DFT calculations 

increased the demand of hybrid calculations.  

An error function screened Coulomb Potential is used in HSE (Heyd-Scuseria-

Ernzerhof) [230] exchange-correlation potential especially in system with no gap to 

calculate the exchange portion of the energy in order to improve the computational 

efficiency. 

 𝐸  
       𝐸 

     ( )  (1   )𝐸 
      ( )  𝐸 

      ( )  𝐸 
    3.15 

Where ‗ ‘ and ‗ ‘ are the mixing parameter and adjustable parameter respectively to 

control the short-rangeness of interaction. For most of the systems good results were 

obtained at   
 

 �
 and      . For     the HSE exchange-correlation functional 

degenerates to PBE0 hybrid functional. The short range HF exact exchange functional is 

represented by 𝐸 
     ( ),  components of the PBE exchange functional for short range 

by 𝐸 
      ( ) and for long range by 𝐸 

      ( ). The last term 𝐸 
   ( ) represents the 

PBE correlation functional [209]. 

3.2.7 The Augmented Plane Wave (APW) 

The usefulness of Pseudopotential cannot be denied but for some reasons the alternatives 

are getting more attention. Pseudopotential method is not appropriate for information 

inherently contained in region near to the nucleus. The ideas for APW basis and 
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Pseudopotential are similar. As the electron far away from nuclei are more are less free, 

to describe free electrons plane waves are used, and electrons near to the nuclei behave 

like they are in a free atom. The space is divided in two regions due to far away and near 

to atom electrons. A muffin tin sphere, around each i.e. atom a sphere of radius    and 

the remaining space out side the muffin tin sphere is known as the interstitial region. For 

the expansion of   
 ⃗ 
𝑛 , The APW can be expressed as: 

  
 ⃗⃗ 
 ⃗ (   𝐸)  

{
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 3.16 

Here the unit cell volume is represented by   while  ⃗  𝐾⃗⃗  and    have their common 

meaning. Like the plane wave basis set the APW basis set is  ⃗ -dependent. With respect to 

center of each sphere,     represents the position inside the sphere.    represents the length 

of     , and for the direction of      in spherical coordinates the angles  and ϕ  are indicated 

by  ̂  . The   
  represents the spherical harmonics.  Like 𝐸,    

   ⃗   ⃗⃗ 
 is the unknown 

parameter having the dimension of energy. For a free atom   having energy 𝐸 the 

solution of radial part of the Schrodinger equation are given by   
 . For a free atom to 

find the solution   
  , the boundary condition   

 (  𝐸) must vanish for    , which will 

limit the energies. In this case as the boundary condition can not be applied so for 𝐸 we 

have to find numerical solution. The   
  are part the of the basis function and do not 

corresponds to something physical. 



 

45 
 

3.3 Boltzmann's Transport Theory 

By the application of external field to a material the carriers (electron and phonons) start 

motion, the restriction to the motion of these particles is the scattering between them. Due 

to collision the interacting particles exchange momentum and energy and as a result the 

equilibrium of the carriers changes. These transport conditions are explained by two 

theories, the Green-Kubo theory [231] and the Boltzmann‘s Theory [232]. Transport 

parameters are related to the correlation function of electric current or heat flow by Kubo 

theory. While transport properties in terms of relaxation times as a result of various 

effects are treated by Boltzmann‘s theory. For a number of applications the Boltzmann‘s 

theory is valid and good agreement for the results obtained through the theory with 

experimental are achieved. In this section Boltzman‘s theory is used to merge the 

electronic structure derived from first principle approach into electronic transport 

coefficient. 

The electron system was described by Boltzmann theory by introducing a 

distribution function, where for electron in equilibrium state it is given by Fermi function.  

It is dependent on band index ‗n‘ and the wave vector ‗k‘ which represents the quantum 

number of electronic states. The distribution function for such an arrangement is given by 

fn(r, k,t). The distribution function in the neighborhood of spatial coordinates ‗r‘ may be 

changed due to diffusion (some electron move to the neighborhood and some move in 

from the neighborhood), external field (electric field or temperature gradient) and 
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collision (interaction between electron-electron, electron-phonon and impurity-electron). 

The total change of distribution due to diffusion, external field and collision is given by 

  ̇    ̇      ̇       ̇𝑜   3.17 

Here the time derivative is denoted by a dot on the function. When steady state is reached 

then the number of particles entering and leaving will be equal. So  ̇    and in such 

case the Boltzmann equation can be written as  

  ̇       ̇      
𝑑 

𝑑  𝑜  
 3.18 

To describe the scattering effect if one introduce the relaxation time  ( ) and assume that 

 𝑛(     ) approaches the equilibrium distribution   ( ), then  

 
  

   𝑜  
 
 ( )    ( )

 ( )
 3.19 

as the function   is dependent on (     ), and due to diffusion and external  field its 

distribution changes, so the rate of change of distribution is given by 

   ̇           
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Where 

 
 

𝑑 
  ( )
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 3.21 
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As there is very small deviation of   from   , so in the above equation if we replace   by 

   then from the definition of    one can easily obtain the relation  
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)   3.22 

Putting the value of  
  

  
 from (3.22) in (3.20) and also substituting (3.19) and (3.20) into 

(3.18), then the distribution function is given by  

 ( )    ( )  ( 
   

 𝐸
) ( ) ( )*   (

  

  
 
𝐸   

 
)  + 3.23 

3.3.1 Transport Coefficients 

Electric current is produced when charge move under the influence of electric field. The 

density is given by 

    
  

   
∫ ( ) ( )𝑑  3.24 

The value of  ( ) is given in equation (3.23). Similarly the electrons produced heat 

current density is given by  

    
 

   
∫ ( ),𝐸   - ( )𝑑  3.25 

Here   represents the chemical potential. Putting  ( ) from (3.23) in (3.24) and (3.25) 

and neglecting �   of (3.23) we have 
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Now defining the integral  

 𝐾𝑛  
1

    
∫ ( ) ( ) ( )(𝐸   )𝑛( 

   

 𝐸
)𝑑  3.28 

In terms of 𝐾𝑛 equation (3.26) and (3.27) can be expressed as 

     
 𝐾   

 𝐾 
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3.30 

When temperature gradient is zero, i.e      then equation (3.29) will become 

       3.31 

Where electrical conductivity is represented by   and is given by  
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     𝐾  3.32 

If only the temperature gradient exists and the electric field is absent then from equation 

(3.30) by taking coefficient of thermal gradient the thermal conductivity is obtained. It is 

to ensure that no electric current is passing through the sample. In such a case      the 

equation (3.29) is valid. Putting equation (3.29) in (3.30) the electric field is eliminated 

and we have 

     (   ) 3.33 

Where   represents the electronic thermal conductivity. 
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Considering the open circuit condition for which there is temperature gradient across the 

sample, then there will be no current but electric field then 

   
𝐾 
  𝐾 

   3.35 

And from the definition of Seebeck coefficient one obtains, 

   
𝐾 
  𝐾 

 3.36 

3.4 Computational Packages 

3.4.1 Quantum Espresso 
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Quantum espresso (QE) is used for the investigation of electronic properties and 

modeling of materials. It is access free package and is distributed under the GNU General 

Public License. It is DFT based code, which includes ultrasoft pseudopotentials and 

plane-wave basis sets for electron and ion interactions. In Quantum espresso the word 

―espresso‖ is used for open-Source Package for optimization, simulation, and electronic 

structures. Both in series and parallel execution the performance of QE has reached to a 

maximum under standardized mathematical libraries (like FFTW, LAPLACK and 

BLAS). For large scale calculations, efficient programing technique and achieving better 

performance Fortran-95 is used for writing major part of QE. To solve the self-consistent 

Kohn-sham equations QE includes Plane-Wave Self-Consistent Field (PWscf) as a basic 

package. QE offers to calculate electronic band structure, perform the geometry 

optimization, study the electron-phonon interactions and spectroscopic and quantum 

transport properties [233]. 

3.4.2 VASP Package 

In simulations and modeling of materials VASP (Vienna Ab-initio Simulation Package) 

is a distinguished computer program. In VASP either KS equation within the DFT or HF 

approach is solved to achieve Schrödinger equation or by solving the Roothaan 

equations. This package is implemented by many-body perturbation theory, Hybrid 

functional and Green's functions. To describe electronic charge density, local potentials 

and one-electron orbitals, plane-wave basis set is used. Ultrasoft pseudopotentials or 
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PAW or norm-conserving are used to demonstrate electron-ion interaction. By 

minimizing the force and full stress tensor, the geometry of the structure is relaxed to the 

instantaneous ground-state. Once the relaxation is completed all the other physical 

properties like magnetism, linear response to electric fields, optical properties can easily 

be computed in VASP [234]. 
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Chapter 4 

Results and Discussion 

In first section of this chapter we will discussed the structure of single layer MX2 (M=Zr, 

Hf; X=S, Se) TMDCs fallowed by their out-of-plane vdW heterostructures then the 

electronic properties and at last thermoelectric properties of these materials. In the second 

section we will focus on the photocatalytic properties of these materials along with their 

Janus compounds. In the last section we will discuss band alignment in TMDCs MX2-

PtX2 (M=Zr,Hf X=S,Se) vdW heterostructures. 

4.1 Electronic Structure and Thermoelectric Properties of MX2 (M=Zr, 

Hf; X=S, Se) van der Waals Heterostructures 

Controlling dimensions has proven to be effective method to manipulate the properties of 

solids, which can further be tuned by doping [67], alloying [69], strain engineering [71, 

235], stacking [121, 236, 237], and the formation of superlattices [71]. Recently, the 

single-layer stacking to form vdW-h has become a new class of materials, and the 

quantum coupling between the stacked atomic-scale thin two-dimensional (2D) layers has 

produced fascinating phenomenon. These heterostructures play a significant role in 

modern semiconductor technologies and leading to innovative devices such as tunneling 

transistors, barristors, flexible electronics, and optoelectronic devices as well as double 
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heterostructure semiconductor lasers operational at room temperature and 

heterostructures bipolar transistors [238, 239]. In these heterostructures the band 

alignment is type-II which slow down the charge recombination and reduce the overlap 

between the electron and hole wave functions , which in fact is expected to be an 

effective way for light detection and harvesting [68, 240]. Band gap engineering and 

strong light-matter interaction facilitates the development of effective photovoltaic, 

optoelectronic and thermoelectric devices based on 2D TMDCs heterostructures [121, 

131]. 

The most strikingly highlighted 2D graphene, exhibiting superior properties than 

graphite, has been extensively studied over the past few years. Rapid progress in 

graphene and methods used to prepare ultrathin layers, have inspired great enthusiasm to 

explore new 2D materials. Single layer TMDCs are emerging as efficient materials for a 

wide range of applications, e.g., in energy storage [241], gas sensors [242], catalysis 

[243], field-effect transistors [244], logic circuits [245], optoelectronic/photonic [246], 

memory devices [247] and potential thermoelectric applications [62, 64, 248]. Extremely 

strong light-matter interactions in TMDCs monolayers make them fascinating for 

constructing MX2 heterostructure, which are exciting for novel photovoltaic and 

optoelectronic applications [249]. Very recently, an indirect band gap with an intrinsic 

type-I band alignment is observed in ZrS2/HfS2 vdW heterostructure, which can be 

modified to type-II band alignment by applying an electric field [250]. In fact similar 

lattice parameters allow the generation of various TMDCs heterostructures with few 
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structural defects, but lattice mismatch also produces strain at the interface, which plays a 

key role in the electronic properties of heterostructures and can improve device 

performance [238]. 

 In this section a comprehensive insight is gained into the electronic structures of 

two types of heterostructures. One type includes ZrS2-HfS2 and ZrSe2-HfSe2, showing 

very small lattice mismatch (<1%). While ZrS2-HfSe2 and ZrSe2-HfS2 heterostructures 

show lattice mismatch about 2%, which is experimentally achievable [251]. For 

comparison, we have also studied electronic structure of MX2 (M= Zr, Hf and X= S, Se) 

monolayers of the corresponding heterostructures. Thermoelectricity has also been 

proposed to be favorably controllable by reducing the dimensionality [252]. While these 

monolayers have shown to be of moderate gaps together with high S, σ and low κ, and 

thus are efficient materials for thermoelectric applications [253, 254]. Therefore, we have 

also investigated the thermoelectric performance in terms of the SC, electrical 

conductivity (σ) and PF of the corresponding heterostructures. 

4.1.1 Structural Properties of MX2 and Heterostructures 

Bulk TMDCs (MX2 where M= Zr, Hf and X= S, Se) crystallize in 1T-CdI2 structure [61], 

where 2D hexagonal close packed plane is formed by Zr/Hf atom and six chalcogen 

atoms  has octahedrally coordinated each of them. Total energy difference of 1T and 2H 

phase (∆E = E1T  − E2H) in Table 4.1 show that monolayers of these materials in 1T phase 

(Figure. 4.1.1 (i)) are more stable than in 2H phase. Atomic positions and lattice 
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constants of 1T-MX2 monolayers are optimized and the results agree well with 

experiments and previous theoretical findings [246–258]. 

In heterostructures, one single layer is stacked on top of other single layer and re-

optimized the lattice constants of the involved systems. Since, layer stacking is very 

sensitive to electronic structure [149], different choices are investigated, presented in 

Figure 4.1.1; (ii): Hf atom of HfS2 monolayer is located on chalcogen atom (top-layer) of 

ZrS2 monolayer; (iii): Hf atom of HfS2 monolayer is located on chalcogen atom (bottom-

layer) of ZrS2 monolayer; (iv): Hf atom of HfS2 monolayer is located on top of Zr atom 

of ZrS2 monolayer; (v): to avoid on top position the two monolayers shifted laterally, is 

also analyzed.  

The difference of total energy of heterostructure and corresponding two isolated 

monolayer systems gives the binding energy [70, 121, 259], E = EZrX2−HfX2 −EZrX2 −EHfX2, 

show that the third stacking is most favorable; see Table 4.1 Therefore, this situation is 

studied in the following. Furthermore, the interlayer distance is approximately 3.0 Å, 

indicates there is no bonding between the chalcogen atoms and reveals the vdW 

interaction between two layers of the heterostructures. A small change in bond-length is 

because of mismatch of lattice constant between corresponding individual layers in 

heterostructures, presented in Table 4.1. 

 Change in bond-length of individual layers in heterostructures modifies the band 

structure and changes the phonon stiffness. Hence for further confirmation of the stability 
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of third stacking we have also investigated the phonon dispersion of the stacking, Figure 

4.1.2. No imaginary frequency is observed in Phonon dispersion for all heterostructures 

which confirm their stability. Figure 4.1.2 also shows 15 optical modes and 3 acoustic 

modes at the Γ-point of the Brillouin zone due to the six atoms in the cell. The general 

behavior of all these systems is same. It is clear from Figure 4.1.2 that optical modes in 

the frequency range (30-40 cm
−1
), above acoustic modes at Γ-point indicate weak vdW 

interaction between constituent single layers of these heterostructures. Similar low 

frequency optical modes are also experimentally observed in MoS2/WSe2 and 

MoSe2/MoS2 heterostructures [260] and theoretically demonstrated in MoSe2/Zr2CO2, 

WSe2/Zr2CO2, MoSe2/Zr2CF2, WSe2/Zr2FO2 and SiC-TMDCs heterobilayers [236, 261]. 

Moreover, the phonon spectra of these heterostructures, simply a sum of phonon 

vibrational modes of their parent monolayers, also indicate the weak vdW interaction 

across the interface. Changes in the frequencies of the optical modes from ZrS2-HfS2 and 

ZrSe2-HfSe2 to ZrSe2-HfS2 and ZrS2-HfSe2 show considerable softening and hardening of 

the phonon frequencies due to the lattice mismatch. 
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Table 4.1: Difference of GSE (∆E), lattice constant (a), bond length (M-X), 

band gap (Eg−PBE, Eg−HSE), binding energy (Eii, Eiii, Eiv, Ev), interlayer distances 

(d) for monolayers and heterostructures. 

Monolayer ZrS2 HfS2 ZrSe2 HfSe2 

E (eV) -0.55 -0.68 -0.45 -0.56 

a (Å) 3.67 3.65 3.78 3.75 

M-X (Å) 2.58 2.55 2.71 2.68 

Eg-PBE (eV) 1.28 1.56 0.58 0.77 

Eg-HSE (eV) 1.85 2.14 1.01 1.15 

     

Hetero-bilayer ZrS2- HfS2 ZrSe2- HfSe2 ZrSe2- HfS2 ZrS2- HfSe2 

Eii (eV) -0.19 -0.257 -0.23 -0.21 

Eiii (eV) -0.187 -0.254 -0.22 -0.21 

Eiv (eV) -0.20 -0.272 -0.25 -0.23 

Ev (eV) -0.18 -0.24 -0.22 -0.20 

a (Å) 3.66 3.75 3.71 3.70 

d (Å) 2.90 2.98 2.93 2.95 

Zr-X (Å) 2.57 2.70 2.69 2.59 

Hf-X (Å) 2.56 2.69 2.57 2.67 

Eg-PBE (eV) 1.26 0.52 0.38 0.53 

Eg-HSE (eV) 1.80 0.85 0.58 0.76 

 

  



 

58 
 

 

 

 

 

Figure 4.1.1:. (i): ZrS2 monolayer; (ii):  Hf atom of HfS2 monolayer is located on 

chalcogen atom (top-layer) of ZrS2 monolayer; (iii): Hf atom of HfS2 monolayer is 

located on chalcogen atom (bottom-layer) of ZrS2 monolayer; (iv): Hf atom of HfS2 layer 

is located on top of Zr atom of ZrS2 layer; (v): To avoid on top position  two monolayers 

shifted laterally 
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4.1.2 Electronic Properties of MX2 and Heterostructures 

Band structures show that MX2 (M= Zr, Hf and X= S, Se) monolayers are 

semiconductors with indirect band gap and VBM at Γ-point and CBM at M-point, Figure 

4.1.3. VBM is mainly due to the chalcogen atom p state, while the transition metal d state 

contributes to CBM Figure 4.1.4. As the electronic configuration of Zr:[Kr]4d
2
5s

2
 and 

Hf:[Xe] 4f
14

5d
2
6s

2
, where 4d,5s (Zr) and 5d,6s (Hf) states are the valence state located 

near the Fermi level and actively involved in physical behavior. However, the 4f orbital, 

as completely occupied in Hf, is not mainly involved to affect the electronic states in 

valence band or conduction band. The electronic structure and the band gap value depend 

upon the electronegativity and the distance apart the component atoms, in the crystal 

lattice. Large band gaps are associated with small interatomic spacing and large 

differences of electronegativity [262]. Moreover, 5d elements contain both d and f 

subshells, due to which it possesses poor shielding effect, making it less reactive than 4d 

elements. Hence, band gap value decreases (increases) in monolayer from S(Zr) to 

Se(Hf), presented in Table 4.1. 

Magnitude of the monolayers band gap presented in Table 4.1 is better than other 

PBE calculations [29, 251]. The difference may be due to the pseudopotentials used in 

our calculations. Although, the band gap values are further improved by using HSE06 

functional, presented in Figure 4.1.3 and the values are given in Table 4.1, but there is no 

experimental data for comparison. It is reported in DFT that with experiments the hybrid 
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functionals has better agreement than other semilocal functionals. But this approach 

depends upon the material‘s choice and is not generalized [74]. For MoS2 monolayer, 

PBE(HSE06) band gap underestimates(overestimates) the experimental value by 

0.12(0.45) eV [77, 263-265]. The above results and the qualitatively consistent nature of 

HSE06 and PBE band structures encourage us to choose PBE for the investigation of 

these materials.  

Similar to corresponding monolayers, all heterostructures are semiconductors 

with indirect band gap having VBM at Γ-point and CBM at M-point, Figure 4.1.3. Here, 

we emphasize that intrinsic strain may result in different electronic properties of 2D 

TMDCs [266]. For instance, the heterobilayer ZrS2-HfS2 with a small intrinsic tensile 

strain in HfS2 and compressive strain in ZrS2, shows a comparatively smaller band gap 

than corresponding monolayers, presented in Table 4.1. This is due to the fact that 

compressive strain is more effective in band gap modulation than a tensile strain [267] 

because the P.E between atoms increases more rapidly when atoms are brought closer 

(compression) than in equilibrium rather than pulled further away (tension) from 

equilibrium [268]. In a similar fashion, the band gap of other heterostructures is also 

smaller than the corresponding monolayers. 

Electronic nature in terms of partial density of states of heterostructures is 

presented in Figure 4.1.4. In case of ZrS2-HfS2, ZrSe2-HfSe2 and ZrSe2-HfS2 both the 

CBM and VBM are dominated by Zr-4d and chalcogen atom p states of ZrS2 (ZrSe2) 
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layer of heterostructure. This kind of localization of the VBM and CBM in similar 

regions of the heterostructure is known as type-I band alignment. Hence, these three 

heterostructures belong to type-I band alignment. Recently, intrinsic type-I band 

alignment with an indirect band gap in ZrS2-HfS2 has been reported [250], which is tuned 

to type-II by applying an external electric field. Surprisingly, the density of states (DOS) 

of ZrS2-HfSe2 show that VBM is due to the p state of Se with contribution of 5d state of 

Hf from the layer of HfSe2, while the 4d state of Zr atom of ZrS2 layer contributes to 

CBM. This type of alignment is known as type-II band alignment (spatially separate 

electron-hole pairs) [267]. Type-II band alignment in ZrS2-HfSe2 heterostructure without 

external electric field may be due to the high electron affinity difference in corresponding 

monolayers [270]. To investigate band alignment, orbitally weighted band structures for 

ZrS2-HfSe2 heterostructure in Figure 4.1.5 show that CBM is mainly due to the Zr-dxz 

and Zr-dz
2 states with small contribution of Zr-dxy state at M-point of Brillouin zone, 

while Zr-dx
2
−y

2
 and Zr-dxy states are contributing mainly at Γ-point. Aforementioned all 

states of Hf are not contributing at the CBM. Similarly, VBM is mainly due to the Se-p 

state of HfSe2. In light detection and harvesting the localization of VBM and CBM in 

different layers of the stacked heterostructure is useful because of spatially separated 

electron-hole pairs (type-II band alignment), and no additional material is needed for this 

purpose.  

 



 

62 
 

 

 

 

Figure 4.1.2: Phonon spectra of heterostructures, first row (i) ZrS2-HfS2, (ii) ZrSe2-

HfSe2, second row (i) ZrS2-HfSe2, (ii) ZrSe2-HfS2. 
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Figure 4.1.3: Band structures, first row i) ZrS2, ii) HfS2, iii) ZrSe2 and iv) HfSe2 

monolayers and second row i) ZrS2-HfS2, ii) ZrSe2-HfSe2, iii) ZrSe2-HfS2 and iv) ZrS2-

HfSe2, heterostructures of monolayers. 
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Figure 4.1.4: Partial density of states, first row i) ZrS2, ii) HfS2, iii) ZrSe2 and iv) HfSe2 

monolayers and second and third row d and p states of corresponding layer in i) ZrS2-

HfS2, ii) ZrSe2-HfSe2, iii) ZrSe2-HfS2 and iv) ZrS2-HfSe2, heterostructures. 
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Figure 4.1.5: Orbitally weighted band structures of the ZrS2-HfSe2 out-of-plane 

heterostructures for Zr (red), Hf (green), S(brown) and Se (blue). First row (a)Zr/Hf-dxy 

(b) Zr/Hf-dxz (c) Zr/Hf-dz
2, second row (a) S/Se-px (b) S/Se-py (c) S/Se-pz. 
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4.1.3 Thermoelectric Properties of MX2 and Heterostructures 

Transport coefficients as a function of chemical potential (µ) are investigated by solving 

the Boltzmann‘s transport equation using BoltzTraP code as implemented in PWSCF 

code [271], Figure 4.1.6. Chemical potential indicating doping level of a compound; for 

n-type doping, µ has positive which shifts up from Fermi level while for p-type doping, µ 

has negative value and shifts down from the Fermi level, which mainly influence the 

conductivity and SC.  

A remarkable value of Seebeck (S) around µ = 0 confirms that an enhanced S can 

be obtained through small p-type or n-type doping. An increase in band gap from 

ZrS2(ZrSe2) to HfS2(HfSe2) results in a significant shift of maximum S towards the gap 

edges. In thermoelectric materials for maximum value of ZT, the SC has usually larger 

value than 200µV/K [59, 65]. At 300K, the maximum measured value of SC for single 

layer of HfS2, HfSe2, ZrS2 and ZrSe2, in p-type region is 2430, 1121, 1999, and 

856µV/K, and in n-type region, is 2513, 1210, 2070 and 934 µV/K, respectively. Large 

SC in n-type region for these monolayers is attributed to large contrast of DOS 

particularly near band gap edges (Figure 4.1.4) [272–274]. Similarly, large contrast of 

DOS in conduction band is responsible for large S values in n-type region of ZrS2-HfS2, 

ZrS2-HfSe2, ZrSe2-HfS2 and ZrSe2-HfSe2 heterostructures (Figure 4.1.4). Both ZrS2-

HfSe2 and ZrSe2-HfSe2 heterobilayers have almost the same maximum S value attributed 

to the small difference in their energy gap. At 1200K, the S value decreases exponentially 
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and almost one-fourth of that obtained at 300 K for both monolayers and heterobilayers. 

The maximum S moves towards the band edges from ZrS2-HfS2(ZrSe2-HfS2) to ZrS2-

HfSe2(ZrSe2-HfSe2) as confirmed by the decrease of their respective band gap values. 

The heterobilayer ZrS2-HfS2 attains larger S than the others hence, are promising for 

efficient thermoelectric applications. Smaller S in heterobilayer than that in monolayer is 

ascribed to the decreased band gap. 

Electrical conductivity divided by constant relaxation time (σ/τ) demonstrates 

larger value in p-type region than n-type region at both 300 and 1200 K which may be 

attributed to the considerable difference in the dispersion of conduction and valence 

bands found along high symmetry directions. At 300 K, a larger (smaller) value of 

electrical conductivity observed for HfSe2(HfS2) is due to smaller(greater) band gap 

nature. Further, a small decrease in electrical  
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Figure 4.1.6: Transport coefficients as a function of chemical potential of single layer 

MX2 and their corresponding heterostructures.  
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conductivity as compared to SC is found at 1200 K, indicating that the electrical 

conductivity is less sensitive to temperature. One can clearly observe almost the same 

trend in maximum σ/τ around chemical potential at both temperature 300 and 1200K. 

Moreover, the electrical conductivity (Seebeck coefficient) decreases (increases) as µ 

approach to 0. Sharp increase (decrease) in electrical conductivity (SC) is observed at 

higher chemical potential in both p and n-type regions. Similar mode is observed in 

electrical conductivity for all heterobilayers. At 300 K (1200K), the maximum value of 

electrical conductivity lying in p-type region is 2.37×10
20

(2.20×10
20

), 2.39×10
20

 

(2.22×10
20

), 2.01×10
20

 (1.87×10
20

) and 2.89×10
20

 (2.65×10
20
) (1/Ω.m.s) for ZrS2-HfS2, 

ZrS2-HfSe2, ZrSe2-HfS2 and ZrSe2-HfSe2 heterobilayers, respectively. It is noted that at 

both temperatures, σ/τ for heterobilayers attains considerable peak values as compared to 

that observed in monolayers which will affect the thermopower of the thermoelectric 

materials. This variation in σ/τ from monolayer to heterobilayer is due to the band gap 

engineering. 

To optimize thermoelectric performance, PF as a function of chemical potential 

for individual layers and heterobilayers at temperature 300 and 1200 K are shown in 

Figure 4.1.6. Obviously, the peak values of PF at both 300 K and 1200 K in n-type region 

are greater than in p-type due to the larger S in n-type region. At 300 K, the optimized PF 

with maximum values of 1.525×10
11

, 1.594×10
11

, 1.340×10
11

, and 1.433×10
11

 W/K
2
ms 

are found in n-type region, while at 1200 K in the same region these values are 

5.126×10
11

, 5.054×10
11

, 4.726×10
11

 and 4.599×10
11 

W/K
2
ms for HfS2, HfSe2, ZrS2 and 
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ZrSe2 respectively. More interestingly, the peak values of S for all monolayer and 

heterobilayer systems at 300 K are greater than at 1200 K, however, a higher value of PF 

at 1200 K is caused by the higher values of electrical conductivity. Further, it can be seen 

that HfS2 has larger PF (at 1200 K) than HfSe2, ZrS2 and ZrSe2, making it more suitable 

for thermoelectric applications. A similar behavior can be observed in heterobilayers. 

Among these heterobilayers, ZrS2-HfSe2 has comparatively greater PF in n-type region at 

300 K devising better performance for TE materials. At 1200 K, highest PF values in n-

type region for ZrS2-HfS2, ZrS2-HfSe2, ZrSe2-HfS2 and ZrSe2-HfSe2 are 7.737×10
11

, 

9.755×10
11

, 7.419×10
11

 and 8.217×10
11 

W/K
2
ms, respectively. The optimized PF at 1200 

K for ZrS2-HfSe2 is comparatively larger than other studied MX2 

heterobilayers/monolayers. Interestingly, remarkable larger values of PF calculated (at 

300 and 1200 K) for both monolayers and heterobilayers is obtained as compared to other 

investigated low-dimensional materials [275], which indicate their potential applications 

in thermoelectric devices. 

4.2 Photocatalytic Response of MX2 and MXY (M=Zr, Hf X=Y=S, Se) 

Monolayer and Heterostructures. 

For environment protection and solar energy conversion, enormous photocatalyts have 

been developed after the photocatalytic water splitting on TiO2 electrodes [276]. 

Electron-hole pairs are produced and separated when light falls on photoelectric material. 

These photogenerated holes and electrons are used as oxidant for pollutant degradation 



 

71 
 

and reductant for water reduction [277]. The unstable excited states of electron and holes 

and their easily recombination in semiconductor photocatalyts leads to a low 

photocatalytic activity (PA) [278]. To increase the efficiency of solar energy and its 

utilization different strategies have been employed in the past few decades. Among them 

the most important is designing of material with diverse properties like crystal structure 

[279], crystallinity [280] and particle size [281]. In these designed material the absorbing 

range of light are broader and the separation and migration of charge is efficient. To drive 

the kinetics of the oxygen and hydrogen evolution reactions for semiconductor to be an 

efficient candidate of water splitting the band gap must be at least 1.6-1.7eV, the redox 

potential must be straddled by the band edges and in aqueous solution the semiconductor 

will be insoluble [282]. 

The attractive electronic properties of layered transition metal dichalcogenides 

(TMDCs) received extensive attention [10]. Along with the investigation of electronic 

properties [283, 284], photochemical properties of TMDCs is a fast emerging field [269]. 

For solar water splitting and generation of hydrogen layered MoS2 is theoretically 

reported as photocatalyst [269, 285]. WTe2 and TiSe2 are reported as semimetals [244], 

while single and few layered NbSe2 and VSe2 are true metals. These metals when 

combined with semiconductor a Schottky junction can be formed [244, 286].  

TMDCs play important role in photocatalytic hydrogen evaluation and 

environmental remediation processes. It has outstanding electrical transport efficiency, 
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and its used in many advanced energy storage applications, e.g, lithium ion batteries 

[287], photodetectors [288] superconductors [289], and photocatalytic hydrogen 

production [173] in solar cells. The layered structure of TMDCs is an effective supports 

for anchor of semiconductor nanoparticles which reduce the mobility and provide more 

active sites. This also avoids amalgamation of the semiconductors which is useful in 

photocatalytic activity and stability [290-292]. Furthermore, Yanguang et al. [243] and 

Merki, Daniel et al. [293] reported experimentally and theoretically for the hydrogen 

evolution reaction of WSe2 appears to be from active edge sites that play an essential role 

in hydrogen evolution reaction catalysis, although, due to the intrinsic interlayer vdW 

attraction, the layered TMDCs materials can be easily re-stacked as a result of affecting 

the active edge sites. And different properties in same TMDCs can be tuned by tailoring 

it with changing number or stacking sequence of their crystals [293]. 

The photocatalytic properties of monolayer MX2 (M = Nb, Mo, Ta, W, Ti, V, Zr, 

Hf, and Pt; X = S, Se, and Te) are reported by Houlong and Hennig [66] to find 

conduction and valance band edge using G0W0 functional. The single-layer MoS2, WS2, 

PtS2, and PtSe2 were reported as potential photocatalyt for water splitting. In this we 

invistigate the photocatalytic properties of monolayer, heterostructures, Janus monolayers 

and Janus heterostructures of MX2 (M= Zr, Hf and X= S, Se), using HSE06.  
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4.2.1 Photocatalytic Properties of MX2, MXY and Heterostructures 

The electronic structure of four single-layer transition metal diachalcogenides (TMDCs) 

and their heterostructures are explored. Further we modeled Janus TMDCs MXY(M=Zr, 

Hf and X=S,Se) and heterostructures. The optimized Janus heterostructure is shown in 

Figure 4.2.1 It is clear from the band plots that these materials are indirect band gap semi-

conductors. Both in monolayer and heterostructure the VBM is at the Γ point, while the 

CBM appears at the M point, Figure 4.2.2. The band plots are obtained both by PBE and 

HSE methods. In Table. 4.2 we summarize our calculated band gaps with HSE method. 

The PBE band gaps are smaller than our calculated band gaps and also underestimate the 

experimental ones [294]. In all the four monolayer TMDCs in each cation group a 

decrease in band gap is observed due to the decrease in ionicity. Mulliken 

electronegativity is used to find the energies of the VBM and CBM to determine the 

photocatalytic properties of mono-layer and hetrobilayer TMDCs and Janus TMDCs 

[295, 296]. 

EVBM = χ − E elec + 0.5Eg and ECBM = EVBM − Eg 

The edge potentials are denoted by EVBM and ECBM, the geometric mean of 

electronegativities of the constituent atoms are represented by χ and the standard 

electrode potential on the hydrogen scale by Eelec =4.5eV. 

For monolayer TMDCs ZrS2, ZrSe2, HfS2 and HfSe2 the values of  χ are 5.15, 

4.96, 5.09 and 4.91eV respectively. In case of hetrobilayer ZrS2-HfS2, ZrS2-HfSe2, ZrSe2-
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HfS2 and ZrSe2-HfSe2 the value of χ are 5.12, 5.03, 5.03 and 4.94eV respectively. In case 

of Janus TMDCs ZrSSe and HfSSe the value of χ is 5.05 and 4.99 respectively and for 

heterostructure of Janus TMDCs ZrSSe-HfSSe the value of χ is 5.02.  

In Figure 4.3.3 the band edge positions of individual layer, and hetrobilayer 

TMDCs and in Figure 4.3.4 , the band edge positions of individual layer of Janus TMDCs 

and Janus hetrobilayer are compared at pH 0 with redox potential of oxygen evolution 

(O2/H2O) and hydrogen evolution (H
+
/H2). From the edge energies of mono-layer ZrSe2 

and HfSe2 and hetrobilayer ZrSe2-HfSe2, ZrS2-HfSe2 and ZrSe2-HfS2 it is clear that 

without external bias potential these materials are not good for photocatalytic water 

splitting. ZrSe2, HfSe2 and ZrSSe-HfSSe can reduce H
+
to H2 but fails to oxidize H2O to 

O2. It is further observed that the band edges of monolayer ZrS2, HfS2, ZrSSe and HfSSe 

straddle the redox potentials of water at pH 0, in case of hetrobilayer only in ZrS2-HfS2 

the band edges straddles, which make these five materials promising for photocatalytic 

water splitting. This may be due to the fact that exciton splits into a hole in the valance 

band and an electron in the conduction band, which diffuse separately and react with 

water resulting water splitting. In such a case there is need to overcome the exciton 

binding energy and the CBM and VBM must be favorable with the water redox 

potentials. 

Different techniques can be used to shift the band edges and enable a material for 

oxygen evaluation reaction. One of those methods is applying an external bias voltage. 

The voltage applied depends on the difference between CBM and energy level of H
+
/H2 
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and VBM and energy level of O2/H2O, the larger the energy difference and the larger will 

be the required bias voltage. 

Another method is the dependence of the redox potentials on the pH values [297]. The 

energy levels of H
+
/H2 and O2/H2O can be shifted upward by increasing the pH value and 

can make a material a possible photocatalyst. The application of mechanical strain is the 

third possible method for the adjustment of bandgaps and band edge positions in 

semiconducting materials. 
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Table 4.2: Lattice constant (a), bond length (bZr-X(Å) and bHf-X(Å)), interlayer distances 

(d(Å)) band gap (Eg
HSE

(eV)) and energy edges (ECBM  and EVBM) of MX2 monolayer, 

Janus monolayer and their heterostructures. 

compound ao (Å) bZr-X(Å) bHf-X(Å) d(Å) Eg
HSE

(eV) ECBM EVBM 

ZrS2 3.67 2.58 - - 1.85 -0.277 1.573 

ZrSe2 3.78 2.71 - - 1.01 -0.041 0.969 

HfS2 3.65 - 2.55 - 2.14 -0.480 1.660 

HfSe2 3.75 - 2.68 - 1.15 -0.167 0.983 

ZrS2-HfS2 3.66 2.57 2.56 2.90 1.80 -0.241 1.479 

ZrS2-HfSe2 3.70 2.59 2.67 2.95 0.76 0.242 0.812 

ZrSe2-HfS2 3.71 2.69 2.57 2.93 0.58 0.247 0.807 

ZrSe2-HfSe2 3.75 2.70 2.69 2.98 0.85 0.016 0.856 

ZrSSe 3.70 2.562 - - 1.333 -0.111 1.221 

HfSSe 3.67 - 2.538 - 1.514 -0.259 1.255 

ZrSSe-HfSSe 3.68 2.558 2.671 3.68 1.2585 -0.103 1.156 
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Figure 4.2.1: Heterostructure of Janus TMDCs. 
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Figure 4.2.2: PBE (a, b and c) and HSE (d, e, and f) band plot of Janus TMDCs and 

heterostructure. 
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Figure 4.2.3: Valence band edge potential and conduction band edge potential of four 

monolayers MX2 (M=Zr, Hf and X =S, Se) and their Heterostructures.   
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Figure 4.2.4: Valence band edge potential and conduction band edge potential of Janus 

TMDCs monolayers MXY (M=Zr, Hf and X=Y =S, Se) and their Heterostructure. 
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4.3 Band Alignment in Novel Zr/HfX2-PtX2 (X=S, Se) vdW 

Heterostructure  

In the technological revolution semiconductors are considered as the most innovative in 

transformative devices, and researcher are recently focused on 2D semiconducting 

material and specially on their heterostructures [112]. These heterostructures include, 

graphene [299, 300], silicene and germanene [301-303], boron nitride, oxygenated 

monolayers of silicene and graphene [265, 304] and transition-metal dichalcogenides 

[284, 305-307]. In nature there exist numerous 2D materials, and the arrangement of 

stacking of these materials in different stacking order and different combination forms 

several heterostructures. To identify promising stacked materials in device applications, 

theoretical as well as experimental studies of these heterostructures are required for their 

technological usage depending on their band alignment. 

  There are three types of heterostructures based on their band alignment, i.e., 

symmetric, staggered and broken which are commonly known as type I, type II and type 

III, respectively. These band alignments have different applications in different devices. 

In laser and light-emitting diodes (LEDs) which are optical devices, mostly type I band 

alignment materials are utilized [308]. In type I band alignment, efficient recombination 

of electron and holes occurs due to their spatial confinement electrons and holes. The 

performance of LEDs and laser devices are enhanced due to the fabrication of single and 

multiple quantum wells. The type II band alignments allow larger offsets either on 
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valance band or on conduction band allowing carrier confinement strongly, which makes 

these materials promising in unipolar electronic device applications. In type II 

heterostructures, InAs/AlSb based high electron mobility transistors (HEMTs) are good 

examples, where strong carrier confinement occurs [141]. In bipolar transistors as hot 

electron injectors, conduction band notches can be used [309]. To engineer transition 

energy from conduction to valence type II and III heterostructures are advantageous. In 

wavelength photodetectors [145], infrared intersubband superlattice lasers [146] and in 

tunneling field effect transistors (TFETs) [310] type II and III heterostructure are very 

important. The exhibition of current rectification and collection of photoexcited carriers 

are recently demonstrated in atomically thin pn-diodes of type II heterostructures [144]. 

Graphene/TMD/graphene heterostructures can also be used for collection of photoexcited 

carriers [130]. Recently, type II heterostructures have been investigated as platforms for 

the use of long-lived interlayer excitons [131, 133]. In addition, TMDCs lateral 

heterostructures and other types of single layer materials can be used in a variety of 

applications [120, 311-313].  

Due to wide range of functions as specified above, the electronic band structures 

of layered materials and their band gap engineering have attracted great attention in th 

recent years. However, in addition to the more common 2D materials such as some 

TMDCs, BN and graphene, their relative band alignment has not been completely 

investigated. In the case of a heterostructure, the comparative band alignment of the 

semiconductor is one of the most significant parameters in the design because it 
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determines the nature of heterostructure. Additionally, in all of the discussed devices, as 

in their bulk counterparts, it is critical that the valence and/or conduction band edges of 

the constituent heterostructure materials are momentum matched. For example, due to the 

inherent possibility of some degree of misorientation in a layered stack, and the need to 

combine highly diverse material groups, layered  materials having edges at the center of 

the region are particularly attractive because  momentum space can largely eliminate 

matching problems by using these materials. 

In this section, we have conducted a broad study of the Zr/HfX2-PtX2 semiconducting 

materials due to the emergence of two-dimensional heterostructures as the next 

generation of materials and their comparison of alignment and momentum matching in 

heterostructure design, their band edge characteristics and the possibility of forming 

momentum to match heterostructures. 

4.3.1 Structure and Electronic Properties of Novel MX2 (M=Zr, Hf and 

Pt X=S and Se) Heterostructures 

In a heterostructure, a single layer is stacked on the top of another layer and the average 

in-plane lattice constant of the system involved is re-optimized. Different choices of 

stacking are investigated to obtain an optimize one because the layer stacking affects the 

electronic structure. The different choices of stacking are:  i) Pt atom of PtS2 layer is 

located on chalcogen atom (top-layer) of ZrS2 monolayer; (ii): Pt atom of HfS2 
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monolayer is located on chalcogen atom (bottom-layer) of ZrS2 monolayer; (iii): Pt atom 

of HfS2 monolayer is located on top of Zr atom of ZrS2 monolayer; (iv): to avoid on top 

position the two monolayers shifted laterally. In addition, the distance between the layers 

is more than 3 (Å), indicating that there is no bond between the chalcogen atoms of the 

layers that reveals the vdW interaction between the two monolayers. The small change in 

bond length is due to lattice mismatch between the constituent individual layers in the 

heterostructure, as shown in Table 4.3.The calculated band structures through PBE and 

HSE in Figure 4.3.1 and Figure 4.3.2 indicate that the MX2 (M = Zr, Hf, Pt and X = S, 

Se) heterostructures are indirect band gap semiconductors with VBM at the defect and 

CBM at the M site. VBM is mainly due to the p-state of the S/Se atom, while the CBM is 

occupied the transition metal d state, Figure 4.3.3  

The electronic configuration of Zr is [Kr] 4d
2 

5s
2
 , Hf is [Xe] 4f

14 
5d

2 
6s

2
, and Pt is 

[Xe] 4f
14

 5d
9
 6s

1
where 4d and 5s of Zr as well as 5d and 6s of Hf are valence states that 

are located near the Fermi level. These states actively participate in physical behavior of 

the materials. However, the 4f orbital of Hf and Pt are completely occupied and does not 

affect the electronic state in the valence band or conduction band. 

The electronic structure and band gap values depend on the electronegativity and 

the distance between the constituent atom in a crystal. The large band gap is related to the 

large difference in atomic spacing and electronegativity [263]. In addition, 5d elements 

contain d and f subshells, so they have poor shielding effect, making them less reactive 
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than 4d elements. Therefore, the band gap value is reduced (increased) from S(Zr) to 

Se(Hf/Pt) in a single layer, as shown in Table 4.3. 

The electronic structures of the partial density of state of the heterostructures are 

shown in Figure 4.3.3. In the case of ZrS2-PtS2, ZrS2-PtSe2 and ZrSe2-PtSe2 CBM is 

dominated by Zr-4d state while the valance band is occupied by chalcogen atom of the 

other layer (PtX2) except in ZrSe2-PtS2 in which conduction and valance bands are 

comprised by Zr-4d and Se-p of ZrSe2 layer respectively. In the case of HfS2-PtS2, HfS2-

PtSe2 and HfSe2-PtSe2 CBM is dominated by Hf-4d state while the valance band is 

occupied by chalcogen atom of the other layer (PtX2) except in HfSe2-PtS2 where 

conduction and valance bands are comprised by Hf-4d and Se-p of HfSe2 layer. This 

positioning of the VBM and CBM in different regions of the heterostructure is referred to 

type-II band alignment. Therefore, these six heterostructures belong to the II-type band 

alignment. The arrangement of the type II bands in these heterostructures may be due to 

the difference in high electron affinity in the corresponding monolayers [270]. In order to 

further study the type II energy band alignment, the orbital weighted band structure of 

Zr/HfX2-PtX2 heterostructure is shown in Figure 4.3.4. the figure reveals that CBM is 

mainly due to the Zr/Hf-dz
2
 of Zr/HfX2 layer and the VBM is due to X-pz of PtX2 layer. 

The ZrSe2-PtS2 and HfSe2-PtS2 show type I band alignment. The weighted band structure 

revels that in these heterostructure the CBM is due to the Zr/Hf-dz
2
 and VBM is due to X-

px of Zr/HfX2 layer. This band alignment can be tuned to type II by applying external 

field. For light detection and harvesting the positioning of VBM and CBM in different 

layers of the heterostructure known as type-II band alignment is very important. 
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Table 4.3: Structural parameters of Zr/HfX2-PtX2  heterostructure. 

Compound ao (Å) bZr/Hf-X(Å) BPt-X(Å) d(Å) Eg
PBE

(eV) Eg
HSE

(eV) 

ZrS2-PtS2 3.595 2.56 2.41 3.44 0.629 1.426 

ZrS2-PtSe2 3.68 2.578 2.52 3.56 0.302 0.91 

ZrSe2-PtS2 3.64 2.68 2.42 3.43 0 0.5341 

ZrSe2-PtSe2 3.72 2.69 2.53 3.55 0.214 1.2316 

HfS2-PtS2 3.61 2.53 2.40 3.385 0.746 1.5841 

HfS2-PtSe2 3.67 2.55 2.52 3.498 0.375 1.054 

HfSe2-PtS2 3.65 2.65 2.24 3.34 0.260 0.951 

HfSe2-PtSe2 3.72 2.66 2.53 3.49 0.317 0.9688 
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Figure 4.3.1: PBE band structure of Zr/Hf-Pt hetroerostructure 
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Figure 4.3.2: HSE band structure of Zr/Hf-Pt hetroerostructure.  
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Figure 4.3.3: Partial density of states, first row i) ZrS2-PtS2, ii) ZrS2-PtSe2 iii) ZrSe2-PtS2 

iv) ZrSe2-PtSe2  and second row i) HfS2-PtS2,ii) HfS2-PtSe2 iii) HfSe2-PtS2 iv) HfSe2-

PtSe2 heterostructures. 
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Figure 4.3.4: Orbitally weighted band structures of Zr/HfX2-PtX2 heterostructures. 
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Chapter 5 

Conclusions 

Structural, vibrational, electronic and thermoelectric properties of MX2 (M= Zr, Hf and 

X= S, Se) single layers and their out-of-plane heterostructures are explored by first 

principles density functional theory and Boltzmann transport calculations. The structural 

properties reveal that all MX2 monolayers are stable in 1T-phase. The stacking order of 

minimum energy is determined for all heterostructures, which is further confirmed by 

calculations of phonon dispersion. Both monolayers and their heterostructures show 

indirect semiconducting band gap nature.it is concluded that type-II band alignment in 

ZrS2-HfSe2 without application of external electric field enhances its performance for 

light detection. Transport coefficients such as electrical conductivity, SC and PF at 300 K 

and 1200 K are investigated against chemical potential reveal that SC (electrical 

conductivity) attains large values in n-type(p-type) doping. The PF values in n-type 

region of all heterostructures are larger than their corresponding monolayers at high 

temperature 1200 K. 

The structural and electronic properties of Janus TMDCs MXY (M=Zr, Hf and 

X=Y= S,Se) single layer and their out-of-plane heterostructure in 1T-phase are also 

theoretically investigated. These layered materials and their heterostructures are 
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confirmed as indirect band gap semiconducting materials. The photocatalytic properties 

of MX2 (M= Zr, Hf and X= S, Se) layers and their out-of-plane heterostructures along 

with MXY and their heterostructures were also explored. Among the monolayers ZrS2, 

HfS2, ZrSSe, and HfSSe are found to have good photocatalytic properties without 

applying any external potential. While in their heterostructures only ZrS2-HfS2 has the 

efficiency for hydrogen evaluation reaction. 

The band alignment plays a vital role in device applications and to confirm the 

band alignment in vdW-h, the structure and electronic properties of novel Zr/HfX2-PtX2 

(X=S, Se) vdW-h are investigated. It is confirmed that the band gap nature of these novel 

materials is indirect. Type-II band alignment is confirmed in ZrS2-PtS2, ZrSe2-PtS2, 

ZrSe2-PtSe2, HfS2-PtS2, HfSe2-PtS2 and HfSe2-PtSe2 heterostructures where conduction 

band is comprised by the transition metal d-state of one layer and valence band by 

chalcogen atom of the other layer. Type-I band alignment is observed in ZrSe2-PtS2 and 

HfSe2-PtS2 heterostructures, where CBM and VBM are comprised by transition metal 

atom and chalcogen atom of the same layer. 
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