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ABSTRACT 

FIRST PRINCIPLES STUDY OF 2D POLAR HETEROSTRUCTURES 

Safia Abdullah R Alharbi 

April 19, 2023

Recently, two-dimensional (2D) heterostructures have attracted extensive 

attention in nanomaterials science. They have been successfully fabricated and applied to 

nanotechnology in many fields, such as nanoelectronics, solar cells, sensors, energy 

stores, quantum information, etc. The most common heterostructures are 2D-lateral 

heterostructure (LH) and 2D-vertical heterostructure (VH) where each of them exhibits 

unique features depending on the direction of assembly, i.e., along in-plane or out-of-

plane direction. 

Beyond the van der Waals-VH which possess of van der Waals (vdW) interaction, 

there are other types of heterostructures made of 2D polar materials that possess different 

types of chemical bonding nature, e.g., chemical bonds with less (e.g., SiC monolayer) or 

more (e.g., GeC and SiGe monolayers) charge transfer between atoms, forming covalent 

bonds with a certain ionicity. The goal of this work focused on shedding light on the 

physical aspects of 2D LH and VH, constructed by such polar materials (e.g., 𝑆𝑖𝐶, GeC, 

and SiGe monolayers). This work is a theoretical study by employing Density Functional 

Theory to unravel the unique physical properties of such heterostructures. 
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Because an artificial strain will be induced by the lattice mismatch in building 

heterostructures, the effect of strain on the electronic properties of 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 

monolayers was first investigated. It was found that these monolayers can tolerate strain 

up to 8%, and such strain can induce modifications on the physical properties. 

Interestingly, it was found that 𝑆𝑖𝐶 and 𝐺𝑒𝐶 monolayers undergo a direct-indirect band 

gap transition; while, 𝑆𝑖𝐺𝑒 monolayer undergoes a metal-semimetal transition, which 

made them attractive candidates for building heterostructures. 

Second, a systematic study on the aspect of 2D polar-LH of 𝑆𝑖𝐶/𝐺𝑒𝐶, and 

𝑆𝑖𝐺𝑒/𝐺𝑒𝐶 has been conducted. It was found that the synergistic effect of the lattice 

mismatch induced strain, the chemical bonding nature at the interface, and quantum 

confinement can lead to several interesting phenomena. For instance, their electronic 

properties can be modulated by tuning the domain size, the chemical bonding nature, and 

the designing of interface. Accordingly, a lateral spontaneous p-n junction triggered by 

the in-plane charge transfer was detected which implies the promising applications such 

as visible light photocatalyst. 

Third, the roles of the stacking species arrangement and the interlayer interactions 

(including vdW and electrostatic forces) on stabilizing the structure and modulating 

electronic properties of 2D polar-VH of 𝑆𝑖𝐺𝑒/𝐺𝑒𝐶 were deeply studied. It was found 

that, in addition to the redistribution of the in-plane net-charge transfer, a net charge 

redistribution also occurs between layers and leads to a polarization in the interfacial 

region that induces a built-in electric field and helps to reduce the recombination of 

photogenerated electron-hole pairs. 
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CHAPTER I 

1. INTRODUCTION 

 

1.1. Introduction to 2D materials 

The transition from an ordinary (macroscopic) scale to an atomic (microscopic) 

scale induces breakthroughs. In mechanics, for example, such a move led to the birth of 

the quantum mechanics field, which is the foundation of all modern physics. In materials 

science, it is the transition from three-dimensional (3D) materials to two-dimensional 

(2D), one-dimensional (1D), and zero-dimensional (0D) materials who plays a role in 

nanostructures. This section will introduce the 2D materials and their attractiveness to 

researchers. 

The dimensionality makes qualitative changes to materials. Any material can be 

classified as 0D material (i.e., nanoparticle) when all dimensions are in the scale of 

nanometer (<100 nm) (e.g., quantum dot); 1D material (e.g., nanotube or nanowire) when 

one dimension is out of the scale of nanometer; 2D material (e.g., nanosheet) when two 

dimensions are out of the scale of nanometer; and 3D material when all dimensions are 

not confined to the nanoscale, such as bulk, multilayers, bundles of nanotubes or 

nanowires, and dispersions of nanoparticles. Figure 1-1 illustrates the dimensionality 

effect for carbon material as an example. Starting from 2D carbon sheet (graphene), we 

can build 0D carbon (fullerenes) by wrapped up graphene into a ball, 1D carbon nanotube 
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by rolled graphene into nanotube, 3D carbons bulk (graphite) by stacking graphene; 

where 0D fullerenes, 1D carbon nanotube, 2D graphene, and 3D graphite manifest 

different properties. This example  unintentionally appears the importance of 2D materials 

as a building rock of the different dimensional forms of a given material [1]. 

 

Figure 1-1: An illustration of graphene as a building rock of the different dimensional 

forms [1]. 

2D materials, by definition, are atomically thin crystalline solids having intralayer 

covalent bonding, interlayer vdW bonding, and a thickness of a single to few atomic thick 

layers (< 5 nm) [2]. However, the lateral size of 2D materials varies from nanometers up 

to micrometers. Hence, they are considered sheet-like structures [3, 4]. Nobody imagined 

using 2D materials in real-life applications or even their existence beyond the theoretical 

studies until 2004. In 2004, Andre Geim and Konstantin Novoselov, the holders of the 

2010 Nobel Prize in Physics, isolated experimentally graphene (2D) from graphite (3D) 

[5, 6]. Graphene has extraordinary properties compared to 3D materials, therefore, not 

only what the material made of effects its properties but also its thickness. 
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2D materials have attracted extensive attention and become a rich topic for 

scientific and practical research. In scientific studies, the researchers have found novel 

fundamental physics, such as half-integer quantum Hall effect [7], Klein tunnelling [8], 

topological superconductivity [9, 10], and Boson Peak [11]. In practical studies, on the 

other hand, 2D materials possess interesting properties which make them favorable for 

real life applications, such as (i) the quantum size confinement [12] which enhances 

electronic properties for electronic devices; (ii) the large surface-to-volume ratio which 

grants them with ultrahigh specific surface area,   areasuch  is a desirable feature for 

surface-active applications [13]; (iii) flexible mechanical and tunable electronic, optical, 

and chemical properties, making them promising for electronic/optoelectronic 

applications [14, 15]; (iv) naturally passivated surface without any dangling bonds allow 

them to easy integration with photonic structures such as fibers and chips [16, 17]; (v) 

highly tunable band gap which divers from insulators to narrow gap semiconductors, 

topological insulators, semimetals, and metals which make them very suitable for 

electronic applications [16-20]. 

In the past decade, beyond graphene, there has been a competition to discover 

more 2D materials, and their data bases grow tremendously. For instance, theoretical 

prediction in the data base of 2DMatPedia includes more than 6,000 monolayer structures 

[21]. However, up to date, only about 2% of them have been experimentally synthesized. 

To name only a few, transition metal dichalcogenides (TMDs) [22], black phosphorus 

(BP) [23], and MXenes, and their van der Waals heterostructures (vdWs) [24]. Figure 1-2 

shows classification of the current 2D materials available up to the date [25]. It is 
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incumbent on interested researchers to follow up the ever-growing technological 

applications. 

 

Figure 1-2: Classification of the current 2D materials available up to the date [25]. 

1.2. Introduction to 2D Heterostructures 

1.2.1. Overview of heterostructures 

Heterostructures (i.e., heterojunctions) are the building blocks of the most 

advanced semiconductor devices being developed and produced. They have been found 

to be used in a variety of specialized applications where their unique characteristics are 

critical, such as semiconductor lasers, LED, heterojunction bipolar transistors (HBT) (see 

an example in Figure 1-3 (a)), and high electron mobility transistors (HEMT). It has 
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played an important role in cutting-edge nanotechnology. The Nobel Prize in physics in 

2000 was awarded for the developing semiconductor heterostructures used in high-speed- 

and opt-electronics [26].  

Conventional heterojunction (i.e., three-dimensional (3D) heterostructures) is 

characterized by the interface that occurs between two layers or regions of dissimilar 

crystalline semiconductors, having different energy gaps. The carriers are confined by the 

heterojunction barriers. The nature of the heterojunction depends crucially on the 

alignment of the energy bands at the interface which is categorized by straddling gap 

(type I), staggered gap (type II), and broken gap (type III), respectively (see Figure 1-3 

(b)). Several issues need to be considered in designing heterojunctions. It has been found 

that the interface in HBT is essentially atomically abrupt [31, 32]. The most obvious 

cause comes from the mismatch between the lattices of the participating semiconductors 

which produce defects in the form of dislocations in one or the other of the participating 

semiconductors. Such dislocations usually affect the electrical characteristics of the 

system by creating localized states which trap charge carriers. If the density of such 

interfacial traps is sufficiently large, they will dominate the electrical properties of the 

interface. This is what usually happens at poorly controlled interfaces such as the grain 

boundaries in polycrystalline materials. 
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Figure 1-3: Schematic illustrations of (a) a heterojunction bipolar transistor and (b) a 

planar heterojunction with three types of the band alignments (the arrow indicates the 

motion of the carriers). 

Different from 3D heterostructures where different bulk slabs chemically bonded 

at the junctions, recently developed 2D heterostructures are assembled by layered 

materials either along the in-plane direction (called lateral heterostructures) or the out-of-

plane direction (called vertical heterostructure). They commonly possess unique optical 

bandgap structures, extremely strong light–matter interactions, and large specific surface. 

2D heterostructures can be classified as van der Waals heterostructures (vdWHs) (or non-

polar heterostructures), polar heterostructures (where the electrostatic interlayer force 

also play the role), etc.[27]. 

The vdWHs have almost no change at the atomic scale, even with a large lattice 

mismatch in layered materials, because they are formed by weak vdW forces, which 

helps maintain the electronic structures of the participating materials. This unique 

property induces excellent physical properties in novel advanced heterojunctions based 

on lower dimension materials, giving rise to fascinating phenomena such as Hofstadter’s 
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butterfly spectrum according to the moiré patterns, strongly bound excitons, and 

spinvalley polarization.  By combining the different properties of the building blocks, 

synthesized vdW structures may show integrated properties with respect to the segregated 

materials. In regard to the atomic thickness and excellent flexibility of 2D materials, 

vdWHs are applied to bandgap engineering to develop gate-tunable band structures. 

Devices based on vdWHs exhibit a big breakover current and fast responsivity, attributed 

to the ultrafast charge transfer in 2D materials, where electronic transport is strictly 2D 

and not scattered in the third dimension. More importantly, strong in-plane covalent 

bonding associated with the weak interaction between the layers of 2D materials can 

form numerous mismatched vdWHs based on the diversity of 2D materials including the 

layering of metals, semiconductors, insulators, and even superconductors.  

Meanwhile, exploring new classes of 2D heterostructures beyond vdWHs is also 

highly desired for prospective applications in advanced nanotechnologies. 2D layered 

polar materials (usually with no 3D vdW counterparts) have strong electrostatic intra-

layer bonding and less-strong (yet comparable to vdW) electrostatic interlayer bonding to 

hold the layers together. A distinguishing phenomenon, compared to 2D vdW 

heterostructure, is found in 2D vertical polar heterostructures. The equilibrium interlayer 

distance varies dramatically. Such change of the interlayer space is mainly correlated to 

the out-of-plane species ordering, which is much weaker in 2D vdW binary compound 

heterostructures. Therefore, the 2D polar vertical heterostructures, constructed by 2D 

polar materials, are expected to exhibit novel and unique features in the interfacial region. 

Manipulating such 2D layered polar structures using bottom-up approch (i.e., starting 

from stable 2D monolayers of ionic compounds and buliding multilayer heterostructures) 
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to construct 2D polar (lateral and vertical) heterostructures can open the door for the 

development of a new class of 2D heterostructures beyond currently available vdWHs for 

the next-generation of nanoelectronic, optoelectronic, and sensing devices.  

1.2.2. Development of 2D heterostructures 

The integration of 2D materials into a device will always involve interaction with 

other materials, which is critical to real-life applications. One type of such interaction is 

by building 2D heterostructures from 2D materials. 2D heterostructures are the building 

blocks of the most advanced devices with exotic electrical, optical, and thermal 

characteristics. A heterostructure is defined as a structure in which the chemical 

composition changes with position [28]. Thanks to the weak vdW interlayer interaction, 

the force that hold layered materials together allows us to exfoliate 2D materials and then 

create 2D homo-structures or heterostructures laterally or vertically, such as multilayer 

graphene (homo-structures) and graphene/ hexagonal-boron nitride (h-BN) 

(heterostructure). 

Despite the fascinating properties of 2D materials, there are limitations in 

practice. Graphene, for example, possesses novel features desired for a wide range of 

technologies, such as superior strength, extremely high electrical conductivity, high 

mobility and flexibility, optical transparency, and large modulation band width [13, 29-

31]. However, there are some limitations, such as weak optical absorption and zero band 

gap, that prevent the integration of graphene into optoelectronic applications [32, 33]. 

Integration of 2D materials to form 2D heterostructure is one of optimum ways to 

overcome some of these limitations due to its role in the emergence of synergistic effects 

and enhanced properties. In designing 2D heterostructure, we can combine different 2D 
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structures to subject them into either intralayer interaction (laterally) at the interface or 

interlayer interaction (vertically) on the surface. Such interface interactions affect the 

structural and electronic properties of heterostructure which might lead to structural 

modulation and charge redistribution. In addition, these changes can be controlled due to 

the sensitivity of 2D heterostructure to lattice mismatch and relative orientation that 

appear as a plethora of pioneer opportunities to release limitations of 2D materials. 

Moreover, miniaturization is a trend of innovative nanotechnology. The features 

of semiconductors and dielectrics do not serve miniaturization very well and are no 

longer compatible with electrical contacting in complex operation, such in robotics, 

artificial intelligence (AI), and ubiquitous electronics, mainly due to short channel 

effects, high leakage current, and high contact resistance [34, 35]. Therefore, 2D 

materials, in particular 2D heterostructures, are ideal candidates for nanotechnology, due 

to their size and novel features.  

Besides, in practical prospect, 2D heterostructures span a full range of electronic, 

optoelectronic, and spintronic properties with controllable and tunable capability that can 

be combined to design promising  electronic and optoelectronic devices with high 

performance, low power consumption, and other desirable properties (like transparency 

and flexibility) [25, 32-35]. With the efforts of many researchers, field-effect tunneling or 

transistors, LEDs, biosensors, light detectors, photovoltaics, energy storage devices, etc. 

have been reported. Figure 1-4 illustrates some of the recent 2D heterostructures 

applications. 

The aim of 2D heterostructures is to control fascinating properties of 2D materials 

into ultimate materials that can face high demand of ever grown technology. Hence, they 
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are considered as the best in the current field of 2D material science. Such research has 

been conducted by the driven of all the galore potentials of 2D heterostructures. 

 

Figure 1-4: Illustration of recent 2D heterostructures applications. 
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1.3. Introduction to Group IV-based materials 

In the periodic table, graphene belongs to Group IV. Namely, graphene is an 

allotrope of carbon, the first element in group IV with monolayer sheet form. Group IV 

has a special location in periodic table with nonmetals to the right of it and metals to the 

left of it. This section sheds light on Group IV-based materials and how they drew the 

researcher’s attention.  

Group IV, which is also called group 14, tetrels, crystallogensis, or carbon group 

(or family), consists of the following elements: carbon (𝐶), silicon (𝑆𝑖), germanium (𝐺𝑒), 

tin (𝑆𝑛), lead (𝑃𝑏), and flerovium (𝐹𝑙). Atoms of elements in this group have four 

valence electrons, two of them are in the 𝑠 subshell, while the other two are in the 𝑝 

subshell. Only carbon has the 2𝑠22𝑝2 outer configuration, which accounts for some of 

the differences between carbon and other elements in the family. When one moves down 

in group IV, the atomic radius, ionic radius, and element density increase, while 

electronegativity and ionization energy decrease. Carbon is nonmetal, silicon and 

germanium are metalloids, and tin and lead are metals. In other words, elements gain 

metallicity when one moves down group IV in the periodic table. On the compounds side, 

all elements of group IV tend to form covalent compounds except tin and lead which also 

form ionic compounds. Moreover, carbon and silicon are the fourth and eighth abundant 

elements in the universe by mass, respectively. Carbon is the basis for organic life, while 

silicon and germanium are very important elements for semiconductors, which grant 

group IV elements the importance in daily life and industry [36]. 

2D materials formed by group IV-based materials, also called graphene-like 

group IV materials or group IV X-enes (e.g., silicene, the 2D form of silicon [37, 38], 
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germanene, the 2D form of germanium [37, 39, 40], and stanine, the 2D form of tin [41, 

42] ), attract scientists as graphene siblings in the carbon family. In principle, they share 

similar physicochemical and topological properties. In contrast, silicene [43], germanene 

[44], and stanene [45] are semimetals with gapless and hexagonal symmetry characters 

like graphene. However, they all have a buckled honeycomb structure due to the 

coexistence of 𝑠𝑝2 and 𝑠𝑝3 hybridization unlike graphene which has a flat structure due 

to 𝑠𝑝2 hybridization. Silicene, germanene, and stanine were recently synthesized by 

means of molecular beam epitaxy with require of a substrate: sliver, gold, and bismuth 

telluride (Bi2Te3), respectively.  

Although the novel properties that Group IV X-enes possess, their zero-band gap 

nature limits their applications in nanoelectronics devices. To overcome this problem, the 

work in this dissertation has been intended to use the binary compounds made of group 

IV such as 𝐺𝑒𝐶, 𝑆𝑖𝐶, and 𝑆𝑖𝐺𝑒 monolayers. The preliminary studies of such binary 

compounds show that in 𝑆𝑖𝐶 or 𝐺𝑒𝐶, the band gap opens with indirect (𝑆𝑖𝐶)/direct (𝐺𝑒𝐶) 

nature. Furthermore, they are flat hexagonal lattice, forming 𝑠𝑝2  hybridization like 

graphene. However, 𝑆𝑖𝐺𝑒, unlike graphene, is a buckled honeycomb lattice, forming 𝑠𝑝3 

hybridization, and semimetal with zero-band gap. This opens a wide possibility to 

investigate the potential of using group IV elements-based binary compounds in 

nanoelectronics devices. 
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1.4. Overview of research project 

Chapter 2 addresses the methodology of the study performed in this dissertation. 

It starts from the Density Functional Theory (DFT) with brief talking points about the 

Schrödinger equation of a system, Born–Oppenheimer approximation, Kohn-Sham 

(Schrödinger like) equations, and the exchange-correlation potential. Then, the 

computational details that have been used in this dissertation were introduced including 

structural and dynamic stability, and electronic properties. 

Chapter 3 includes a report of the study of the strain effect on 2D binary 

compounds of Group IV element (𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒) with analysis of band structures 

under strain effect, charge transfer, and the electron localization function (ELF). The 

effects of strain, interface, and confinement on LH of 2D polar binary compounds 

(𝑆𝑖𝐶/𝐺𝑒𝐶 and 𝐺𝑒𝐶/𝑆𝑖𝐺𝑒) together with analysis of band structure, band gap, and charge 

redistribution are discussed in Chapter 4. 

In Chapter 5, a systematical study on VH of 2D polar binary compounds (𝐺𝑒𝐶/

𝑆𝑖𝐺𝑒) has been performed to show the synergistic effect of the interlayer interaction, the 

stacking arrangement, and the species ordering type on such type of VH. It addresses the 

feature of a commensurate structure and the relative energy and analyzes electronic 

properties, charge redistribution, and charge transfer. 

Finally, Chapter 6 establishes a couple of ongoing works. The first one is about 

the study of potential energy surface (PES) in the Moiré patterns 𝐺𝑒𝐶 bilayer. The second 

ongoing work conducts a comparison study of strain engineering in monolayer of group-

IV binary compounds by using Quantum espresso code (QE) with the goal of applying 
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QE for further computational study on complex nanoscale materials with such open 

resource. 
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CHAPTER II 

2. METHODOLOGY 

 

2.1. Computational Materials Science (CMS) 

Computational Materials Science (CMS)-based methods were employed in all 

projects of this dissertation. CMS provides researchers a modeling and simulation 

approach to design new materials and to understand and predict their behaviors. CMS-

based methods vary based on range of length (nanometers - meters) and time 

(femtoseconds of atomic vibrations to decades) scales. In fact, all computational 

calculations included in this dissertation were within quantum and atomic multiscale that 

based on DFT. The DFT method used in this dissertation is implemented in Vienna ab 

initio simulation package (VASP)[46]. 

In contrast to computational methods, experimental methods are often expensive 

and time-consuming. CMS normally views what experiments cannot examine, which 

provides a deep understanding of a materials system. In addition, CMS might surpass 

experiments by predicting system behavior even under conditions that experiments 

cannot perform, such as extremely high/low temperature, or pressure. The experimental 

data, on the other hand, provides a validation test to check the accuracy of computational 

calculations. Accordingly, ongoing advance theoretical methods (such as DFT), 
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hardware, and software (such as VASP code) are powerful tools in accelerating the 

developments in solid state physics and other related fields. 

2.2. Density Functional Theory (DFT) 

DFT is a well-established tool and the most successful approach for calculating 

the properties of materials at the atomic level. Walter Kohn (1923 − 2016) was dually 

awarded the 1998 Nobel Prize for his development of the DFT [26]. The results of DFT 

computations are frequently coupled with experimental results which indicate a 

verification of DFT validation. Furthermore, DFT came to prominence as an approach for 

solving Schrödinger equation for a system, a goal of most approaches in solid state 

physics and quantum chemistry. 

2.2.1. Schrödinger equation for a system 

In quantum mechanics, the time-dependent Schrödinger equation for a system is 

an equation of motion; it is analogue to Newton’s second law as an equation of motion in 

classical mechanics. When the potential energy of the system depends implicitly on the 

time, the time-dependent Schrödinger equation is then reduced to the time-independent 

Schrödinger equation (Equation 2-1): 

ĤΨ({𝐫i , {𝐑I }) = EΨ({𝐫i }, {𝐑I })    Equation 2-1 

Where Ĥ is the Hamiltonian of the system, 𝐸 is the energy, and Ψ({𝐫i }, {𝐑I }) is 

the wave function. 
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The Hamiltonian of a system Ĥ, as shown in Equation 2-2, contains three parts: 

the kinetic energy of the electrons and nuclei, Τ̂𝑒 = −
1

2
∑ ∇𝑖

2𝑁
𝑖=1  and Τ̂𝑛 = −

1

2
∑

1

𝑀𝐴
∇𝐴

2𝑀
𝐴=1 , 

respectively, the attractive electrostatic interaction between the nuclei and the electrons 

V̂𝑒𝑥𝑡 = − ∑ ∑
𝑍𝐴

|𝐫𝑖−𝐑𝐴|
𝑀
𝐴=1

𝑁
𝑖=1 , and repulsive potential due to the electron-electron and 

nucleus-nucleus interactions V̂𝑒 = ∑ ∑
1

|𝐫𝑖−𝐫𝑗|

𝑁
𝑗>𝑖

𝑁
𝑖=1 , and  V̂𝑛 = ∑ ∑

𝑍𝐴𝑍𝐵

|𝐑𝐴−𝐑𝐵|
𝑀
𝐵>𝐴

𝑀
𝐴=1 , 

respectively. Here, 𝐴 and 𝐵 run over 𝑀 nuclei while 𝑖 and 𝑗 denote 𝑁 electrons in a 

system. These equations are in atomic units, in which the fundamental constants 𝑚, 𝑒, ℏ, 

etc. are all equal to 1, unit of energy is Hartree, and unit of length is Bohr. So, one can 

write Ĥ as Equation 2-3. 

Ĥ =  Τ̂𝑒 + Τ̂𝑛 + V̂𝑒𝑥𝑡 + V̂𝑒 + V̂𝑛      Equation 2-3 

Basically, solving Schrödinger equation means finding the wave function 

Ψ({𝐫i }, {𝐑I }, 𝑡). After knowing the wave function, one can, in principle, measures any 

desired observable Α; hence, getting the property of a system. Equation 2-4 gives the 

average value of the operator Α, for a normalized wave function. Accordingly, 

Schrödinger equation can be solved only for simple systems, e.g., Hydrogen atom; but for 

many-body system, approximations should be made, e.g., Born–Oppenheimer 

approximation. 

〈Α̂〉 = ∫ Ψ∗(𝐫)Â (𝐫)Ψ(𝐫)𝑑𝐫       Equation 2-4 
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2.2.2. Born–Oppenheimer (BO) approximation. 

In 1927, Max Born and J. Robert Oppenheimer proposed that the total wave 

function Ψ(𝐫, 𝐑) of a molecule can be separated into the wave functions of nuclei 𝜒(𝐑) 

and electrons 𝜓(𝐫) (Equation 2-5) due to the large difference relatively between masses 

and time scale for the nuclei and electrons in the system.  

Ψ(𝐫, 𝐑) = 𝜓(𝐫)𝜒(𝐑)       Equation 2-5 

Based on that, BO approximation treated the coordinates of nuclei and electrons 

in a system as fixed and dynamic coordinates, respectively. Therefore, one can neglect 

the kinetic energy of nuclei and consider the nucleus-nucleus interaction as a constant. 

Then, the Hamiltonian of the system after BO approximation becomes: 

Ĥ =  Τ̂𝑒 + V̂𝑒𝑥𝑡 + V̂𝑒        Equation 2-6 

2.2.3. Hartree-Fock (HF) approximation 

The electron-electron interaction V̂𝑒, in Equation 2-6, is the most complicated 

term to be calculated. Therefore, to simplify the Hamiltonian Ĥ, V̂𝑒 must be 

approximated. In 1928, Hartree proposed his approximation, although Schrödinger 

equation was only published in 1926, that the total wave function consists of single 

particle functions for each electron after he supplanted V̂𝑒 by a static potential. 

Consequently, the electronic wave function for a system with 𝑁 electrons 𝜓(𝐫1, 𝐫2, … 𝐫N) 

becomes a product of 𝑁 single wave function: 

𝜓(𝐫1, 𝐫2, … 𝐫N) =  𝜙1(𝐫1) 𝜙2(𝐫2) … 𝜙𝑁(𝐫N)     Equation 2-7 



19 

 

Despite that Hartree’s approximation simplifies Ĥ, 𝜓(𝐫1, 𝐫2, … 𝐫N) suffers from 

not being antisymmetric since it does not obey Pauli's exclusion principle. To solve this 

problem, a correction made by Fock in which he replaced 𝜓(𝐫1, 𝐫2, … 𝐫N) by staler 

determinant type wave function 𝜓(𝐫1, 𝐬1, 𝐫2, 𝐬2, … , 𝐫N, 𝐬N): 

𝜓(𝐫1, 𝐬1, 𝐫2, 𝐬2, … , 𝐫N, 𝐬N) =
𝟏

√𝑵!
𝑑𝑒𝑡 [

𝜙1(𝐫1, 𝐬1) ⋯ 𝜙1(𝐫N, 𝐬N)
⋮ ⋱ ⋮

𝜙𝑁(𝐫1, 𝐬1) ⋯ 𝜙𝑁(𝐫N, 𝐬N)
]  Equation 2-8  

HF approximation is very accurate and was the mainstay of electronic structure 

calculations, especially in quantum chemistry, for decades. However, it neglects the 

correlation energy, the energy associated with motion of the electrons being correlated; 

so that they stay apart from each other. Moreover, HF approximation is suitable for just 

small systems where the set of 𝑁 single wave function can be solvable. 

2.2.4. The Hohenberg- Kohn (HK) theorems 

The cornerstone of DFT was made in 1964, after the two Hohenberg- Kohn (HK) 

theorems emerged. The first theorem states: “The ground-state energy from 

Schrödinger’s equation is a unique functional of the electron density.” [47] In other 

words, there is a direct dependence between the ground-state wave function and the 

electron density. The significance of this theorem is that it replaces 3N dimensional 

problem with 3-dimensional density of ground state electron.  

The second theorem states: “The electron density that minimizes the energy of the 

overall functional is the true electron density corresponding to the full solution of the 

Schrödinger equation.”[47] Taking an assumption that the functional is known, one needs 

to keep changing the electron density until the energy from the functional is minimized. 
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Despite the importance of HK theorems, which proved the existence of a functional of 

the electronic density 𝜌, it does not show what that functional is or how to find it. 

2.2.5. Kohn-Sham (KS) or Schrödinger - like equations 

In the early models to solve Schrödinger equation, such as Thomas -Fermi and 

Thomas-Fermi-Dirac model, most errors came from ignoring the discontinuities in the 

shell structure of the electrons that cause a significant impact on kinetic energy. Kohn 

and Sham overcame this issue by assuming that, for an 𝑁 electron system, the electron 

density 𝜌(𝐫) equals to a sum of one-electron orbitals 𝜙𝑖(𝐫): 

𝜌(𝐫) = ∑ |𝜙𝑖(𝐫)|2𝑁
𝑖=1         Equation 2-9 

Then, the discontinuities in the shells become natural outcomes of the solutions [48]. 

Hence, KS model can reduce the Hamiltonian in Equation 2-6 to:  

H𝐾�̂� =  Τ̂𝑒 + V̂𝑒𝑓𝑓        Equation 2-10 

Where V̂𝑒𝑓𝑓 is the effective potential which is: 

V̂𝑒𝑓𝑓 = V̂𝑒𝑥𝑡 + V̂𝑋𝐶 + ∫
𝜌(𝐫)́

|𝐫−�́�|
𝑑�́�      Equation 2-11 

Here, V̂𝑋𝐶 =
𝛿𝐸𝑥𝑐

𝛿𝜌(𝐫)
 and 𝐸𝑥𝑐 is the exchange-correlation function of choice. Then, the time-

independent Schrödinger equation for 𝑁 electrons system is reduced to that for a single 

electron system by using the Hamiltonian in Equation 2-10: 

H𝐾�̂�ϕ𝑖(𝐫) = ϵ𝑖ϕ𝑖(𝐫)        Equation 2-12 
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Which is similar to Schrödinger equation, but it includes the effective potential V̂𝑒𝑓𝑓 

instead of the potential V̂. For this reason, many authors call it the Schrödinger-like 

equation. 

Up to date, the start point of most DFT calculations is by using the KS model, 

which implements an iterative method as shown in Figure 2-1. The iterative method starts 

with an initial guess of a set of wave functions 𝜙𝑖
0; afterward, to calculate the electron 

density 𝜌0 by following Equation 2-9. Then, by using this initial electron density 𝜌0, one 

can form KS Hamiltonian (Equation 2-10); then, use it to solve KS equations (Equation 

2-12). At this point, the solution contains a set of 𝑁 orbital wave functions 𝜙 and 1-

electron orbital energies ϵ, which can be used to calculate a new electron density 𝜌 ,then 

V̂𝑒𝑓𝑓. Next, using this new V̂𝑒𝑓𝑓 to solve KS equations again; and the process continues in 

a loop until a self-consistent 𝜌 is found, which means that the electron density 𝜌 is 

converged [49]. 
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Figure 2-1: Schematic diagram of the iterative method in KS model [48]. 

2.2.6. The exchange-correlation potential 

As has been noted in Equation 2-11, getting V̂𝑒𝑓𝑓 depends somehow on the choice 

of exchange-correlation potential V̂𝑋𝐶. The most popular choices of V̂𝑋𝐶  are the local 

density approximation (LDA) and generalized gradient approximation (GGA). In LDA, 

the exchange-correlation energy is just the adding of the exchange energy 𝐸𝑥, to the 

correlation energy 𝐸𝑐: 
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𝐸𝑥𝑐,𝐿𝐷𝐴 =  𝐸𝑥 + 𝐸𝑐        Equation 2-13 

Here, 𝐸𝑥 and 𝐸𝑐 are based on the uniform electron density. Therefore, LDA works well 

with systems of local charge density. On the other hand, GGA is still local-density 

approximation; but based on the gradient of the electron density: 

𝐸𝑥𝑐,𝐺𝐺𝐴 = ∫ 𝜌(𝐫)𝜖𝑥𝑐(𝜌, 𝛁𝜌)𝑑𝐫      Equation 2-14 

Where 𝜵𝜌(𝒓) is the gradient of 𝜌(𝒓) [50, 51]. 

LDA and GGA give the structural properties of materials with reasonable 

accuracy. Typically, for lattice constant, LDA underestimates lattice constant by about 1-

2%, while GGA slightly overestimates lattice constant by about 1-3%. For the cohesive 

energy, similarly, both LDA and GGA overestimate cohesive energies, though GGA 

yields results that are closer to the experiment than LDA. Indeed, there is no theory that 

explains the difference between the results of LDA and GGA. Furthermore, since DFT is 

based on theorems that employed ground state energy, it gives inaccurate results in 

calculating the excited states energy. Consequently, DFT yields to underestimate band 

gaps by a factor of 2 in most semiconductor materials. However, DFT does very well in 

determining the electron density, i.e., electron localization. 

There are several flavors of GGA depending on the parameterization. The most 

popular GGA flavors are Perdew-Wang 91(PW91) and Perdew-Burke-Ernzerhof (PBE) 

[51]. The DFT outcomes vary with each GGA flavor, hence, it is necessary to state which 

type of GGA flavor has been used in any project. This dissertation has adopted GGA-

PBE approximation in all projects included.  
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2.3. Stability analysis  

When designing a new material, it is appropriate to check the stability of this new 

material before implementation of any property. This section scans some stabilities 

categories such as structural, dynamic, etc., along with stability analysis methods. 

2.3.1. Structural stability analysis 

It is important to get an optimal structure, i.e., structures with local energy 

minimum during the optimization process. Getting an optimal structure is one way to 

check structural stability. In the optimization process, one performs a relaxation 

calculation, in which a computer runs a code based on DFT (e.g., VASP code) to solve 

time-independent Schrödinger equation for a system (Equation 2-1) to get the total 

ground state energy 𝐸𝑡𝑜𝑡: 

𝐸𝑡𝑜𝑡 = ∑ 𝑓𝑖𝜖𝑖 + 𝐸𝑖𝑜𝑛𝑖         Equation 2-15  

Here, the First term, 𝑓𝑖𝜖𝑖, is the band energy, where 𝑓𝑖 is the Fermi occupation function; 

while the second term, 𝐸𝑖𝑜𝑛, is the total ionic energy. Hence, the force on each atom, 𝐅𝐢, 

can be obtained by applying Hellmann-Feynman theorem [52]. 

𝐅𝐢 =  −∇𝒊𝐸𝑡𝑜𝑡         Equation 2-16 

Thereafter, a new set of coordinates of the system in this molecular dynamic (MD) step 

can be predicted based on calculating total ground state energy, forces, etc., which will be 

used in the next MD step. The MD calculation keeps continuously in an iteration way by 

using the Congregate-Gradient algorithm that implemented in VASP. This relaxation 

process ends and delivers a fully relaxed system when the defined energy and force 
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criteria between adjacent MD steps have been reached, e.g., 10−4 eV for energy and 

10−3 eV/Å for force. 

There are two methods to optimize the lattice constants and interlayer distance to 

get an optimal structure: the manual and automatic method. These optimization methods 

depend on which principal degrees-of-freedom are allowed to change during the 

relaxation process. In the manual method, one uses ISIF = 2 tag in VASP code which 

allows changing the ionic positions only and run the relaxation calculation as mentioned 

above within a range of lattice constant values. Then, the energy minimum value should 

be taken since it is associated with the optimal structure and indicates the energetic 

stability of structure as illustrated in Figure 2-2. 

In the automatic method, on the other hand, one releases all restrictions on 

degrees-of-freedom by using ISIF = 3 tag in the VASP code, in which ionic positions, 

cell volume, and cell shape are allowed to change simultaneously. Then, the optimal 

structure can be obtained as a result of the relaxation process. Note that the automatic 

method, in contrast to the manual method, is more expensive and time consuming. 
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Figure 2-2: Plot of energy vs. lattice constant for 𝐺𝑒𝐶 sheet in the manual optimization 

method, where the lattice constant a is scaled by the ratio of 𝑎/𝑎0 with 𝑎0 = 3.235 Å, 

and a red circle represents the optimized lattice constant 𝑎∗ =1.01𝑥3.235Å = 3.267 Å 

associated with the minimum energy.  
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2.3.2. Dynamic stability analysis 

The stabilized structure from the relaxation process discussed above needs further 

work to check its dynamic stability. To realize it, one needs to screen lattice vibration 

frequencies in particular, phonon dispersion spectrum, i.e., any imaginary value for lattice 

vibration frequencies means unstable structure. 

2.3.2.1. Lattice vibration (Phonon Dispersion)  

Lattice vibration, which is the oscillations of atoms in a solid about the 

equilibrium position, plays a significant role in understanding sound velocity, thermal, 

elastic, and optical properties of materials. In a crystal, any displacement for an atom 

from its equilibrium position will raise forces on all other atoms within the crystal. These 

forces will create phonons in terms of second quantization. Analysis of phonon 

frequencies is an important tool to determine the material physical properties such as 

thermal properties, mechanical properties, phase transition, and superconductivity [53, 

54].  

From computational aspect, one can obtain a phonon spectrum by using Phonopy 

code, a robust and easy-to-use open-source code, which implements first principles 

phonon calculations with a finite displacement method [55]. This approach is based on 

the harmonic approximation, in which the dynamical property of atoms is obtained by 

solving eigenvalue problem of dynamical matrix, 𝐃(𝐪): 

𝐃(𝐪)𝐞𝐪𝑗 = 𝜔𝐪𝑗
2 𝐞𝐪𝑗  , or ∑ 𝐷𝜅�́�

𝛼𝛽
𝛽�́� (𝐪)𝑒𝐪𝑗

𝛽�́�
= 𝜔𝐪𝑗

2 𝑒𝐪𝑗
𝛼𝜅    Equation 2-17 

With matrix element: 
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𝐷𝜅�́�
𝛼𝛽(𝐪) = ∑

Φ𝛼𝛽(𝑂𝜅,𝑙′𝜅′)

√𝑚𝜅𝑚𝜅′
𝑒𝑖𝐪.[𝐫(𝑙′𝜅′)−𝐫(0𝜅)]

𝑙′      Equation 2-18 

Where 𝛼, 𝛽 are the Cartesian indices, 𝑚𝜅 is the mass of the atom 𝜅, 𝐪 is the wave vector, 

and 𝑗 is the band index. 𝜔𝐪𝑗 and 𝐞𝐪𝑗 are the phonon frequency and polarization vector of 

the phonon mode labeled by a set { 𝐪, 𝑗}, respectively. Φ𝛼𝛽(𝑙𝜅, 𝑙′𝜅′) is an element of 

second - order force constants; and it obtained within the harmonic approximation in 

limit of small displacements at constant volume by: 

Φ𝛼𝛽(𝑙𝜅, 𝑙′𝜅′) =
𝜕2Φ

𝜕𝑢𝛼(𝑙𝜅)𝜕𝑢𝛽(𝑙′𝜅′)
= −

𝜕𝐹𝛽(𝑙′𝜅′)

𝜕𝑢𝛼(𝑙𝜅)
     Equation 2-19  

Where Φ is the crystal potential energy. As an example, the phonon band structure and 

phonon density of states (DOS) of pristine 𝐺𝑒𝐶 sheet are shown in Figure 2-3. 

The phonon DOS is defined as: 

 𝑔(𝜔) =
1

𝑁
∑ 𝛿(𝜔 − 𝜔𝐪𝑗)𝐪𝑗        Equation 2-20 

where 𝑁 is the number of unit cells in crystal.  
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Figure 2-3: (a) Phonon band structure and (b) DOS of pristine 𝐺𝑒𝐶 sheet. 

At equilibrium, the structure is dynamically stable when the potential energy 

increases with any atomic displacement. Within the harmonic approximation, 𝐃(𝐪), 

Equation 2-17, is a Hermitian matrix which must have real eigenvalues 𝜔𝐪𝑗
2 . Therefore, 

when all phonons have real and positive frequencies that indicates a dynamic stability of 

the structure (such as pristine 𝐺𝑒𝐶 sheet in Figure 2-3 (a)). Under virtual thermodynamic 

conditions, one might have an imaginary or negative frequency which indicates 

dynamical instability of the system, which means that the corrective atomic 

displacements of Equation 2-17 reduce the potential energy in the vicinity of the 

equilibrium atomic positions.  
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2.3.2.2. Thermal dynamics 

It is important to know thermal properties of a system. The phonons’ canonical 

distribution in statistical mechanics within the frame of harmonic approximation will help 

in determining several thermal properties, such as constant volume heat capacity 𝐶𝑉, 

Helmholtz free energy 𝐅, and entropy S. All what one needs to know is the phonon 

frequencies over Brillouin zone. Then, compute the energy 𝐸 is straight forward by using 

the following relations: 

𝐸 = ∑ ℏ𝜔𝐪𝑗𝐪𝑗 [
1

2
+

1

𝑒
(

ℏ𝜔𝐪𝑗
𝑘𝐵𝑇

)
−1

]       Equation 2-21 

where T, 𝑘𝐵, and ℏ are the temperature, the Boltzmann constant, and the reduced 

Planck constant, respectively. Once one has the energy 𝐸 and phonon frequencies 𝜔𝐪𝑗, all 

thermal properties are straight forward by using the thermodynamic relations:  

𝐶𝑉 = ∑ 𝐶𝐪𝑗 = ∑ 𝑘𝐵(
ℏ𝜔𝐪𝑗

𝑘𝐵𝑇
)2

exp(
ℏ𝜔𝐪𝑗

𝑘𝐵𝑇
)

[exp(
ℏ𝜔𝐪𝑗

𝑘𝐵𝑇
)−1]2

𝐪𝑗𝐪𝑗      Equation 2-22, 

𝐅 =
1

2
∑ ℏ𝜔𝐪𝑗 +𝐪𝑗 𝑘𝐵𝑇 ∑ ln [1 −𝐪𝑗  exp(

−ℏ𝜔𝐪𝑗

𝑘𝐵𝑇
)    Equation 2-23,  

S =
1

2𝑇
∑ ℏ𝜔𝐪𝑗𝐪𝑗 coth [

ℏ𝜔𝐪𝑗

2𝑘𝐵𝑇
] − 𝑘𝐵 ∑ ln𝐪𝑗 [2 sinh [

ℏ𝜔𝐪𝑗

2𝑘𝐵𝑇
]]  Equation 2-24. 

As an example, Figure 2 4 illustrates C_V (green curve), F (red curve), and S 

(blue curve) as a function of T of pristine for GeC sheet. 
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Figure 2-4: An illustration of the constant volume heat capacity 𝐶𝑉 (green curve), 

Helmholtz free energy 𝐅 (red curve), and entropy S (blue curve) as a function of 

temperature T of pristine for 𝐺𝑒𝐶 sheet. 

2.4. Electronic properties analysis 

2.4.1. Band structure and Density of States (DOS) 

In solid state physics, band structure refers to the way that energies of all the 

states change with k points. Because k is a 3D vector, it is common just to plot the 

energies along special high-symmetry directions. The energies along these lines represent 

either maximum or minimum energies for the bands across the whole Brillouin zone.  

Because the lowest N states are occupied by electrons, at 0K there is an energy 

below which all states are occupied, and above which all states are empty; this is the 

Fermi energy (𝐸𝐹𝑒𝑟𝑚𝑖). Many band-structures are shifted so that the 𝐸𝐹𝑒𝑟𝑚𝑖 is at zero, but 

if not, the 𝐸𝐹𝑒𝑟𝑚𝑖 will usually be marked clearly. 

In semiconductors and insulators there is a region of energy just above the Fermi 

energy which has no bands in it – this is called the band gap. The band structure is an 
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effective way to visualize the wavevector-dependence of the energy states, the band gap, 

and the possible electronic transitions. However, the band structure is not a dependable 

guide here, since it only tells us about the bands along high symmetrical directions. 

The actual transition probability depends on how many states are available in both 

the initial and final energies. Therefore, we need the full density of states across the 

whole Brillouin zone, not just the special directions. We must sample the Brillouin zone 

evenly, just as we do for the calculation of the ground state. Figure 2-5 shows the band 

structure and the DOS of 𝐺𝑒𝐶 sheet, the first Brillouin zoon is inserted.  

 

Figure 2-5:The band structure (left panel) and the DOS (right panel) of 𝐺𝑒𝐶 sheet, the 

first Brillouin zoon is inserted. The Fermi level is set to be zero. The red and blue color 

(curves and balls/triangles) denote the contributions from C and Ge atoms, respectively. 
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2.4.2. Charge distribution (with Bader analysis) 

The materials properties are often described by analyzing charges distribution on 

atoms or molecules. The electronic properties, for example, can be understood by 

analyzing the electronic charge distribution. In theoretical calculations, this is not an easy 

task since electronic charge density is continuous in quantum mechanical theory-based 

calculation which makes distinguishing electrons within atoms or molecules very 

difficult. Therefore, there are several schemes, based on electronic orbitals or charge 

density, which have been proposed. 

This dissertation adopts the charge density scheme that is based on Bader idea 

[56] and employed Bader decomposition of charge density algorithm proposed by G. 

Henkelman et al. [57], referred as Bader scheme or analysis. The theory behind Bader 

scheme is that space is divided into atomic regions (referred as Bader regions). Each 

dividing surface is at a minimum in the charge density, i.e., the gradient of the charge 

density is zero along the surface normal. Each Bader region often contains one nucleus. 

Then, the estimated total charge on an atom can be obtained by integrating the electronic 

density within the Bader region. Finding the critical points of the charge density where 

∇𝜌 = 0 , followed by the construction of the zero-flux surfaces which intersect these 

points and then integration of the electronic density within each region, is expensive 

computationally and makes the complexity of the algorithms. In Bader decomposition of 

charge density algorithm, therefore, only steepest descent trajectories confined to the grid 

points are used to identify the Bader regions which make the algorithms robust and fast, 

because in this case the computational effort scales linearly with the number of grid 

points. 
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Once one performs Bader analysis and gets charge distribution, many electronic 

properties can be inferred after that.  

Table 2-1 shows Bader charges for carbon 𝐶 and germanium 𝐺𝑒 in the 𝐺𝑒𝐶 sheet, 

where one can infer that there is a charge (~1.3623e) transfer from 𝐺𝑒 atom to 𝐶 atom 

when they combine to form a binary compound 𝐺𝑒𝐶 monolayer. 

Table 2-1:The electronegativity, Bader charge, and charge transfer for carbon 𝐶 and 

germanium 𝐺𝑒 in 𝐺𝑒𝐶 monolayer. 

 

2.4.3. Charge redistribution (with differential of charge density analysis) 

In material designing, it is essential to understand how the charges redistribute 

among the system constituents. Differential of charge density analysis (DCD) is a useful 

method that helps tracking charge density in the combined system. DCD analysis applies 

the following relation: 

∇𝜌𝐴𝐵 = 𝜌𝐴𝐵 − 𝜌𝐴 − 𝜌𝐵       Equation 2-25 

where 𝜌𝐴𝐵 is the charge density of combined system, 𝜌𝐴,and 𝜌𝐵 are the charge density of 

subsystem 𝐴 and 𝐵, respectively. To illustrate the method, Figure 2-6 provides an 

example of the DCD for the 𝑆𝑖𝐶/𝐺𝑒𝐶 LH combined by 𝐺𝑒𝐶 and 𝑆𝑖𝐶 sheets. Namely, 

𝜌𝑆𝑖𝐶  (𝜌𝐺𝑒𝐶) was evaluated by removing 𝐺𝑒𝐶 (𝑆𝑖𝐶) domain from the relaxed combined 

system and calculating the density of states without further relaxation. Thus, the DCD 

tracks the charge transfer between layers to visualize the interaction scenario made inside 

Atom C Ge 

Electronegativity 2.55 2.01 

Bader charge (e) 5.362 2.6376 

Charge transfer (e) 1.3623 -1.3623 
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the system and determines its strength. As a result, one can infer that the charge transfer 

occurs along the interface in 𝑆𝑖𝐶/𝐺𝑒𝐶 LH (guided between the green dashed lines in 

Figure 2-6) where the electron accumulation and depletion are represented by the yellow 

and blue contours, , respectively  (with the isosurface of 4.0 𝑥10−4 𝑒/Å3). 

 

 

Figure 2-6: (a) and (b) show the top (upper) and side (bottom) views of DCD of 1𝑥4 

𝑆𝑖𝐶/𝐺𝑒𝐶 hybrid LH with Armchair (a) and Zigzag (b) interfaces. The electron 

accumulation and depletion are represented by the yellow and blue contours, respectively 

(with the isosurface of 4.0 𝑥10−4 𝑒/Å3). The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, blue, 

and grey spheres, respectively. 
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2.4.4. Work function (band alignment) 

Work function is an important property for phenomena related to applications 

where electron transfer between two different materials in contact (e.g., LED, solar cell, 

battery, etc.) or from a material into vacuum (electron emission) (e.g., collider, 

photodetector, electron lithography), etc. as shown in Figure 2-7 [58]. All the projects 

involved in this dissertation lay in these two categories which need imperative inspection 

of work function. Additionally, work function as a surface property governs many surface 

related phenomena, such as the ideal Schottky barrier height (SBH) [59], the potential of 

oxidation in fuel cells [60], and the dissociation of molecules on catalytic metals [61, 62]. 

Figure 2-7: Some applications related to electron emission (left), and electron transfer 

(right) phenomena. 
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By definition, work function Φ, in general, is equal to the energy difference 

between the  𝐸𝐹𝑒𝑟𝑚𝑖 and the electrostatic potential in vacuum level (𝐸𝑣𝑎𝑐𝑢𝑢𝑚) at the 

surface of the material at zero temperature [58]: 

Φ =  𝐸𝑣𝑎𝑐𝑢𝑢𝑚 −  𝐸𝐹𝑒𝑟𝑚𝑖       Equation 2-26 

The definition of work function is sensitive to the type of solid. More precisely, 

for a metal, the work function is the minimum energy required to extract one electron. 

For a semiconductor or insulator, however, the minimum energy required to extract one 

electron is the ionization energy (IE) not the work function. To evaluate Φ, one needs to 

determine 𝐸𝐹𝑒𝑟𝑚𝑖 and 𝐸𝑣𝑎𝑐𝑢𝑢𝑚. The 𝐸𝐹𝑒𝑟𝑚𝑖 is computed directly in DFT theory for 

metals, but this is not the case for semiconductor. In materials with band gap, 

experimentalists usually define 𝐸𝐹𝑒𝑟𝑚𝑖 as the middle of the band gap. However, by 

standard DFT calculations, the band gap is usually under-estimated; therefore, 𝐸𝐹𝑒𝑟𝑚𝑖 is 

typically calculated from the highest occupied eigenvalue in DFT calculations. 𝐸𝑣𝑎𝑐𝑢𝑢𝑚, 

on the other hand, can be calculated from the averaged electrostatic potential. 

 Work function can also be utilized to determine many crucial factors such as 

band alignment. In practice, it is important to study the band alignment since all 

applications require contact between materials starting from a switch (as a simple 

application) to a solar cell (as a complicated one). In a metal– n-type semiconductor 

interface, for example, the Ε𝐹 of the metal aligns with that of the semiconductor in order 

to realize thermodynamic equilibrium in the electronic system. Here, the band is bending 

at the interface due to electron redistribution or the interface potential where the energy 

of band bending ΔΕ equals to the difference in the work function between the metal 𝜙𝑚 

and semiconductor 𝜙𝑠. Consequently, the SBH, which is the activation energy needed to 
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excite an electron in the Ε𝐹 of the metal to the minimum conduction band of the 

semiconductor Ε𝐶 , is defined as  SBH = 𝜙𝑚 − EA  , where EA is the electron affinity of 

the semiconductor (see Figure 2-8) [58]. Therefore, for a metal–semiconductor interface 

in a switch, a larger metal work function is preferred, whereas a low metal work function 

is preferred in solar cell. 

 

Figure 2-8: Plot of the band alignment in a system with metal– n-type semiconductor 

interface[58]. 



39 

 

CHAPTER III 

3. STRAIN EFFECT ON 2D BINARY COMPOUNDS OF GROUP IV ELEMENTS: 

𝑆𝑖𝐶, 𝐺𝑒𝐶, AND 𝑆𝑖𝐺𝑒 

3.1. Introduction 

In real-life applications, there is a strain that comes from substrate, interface, 

thermal vibration, etc. This strain has a regarded influence on the structural and electronic 

material properties which must be examined. Furthermore, a strain engineering is a 

beneficial strategy that can be applied to materials over a wide range to tune their 

structural and physical properties, e.g., electronic band structures, charge transition, bond 

length, angle, strength, and positions of atoms [63-69]. 

2D materials, in general, can endure a various value of strain exceeding the elastic 

deformation limit (i.e., strain ≤ 1 %). Besides, those atomic thin materials exhibit 

flexibility and sensitivity to the applied strain which drives, currently, a strong interest in 

studying and understanding how their electronic properties can be modulated by applying 

a strain. Graphene, as an example, shows remarkable properties, and further, modified 

electronic properties after the strain is applied. Graphene has been reported to create 

polarized carrier puddles and induce pseudomagnetic fields after the strain has been 

applied [70-72]. However, the lack of band gap limits graphene from the use in electronic 

devices. 
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Beyond graphene, there is a group of binary compounds sheets made of group IV 

elements such as 𝐺𝑒𝐶, 𝑆𝑖𝐶, and 𝑆𝑖𝐺𝑒. Those binary compound sheets possess interesting 

electronic properties, such as a direct (indirect) band gap in 𝐺𝑒𝐶 (𝑆𝑖𝐶), respectively 

(totally differ from graphene which is gapless). Hence, strain engineering in such binary 

compounds may provide a fertile library to further explore effects and phenomena.  

Triggered by all the above, this project has been conducted to study the strain 

effect on stability and electronic properties of 𝐺𝑒𝐶, 𝑆𝑖𝐶, and 𝑆𝑖𝐺𝑒 binary compounds. 

3.2. Computational methods 

This project has been carried out by means of first principles calculations within 

DFT [73, 74], which was implemented in VASP [46]. The core-valance interaction is 

described by the projector augmented wave (PAW) algorithm [75]. The GGA approach 

[76] with PBE functional [51] is utilized to describe the exchange-correlation 

interactions. To avoid the interaction caused by the periodic boundary condition, a 

vacuum region has been set as 15 Å between two successive slabs. The Monk horst -Pack 

scheme [77] for the k-point mesh centered at gamma point was applied to sample the 

reciprocal space for geometric optimization and electronic properties calculations. A 

cutoff energy of 400 eV was applied for all calculations for 𝑆𝑖𝐶 and 𝐺𝑒𝐶, while for 𝑆𝑖𝐺𝑒 

calculations the cutoff energy was set to be 245 eV. Conjugate gradient algorithm [78] 

was used in the whole relaxation processes and all systems are relaxed until the force on 

each atom is less than 10−3 eV/Å, and the energy convergent reached to the criteria of 

10−5eV. All systems, e.g., 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒, are constructed as a monolayer with 1𝑥1 
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unit cell. The primitive lattice vectors in units of the lattice constant (a) are (1,0,0), (−1/2, 

√3/2, 0), and (0, 0, c/a) for a hexagonal lattice. 

The dynamic stability of the three monolayers is studied by performing the 

phonon band structure calculations within the density-functional perturbation theory 

(DFPT) [79] implemented in phonopy code [79]. The Bader analysis scheme [57] was 

employed to analyze charge redistribution and charge transfer between atoms. 

3.3. Structural properties (optimization and stability) 

Figure 3-1 shows fully relaxed structures of 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayer. 

Clearly, 𝑆𝑖𝐶 (𝐺𝑒𝐶) monolayer forms a flat hexagonal lattice with optimized lattice 

constant/bond length of 3.089 Å (3.267 Å)/1.7834 Å (1.886 Å), respectively, which agree 

with other DFT calculations [80-86] and experiment measurements [87-89]. These results 

are, further, close to lattice constant (2.458 Å) and bond length (1.42 Å) of graphene 

which give an explanation to the flatness structure of 𝑆𝑖𝐶 and 𝐺𝑒𝐶 monolayers. Namely, 

the shorter bond length between 𝑆𝑖 (𝐺𝑒) and 𝐶 atom in 𝑆𝑖𝐶 (𝐺𝑒𝐶) sheet reinforce 𝑠𝑝2 

hybridization that leads to form a planar sheet.  

On the other hand, 𝑆𝑖𝐺𝑒 monolayer is a 2D buckled honeycomb structure with 

optimized lattice constant and bond length of 3.95 Å and 2.357 Å, respectively; and the 

buckling height (which is the distance between the top (𝑆𝑖) and bottom (𝐺𝑒) atoms) is 

0.59086 Å. These findings match closely with the reported ones [90, 91].  
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Figure 3-1:Atomic visualization of the top (bottom) and side (top) views of the lattice 

structures of 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayers. The red, green, and brown balls represent 

𝑆𝑖, 𝐺𝑒, and 𝐶 atoms, respectively. The blue rhombic represents the 1𝑥1 unit cell. 

The bond length in 𝑆𝑖𝐺𝑒 is much longer compared with that of graphene which 

prevents 𝑆𝑖𝐺𝑒 from forming strong bonds, thus leading to deviations from the 𝑠𝑝2 

hybridization. Therefore, 𝑆𝑖𝐺𝑒 adopt buckled hexagonal honeycomb structures with two 

triangular sublattice-stacks. To stabilize it in a hexagonal arrangement, the buckling 

between 𝑆𝑖 and 𝐺𝑒 atoms brings them closer together to enable a stronger overlap of their 

bonding of 𝑝𝑧 orbitals, resulting in a mixed 𝑠𝑝2– 𝑠𝑝3 hybridization since the buckling 

height is related to the bond angle between the framework atoms and the hybridization of 

the atomic orbitals.  

From the stability perspective, among the three monolayers, 𝑆𝑖𝐶 is energetically 

the most stable, followed by 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 is the least stable. Additionally, from the 

dynamical stability standpoint, these three monolayers, 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒, are 

dynamically stable as sheet structures (i.e., no imaginary phonon frequencies are 

observed within the first Brillouin zone). The phonon band structures for the three 

monolayers are shown in Figure 3-2 
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Table 3-1: The optimized Lattice constant, bond length, buckling, bond angle, and 

cohesive energy per atom for each system. 

 

 

Figure 3-2: The phonon band structure of (a) 𝑆𝑖𝐶, (b) 𝐺𝑒𝐶, and (c) 𝑆𝑖𝐺𝑒 monolayer over 

the entire Brillouin zone. The labels of LA, TA, and ZA (LO, TO, and ZO) denote 

longitudinal, transverse, and out-of-plane acoustic (optic) branches, respectively. 

 

 

system 

Optimized 

Lattice constant 

Bond 

length 

Buckling Bond angle 

Cohesive 

Energy/atom 

𝑆𝑖𝐶 3.08Å 1.783 Å 0 Å 1200
 −6.8650532 𝑒𝑉 

𝐺𝑒𝐶 3.267 Å 1.886 Å 0 Å 1200
 −5.7701598 𝑒𝑉 

𝑆𝑖𝐺𝑒 3.951 Å 2.357 Å 0.591 Å 113.940
 −4.19655335 𝑒𝑉 
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3.4. Electronic properties  

3.4.1. Charge transfer and electron localization function (ELF) 

By using Bader scheme [56, 57], the charge distribution around each atom of 𝑆𝑖𝐶, 

𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayers has been analyzed. Based on that, Figure 3-3 visualizes the 

total charge density of the three monolayers (yellow contour) on a top and side views for 

each monolayer. The blue arrows (Figure 3-3) represent the direction of charge transfer 

and red numbers represent the quantity of charge between atoms in a binary compound. It 

turns out that 𝑆𝑖𝐶, among the three monolayers, has the largest amount of charge transfer 

(2.095e) from 𝑆𝑖 atom to 𝐶 atom, followed by 𝐺𝑒𝐶 with 1.362e charge transfer from 𝐺𝑒 

atom to 𝐶 atom, and the last is 𝑆𝑖𝐺𝑒 with just 0.0618e charge transfer from 𝑆𝑖 atom to 𝐺𝑒 

atom. This apparent behavior indicates that 𝑆𝑖 − 𝐶 bonds are more ionic-like covalent 

bonding, while 𝐺𝑒 − 𝐶 bonds are less ionic-like covalent boding. Furthermore, the trend 

of charge transfer can be explained by the electronegativity where the large charge 

transfer is related to the large electronegativity difference between atoms, note that the 

electronegativity for the three atoms is 2.55, 2.01, and 1.9 for 𝐶, 𝐺𝑒, and 𝑆𝑖, respectively. 

The amount of the charge transfer between two atoms can also inferred from the bond 

length where the longer bond length between atoms, the less charge transfer between 

atoms will be, see 3rd column of Table 3-1 
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Figure 3-3: Top (left) and side (right) views of optimized 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 

monolayers. Optimized lattice constants (𝑎) and bond lengths (𝑏) are indicated by 

numbers. The total charge density contour was depicted (yellow) and the Bader charge 

transfer is indicated by the blue arrows and red numbers. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted 

by brown, blue, and grey spheres, respectively. 
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In Addition, the electronegativity difference effect appears on the localization of 

the electron, where 𝑆𝑖𝐶 monolayer shows more localized behavior, 𝑆𝑖𝐺𝑒 monolayer 

shows more delocalized behavior, and 𝐺𝑒𝐶 monolayer behaves in between (see Figure 

3-4 where the yellow contour represents electron localization function ELF with 

isosurface value of 0.63 e/Å3).  

Figure 3-4: Top (left) and side (right) views of optimized (a) 𝑆𝑖𝐶, (b) 𝐺𝑒𝐶, and (c) 𝑆𝑖𝐺𝑒 

monolayers with ELF depicted in yellow contour. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by 

brown, blue, and grey spheres, respectively. 
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3.4.2. DOS and band structure  

Due to the success of band theory for describing many electronic properties of 

solids, DOS and band structure calculations have been conducted during the simulation 

after each system was fully optimized. The results are presented in Figure 3-5 (i.e., the 

DOS (right panels) and band structure (left panels), respectively). The red arrows in the 

band structures indicate directions from the tops of the maximum valence bands to the 

bottoms of the conduction bands, where 𝐸𝐹𝑒𝑟𝑚𝑖 shifted to zero energy. Apparently, the 

band structures demonstrate semiconductor behaviors in 𝑆𝑖𝐶 and 𝐺𝑒𝐶 monolayers with 

indirect band gap of 2.55 eV (3.41 eV in HSE06 [92]) between M and K points for 𝑆𝑖𝐶 

monolayer (Figure 3-5 (a)) and direct band gap of 2.06 eV (2.84 eV in HSE06 [92]) at K 

point for 𝐺𝑒𝐶 monolayer (Figure 3-5 (b)), respectively. 𝑆𝑖𝐺𝑒 monolayer, on the other 

hand, has a tiny band gap of 0.0743 eV, like graphene, which classify it as semimetal as 

shown in Figure 3-5 (c). In contrast to the sheet structure, theoretical calculation of bulk 

𝑆𝑖𝐶 and 𝐺𝑒𝐶 show the indirect band gaps of 1.6 eV and 2.5 eV (GGA with Gaussian 

orbitals) [93]. The 𝑆𝑖𝐺𝑒 bulk, on the other hand, possess a band gap around 0.95 eV [94]. 

Furthermore, it was found that 𝐶 atoms make major contribution on the top valence 

bands, and 𝑆𝑖 (𝐺𝑒) atoms make major contributions to the bottom of conduction bands in 

𝑆𝑖𝐶 and 𝐺𝑒𝐶 monolayers, while 𝐺𝑒 atoms make the major contributions on both valence 

and conduction bands in 𝑆𝑖𝐺𝑒 monolayer.  
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Figure 3-5: Band structures (right panel) and DOS (left panel) of (a) 𝑆𝑖𝐶, (b) 𝐺𝑒𝐶, and (c) 

𝑆𝑖𝐺𝑒. The red dots (curves) represent the contribution from 𝐶, the green squares (curves) 

for 𝑆𝑖, and the blue triangles (curves) from 𝐺𝑒, respectively. The Fermi level is set to be 

zero. (d) the first Brillouin zoon. 

3.5. The strain effect on structural and electronic properties 

A comparative strain dependent study on 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayers has 

been conducted. Structurally, these three monolayers tolerate  a wide range of tensile or 

compressive biaxial strain. In fact, it was found that 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayers 

incur a biaxial strain range from -4% to 8%, -4% to 4%, and -12% to 4%, respectively. 

Moreover, no structure distortion has been noted in these monolayers, and 𝑆𝑖𝐶 and 𝐺𝑒𝐶 
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keep flat, but the buckling in 𝑆𝑖𝐺𝑒 increases/decreases with compressive/tensile strain. 

Figure 3-6 shows a plot of energy verses the biaxial strain (𝛿) , 𝛿 =  𝑎
𝑎0⁄ , where 𝑎0 is the 

optimized lattice constant of the three monolayers, and the inserts are the top and side 

views of each unstrained monolayer structure.  

Figure 3-6: Plot of energy verses biaxial strain (𝛿) , 𝛿 =  𝑎
𝑎0⁄  , where 𝑎0 is the optimized 

lattice constant of 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayers, respectively. 

For the electronic aspects, both 𝑆𝑖𝐶 and 𝐺𝑒𝐶 sheets retain the semiconductor 

nature under the biaxial strain. Interestingly, the study has found that 𝑆𝑖𝐺𝑒 sheet 

undergoes a metal-semimetal transition with compressive biaxial strain.; while 𝑆𝑖𝐶 and 

𝐺𝑒𝐶 sheets undergo a direct-indirect band gap transition. Specifically, the direct band gap 

in 𝐺𝑒𝐶 transfers to an indirect band gap with expansion; however, the indirect band gap 

of 𝑆𝑖𝐶 transfers to a direct band gap. Also, the band gap deceases with increasing the 

biaxial strain, indicating the ability of tuning the nature of band gap by controlling the 

strain, see Figure 3-7 and Appendix A for detail information. 

𝑎/𝑎0 
𝑎/𝑎0 𝑎/𝑎0 
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Figure 3-7: Plot of energy gap verses biaxial strain of 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayers. 

The blue and green-dashed lines denote the positions of corresponding unstrained pristine 

monolayer and the band gap transition, respectively.  
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For further analysis, the effect of uniaxial strain on the electronic properties, 

which might happen in constructing heterostructures, was examined through the band 

structures analysis under the uniaxial strain along Y and X axes (e.g., 𝑆𝑖𝐶 sheet stretched 

by 2.94% and 𝐺𝑒𝐶 sheet compressed by 2.66%). It was found that the nature of the band 

gap keeps indirect along X axis but changes to direct along Y axis in 𝑆𝑖𝐶 sheet, and the 

band gap decreases with increasing the strain, indicating anisotropic electronic property 

for 𝑆𝑖𝐶 monolayer. Nevertheless, the nature of the band gap of 𝐺𝑒𝐶 keeps direct under 

the strain along both axes and the band gap increase with decreasing the strain, as shown 

in Figure 3-8. The results prompt researchers to consider uniaxial strain and study 

anisotropic electronic property on such monolayers in future work. 

 

Figure 3-8: Plot of band gap verses uniaxial strain of monolayers 𝑆𝑖𝐶 (upper panels), and 

𝐺𝑒𝐶 (bottom panels). The red arrows denote the direct/indirect band gaps. 
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3.6. Conclusion 

Trigged by the sensitivity and toleration of 2D materials to the applied strain, this 

study has been conducted to theoretically investigate the role played by the strain 

engineering on 2D binary compounds of group IV elements: 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 

monolayers. The biaxial tensile and compressive strain can be applied up to 4% which is 

beyond the elastic deformation limit (i.e., strain ≤ 1 %). As a result, it was found that the 

three monolayers tolerate large amounts of strain (up to 8%, like most 2D materials) 

which tend to be a characteristic of 2D materials. Besides, electronic modification 

appears in those monolayers, especially in the band gap. Namely, 𝑆𝑖𝐶 and 𝐺𝑒𝐶 undergo a 

direct-indirect band gap transition, while 𝑆𝑖𝐺𝑒 undergo metal-semimetal transition. Those 

findings confirm that the strain is a good tuning parameter for 2D materials properties to 

use in electronics applications. 
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CHAPTER IV 

4. LATERAL HETEROSTRUCTURE OF 2D POLAR BINARY COMPOUNDS: 

(SiC/GeC AND SiGe/GeC)

 

4.1. Introduction 

Currently, most advanced electronic, optoelectronic, and photovoltaic applications 

count on heterostructures (i.e., heterojunctions) as a built-up component, e.g., field effect 

transistors (FETs) [95-97], p-n diodes [90, 91, 98-107], and photodetectors [108-110]. In 

contrast to 3D heterostructures, 2D heterostructures have a great interest due to the 

atomic thickness, flexibility, and ability of 2D materials to be integrated into 

heterostructures. Besides 2D materials novel physical and chemical properties due to the 

electron and phonon confinement effect, integrating them into heterostructures opens a 

new way of modifying those intriguing properties and emerges new physics to be 

explored.  

Further, 3D heterostructures construct by chemically bonding different bulk slabs 

at junctions, whereas the most common 2D heterostructures constructed by compose  the 

constituent sheets along either in-plane direction (referred as LH) [100-110] or by out-of-

plane direction (referred as VH) heterostructures [24, 96, 98, 99, 103, 104, 110-116]. A 

sharp 1D interface in LH, which has been built by stitching seamlessly two semi-infinite 
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layers within the same atomic plane, plays a key role that may lead to unique optical and 

electrical transport properties. 

Moreover, among many assemblies of heterostructures, semiconductor–

semiconductor, and metal–semiconductor heterostructures have shown potential for 

electronic applications. Namely, semiconductor–semiconductor heterostructures show 

good performance in electronic and optoelectronic applications (e.g., FETs [107, 117], 

photodetectors [109, 110], and light emitting diodes [LEDs][24, 111]). On the other hand, 

metal–semiconductor heterostructures show the ability of the sensing gases [118, 119], 

organics [120], and DNA [121], in addition to use them in electronic and optoelectronic 

devices, energy storage, and electrocatalysis.  

Based upon and trigged by the electronic properties that obtained in Chapter 3, 

e.g., the polar 𝑆𝑖𝐶 and 𝐺𝑒𝐶 monolayer show a semiconductor band gap nature, while the 

polar 𝑆𝑖𝐺𝑒 monolayer appears metal band gap nature, the project in this chapter has been 

conducted to unravel the physical properties of semiconductor–semiconductor and metal–

semiconductor LH built by SiC/GeC-LH and SiGe/GeC-LH, respectively.  

4.2. Effects under study (Interface – Strain – Confinement) 

For LH heterostructures, the chemical bonding nature at the interface, the lattice 

mismatch induced strain, and the domain size induced confinement will play the key 

roles in stabilizing the heterostructures and electronic properties. 

In this project, the 2D SiC/GeC-LH and 2D SiGe/GeC-LH have been designed by 

stitching the edges of constituents in the same atomic plane along either armchair (AC) or 

zigzag (ZZ) directions, forming 1D thin interface, which are denoted by AC-SiX/GeC-
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LH and ZZ-SiX/GeC-LH (where X=C,Ge), respectively (see Figure 4-1). These two 

diverse types of the interface, i.e., AC and ZZ for each LH (e.g., 2D SiC/GeC-LH and 2D 

SiGe/GeC-LH), enable us to study the interface effect on such LH. For instance, each C 

atom bonds with Si or Ge atom alternatively at the interface in AC-SiC/GeC-LH (Figure 

4-1 (a)); while C atom bonds just with Ge (Si) atom at the interface in ZZ-SiC/GeC-LH 

(Figure 4-1 (b)). Furthermore, there are different configurations in the chemical bonding 

for a given type of interface. For instance, the chemical bonds at the interface of the 

AC/ZZ-SiGe/GeC-LH are formed either by Si-C and Ge-Ge (see Figure 4-2 (a)-(b)) or by 

alternative elements between Si, C, and Ge (see Figure 4-2 (c)-(d)). These different 

chemical bonds affect the properties of the structure which have been investigated and 

addressed in this chapter. 

Moreover, as found in Chapter 3, the lattice constants of the three constituents of 

LH (i.e., SiC, GeC, and SiGe monolayers) are 3.089 Å, 3.267 Å, and 3.951 Å, 

respectively. Such difference in lattice constants leads to a lattice mismatch when they 

form 2D SiC/GeC-LH (~ 6%) and 2D SiGe/GeC-LH (~17%), respectively. These small 

(in 2D SiC/GeC-LH) and relatively large (in 2D SiGe/GeC-LH) lattice mismatches 

induce artificial strain which may cause stress or defect at the interface. Varying lattice 

mismatches between 2D SiC/GeC-LH and 2D SiGe/GeC-LH assists to examine the 

impact of the level of induced strain on the physical properties of structures under study. 

2D materials exhibit many unique physical and chemical properties, and most of 

them are related to the electron and phonon confinement effect. Therefore, studying the 

effect of domain sizes in LH could help us to inspect the confinement effect on electronic 

properties. Thus, this chapter will focus on unraveling the synergistic effect of mismatch 
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induced strain, the microstructure of interface, and the confinement effect represented by 

the width of domains on the features of constructed 2D SiC/GeC-LH and 2D SiGe/GeC- 

LH. 

 

 

 

 

 

 

 
Figure 4-1: Schematic visualization of the top views of the 2D polar (a) AC-

SiC/GeC-LH and (b) ZZ-SiC/GeC-LH with the interface indicated by the black-

dashed boxes. The lattice vectors of the supercell are 𝐴1 = (𝑛𝑎, 0,0) and 𝐴2 =

(0, √3𝑎, 0) for AC heterostructures, and  𝐴1 = (𝑛√3𝑎, 0,0) and 𝐴2 = (0, 𝑎, 0) for 

ZZ heterostructures, where 𝑎 denotes the average lattice constant of the combined 

systems. The domain sizes of 𝐺𝑒𝐶 and 𝑆𝑖𝐶 are scaled by  
𝑛

2
𝑎𝐺𝑒𝐶 and 

𝑛

2
𝑎𝑆𝑖𝐶 for AC 

heterostructures, and  
𝑛

2
√3𝑎𝐺𝑒𝐶 and 

𝑛

2
√3𝑎𝑆𝑖𝐶 for ZZ heterostructures, where 𝑎𝐺𝑒𝐶 

and 𝑎𝑆𝑖𝐶 are the average lattice constants in the corresponding domains of combined 

systems. The yellow, red, and green spheres represent 𝐶, 𝐺𝑒, 𝑆𝑖 atoms, respectively. 
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4.3. Construction of SiC/GeC-LH and SiGe/GeC-LH 

The AC-SiC/GeC-LH and ZZ-SiC/GeC-LH with alternative elements bonding at 

the interface were constructed (as visualized in Figure 4-1). The chemical bonding nature 

(see the black-dashed boxes in Figure 4-1(a)) shows an alternative alignment of Si-C and 

Ge-C bonds for AC-SiC/GeC-LH. While, either the Si-C or Ge-C bonds align at two 

edges of domains along the ZZ-SiC/GeC-LH (see the black-dashed boxes in Figure 

4-1(b)). Other configurations of chemical bonding at AC and ZZ interfaces, i.e., with C-C 

(~ 1.40 Å) and Si-Ge (~ 2.35 Å) bonds are out of the study consideration since such 

significant difference in bond length between C-C and Si-Ge bonds will lead to a large 

Figure 4-2: Schematic visualization of the top views of the 2D polar (a) 1x4 

AC-SiGe/GeC-LH and (b) 1x4 ZZ-SiGe/GeC-LH with Ge-Ge and Si-C bonds 

at the interfaces, (c) 1x4 AC-SiGe/CGe-LH and (d) 1x4 ZZ-SiGe/CGe-LH with 

C-Ge and Si-Ge bonds at the interfaces, respectively. The interfaces are 

indicated by the black-dashed boxes. The yellow, red, and green spheres 

represent 𝐶, 𝐺𝑒, 𝑆𝑖 atoms, respectively. 
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structural distortion at the interface region of the LH. Obviously, this type of LH is 

energetically unfavorable.  

On the other hand, we considered two configurations in SiGe/GeC-LH. The first 

configuration of AC-SiGe/GeC-LH and ZZ-SiGe/GeC-LH was constructed, as visualized 

in Figure 4-2 (a)-(b). The chemical bonding nature (see the black-dashed boxes in Figure 

4-2 (a)) shows an alternative alignment of Si-C and Ge-Ge bonds along the interface of 

AC-SiGe/GeC-LH. While, either the Si-C or Ge-Ge bonds align at two edges of domains 

along the interface of ZZ-SiGe/GeC-LH (see the black-dashed boxes in Figure 4-2(b)). 

However, contrast to such rather large difference in bond length between Si-C (~ 1.78 Å) 

and Ge-Ge (~ 2.42 Å), the other configuration at the AC and ZZ interfaces of 2D 

SiGe/GeC-LH, referred as AC or ZZ-SiGe/CGe-LH, has been considered where the 

chemical bonding is formed by alternatively alignment of Si-Ge (~2.356 Å) and Ge-C 

(~1.886 Å) bonds in the AC- SiGe/CGe-LH (Figure 4-2 (c)) and by either the Si-Ge or 

Ge-C bonds alignments at two edges of domains along the ZZ- SiGe/CGe-LH ( Figure 

4-2 (d)). 

The corresponding lattice vectors are given by 𝐴1 = (𝑛𝑎, 0,0),𝐴2 =

(0, √3𝑎, 0) for AC-LH, and 𝐴1 = (𝑛√3𝑎, 0,0), 𝐴2 = (0, 𝑎, 0) for ZZ-LH, where a 

denotes the average lattice constant of the combined system, and n characterizes the 

width of a LH,  in terms of a. The width of each domain, therefore, is given by 
𝑛

2
𝑎𝑑𝑜𝑚𝑎𝑖𝑛 

for AC -LH, and 
𝑛

2
√3𝑎𝑑𝑜𝑚𝑎𝑖𝑛for ZZ -LH, where 𝑎𝑑𝑜𝑚𝑎𝑖𝑛  is the average lattice constant 

of individual domain (see Figure 4-1). For SiC/GeC-LH, four different domain sizes (i.e., 

n = 4, 8, 16, 32, referred as 4x1, 8x1, 16x1, and 32x1) were considered to study the 
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confinement effect on the electronic properties. It is noticed that due to the small lattice 

mismatch (~0.178 Å) between SiC and GeC domains, the combined LH are 

commensurate with negligible strain. 

 For SiGe/GeC-LH, however, only domain size with n = 4 was considered in the 

present work, since the strong strain induced by the large lattice mismatch (17%) and the 

mixture of 𝑠𝑝2 and sp3 chemical bonding at the interface that cause strong structural 

distortion for large domain sizes (i.e., n = 8, 16, 32). Consequently, the study moved to 

considering commensurate structure of SiGe/GeC-LH to reduce the distortion caused by 

large mismatch lattice constant (17%). In commensurate SiGe/GeC-LH (Figure 4-3), the 

width of each domain is given by 𝑛𝑎𝑑𝑜𝑚𝑎𝑖𝑛   for AC -LH and 𝑛√3𝑎𝑑𝑜𝑚𝑎𝑖𝑛 for ZZ -LH, 

and the periodicity of each domain along the interface is given by 𝑚(𝑚′)√3𝑎𝑑𝑜𝑚𝑎𝑖𝑛 for 

AC -LH and 𝑚(𝑚′)𝑎𝑑𝑜𝑚𝑎𝑖𝑛 for ZZ -LH, where 𝑎𝑑𝑜𝑚𝑎𝑖𝑛  is the average lattice constant of 

individual domain (e.g.,  𝑛 = 4, 𝑚 = 5 for 𝑆𝑖𝐺𝑒 domain and 𝑛 = 4, 𝑚′ = 6 for 𝐺𝑒𝐶 

domain, as shown in Figure 4-3).   
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Figure 4-3: Schematic illustrations of the top and side views of the commensurate 2D 

polar 5x4 SiGe/6x4 GeC-LH with Ge-Ge/Ge-C bonding at the AC and ZZ interfaces (left 

panels) and Si-C/Ge-C bonding nature at AC/ZZ interfaces (right panels), respectively. 

The yellow, red, and green spheres represent 𝐶, 𝐺𝑒, 𝑆𝑖 atoms, respectively.  

4.4. Computational methods 

All calculations involved in this project were computed under DFT framework 

[73, 74] and PAW algorithm [75] as implemented in VASP [46]. The PBE [51] with 

GGA approach [76] was used to describe the exchange-correlation interactions, and the 

plane-wave basis was expanded up to a cutoff energy of 400 eV. A vacuum region of 15 

Å perpendicular to the LH was introduced to avoid the interaction caused by the periodic 

boundary condition. Brillouin zones were sampled by a series of k-point grids in the 

framework of the Monk-horst scheme [77]. Conjugate gradient algorithm [78] was used 
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in the whole relaxation processes and the in-plane atomic coordinates were fully relaxed 

until the forces on atoms were less than 10−3 eV/Å. The formation energy (defined as 

𝐸𝑓 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝑆𝑖𝑋 − 𝐸𝐺𝑒𝐶, where 𝐸𝑡𝑜𝑡𝑎𝑙, 𝐸𝑆𝑖𝑋, and 𝐸𝐺𝑒𝐶 are the total energy of the 

combined system and the energies of corresponding 𝑆𝑖𝑋 and 𝐺𝑒𝐶 domains, respectively, 

𝑋 =  𝐶, 𝐺𝑒), electronic band structures, local density of states (LDOS), and partial charge 

of valence band maximum (VBM) and conduction band minimum (CBM) of these 2D 

polar LH within the supercell model were calculated using the PBE functional. Note that 

in 2D polar LH, the in-plane long-range vdW interaction is much weaker than the 

electrostatic interaction forming chemical bonds and is out of our consideration in current 

calculations. 

The dynamic stability of the systems was examined through the phonon 

dispersion calculations based on Parlinski-Li-Kawazoe method [78] (implemented in the 

phonopy code) and the Raman shift evaluations within the double harmonic 

approximation from the lattice vibrational frequencies [122]. The Bader analysis scheme 

[57, 123-125] was employed to analyze charge redistribution and charge transfer between 

domains of the combined system, and the electronic properties at the interface region 

were analyzed from the differential electron charge density (DCD), defined as 𝛥𝜌 =

 𝜌𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑆𝑖𝑋 − 𝜌𝐺𝑒𝐶   (where 𝜌𝑡𝑜𝑡𝑎𝑙 is the total electron charge density of the LH, 𝜌𝑆𝑖𝑋 

and 𝜌𝐺𝑒𝐶 are the electron charge densities associated with the 𝑆𝑖𝑋 and 𝐺𝑒𝐶 domains in 

the combined system, respectively, 𝑋 =  𝐶, 𝐺𝑒), to track the net charge transfer between 

domains and provide the detail information about the interaction between domains at the 

interface region.  
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4.5. 2D SiC/GeC-LH (structural properties) 

Structurally, Figure 4-4 depicts the fully relaxed structure of AC and ZZ of 

SiC/GeC-LH with supercell domains ranging from 4x1 to 32x1. Clearly, SiC/GeC-LH 

shows flat honeycomb lattices with no buckling distortion at the interface region due 

mainly to the small lattice mismatch between 𝑆𝑖𝐶 and 𝐺𝑒𝐶 monolayers. The 

thermodynamic stability was further studied by heating the 8x1 AC heterostructures, as 

an example, to certain temperature levels (see Figure 4-5). No bond breaking and local 

structural distortion were found even at 1000 K, implying that the optimized 2D polar LH 

could sustain under the environment of high temperatures. Furthermore, the formation 

energy (𝐸𝑓) of the optimized SiC/GeC-LH, shown in 2nd column of Table 4-1, attains 

negative value and decays monotonically as increasing the width of LH, clearly 

demonstrating that the assembly of 𝑆𝑖𝐶 and 𝐺𝑒𝐶 monolayers in such a planar 

heterostructure is an exothermic process and thermodynamically stable. 
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Figure 4-4: Schematic illustration of the top views of optimized 2D SiC/GeC-LH with AC 

and ZZ interfaces. The lattice vectors of the supercell are 𝐴1 = (𝑛𝑎, 0,0) and 𝐴2 =

(0, √3𝑎, 0) for AC and, 𝐴1 = (𝑛√3𝑎, 0,0) and 𝐴2 = (0, 𝑎, 0) for ZZ, where 𝑎 denotes the 

average lattice constant of the combined systems. The domain sizes of 𝐺𝑒𝐶 and 𝑆𝑖𝐶 are 

scaled by 
𝑛

2
𝑎𝐺𝑒𝐶 and 

𝑛

2
𝑎𝑆𝑖𝐶 for AC, and  

𝑛

2
√3𝑎𝐺𝑒𝐶 and 

𝑛

2
√3𝑎𝑆𝑖𝐶 for ZZ, where 𝑎𝐺𝑒𝐶 and 

𝑎𝑆𝑖𝐶 are the average lattice constants in the corresponding domains of combined systems. 

The size of domain is indicated in terms of nx1, where n = 4 ((a) & (b)), 8((c) & (d)), 16 

((e) & (f)), and 32 ((g) & (h)). The yellow, red, and green spheres represent 𝐶, 𝐺𝑒, 𝑆𝑖 
atoms, respectively.  
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Figure 4-5: Total energy of 8x1 SiC/GeC LH with the AC interface as a function of MD 

steps under 300 K, 600 K, and 1000 K, respectively. The insets illustrate the structures 

under each temperature. The yellow, red, and green dots represent 𝐶, 𝐺𝑒, 𝑆𝑖 atoms, 

respectively.  
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Table 4-1:  The formation energy ( 𝐸𝑓) per atom of optimized 2D polar SiC/GeC-LH, 

associated average lattice constants (𝑎) and corresponding averaged lattice constants in 

𝐺𝑒𝐶 (  𝑎𝐺𝑒𝐶  ) and the 𝑆𝑖𝐶 (  𝑎𝑆𝑖𝐶  ) domains, together with the uniaxial strain along 𝑥/𝑦 

directions in 𝐺𝑒𝐶 and 𝑆𝑖𝐶 domains. 

System 𝑬𝒇 

(meV/atom) 

 𝒂  (Å) 𝒂𝑮𝒆𝑪(Å)  𝒂𝑺𝒊𝑪 (Å) 𝑼𝒏𝒊𝒂𝒙𝒊𝒂𝒍 
𝒔𝒕𝒓𝒂𝒊𝒏 𝑮𝒆𝑪

 

 𝒙/𝒚 (%) 

𝑼𝒏𝒊𝒂𝒙𝒊𝒂𝒍 
𝒔𝒕𝒓𝒂𝒊𝒏 𝑺𝒊𝑪

 

 𝒙/𝒚 (%) 

 4x1 (AC) -1045 3.1801 3.261 3.099 -0.184/-2.659 0.324/2.949 

4x1 (ZZ) -592 3.1797 3.265 3.095 -0.061/-2.672 0.194/2.936 

8x1 (AC) -545 3.1798 3.276 3.084 0.275/-2.669 -0.162/2.939 

8x1 (ZZ) -299 3.1800 3.293 3.067 0.796/-2.663 -0.712/2.946 

16x1 (AC) -273 3.1797 3.290 3.069 0.704/-2.672 -0.647/2.946 

16x1 (ZZ) -150 3.1800 3.291 3.077 0.735/-2.662 -0.388/2.946 

32x1 (AC) -134 3.1800 3.289 3.070 0.673/-2.663 -0.615/2.946 

32x1 (ZZ) -31 3.1799 3.290 3.069 0.704/-2.666 -0.647/2.943 

 

4.5.1. Lattice mismatch induced strain. 

Optimized lattice constants for the combined 2D polar SiC/GeC-LH are listed in 

Table 4-1. The interesting finding from the structural relaxation is that the optimized 

average lattice constant (a) for the combined system is ~3.180 Å (within a tiny 

fluctuation of 0.0003 Å), almost independent of the width of domain (e.g., 4x1, 8x1, 

16x1, and 32x1) and the type of interface (e.g., AC or ZZ) (see the 3rd column in Table 4-

1). The corresponding average domain lattice constants (i.e., 𝑎𝑆𝑖𝐶 and 𝑎𝐺𝑒𝐶 as shown in 

Figure 4-1), on the other hand, are close to the lattice constants of their pristine sheets 

(i.e., 3.089 Å for the pristine 𝑆𝑖𝐶 sheet and 3.267 Å for the pristine 𝐺𝑒𝐶 sheet, see the 4th 
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and 5th columns in Table 4-1), indicating that the strain induced by the lattice mismatch 

does not spread uniformly in each domain but only distributes along the interface 

direction, leading to a uniaxial strain.  Estimated the uniaxial strain perpendicular to the 

interface (i.e., along x direction shown in Figure 4-1) is very weak (from -0.184% to 

0.796%). But the uniaxial strain along the interface direction (i.e., along y direction 

shown in Figure 4-1) leads to ~2.94% of expansion at the 𝑆𝑖𝐶 domain and ~2.67% of 

compression at the 𝐺𝑒𝐶 domain, respectively, which is also independent of the domain 

size (see the 6th and 7th columns in Table 4-1). Consequently, designing semiconductor- 

semiconductor LH with small lattice mismatch such as SiC/GeC-LH makes each domain 

retain intrinsic its structural properties and induce local strain along the interface. 

4.5.2. Strain and interface effects on lattice vibration frequency 

The dynamic stability of the optimized 2D polar SiC/GeC-LH was examined from 

their phonon dispersion, Raman spectrum, and the frequency of lattice vibration, 

respectively. No imaginary frequency was found in the combined 2D SiC/GeC systems, 

indicating that they are dynamically stable. The phonon dispersion of 4x1 AC LH (Figure 

4-6 (a)), as an example, shows a wide band in the low frequency region (< 400 cm-1), a 

few bands located in the range of 450-620 cm-1, and a narrow band located at high 

frequency (~850-1050 cm-1). At the high frequency range, the intensity and distribution 

of Raman shift of 8x1 LH (Figure 4-6 (b)), on the other hand, show broaden peaks with 

the AC interface and pronounced peaks with the ZZ interface, respectively. This scenario 

is also found from the densities of vibration frequency (Figure 4-7). It is found that the 

peaks located around 880 cm-1 characterize a tiny blue shift of the in-plane (LO/TO) 

modes of the pristine 𝐺𝑒𝐶 (~ 867 cm-1) due to the uniaxial compression along the 
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interface, almost independent of the size of 𝐺𝑒𝐶 domain and the type of interface 

(indicated by the blue arrows on Figure 4-6). The peaks located around 920 cm-1 

characterize a big red shift of the in-plane (LO/TO) modes of the pristine 𝑆𝑖𝐶 (~ 995 cm-

1) due to the uniaxial expansion along the interface (indicated by the red arrows on Figure 

4-6). The peaks associated with the out-of-plane modes (ZO) of the pristine 𝑆𝑖𝐶 (~ 425 

cm-1) and 𝐺𝑒𝐶 (~ 259 cm-1) sheets are flattened and merged to the low frequency modes 

when they are stitched together (see the black- and red-dashed lines indicated in Figure 4-

7). Furthermore, by comparing the vibrational frequencies of 8x1 LH with pristine 𝑆𝑖𝐶 

and 𝐺𝑒𝐶 sheets (Figure 4-8), we found that the additional vibrational frequencies located 

in the range of 460-650 cm-1 mainly come from the Si-C bond vibrations at the 𝑆𝑖𝐶 

domain. Clearly, these frequencies are sensitive to the size of the domain and the type of 

the interface (see Figure 4-7). 

Figure 4-6: (a) Band structure of the phonon dispersion of the optimized 2D 4x1 

SiC/GeC LH with the AC interface. (b) Calculate Raman shift of optimized 2D 

8x1 SiC/GeC LH with AC (upper panel) and ZZ (bottom panel) interfaces, 

respectively. A Gaussian broadening (5 𝑐𝑚−1) was used in plotting Raman 

spectrum. The dashed lines guide the peak positions of LO, TO, and ZO vibration 

modes for the pristine 𝑆𝑖𝐶 (red) and 𝐺𝑒𝐶 (black) sheets, respectively. 
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Figure 4-7: (a) Calculate vibrational frequency densities of states (FDOS) of optimized 

2D polar SiC/GeC LH with AC (left panels) and ZZ (right panels) interfaces, 

respectively. The width of the LH is characterized by n = 4 ((a) & (b)), 8((c) & (d)), 16 

((e) & (f)), and 32 ((g) & (h)). A Gaussian broadening (5 𝑐𝑚−1) was used in plotting 

FDOS. The dashed lines guide the peak positions of LO, TO, and ZO vibration modes 

of the pristine 𝑆𝑖𝐶 (red) and 𝐺𝑒𝐶 (black) sheets, respectively. 

 

Figure 4-8: The vibrational frequency densities of states of the pristine 𝑆𝑖𝐶 monolayer 

with/without 2.94 % expansion (red) and the pristine 𝐺𝑒𝐶 monolayer with/without 2.67 

% compression (black) with 1x1 (top two panels) and 8x1 (bottom two panels) unit 

cells, respectively. The black and red dashed lines indicate the vibrational frequencies of 

LO, TO, and ZO modes associated by the corresponding values. 
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4.6. 2D SiC/GeC-LH (electronic properties) 

When the 𝑆𝑖𝐶 and 𝐺𝑒𝐶 sheets combine to form an LH, a 2.94% uniaxial expansion 

occurs in the 𝑆𝑖𝐶 domain along the interface direction AC or ZZ, and a 2.67% uniaxial 

compression occurs in the 𝐺𝑒𝐶 domain along the interface direction AC or ZZ. This 

artificial strain along with the other changes, i.e., sharp interface which allows charge 

transfer between constituent domains and confine charge carriers within various finite 

domains, impact LH properties, in particular electronic properties that will address in 

detail in the next section. 

4.6.1. Strain, interface, and confinement effect on band structure 

The calculated band structures of the 2D SiC/GeC-LH with different types of the 

interfaces (i.e., AC and ZZ) and the various width of domains (e.g., 4x1, 8x1, 16x1, 

32x1) at DFT-PBE level are shown in Figure 4-9. From there, it was found that 2D 

semiconductor- semiconductor SiC/GeC-LH is again a semiconductor regardless of the 

type of interface or the width of each constituent domain. Namely, 2D AC-SiC/GeC-LH 

exhibits indirect band gap, while 2D ZZ-SiC/GeC-LH shows a direct band gap, 

independent of the domain width. To better understand the band nature of 2D SiC/GeC-

LH, we compared the results of the indirect band gap nature from 2.94% uniaxial 

expansion along AC direction of pristine 𝑆𝑖𝐶, and the direct band gap nature from 2.67% 

uniaxial compression along AC or ZZ direction of pristine 𝐺𝑒𝐶 (see Chapter 3, Figure 3-

9). Consequently, 2D AC-SiC/GeC-LH retains the band gap behavior of AC orientated 
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uniaxial expansion of pristine 𝑆𝑖𝐶 while 2D ZZ-SiC/GeC-LH retains the band gap 

behavior of ZZ orientated uniaxial strain of the pristine 𝐺𝑒𝐶 and 𝑆𝑖𝐶. 

Figure 4-9: Band structures of 2D polar SiC/GeC LH with AC (left panels) and ZZ 

(right panels) interfaces, respectively. The width of domain is indicated in terms of 

nx1, where n = 4, 8, 16, and 32.  The Brillouin zone with special k points are 

illustrated at the bottom left (right) corner for AC (ZZ) interface, respectively. The 

band gaps are represented by the numbers, the direct/indirect band gap natures are 

denoted by red arrows, and the Fermi level is shifted to the zero. 
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Furthermore, the band gap monotonically decreases as increasing the width (L) of 

LH (Figure 4-10) and obeys the reciprocal law of 2.06 +
1.0

𝐿0.5 , demonstrating a quantum 

confinement effect. It is also found that under a given width of the domain, the band gap 

of ZZ-LH is slightly larger than that with the AC-LH (Figure 4-10). Thus, the band gap 

can be modulated by adjusting the size of the domain and fine-tuned by adjusting the type 

of the interface, demonstrating their promising applications in band gap engineering. In 

addition, the proposed 2D SiC/GeC-LH possess a tunable band gap in the range of 2.14-

2.28 eV, exhibiting significantly improved visible-light absorption capability (as 

compared with the single pristine 𝑆𝑖𝐶 or 𝐺𝑒𝐶 monolayer). It should be noted that DFT-

PBE calculations for the band structures usually underestimate the fundamental gap, as 

compared with the experimental result. Method, such as the Heyd–Scuseria–Ernzerh of 

screened Coulomb hybrid functional (referred as HSE06) [126] could be applied to 

improve the band gap. Such calculations are expensive for large systems, such as the 2D 

SiC/GeC-LH studied here, and the calculations at DFT-PBE level can still report the 

basic physics. 

Figure 4-10: Calculated band gaps of the 2D polar SiC/GeC LH with the AC (black 

dots) and ZZ (red dots) interfaces, respectively, as a function of the width (L) of the 

lateral heterostructures. The black-dashed curve is the fitting function following the 

formula of 2.06 +
1.0

𝐿0.5. 
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The band partition analysis (the left panels of Figure 4-11 (a), and Figure 4-12 (a); 

Figure 4-13 (a), and Figure 4-14 (a); Figure 4-15 (a), and Figure 4-16 (a); Figure 4-17 (a), 

and Figure 4-18 (a) for 4x1, 8x1 16x1, and 32x1 LH, respectively) clearly shows that the 

VBM band mainly originates from the contribution of C-2p orbitals (red dots), and the 

CBM band mainly dominated by the Ge-4p orbitales (blue triangles). This nature is 

further confirmed from the DOS (the right panel of Figure 4-11 (a), and Figure 4-12 (a); 

Figure 4-13 (a), and Figure 4-14 (a); Figure 4-15 (a), and Figure 4-16 (a); Figure 4-17 (a), 

and Figure 4-18 (a) for 4x1, 8x1 16x1, and 32x1 LH, respectively). The band 

decomposed charge density of the 2D SiC/GeC-LH shows that both VBM and CBM 

bands possess the π (pz)-orbital behavior perpendicular to the heterostructure surface (see 

yellow contours in (b) and (c) of Figure 4-11, and Figure 4-12; Figure 4-13 , and Figure 

4-14 ; Figure 4-15 , and Figure 4-16 ; Figure 4-17 , and Figure 4-18  for 4x1, 8x1 16x1, 

and 32x1 LH, respectively). However, the shapes of VBM and CBM bands strongly 

depend on the interface and the width of domain. Furthermore, the charge density at 

VBM band is mainly contributed from C-2p orbitals in the 𝐺𝑒𝐶 domain and partially 

contributed from C-2p orbitals in the 𝑆𝑖𝐶 domain, while the charge density at CBM band 

is mostly contributed from Ge-4p orbitals in the 𝐺𝑒𝐶 domain, consistent with the band 

partition analysis.  When the width of the domain increases, the Ge-4p orbitals become 

dominate in the LH (see Figure 4-11 to Figure 4-18). Such scenario implies that when 

electrons at the 𝑆𝑖𝐶 domain are excited to the respective empty bands, they prefer to 

move to the CBM band at the 𝐺𝑒𝐶 domain. 
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Figure 4-11: (a) Calculated partial band structures (left panel) and DOSs (right 

panel) of 4x1 2DSiC/GeC-LH with the AC interface (black box). The band/DOS 

partition from C-2p orbitals is represented by red circles/curve, Si-3p orbitals, by 

green squares/curve, and Ge-4p orbitals, by blue triangles/curve, respectively. The 

sizes of these circles/squares/triangles reflect the weight of each species 

contribution in the bands. (b) and (c) show the top (upper) and side (bottom) views 

of corresponding band decomposed charge density (yellow contours) at VBM (b) 

and CBM (c) bands with the isosurface value of 0.002 e/Å3. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms 

are noted by brown, blue, and grey spheres, respectively. 
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Figure 4-12: (a) Calculated partial band structures (left panel) and DOSs (right 

panel) of 4x1 2DSiC/GeC-LH with the ZZ interface (black box). The band/DOS 

partition from C-2p orbitals is represented by red circles/curve, Si-3p orbitals, 

by green squares/curve, and Ge-4p orbitals, by blue triangles/curve, 

respectively. The sizes of these circles/squares/triangles reflect the weight of 

each species contribution in the bands. (b) and (c) show the top (upper) and side 

(bottom) views of corresponding band decomposed charge density (yellow 

contours) at VBM (b) and CBM (c) bands with the isosurface value of 0.002 

e/Å3. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, blue, and grey spheres, 

respectively. 
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Figure 4-13: (a) Calculated partial band structures (left panel) and DOSs (right 

panel) of 8x1 2DSiC/GeC-LH with the AC interface (black box). The band/DOS 

partition from C-2p orbitals is represented by red circles/curve, Si-3p orbitals, by 

green squares/curve, and Ge-4p orbitals, by blue triangles/curve, respectively. The 

sizes of these circles/squares/triangles reflect the weight of each species 

contribution in the bands. (b) and (c) show the top (upper) and side (bottom) views 

of corresponding band decomposed charge density (yellow contours) at VBM (b) 

and CBM (c) bands with the isosurface value of 0.002 e/Å3. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are 

noted by brown, blue, and grey spheres, respectively. 
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Figure 4-14: (a) Calculated partial band structures (left panel) and DOSs (right panel) 

of 8x1 2DSiC/GeC-LH with the ZZ interface (black box). The band/DOS partition 

from C-2p orbitals is represented by red circles/curve, Si-3p orbitals, by green 

squares/curve, and Ge-4p orbitals, by blue triangles/curve, respectively. The sizes of 

these circles/squares/triangles reflect the weight of each species contribution in the 

bands. (b) and (c) show the top (upper) and side (bottom) views of corresponding 

band decomposed charge density (yellow contours) at VBM (b) and CBM (c) bands 

with the isosurface value of 0.002 e/Å3. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, blue, 

and grey spheres, respectively. 
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Figure 4-15: (a) Calculated partial band structures (left panel) and DOSs (right panel) 

of 16x1 2DSiC/GeC-LH with the AC interface (black box). The band/DOS partition 

from C-2p orbitals is represented by red circles/curve, Si-3p orbitals, by green 

squares/curve, and Ge-4p orbitals, by blue triangles/curve, respectively. The sizes of 

these circles/squares/triangles reflect the weight of each species contribution in the 

bands. (b) and (c) show the top (upper) and side (bottom) views of corresponding 

band decomposed charge density (yellow contours) at VBM (b) and CBM (c) bands 

with the isosurface value of 0.002 e/Å3. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, blue, 

and grey spheres, respectively. 
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Figure 4-16: (a) Calculated partial band structures (left panel) and DOSs (right panel) of 

16x1 2DSiC/GeC-LH with the AC interface (black box). The band/DOS partition from C-2p 

orbitals is represented by red circles/curve, Si-3p orbitals, by green squares/curve, and Ge-4p 

orbitals, by blue triangles/curve, respectively. The sizes of these circles/squares/triangles 

reflect the weight of each species contribution in the bands. (b) and (c) show the top (upper) 

and side (bottom) views of corresponding band decomposed charge density (yellow contours) 

at VBM (b) and CBM (c) bands with the isosurface value of 0.002 e/Å3. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms 

are noted by brown, blue, and grey spheres, respectively. 
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Figure 4-17: (a) Calculated partial band structures (left panel) and DOSs (right panel) 

of 32x1 2DSiC/GeC-LH with the AC interface (black box). The band/DOS partition 

from C-2p orbitals is represented by red circles/curve, Si-3p orbitals, by green 

squares/curve, and Ge-4p orbitals, by blue triangles/curve, respectively. The sizes of 

these circles/squares/triangles reflect the weight of each species contribution in the 

bands. (b) and (c) show the top (upper) and side (bottom) views of corresponding band 

decomposed charge density (yellow contours) at VBM (b) and CBM (c) bands with 

the isosurface value of 0.002 e/Å3. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, blue, and 

grey spheres, respectively. 
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Figure 4-18: (a) Calculated partial band structures (left panel) and DOSs (right panel) of 

32x1 2DSiC/GeC-LH with the AC interface (black box). The band/DOS partition from 

C-2p orbitals is represented by red circles/curve, Si-3p orbitals, by green squares/curve, 

and Ge-4p orbitals, by blue triangles/curve, respectively. The sizes of these 

circles/squares/triangles reflect the weight of each species contribution in the bands. (b) 

and (c) show the top (upper) and side (bottom) views of corresponding band decomposed 

charge density (yellow contours) at VBM (b) and CBM (c) bands with the isosurface 

value of 0.002 e/Å3. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, blue, and grey spheres, 

respectively. 
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4.6.2. Strain, interface, and confinement effect on charge redistribution 

To further understand the charge transfer between two domains in an LH, a 

quantitative charge transfer was obtained from the Bader charge analysis (listed in Table 

4-2). It was found that there is a charge transfer of 2.094 e between 𝑆𝑖 and 𝐶 in the 

pristine 𝑆𝑖𝐶 sheet and a charge transfer of 1.3623 e between 𝐺𝑒 and 𝐶 in the pristine 𝐺𝑒𝐶 

sheet. The different amount of the charge transfers in the 𝑆𝑖𝐶 and 𝐺𝑒𝐶 sheets is mainly 

due to their different electronegativities. Such charge transfers hold when two polar 

sheets are stitched to form an LH. Interesting finding from the charge transfer analysis is 

that the charge transfers are sensitive to the interface and the size of domain. More 

electrons transfer from 𝑆𝑖 (𝐺𝑒) to 𝐶 atoms in the combined systems with the ZZ interface 

than those with the AC interface, and the larger the domain size, the more electrons loss 

at 𝑆𝑖 (𝐺𝑒) atoms (see columns 3rd and 5th in Table 4-2). Even more interesting finding is 

that there is a net charge transfer from the 𝑆𝑖𝐶 domain to the 𝐺𝑒𝐶 domain (see the 6th and 

7th columns in Table 4-2). The amount of net charge transfer between two domains 

increases as the increase of the domain size. Especially, more electrons loss at 𝑆𝑖 atoms at 

the 𝑆𝑖𝐶 domain and transfer to 𝐶 atoms at the 𝐺𝑒𝐶 domain when the size is over 16x1 

(see the 2nd and 5th columns in Table 4-2), indicating that the 𝐺𝑒𝐶 domain gains more net 

electrons as increasing the width of the LH. Such net charge redistribution between two 

domains, originated from the in-plane charge transfer, leads to a lateral spontaneous p-n 

junctions, characterizing the unique property of 2D SiC/GeC-LH (as indicated in Figure 

4-19). 

 



82 

 

 

 

Table 4-2: Bader charge analysis (in the unit of e/atom) of the charge transfer between 

𝑺𝒊, 𝑮𝒆, and 𝑪 atoms in the pristine 𝑺𝒊𝑪 and 𝑮𝒆𝑪 monolayers and the 2D SiC/GeC-LH 

with different interface and width of domain. There are two types of 𝑪 atoms: one is at 

the 𝑺𝒊𝑪 domain (denoted by 𝑪 (𝑺𝒊𝑪)), and the other is at the 𝑮𝒆𝑪 domain (denoted by 

𝑪 (𝑮𝒆𝑪). The net charge per atom in 𝑮𝒆𝑪 and 𝑺𝒊𝑪 domains are listed in the 6th and 7th 

columns, respectively. 

✓ Systems ✓ 𝐶 (𝐺𝑒𝐶) 

✓ (e/atom) 

✓ 𝐺𝑒 

✓ (e/atom) 

✓ 𝐶 (𝑆𝑖𝐶) 

(e/atom) 

✓ 𝑆𝑖 

✓ (e/atom) 

✓ 𝐺𝑒𝐶 

(e/atom) 

✓ 𝑆𝑖𝐶  

✓ (e/atom) 

✓ GeC ✓ -1.362 ✓ 1.362 ✓ - ✓ - ✓ 0 ✓ - 

✓ SiC ✓ - ✓ - ✓ -2.094 ✓ 2.094  ✓ - ✓ 0 

✓ 1x4 (AC) ✓ -1.657 ✓ 1.498 ✓ -2.166 ✓ 2.325 ✓ -0.0795 ✓ 0.0795 

✓ 1x4 (ZZ) ✓ -1.898 ✓ 1.775 ✓ -3.094 ✓ 3.217 ✓ -0.0615 ✓ 0.0615 

✓ 1x8 (AC) ✓ -1.578 ✓ 1.501 ✓ -2.309 ✓ 2.386 ✓ -0.0385 ✓ 0.0385 

✓ 1x8 (ZZ) ✓ -1.798 ✓ 1.744 ✓ -3.261 ✓ 3.316 ✓ -0.0272 ✓ 0.0272 

✓ 1x16 (AC) ✓ -2.451 ✓ 1.385 ✓ -1.447 ✓ 2.512 ✓ -0.5326 ✓ 0.5326 

✓ 1x16 (ZZ) ✓ -3.254 ✓ 1.784 ✓ -1.812 ✓ 3.282 ✓ -0.7351 ✓ 0.7351 

✓ 1x32 (AC) ✓ -2.816 ✓ 1.451 ✓ -1.484 ✓ 2.850 ✓ -0.6828 ✓ 0.6828 

✓ 1x32 (ZZ) ✓ -3.313 ✓ 1.790 ✓ -1.804 ✓ 3.327 ✓ -0.7615 ✓ 0.7615 
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The DCD induced by the net charge redistribution between two polar material 

domains (illustrated in Figure 4-20 - Figure 4-23 (a) and (b) for 4x1, 8x1,16x1, and 32x1 

heterostructures) characterize the interfacial hybridization of the 2D SiC/GeC-LH. The 

net electron accumulation and depletion are shown by the yellow and blue contours. 

Clearly, the net electron redistribution in the interface region, induced by the coupling 

between 𝑆𝑖𝐶 and 𝐺𝑒𝐶 domains, is sensitive to the type of interface and the size of the 

domain and reflects the degree of the hybridization of orbitals between adjacent domains. 

As shown in Figure 4-20 - Figure 4-23, the net charge redistribution solely locates at the 

interfacial region, with the net electrons depleting around the 𝑆𝑖 and 𝐺𝑒 atoms and 

accumulating around 𝐶 atoms. For the AC interface ((a) in Figure 4-20 - Figure 4-23), 

most net electrons deplete around 𝑆𝑖 atoms at the side of 𝑆𝑖𝐶 domain and accumulate 

around the 𝐶 atoms at the side of the 𝐺𝑒𝐶 domain. For the ZZ interface ((b) Figure 4-20 - 

Figure 4-19: The top (upper) and side (bottom) views of the electron localization 

functions (yellow contours with the isosurface value of 5.8x10-1 e/Å3) of 2D 8x1 

SiC/GeC polar LH with AC (a) and ZZ (b) interfaces, indicating the covalent boding 

nature with CT in the 𝐺𝑒𝐶 domain and the covalent bonding nature with more CT in 

the 𝑆𝑖𝐶 domain, respectively. The net charge transfer from the 𝑆𝑖𝐶 domain to the GeC 

domain is illustrated by the brown arrows. The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, 

blue, and grey spheres, respectively. 
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Figure 4-23), more net electrons deplete around 𝑆𝑖 (𝐺𝑒) atoms and accumulate around 

corresponding 𝐶 atoms at the edges of the domains with Si-C (Ge-C) bonds, but still with 

the net depletion mainly distributed in the SiC domain, consistent with the Bader results 

(see the 6th and 7th columns in Table 4-2). Such net charge transfer from the 𝑆𝑖𝐶 domain 

to the 𝐺𝑒𝐶 domain, therefore, forms in-plane dipoles along the interface.  

 
Figure 4-20: (a) and (b) show the top (upper) and side (bottom) views of differential 

charge densities (DCD) of 4x1 SiC/GeC LH with AC (a) and ZZ (b) interfaces. The 

electron accumulation and depletion are represented by the yellow and blue contours 

(with the isosurface of 4.0 x10-4e/Å3). The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, blue, 

and grey spheres, respectively. (c) and (d) show the plane-averaged DCD (𝛥𝜌) along 

the surface of the 4x1 SiC/GeC lateral heterostructures with AC (c) and ZZ (d) 

interfaces, respectively. The interface region is highlighted by green-dashed lines and 

the build-in electric field is indicated by the red arrows. (e) and (f) show the plane-

averaged electrostatic potential along the surface of the 4x1 SiC/GeC lateral 

heterostructures with AC (e) and ZZ (f) interfaces, respectively.  
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Figure 4-21: (a) and (b) show the top (upper) and side (bottom) views of differential 

charge densities (DCD) of 8x1 SiC/GeC lateral heterostructures with AC (a) and ZZ (b) 

interfaces. The electron accumulation and depletion are represented by the yellow and 

blue contours (with the isosurface of 4.0 x10-4 e/Å3). The C, Si, Ge atoms are noted by 

brown, blue, and grey dots, respectively. (c) and (d) show the plane-averaged DCD (𝛥𝜌) 

along the surface of the 8x1 SiC/GeC lateral heterostructures with AC (c) and ZZ (d) 

interfaces, respectively. The interface region is highlighted by green-dashed lines and the 

build-in electric field is indicated by the red arrows. (e) and (f) show the plane-averaged 

electrostatic potential along the surface of the 8x1 SiC/GeC lateral heterostructures with 

AC (e) and ZZ (f) interfaces, respectively.  
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Figure 4-22: (a) and (b) show the top (upper) and side (bottom) views of differential 

charge densities (DCD) of 16x1 SiC/GeC lateral heterostructures with AC (a) and ZZ 

(b) interfaces. The electron accumulation and depletion are represented by the yellow 

and blue contours (with the isosurface of 2.0 x10-4e/Å3). The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted 

by brown, blue, and grey spheres, respectively. (c) and (d) show the plane-averaged 

DCD (𝛥𝜌) along the surface of the 16x1 SiC/GeC lateral heterostructures with AC (c) 

and ZZ (d) interfaces, respectively. The interface region is highlighted by green-

dashed lines and the build-in electric field is indicated by the red arrows. (e) and (f) 

show the plane-averaged electrostatic potential along the surface of the 16x1 SiC/GeC 

lateral heterostructures with AC (e) and ZZ (f) interfaces, respectively.  
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Furthermore, the plane-averaged differential charge density (𝛥𝜌) along the 

surface of LH (perpendicular to the interface, see (c) for the AC interface in Figure 4-20 - 

Figure 4-23, and (d) for the ZZ interface in Figure 4-20 - Figure 4-23) shows a 

pronounced polarization. For the AC heterostructures, the electron depletion is mainly in 

the interfacial region at the side of the SiC domain, and the electron accumulation at the 

side of the GeC domain ((c) in Figure 4-20 - Figure 4-23).  For the ZZ heterostructures, 

Figure 4-23: (a) and (b) show the top (upper) and side (bottom) views of differential 

charge densities (DCD) of 32x1 SiC/GeC lateral heterostructures with AC (a) and ZZ (b) 

interfaces. The electron accumulation and depletion are represented by the yellow and 

blue contours (with the isosurface of 2.0 x10-4 e/Å3). The 𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by 

brown, blue, and grey spheres, respectively. (c) and (d) show the plane-averaged DCD 

(𝛥𝜌) along the surface of the 32x1 SiC/GeC lateral heterostructures with AC (c) and ZZ 

(d) interfaces, respectively. The interface region is highlighted by green-dashed lines and 

the build-in electric field is indicated by the red arrows. (e) and (f) show the plane-

averaged electrostatic potential along the surface of the 32x1 SiC/GeC lateral 

heterostructures with AC (e) and ZZ (f) interfaces, respectively.  
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on the other hand, the electron depletion is mainly in the interfacial region at the left sides 

of the 𝑆𝑖𝐶 and 𝐺𝑒𝐶 domains, and the electron accumulation at the right side of the 𝑆𝑖𝐶 

and 𝐺𝑒𝐶 domains ((d) in Figure 4-20 - Figure 4-23) . This redistribution of net charge 

density leads to a net charge flow with a quantitative charge transfer of ~ 0.3 |e| between 

the adjacent domains, about two order in magnitude larger than that found in the 

SiC/GeC VH [92]. Such amount of charge transfer between the 𝑆𝑖𝐶 and the 𝐺𝑒𝐶 domains 

can be linked with the atomic electronegativity values of domains and lead to a built-in 

electric field (𝐸𝑖𝑛) in the interfacial region (indicated by the red arrow between the green-

dashed lines), analogue to the SiC/GeC bilayer [92]. Interesting finding from the DCD 

analysis is that the orientation of the built-in electric field strongly depends on the 

bonding nature at the interface. Since the bonding nature at the AC interface shows an 

alternative alignment of Si-C and Ge-C bonds (Fig. 4-1 1 (a)), and the most net electron 

deplete (accumulate) at the edge of the 𝑆𝑖𝐶 (𝐺𝑒𝐶) domain, the built-in electric fields at 

two edges of the domains point to the 𝐺𝑒𝐶 domain (see (c) in Figure 4-20 - Figure 4-23). 

While, since bonding nature at the ZZ interface shows the Si-C bonds aligned at one edge 

and the Ge-C bonds aligned at the other edge (Figure 4-1(b)), the built-in electric fields at 

two edges of the domains point to the same direction (see (d) in Figure 4-20 - Figure 4-

23). The type of induced built-in electric field in the AC heterostructures will play a role 

in hindering the recombination of photo-generated electron-hole pairs, demonstrating 

another advance feature of the 2D lateral polar heterostructures and paving a pathway for 

functional design of photoelectronic nanodevices. The built-in electric field in ZZ 

heterostructures, on the other hand, will behave differently. Since this type of induced 

built-in electric field at the edges of the domains will align on the same direction and will 
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accelerate the transfer of photo-excited electrons in both 𝑆𝑖𝐶 and 𝐺𝑒𝐶 domains to the 

same direction, forming an in-plane charge flow in the whole lateral heterostructure.  

The electrostatic potential profile along the surface of hybrid SiC/GeC lateral 

polar heterostructures, obtained by solving the Poisson equation[127], is depicted in 

Figure 4-20 - Figure 4-23 (e) and (f)  for 4x1, 8x1,16x1, and 32x1 heterostructures, 

respectively. The potentials oscillate around atoms with different average values at 𝑆𝑖𝐶 

and 𝐺𝑒𝐶 domains (indicated by the red-dashed lines). The potential at the 𝑆𝑖𝐶 domain is 

deeper than that at the 𝐺𝑒𝐶 domain, leading to a relative potential drop (ΔV) between the 

𝑆𝑖𝐶 and 𝐺𝑒𝐶 domains for all patterns (~0.9 eV for AC interface and ~1.5 eV for ZZ 

interface), which is a rather weak comparable to SiC/GeC VH [92] and other 2D hetero-

bilayers [100, 128-133]. Such potential drop supports the existence of a built-in 

electrostatic field across the interfacial region which may affect carrier dynamics and will 

certainly enhance electron-hole separation for AC heterostructures. Therefore, by 

hybridizing monolayers of 𝑆𝑖𝐶 and 𝐺𝑒𝐶, a p–n junction with a potential drop of ~0.9-1.5 

eV can be formed between the two domains, and different fascinating features can be 

developed. 

4.6.3. Work function and band alignment 

The work function of the structures φ, a significant parameter to control the field-

emission properties of 2D optoelectronic devices, is listed in the 2nd column of Table 4-3 

and shown in Figure 4-24. The small work function offset between strained 𝑆𝑖𝐶 and 𝐺𝑒𝐶 

domains (~0.04-0.06 eV) might not easily block electrons flow from 𝑆𝑖𝐶 domain to 𝐺𝑒𝐶 

domain when two sheets are stitched. The work function of the SiC/GeC-LH, on the other 
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hand, depends on the interface and the domain size ranging from 3.7709 eV to 3.8161 

eV. The shifts of VBM and CBM bands with respect to the vacuum level are depicted in 

Figure 4-24 and listed in Table 4-3. The VBM and CBM band of the pristine 𝑆𝑖𝐶 sheet 

moves down by ~ 0.014-0.023 eV and ~ 0.133-0.167 eV, respectively, when the sheet is 

uniaxially stretched by 2.94%. The CBM of the pristine 𝐺𝑒𝐶 monolayer lifts by ~0.081 

eV and the VBM moves down by ~ 0.015 eV under the compressive strain of 2.67%. 

Therefore, the band offset is slightly reduced under the strain which will further modulate 

the band gap when the two sheets are coupled.  

The coupled system, however, has its conduction/valence bands moved down/up 

with respective to the levels of individual 𝑆𝑖𝐶 or 𝐺𝑒𝐶 monolayers, demonstrating a 

modulated band gap (wider than that of pristine 𝐺𝑒𝐶 sheet but narrow than that of the 

pristine 𝑆𝑖𝐶 sheet) under the synergistic effect of the interface, the uniaxial strain, and the 

size of the domains (as illustrated on Figure 4-24 and Table 4-3). Such variation in the 

band gap reflects the strong effects of the bonding nature at the interface and the quantum 

confinement, providing a fascinating method to engineer the band gap and design new-

generation nano-electronic devices. As discussed in section 4.6.1., for the SiC/GeC-LH 

with the AC interface, the direct band gap of the compressed 𝐺𝑒𝐶 sheet is preserved at 

the 𝐺𝑒𝐶 domain, and the indirect band gap nature of expanded 𝑆𝑖𝐶 sheet along AC 

direction is preserved in 𝑆𝑖𝐶 domain. While, in the system with the ZZ interface, the 

direct band gap nature of compressed (expanded) 𝐺𝑒𝐶 (𝑆𝑖𝐶) sheet is preserved in both 

domains (see Figure 4-9 and Figure 3-8). Comparing the positions of VBM and CBM 

bands levels (Figure 4-11 - Figure 4-18, and Figure 4-24), it was found that the band 

alignment of SiC/GeC-LH is analogous to a straddling gap (type-I) which are useful for 
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applications in LED and laser etc. Furthermore, the AC heterostructures with the help of 

the built-in electric field at the interfaces could separate photo-excited electrons and holes 

which are useful for the application of photovoltaic devices. The band gap of the 

SiC/GeC-LH is still larger than the minimum of 1.230 eV required for the photocatalysis 

reactions, showing its potential appealing application for visible light photocatalyst and 

water splitting to achieve clean and renewable energy [89, 134].  

Table 4-3: The work function and VBM (CBM) band levels (with respect to the vacuum) 

of  pristine 𝑆𝑖𝐶 and 𝐺𝑒𝐶 monolayers with/without strain and the SiC/GeC-LH with 

different interface and size of domain. 

Systems   WF (φ) (eV) E
VBM

 (eV) E
CBM

 (eV) 

GeC (pristine) 3.8205 -4.8526 -2.7883 

GeC (uniaxial compression) 3.7877 -4.8680 -2.7074 

SiC (pristine) 3.7519 -5.0300 -2.4739 

SiC (uniaxial expansion along ZZ) 3.8252 -5.0435 -2.6069 

SiC (uniaxial expansion along AC) 3.8441 -5.0527 -2.6356 

GeC/SiC 1x4 (AC)  3.7923 -4.9313 -2.6532 

GeC/SiC 1x4 (ZZ)  3.7913 -4.9304 -2.6522 

GeC/SiC 1x8 (AC)  3.7928 -4.9192 -2.6663 

GeC/SiC 1x8 (ZZ)  3.7838 -4.9004 -2.6671 

GeC/SiC 1x16 (AC)  3.7844 -4.8857 -2.6831 

GeC/SiC 1x16 (ZZ)  3.8161 -4.903 -2.7292 

GeC/SiC 1x32 (AC)  3.7709 -4.8438 -2.698 

GeC/SiC 1x32 (ZZ)  3.7798 -4.8487 -2.7109 
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Figure 4-24: Schematic illustration of the band alignment of the 2D SiC/GeC-LH with 

different interface and domain size, together with the pristine 𝑆𝑖𝐶 and 𝐺𝑒𝐶 (with/without 

strain) monolayers related to the vacuum level. Absolute energy levels of VBM and CBM 

for those structures are denoted by the blue and black lines, respectively. The 

corresponding Fermi levels are denoted by red dashed lines. Blue and black dashed lines 

connecting these steps indicate the energy shift when the material is reshaped (in the case 

of pristine 𝑆𝑖𝐶 and 𝐺𝑒𝐶 monolayers) or re-arranged (in the case of the SiC/GeC hybrid 

LH).  

4.7. 2D SiGe/GeC-LH (structural properties) 

Since there exists over 17% large lattice mismatch in SiGe/GeC-LH and the 

competition of chemical bonding at the interface, the stability of such LH is a critical 

issue. To have a comprehensive understanding the structural stability, we have carried out 

a systematic study on the relaxation process, including (i) releasing the degrees of 
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freedom only for atoms (e.g., ISIF=2 in the VASP code), (ii) releasing the degrees of 

freedom on the atoms and the volume (e.g., ISIF=4 in the VASP code), and releasing all 

the degrees of freedom on the atoms, the lattice vectors, and the volume (e.g., ISIF=3 in 

the VASP code), etc. Figure 4-25 (a) and (b) show the total energy/atom under various 

relaxation processes as a function of the lattice constant 𝑎 along the interface for 1x4 AC-

SiGe/GeC-LH (a) and 1x4 ZZ-SiGe/GeC-LH (b), with two different chemical bonding at 

each interface (see Figure 4-2 for the classification of the chemical bonding at the 

interface). It can be seen from the results that for 1x4 AC-SiGe/GeC-LH with Si-C/Ge-

Ge bonding at the interface, the system under various relaxation processes is finally 

stabilized to a structure with the lattice constant a ~ 3.51 Å along the interface and the 

energy of -5.03 eV/atom (red squres on the red dashed line on Figure 4-25 (a)). The 1x4 

AC-SiGe/CGe-LH with Ge-C/Si-Ge bonding at the interface, on the other hand, is 

stablized with a ~3.49 Å  along the interface with the total energy/atom lower than that 

with Si-C/Ge-Ge bonding (green and blue triangles at green dashed line on Figure 4-25 

(a)). Oppositely, the energy of the 1x4 ZZ-SiGe/GeC-LH with Si-C/Ge-Ge bonding at the 

interface gradualy decreases with decreasing the lattice constant (see Figure 4-25 (b)), 

and then sharply drops to the stage where the layered structure is totally distored (e.g., see 

the structures of 1x4 ZZ SiGe/GeC-LH at ~3.19 Å and 3.2 Å along the interface in Figure 

4-25 (b) and Figure 4-26, respectvily). Similar results were also found for SiGe/GeC-LH 

with larger domains (e.g., n = 8, 16), indicating that 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 sheets are difficult to 

stich seemlessly and form 2D-LH, except 1x4 AC-SiGe/GeC-LH due to the even 

distrubution of chemical bonds at the interfaces on both sides of domains. 
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Figure 4-25: The total energy per atom versus the lattice constant along the interface for 

1x4 AC-SiGe/GeC-LH (a) and 1x4 ZZ-SiGe/GeC-LH (b) (with two different types of 

chemical bonding at the interfaces) under various relaxation processes. The dashed black, 

red, and green lines denote the minimum energy under different relaxation processes for 

1x4 AC-SiGe/GeC-LH. The insert on (b) shows the side view of the relaxed structure at 

that position. 

Figure 4-26: Schematic illustration of relaxed structures of 1x4 ZZ-SiGe/GeC-LH with 

SiC/Ge-Ge bonding (a) and Ge-C/Si-Ge bonding (b). The buckling and lattice constants 

along the interface and horizontal directions are indicated by numbers in Angstrom. The 

yellow, red, and green spheres represent 𝐶, 𝐺𝑒, 𝑆𝑖 atoms, respectively. 

Figure 4-27 illustrates the optimized structures of AC-SiGe/GeC-LH with Si-

C/Ge-Ge bonding (a) and Ge-C/Si-Ge bonding (b), respectively. Due to the large lattice 

mismatch induced strain, the systems are stabilized to a corrugation form where the 𝐺𝑒𝐶 

domain keeps flat, and the 𝑆𝑖𝐺𝑒 domain maintains buckled structures, respectively. 

Similarly as found in 2D SiC/GeC-LH, the lattice constants along the horizontal direction 
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in each domain almost keep the same values as in their pristine sheets, but the lattice 

constants along the interface are ~ 7% expansion in the 𝐺𝑒𝐶 domain and ~11% 

compression in the 𝑆𝑖𝐺𝑒 domain, demonstrating that the strain induced by the large 

lattice mismatch is distributed along the interface, reflecting the uniaxial strain feature in 

1x4 AC-SiGe/GeC-LH. 

Figure 4-27 The side and top views of optimized structures of 1x4 AC-SiGe/GeC-LH 

with Si-C/Ge-Ge bonding (a) and Ge-C/Si-Ge bonding (b), respectively. The buckling 

and lattice constants along the interface and horizontal directions are indicated by 

numbers in Angstrom. The yellow, red, and green spheres represent 𝐶, 𝐺𝑒, 𝑆𝑖 atoms, 

respectively. 

 

4.8. 1x4 AC-SiGe/GeC-LH (electronic properties) 

In 1x4 AC-SiGe/GeC-LH, we stitched 𝑆𝑖𝐺𝑒 sheet (metal) to 𝐺𝑒𝐶 sheet 

(semiconductor) to form 2D metal-semiconductor LH and released the artificial strain 

due to the large lattice mismatch between the constituent strips 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶. With this 

designed structure, along with the artificial strain, we analyzed the charge transfer in the 

domains of metal (𝑆𝑖𝐺𝑒) and semiconductor (𝐺𝑒𝐶) through a thin 1D boundary. This 
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contact behavior is a critical key for the metal–semiconductor junctions, which affect the 

electronic properties that was unraveled in this section. 

4.8.1. DOS and Band structures 

Figure 4-27 despites the calculated band structures of 1x4 AC -SiGe/GeC-LH 

with Si-C/Ge-Ge bonding (a) and 1x4 AC -SiGe/CGe-LH with Ge-C/Si-Ge bonding (b) 

at DFT-PBE level. From there, we found that 1x4 AC-2D SiGe/GeC-LH in both types of 

bonding possess semiconductor nature with a direct band gap of 0.65 eV for Si-C/Ge-Ge 

bonding and 0.71 eV for Ge-C/Si-Ge bonding, respectively. It is well known that DFT-

PBE calculations for the band structures usually underestimate the fundamental band 

gaps, as compared with the experimental results. Therefore, this small band gap opening 

obtained at DFT-PBE level is expected to be improved by applying band correction 

methods, such as the Heyd–Scuseria–Ernzerh of screened Coulomb hybrid functional 

[126] (referred as HSE06). Such calculations are computationally expensive for large 

systems, such as the 2D SiGe/GeC-LH studied here. 
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Figure 4-28: The band structures of 1x4 AC-SiGe/GeC-LH with Si-C/Ge-Ge bonding (a) 

and 1x4 AC-SiGe/CGe-LH with Ge-C/Si-Ge bonding (b). The Brillion zone is inserted 

(c) The red arrows denote the position of the direct band gap, and the Fermi level is set at 

zero. 
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Figure 4-29: Calculated projected band structures of 1x4 AC-SiGe/GeC-LH with Si-

C/Ge-Ge bonding (a) and 1x4 AC-SiGe/CGe-LH with Ge-C/Si-Ge bonding (b). (c) and 

(d): the corresponding top (upper) and side (bottom) views of VBM and CBM. (e)-(h): 

the corresponding total DOS, projected density of states (PDOS), and the local density of 

states (LDOS) of 1x4 2D-SiGe/GeC-LH with Si-C/Ge-Ge ((e) and ((g)) and 1x4 AC-

SiGe/CGe-LH with Ge-C/Si-Ge ((f) and (h)), respectively. 
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Figure 4-29 shows the projected band structures; the top and side views of VBM 

and CBM, the projected density of states (PDOS), and the local density of states (LDOS) 

of 1x4 AC-SiGe/GeC-LH. From these results, we can infer that the direct band gaps in 

the semiconductor AC-SiGe/CGe-LH with both types of bonding at the interface are not 

located at Γ but at X point, similar as in the case of pristine 𝑆𝑖𝐺𝑒; and the corresponding 

values are slightly depending on the bonding nature at the interface. Moreover, based on 

the projected band structures and the orbital isosurface analysis of VBM / CBM, we 

found that the most contribution of VBM / CBM is from Ge-4p orbitals (green 

squares/curve) and Si-3p orbitals (red circles/curve). Thus, such band gap is located in 

the 𝑆𝑖𝐺𝑒 domain near the interface. This nature is further confirmed from DOS and 

LDOS, demonstrating that a band gap can be opened in the 𝑆𝑖𝐺𝑒 domain when stitching 

it to 𝐺𝑒𝐶 domain.  

4.8.2. Charge density and Differential of charge density (DCD) 

We conduct Bader charge analysis to better understand atomic charge density and 

charge transfer between domains of 1x4 AC-SiGe/GeC-LH, where the quantitative 

results are listed in Table 4-4. It was found that there is a charge transfer of 0.0618 e 

between 𝑆𝑖 and 𝐺𝑒 in the pristine 𝑆𝑖𝐺𝑒 sheet and a charge transfer of 1.362 e between 𝐺𝑒 

and 𝐶 in the pristine 𝐺𝑒𝐶 sheet. The different amount of the charge transfers in the 𝑆𝑖𝐺𝑒 

and 𝐺𝑒𝐶 sheets is mainly due to their different electronegativities (see the inserted table 

in Figure 4-30). Such charge transfers still hold on the 𝐺𝑒𝐶 domain and on 𝑆𝑖𝐺𝑒 domain 

of 1x4 AC-SiGe/GeC-LH with Si-C/Ge-Ge bonding. However, the scenario is different 

on 𝑆𝑖𝐺𝑒 domain of 1x4 AC-SiGe/CGe-LH with Ge-C/Si-Ge bonding, where both 𝐺𝑒 and 

𝑆𝑖 lost charge of 0.1 -0.2 e. Interesting finding from the charge transfer analysis is that 
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although the behavior of charge transfer of the 𝑆𝑖𝐺𝑒 domain is different from the pristine 

𝑆𝑖𝐺𝑒, over all, there is still a net charge transfer from the 𝑆𝑖𝐺𝑒 domain to the 𝐺𝑒𝐶 domain 

in all kinds of bonding at 1x4 AC-SiGe/GeC-LH (see Figure 4-30), which is similar to 

the behave of the net charge transfer of 2D SiC/GeC-LH.  

Table 4-4: Bader charge analysis (in the unit of e/atom) of the charge transfer between 

𝑆𝑖, 𝐺𝑒, and 𝐶 atoms in the pristine 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 monolayers and the 2D SiGe/GeC-LH 

with different chemical bonding. There are two types of 𝐺𝑒 atoms: one is at the 𝑆𝑖𝐺𝑒 

domain (denoted by 𝐺𝑒 (𝑆𝑖𝐺𝑒)), and the other is at the 𝐺𝑒𝐶 domain (denoted by 

𝐺𝑒 (𝐺𝑒𝐶). The net charge per atom in 𝐺𝑒𝐶 and 𝑆𝑖𝐺𝑒 domains are listed in the 6th and 7th 

columns, respectively. 

Systems Ge (GeC) 

 (e/atom) 

C (e/atom) Ge (SiGe) 

(e/atom) 

Si 

(e/atom) 

GeC 

(e/atom) 

SiGe 

(e/atom) 

GeC 1.362 -1.362 - - 0 - 

SiGe - - -0.0618 0.0618 - 0 

SiGe/CGe (AC) 0.323 -0.41905 -0.65014 0.7462 -0.096 0.096 

SiGe/GeC (AC) 0.9855 -1.29986 0.2444 0.07 -0.3144 0.3144 

 

Figure 4-30: The charge density contours of 1x4 AC-SiGe/GeC-LH with Si-C/Ge-Ge 

bonding (a) and 1x4 AC-SiGe/CGe-LH with Ge-C/Si-Ge bonding (b), respectively. The 

blue arrows denote the net charge transfer from the 𝑆𝑖𝐺𝑒 domain to the 𝐺𝑒𝐶 domain. 
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The DCD (i.e., the net charge redistribution between 2D material domains) 

illustrated in Figure 4-31 characterize the interfacial hybridization of the 2D 1x4 AC-

SiGe/GeC-LH. The net electron accumulation and depletion are shown by the yellow and 

blue contours, respectively. Clearly, most net electron redistribution is located at the 

interface region, induced by the coupling between 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 domains, and is 

sensitive to the type of interface and the boding nature, reflecting the degree of the 

hybridization of orbitals between adjacent domains. Furthermore, as shown in Figure 

4-31, the net charge redistribution solely locates at the interfacial region and 𝐺𝑒𝐶 domain 

for the AC interface, with the net electrons depleting around the 𝑆𝑖 and 𝐺𝑒 atoms and 

accumulating around 𝐶 atoms. Such net charge transfer from the 𝑆𝑖𝐺𝑒 domain to the 𝐺𝑒𝐶 

domain, therefore, forms in-plane dipoles along the interface.  

Figure 4-31: The DCD of 1x4 AC-SiGe/GeC-LH with Si-C/Ge-Ge bonding (a) and 1x4 

AC-SiGe/CGe-LH with Ge-C/Si-Ge bonding (b) with the isosurface value of  0.005 e/Å3. 

The electron accumulation (depletion) is denoted by the yellow (blue). The black boxes 

denote the supercell.  
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4.9.  Commensurate 2D 5x4 SiGe/6x4 GeC-LH 

The results of deformed 2D SiGe/GeC-LH for 1x4 ZZ SiGe/GeC-LH and others 

with larger domains due to large mismatch trigged us to consider 2D SiGe/GeC -LH with 

commensurate domains to reduce the large lattice mismatch between 2D pristine 𝑆𝑖𝐺𝑒 

and 𝐺𝑒𝐶 (i.e., ~0.7 Å). To achieve such commensurate lattice and reduce the strain, we 

considered supercells with the sizes of 5x4 and 6x4 for 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 domains, 

respectively. In such case, the lattice mismatch is much reduced to ~0.1548 Å which is 

close to the small lattice mismatch in 2D SiC/GeC-LH (see section 4.5.1).  

Structurally, we designed four types of commensurate 2D 5x4 SiGe/6x4 GeC-LH 

with different interface and bonding nature. Namely, the commensurate AC and ZZ 

SiGe/GeC-LH with Ge-Ge bonding at the interfaces (left panels on Figure 4-32) and the 

commensurate AC and ZZ SiGe/CGe-LH with Si-Ge or Ge-C bonding at the interfaces 

(see right panels on Figure 4-32). It is noted that even though the lattice mismatch is 

reduced significantly, the significant difference in the bond lengths between 𝑆𝑖, 𝐶, and 𝐺𝑒 

will produce lots of dangling bonds at the interfaces in the commensurate structures. Such 

dangling bonds are fatal in stabilizing the commensurate structures. As shown in Figure 

4-32, after performing a full relaxation (without any restriction on degrees of freedoms 

for atoms, lattice vectors, and volume, i.e., set the tag ISIF=3 in VASP code), most 

commensurate structures crashed and were finally stabilized to a bulk-like-structure with 

strong interlayer interaction, except the commensurate LH with Ge-Ge bonding at the ZZ 

interface, which still keeps 2D layered structure (see the left-bottom panel on Figure 

4-32). These results point out that the dangling bonds at the interfaces of the 

commensurate LH structures indeed generate local defects and lead to such LH unstable. 
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The commensurate LH with Ge-Ge bonding at the ZZ interface, on the other hand, could 

produce pentagons and minimize the dangling bonds in stabilizing the system.  

 

Figure 4-32: The top and side views of relaxed structures of commensurate 5x4 SiGe/6x4 

GeC-LH with Ge-Ge bonding at the AC and ZZ interfaces (left panels) and SiC/GeC 

bonding nature at AC/ZZ interfaces (right panels), respectively. The yellow, red, and 

green dots represent 𝐶, 𝐺𝑒, 𝑆𝑖 atoms, respectively. 
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4.10. Conclusion 

The fundamental aspects of 2D SiC/GeC-LH and 2D SiGe/GeC-LH have been 

systematically studied at the first-principles level. The characteristics of such 2D polar 

LH are correlated to the lattice mismatch induced strain, the chemical bonding nature at 

the interface, the size of domain induced quantum confinement, and the electronegativity 

induced in-plane charge transfer in each domain. The synergistic effect of these factors 

leads to several interesting phenomena, charactering the unique properties of the 2D 

SiC/GeC, and 2D SiGe/GeC polar LHs.  

First, the fully relaxed 2D SiC/GeC polar LHs are stabilized in the flat format, and 

the small lattice mismatch induced strain in two domains is distributed along the interface 

direction. While the large lattice mismatch in 2D SiGe/GeC-LH leads unstable structures, 

except those with the smallest domain (e.g., 1x4 SiGe/GeC-LH). It was found that 

induced strain mainly spread along the interface, resulting uniaxial strain. Thus, each 

constituent domain in 2D polar LHs almost keeps its pristine structure inside the domains 

and with extension/compression mainly directed along the interface.  

Second, the designed 2D polar LHs can adjust the nature of the band structures 

and each type of interface can persevere a certain nature of the band structure of one of 

the constituent domains. Namely, an indirect band gap nature was found in AC-SiC/GeC-

LH which is a characteristic of 𝑆𝑖𝐶, a direct band gap nature was found in ZZ-SiC/GeC-

LH which is a characteristic of 𝐺𝑒𝐶, a semiconductor nature with direct band gap was 

found in 1x4 AC- SiGe/GeC-LH which is a characteristic of 𝐺𝑒𝐶 . Furthermore, the band 

gap can be modulated by tuning the domain size, the chemical bonding nature at the 

interface, and type structure of designed interface. 
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Third, a net charge transfer was found from the 𝑆𝑖𝐶 or 𝑆𝑖𝐺𝑒 domain to the 𝐺𝑒𝐶 

domain in 2D SiC/GeC polar LHs or 2D SiGe/GeC polar LHs, respectively. Triggered by 

the in-plane charge transfer, such net charge transfer leads to a lateral spontaneous p-n 

junction, characterizing the unique property of 2D polar LHs. 

 Fourth, the net charge redistribution was found solely locating at the interfacial 

region with the net electrons depleting around the 𝑆𝑖 and 𝐺𝑒 atoms and accumulating 

around 𝐶 atoms, forming in-plane dipoles along the interface. The plane-averaged charge 

density difference (𝛥𝜌) along the surface of LH shows a net charge flow with a 

quantitative charge transfer of ~ 0.3 |e| between the adjacent domains. Such amount of 

charge transfer will lead to a built-in electric field in the interfacial region and will play a 

role in hindering the recombination of photo-generated electron-hole pairs. These unique 

features imply the promising application of the 2D polar LH, beyond the vdW 

heterostructures, for visible light photocatalyst, photovoltaics, and water splitting to 

achieve clean and renewable energy.  
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CHAPTER V 

5. VERTICAL HETEROSTRUCTURE OF 2D POLAR BINARY COMPOUNDS: 

(SiGe/GeC)

 

5.1. Introduction 

Recently, layer-by-layer staking of 2D materials to form vertical heterostructure 

governed by weak interaction in between the adjacent layers have attracted scientists in 

nanomaterials science. These 2D heterostructures appear appealing performance in 

electronic and optoelectronic applications besides their novel phenomena, such as 

ultrafast charge transfer in MoS2/WS2 heterostructures [135] and self-similar Hofstadter 

butterfly states in graphene/h-BN heterostructures [136]. Moreover, wide range of 2D 

crystals and their heterostructures have been successfully fabricated, e.g., transition metal 

dichalcogenides (TMDs), the hexagonal boron nitride (h-BN), metal chalcogenides, 

phosphorene, MXenes, layered oxides, etc. [111, 137-142]. They have been extensively 

applied to vital applications such as nanoelectronics, excitonic solar cells, digital data 

storage, optoelectronics, spintronics and opto-spintronics, ferroelectronics, energy 

storage, sensor, electrocatalysis, heat transfer, brain-inspired computing, etc. [90, 91, 97, 

98, 109, 113, 143-145].  

The aforementioned 2D materials and their heterostructures have been classified 

into 2D-vdW material and 2D-vdW heterostructures (vdW-H) due to their possession of 
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vdW interaction. An interesting finding is that the physical and electronic properties of 

vdW-H are sensitive and differ radically with any changing of the number of stacking 

layers, stacking pattern, strain level, applied electric field, etc. [112, 146-148].  

Different from 2D-vdW materials, there are other types of 2D materials that have 

no layered vdW bulk counterparts and possess a chemical bonding nature similar to their 

bulk counterparts, such as the 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayers. In fact, the 𝑆𝑖𝐶 

monolayer is considered as more ionic-like covalent bonding [84] while 𝐺𝑒𝐶 monolayer 

as less ionic-like covalent bonding [149, 150]. Therefore, they are classified as 2D polar 

materials. Motivated by the effect of the electrostatic force triggered by such in-plane 

charge transfer, this project  aims to design a VH build by 2D polar monolayers. In fact, 

this work intended to investigate the role that plays by such electrostatic interaction, 

compared to the vdW interaction, in stabilizing such hybrid heterostructures and 

influencing their electronic properties. 

To unravel such interesting phenomena, this project has been conducted as a 

comprehensive theoretical study on such 2D polar heterostructures, focusing on the 

commensurate SiGe/GeC hybrid bilayer to study the stability and electronic properties 

governed by the stacking configuration and the out-of-plane interaction on these 

heterostructures. 

5.2. Vertical Heterostructure (VH) verses Lateral Heterostructure (LH) 

The most two popular classes of heterostructure are VH and LH, depending on the 

direction of the construction. The LH is formed when  the constituent sheets stitch along 
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in-plane direction [9-19]; while the VH is made of a combined constituent sheets along 

out-of-plane direction. Accordingly, there are essential differences between VH and LH. 

First, the interface effect originates mainly from the week inter-layer chemical 

bonding, i.e., vdW or weak electrostatic interaction, in 2D-VH, while it comes from the 

strong intra-layer chemical bonding, i.e., ionic or covalent bonds within the plane, in 2D-

LH. Therefore, this variation in dominated chemical bonding at the interface is strongly 

reflected on the variation in chemical and physical properties of the two types of 2D-H.  

Second, the interface in 2D-VH is a 2D infinite surface, but a 1D thin line is in 

2D-LH. Then, different dimensionality and size of the interface play a key role in 

determine the distinct characteristics for each type of HS.  

Third, the lattice mismatch, which is the main source of the strain induced effect, 

can be tunable by changing the way of assembly, for it can be maximized and spread on 

the surface to introduce a strain all over the surface in the 2D-VH, or it can be minimized 

around the interface to introduce a local strain in 2D-LH, which can be accounted for 

different properties between 2D-VH and 2D-LH. 

 Forth, the construction nature enhances the electrons’ confinement into different 

layers of 2D-VH, but, in contrast to 2D-VH, it enhances the efficiency of the carriers’ 

mobility in 2D-LH.  

Finally, 2D-VH is easier to fabricate, whereas fabricate 2D-LH is difficult and has 

limitations. Table 5-1 summarizes the main differences between 2D-VH and 2D-LH. 
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Table 5-1: The main differences between 2D-VH and 2D-LH 

2D-VH 2D-LH 

Interface effect comes from the weak 

inter-layer bonding 

Interface effect comes from the strong intra-layer 

bonding 

Interface effect is on the surface (2D 

infinite surface) 

Interface effect is at the boundary (1D thin line) 

Enhances confinements of electrons in 

different constituents 

Enhance the efficiency of carriers’ mobility 

Lattice mismatch effect is spread on each 

surface 

Lattice mismatch effect induced local strains depend on 

different domains on the plane 

Easy to fabricate The fabrication has limitations 

 

5.3. Effects under study (Interlayer interaction –Species stacking pattern) 

It is well known that vdW interaction plays a leading role between adjacent layers 

in 2D vertical heterostructures. However, the electrostatic force in 2D polar materials, 

such as 𝑆𝑖𝐺𝑒 or 𝐺𝑒𝐶 monolayer, has a significant impact by triggering the in-plane 

charge transfer between elements. Its influence may be extended to the interlayer in 2D-

VH built by such 2D polar materials. Trigged by this interesting premise, this work aimed 

to study and understand the role plays by both the interlayer weak interaction (i.e., the 

vdW) and electrostatic interlayer-bonding, in stabilizing such hybrid heterostructures and 

influencing their electronic properties (e.g., SiGe/GeC hybrid VH). 
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 Equally important, the quantity  and direction of in-plane charge transfer depend 

on the interaction between elements, so it important to investigate the arrangement of the 

charged atoms in adjacent layers when designing 2D polar VH. Namely, the system 

under study will be utilized to a commensurate structure with different species stacking 

pattern depending on the arrangement of the charged atoms. For instance, in constructing 

SiGe/GeC-VH, there are four types of species arrangements. They are classified into two 

groups, referred as the C-group (i.e., patterns I and II) and the Ge-group (i.e., patterns III 

and IV), respectively. In pattern I/II (i.e., in C-group), C atom in 𝐺𝑒𝐶 sheet has been 

stacked on the top of 𝐺𝑒/𝑆𝑖 atom in 𝑆𝑖𝐺𝑒 sheet, respectively, while in pattern III/IV (i.e., 

in Ge-group), 𝐺𝑒 atom in 𝐺𝑒𝐶 sheet has been stacked on the top of 𝐺𝑒/𝑆𝑖 atom in 𝑆𝑖𝐺𝑒 

sheet, respectively. The chemical interlayer-bonding varies between different atoms, i.e., 

𝐶, 𝐺𝑒, and 𝑆𝑖, in different pattern, and it may inspire the physical properties of the 

system, which was investigated and addressed in this work. 

5.4. Commensurate supercell 

In material science, designing an ideal VH is not an easy task since it requires a 

joint supercell that composed from two different constituent of unit cells. Experimentally, 

the growth of the joint supercell will be gained, after a chemical bonding competitive 

with strain induced by lattice mismatch, when the system reaches out the energy 

minimization. Besides, the weak interaction between layers makes the system tends to 

minimize the strain within the layer and allows incommensurately growth. In contrast, the 

ideal joint supercell in theoretical computations requires commensurate unit cells, i.e., the 

unit cell that has small number of atoms and weak strain. Therefore, producing joint 
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supercell manually is not an easy task if the two-unit cells are different geometrically, for 

example, the case of producing SiGe/GeC VH in this project.  

According to the results in Chapter 3, 𝐺𝑒𝐶 and 𝑆𝑖𝐺𝑒, the two constituents of 

SiGe/GeC VH, have different lattice constants (3.267 Å and 3.951 Å, respectively). 

Hence, this relatively large lattice mismatch (17%) induces large artificial strain in 

constructed SiGe/GeC VH which may cause stress or defect at the interface. As we found 

in Chapter 4, such large artificial strain led to unstable structures when forming 

SiGe/GeC-LH. Thus, we need to construct commensurate SiGe/GeC-VH to reduce this 

type of large strain. For such purpose, we adopted the method that implemented in the 

Cell Match code produced by Predrag Lazic [151]. For a given pattern, the Cell Match 

code searches within a given combinatorial space (e.g., 1%) and sorts the results by the 

strain imposed on one crystal (e.g., 𝐺𝑒𝐶 monolayer), while no strain on the other crystal 

(e.g., 𝑆𝑖𝐺𝑒 monolayer). Constructed bilayers are listed starting from the smallest strain 

where the first option should be taken as the commensurate joint supercell (see Table 

5-2). As the result, the commensurate joint supercell for all four species stacking patterns 

of SiGe/GeC-VH are built by a 6x6 supercell of 𝐺𝑒𝐶 monolayer with 0.8% compression 

Index     strain               atoms              surf_ratio indices1           indices2 
-------------------------------------------------------------------------------------------------------------
|      1  |        0.00373831  |      122  |     36   25  |    -6    0   -5    0  |     0   -6    0   -5    | 
|      2  |        0.01219265  |      100  |     30   20  |    -6    0   -5    0  |    -6    5   -5    4    | 
|      3  |        0.07721725  |       40   |     11    9   |    -6    5   -5    4  |    -5    6   -4    5    | 
|      4  |        0.12800262  |       22   |      6    5    |    -6    6   -5    5  |    -6    5   -5    4    | 
-------------------------------------------------------------------------------------------------------------

Table 5-2: The various commensurate supercells of SiGe/GeC heterostructures (denoted 

by index) with different strain. The red rectangular denote the chosen supercell. 
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and a 5x5 supercell of 𝑆𝑖𝐺𝑒 monolayer that contains 122 atoms in total with negligible 

strain of ~0.0038. Figure 5-1 represents all four constructed patterns of SiGe/GeC-VH. 

5.5. Computational methods 

This project was performed within the framework of DFT [73, 74] implemented 

in VASP code [46]. Through DFT, the core-valance interaction, the exchange-correlation 

Figure 5-1: Schematic illustrations of the top and side views of the commensurate joint 

supercell for all the four species stacking patterns of C-group (top panels) and Ge-group 

(bottom panels) of SiGe/GeC-VH. The red, green, and brown ball represent Ge, Si, and 

C atom, respectively. The black arrows in the side views indicate the positions of 

species on the top/bottom layers. The initial lattice constants and interlayer distances of 

the supercell are denoted by the numbers.  
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functional, and the van der Waals interactions were described by the projector augmented 

wave (PAW) algorithm [75], the Perdew–Burke–Ernzerhof (PBE) [51] within 

generalized gradient approximation (GGA) approach [76], and the zero damping DFT-D3 

method proposed by Grimme et al [152-154], respectively. 

To maintain the 2D frame during the simulations, a vacuum region is set of 25 Å 

to avoid the interaction caused by periodic boundary condition. Moreover, the reciprocal 

space was sampled by gamma centered 9X9X2 k-point mesh based on Monk horst 

scheme [77]. A cutoff energy of 500 eV was applied for all calculations. To reach the full 

relaxation, the conjugate gradient algorithm [78] was used with no restriction on the 

volume, cell shape, and atomic positions. The energy and force convergent criteria were 

set as 10−5 eV and 10−3 eV Å−1, respectively.  

To study the dynamic stability,  the vibration frequencies at gamma point were 

calculated by solving the force constants or Hessian matrix [155]. The binding energy 

(𝐸𝑏) was calculated to analysis the role of the electrostatic interlayer interaction verses 

vdW interlayer interaction in stabilizing the commensurate SiGe/GeC VH, defined as 

𝐸𝑏 =  𝐸𝑡𝑜𝑡𝑎𝑙  −  𝐸𝑆𝑖𝐺𝑒  − 𝐸𝐺𝑒𝐶, where 𝐸𝑡𝑜𝑡𝑎𝑙, 𝐸𝑆𝑖𝐺𝑒, and 𝐸𝐺𝑒𝐶 are the energies of the 

combined SiGe/GeC bilayer, the 𝑆𝑖𝐺𝑒 monolayer, and the 𝐺𝑒𝐶 monolayer, respectively. 

To analyze the contributions from the vdW and electrostatic interlayer interactions, the 

energy difference 𝐸𝑑𝑖𝑓𝑓 (𝐸𝑑𝑖𝑓𝑓 =  𝐸𝑣𝑑𝑊 −  𝐸𝑛𝑜 𝑣𝑑𝑊), in terms of the energies with (𝐸𝑣𝑑𝑊) 

and without (𝐸𝑛𝑜 𝑣𝑑𝑊) vdW correction, and the difference of interlayer separation 

(𝑑𝑑𝑖𝑓𝑓  = 𝑑𝑣𝑑𝑊 − 𝑑𝑛𝑜 𝑣𝑑𝑊), in terms of the interlayer distances with (𝑑𝑣𝑑𝑊) and without 

(𝑑𝑛𝑜 𝑣𝑑𝑊) vdW correction, were introduced.  
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Bader analysis scheme [56, 57] was performed to study the charge redistribution 

of the combined system which is an intuitive way of separating the charge related to each 

atom to enable us to track the charge transfer between atoms. 

The differential electron charge density (DCD), defined as 𝛥𝜌 = 𝜌𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑆𝑖𝐺𝑒 −

𝜌𝐺𝑒𝐶, where 𝜌𝑡𝑜𝑡𝑎𝑙 is the total electron charge density of the combined system, 𝜌𝑆𝑖𝐺𝑒  and 

𝜌𝐺𝑒𝐶are the electron charge densities associated with the 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 monolayers in the 

combined system, respectively, was applied to compute the charge redistribution which 

gives evaluation to the electronic properties at the interface region. Namely, 𝜌𝑆𝑖𝐺𝑒  (𝜌𝐺𝑒𝐶) 

was evaluated by removing 𝐺𝑒𝐶 (𝑆𝑖𝐺𝑒) layer from the relaxed combined system and 

calculating the density of states without further relaxation. Thus, the DCD tracks the 

charge transfer to get an idea of what is interacting with what in the system and how 

strongly they interact.  

5.6. Structural properties of commensurate SiGe/GeC-VH 

5.6.1. Structural optimization 

Figure 5-2 visualizes the four species stacking patterns of the optimized structure 

of SiGe/GeC-VH after the full relaxation has been reached.  As expected for 

commensurate structure, both monolayers exhibit small artificial strain, i.e., 𝐺𝑒𝐶 (𝑆𝑖𝐺𝑒) 

monolayer compressed by 0.02-0.03% (0.8%) in C-group, and by 0.1% (0.9%) in Ge-

group, respectively. The optimized lattice constant for SiGe/GeC-VH is 19.577 Å and 

19.598 Å for the system with and without vdW-correction (see the 2nd column in Table 5-

3). Consequently, the difference in the lattice constant between patterns (with and without 

vdW-correction) is exceedingly small (within ∼ 0.02 Å) which indicates that the species 
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stacking pattern and interlayer interaction have weak effect on the lattice constant in such 

commensurate system.  

On the other hand, the equilibrium interlayer distance differs for all species 

stacking patterns of SiGe/GeC-VH (the difference is within ∼ 0.1 - 0.7 Å), and the 

difference of interlayer distance between with and without vdW-correction (𝑑𝑑𝑖𝑓𝑓 ) is 

within ∼ 0.03 - 0.2 Å, (see the 5th and 8th column in Table 5-3 ). Also, the Ge-group 

shows smaller interlayer distance than that in the C-group, due to the factor that 𝐺𝑒 atoms 

tend to form sp3 hybridization, whereas 𝐶 atoms tend to form sp2hybridization. These 

results are signature of the interlayer distance dependance on the species stacking pattern 

and interlayer interaction. 

From the standpoint of energy, the energetics of the SiGe/GeC-VH has been 

analyzed in terms of the binding energy and are listed in 6th column in Table 5-3 . It was 

found that the binding energy of SiGe/GeC-VH is between -43 and -51 meV/atom, which 

is almost as twice as that of the vdW-VHs (e.g., −27.08 meV/atom in bilayer graphene 

[72] and −20.75 meV/atom in graphene/h-BN [73]) and comparable to other 

heterostructures stacked by a vdW material with a 2D polar material (e.g., ~-41.55 

meV/atom in SiC/GeC [92], ∼−48 meV/atom in AlAs/germanene [74], and 

∼−48.9/54.5meV/atom in MoS2 /𝑆𝑖𝐶(𝐺𝑒𝐶) [47]). This interesting finding implies that 

the existence of the electrostatic interlayer interaction in hybrid 2D polar heterostructures, 

together with the vdW interaction, play the key roles on stabilizing the combined 2D 

polar bilayers. Moreover, based on the binding energy, Ge-group patterns are more stable 

than C-group. In particular, the IV pattern is the most energetic favorable among the four 

patterns. Interesting, the electrostatic interlayer interaction between Ge-Ge pair in pattern 
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III is also strong, since such interaction comes from the different nature of in-plane 

charge transfer: i.e., Ge atoms gain electrons from Si atoms on SiGe layer, but Ge atoms 

lost electrons to C atoms on GeC layer. 

Figure 5-2: Schematic illustrations of the top and side view of species stacking 

patterns of C-group (top panels) and Ge-group (bottom panels) for the optimized 

structure of SiGe/GeC-VH. The red, green, and brown ball represent 𝐺𝑒, 𝑆𝑖, and 𝐶 

atom, respectively. The optimized lattice constants and interlayer distances are 

denoted by the numbers.  
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5.6.2.  Dynamic stability 

 The phonon dispersion relation has been studied to examine the dynamic stability 

of the optimized SiGe/GeC-VH. Based on the previous results in Chapter 3, the 

calculated phonon spectrum over the entire Brillouin zone for 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 monolayers 

show six branches, i.e., three acoustic (LA, TA, ZA) branches and three optic (LO, TO, 

ZO) branches (see Figure 5-3). The phonon dispersions in these monolayers show a linear 

behavior for the in-plane LA and TA branches around the Γ point, while a quadratic 

dispersion was found for the out-of-plane ZA mode, consistent with previous results [83, 

86]. When the two monolayers combined vertically to form SiGe/GeC-VH, the phonon 

 

Table 5-3 The optimized lattice constant (a), strain percentage per monolayer, optimized interlayer distance 

(d), binding energy (𝐸𝑏) per atom, the energy difference (𝐸𝑑𝑖𝑓𝑓) per atom, and the interlayer distance 

difference (𝑑𝑑𝑖𝑓𝑓) of the composed SiGe/GeC bilayer with different pattern of species stacking. 

Pattern  𝑎  Strain Strain  d  𝐸𝑏 𝐸𝑑𝑖𝑓𝑓   𝑑𝑑𝑖𝑓𝑓 

(Å) GeC SiGe (Å) (meV/atom) (meV/atom) (Å) 

I/CGe_SiGe 19.598 -0.02% 0.80% 3.535 -42.98361 -37.6459 0.17 

II/CGe_GeSi 19.596 -0.03% 0.80% 3.446 -44.3061 -38.2159 0.23 

III/GeC_SiGe 19.585 -0.09% 0.90% 2.991 -45.888 -39.7228 0.03 

IV/GeC_GeSi 19.577 -0.10% -0.90% 2.88 -50.82975 -40.37037 0.04 
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spectra at the Γ point have positive frequencies for all patterns, which confirming the 

dynamic stability of these heterostructures. 

Furthermore, the density of lattice vibration frequency (FDOS) of the optimized 

SiGe/GeC-VH has been analyzed (the top panel in Figure 5-3) along with partial FDOS 

projected on the top 𝐺𝑒𝐶 and the bottom 𝑆𝑖𝐺𝑒 layers (i.e., the middle red curves and the 

bottom blue curves panel in Figure 5-3, respectively). The interesting finding is that the 

higher phonon frequencies (above 800 cm-1) of all patterns of SiGe/GeC-VH come from 

𝐺𝑒𝐶 monolayer contribution, while the lower phonon frequencies (around 400 cm-1) of 

all of them come from 𝑆𝑖𝐺𝑒 monolayer contribution. Finally, the fluctuation of the peak 

positions of FDOS for all patterns of SiGe/GeC-VH are quite small, indicating that the 

phonon modes are not sensitive to the species stacking pattern. These finding are a 

consequence of the small compressive strain on 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 monolayers and the 

symmetry breaking induced by interlayer coupling. 
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Figure 5-3: The total FDOS of SiGe/GeC-VH (black curves in the upper panels) and the 

partial FDOS projected on the top 𝐺𝑒𝐶 layer (red curves in the middle panels) and the 

bottom 𝑆𝑖𝐺𝑒 layer (blue curves the bottom panel), respectively.  
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5.6.3. Interlayer interaction (Electrostatic – VdW)  

As shown in section 3.4.1 in Chapter 3, there is an in-plane charge transfer 

between 𝑆𝑖 and 𝐺𝑒 atoms in 2D 𝑆𝑖𝐺𝑒 monolayer, and between 𝐺𝑒 and 𝐶 atoms in 2D 

𝐺𝑒𝐶 monolayer due to the electronegativity difference between these atoms, which leads 

to the classification of 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 monolayers as polar materials. In fact, the charge 

redistribution due to the charge transfer causes an accumulation of a net positive charge 

around 𝑆𝑖 (𝐺𝑒) atoms and a net negative charge around 𝐺𝑒 (𝐶) atoms in 𝑆𝑖𝐺𝑒 (𝐺𝑒𝐶) 

monolayer. Therefore, when such 2D polar materials are stacked to form VH, the charge 

redistribution will not only produce a strong in-plane electrostatic bonding, but also a 

moderate electrostatic interlayer bonding between atoms in adjacent layers. Thus, both 

the electrostatic interlayer interaction along with the vdW interaction will play the key 

role in stabilizing the interlayer distance of the SiGe/GeC-VH. 

To clearly understand how these two types of interlayer forces interact with atoms 

on two adjacent layers, we calculated the binding energy of the SiGe/GeC-VH with 

distinct species stacking patterns which can be traced back to analyze the contributions of 

electrostatic and vdW interlayer interactions. The results are shown in Figure 5-4 . The 

black (red) curves represent the binding energy as a function of equilibrium interlayer 

distance of the combined systems without (with) the vdW correction, respectively. It was 

found that, without the vdW correction, the minimum of the binding energy in the Ge-

group is slightly deeper (∼−9.0 - −17.5 meV/atom), and the interlayer distance is short 

(∼3.0 Å), in contrast to the slightly shallow binding energy in the C-group (∼−6.2 - −7.3 

meV/atom; ∼3.7 Å). Obviously, the role of the electrostatic interlayer forces in stabilizing 

the stacked two layers is not negligible, especially in Ge-group. Apparently, the strength 
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of the electrostatic interlayer force strongly depends on the arrangement of net positive 

and negative charges between adjacent layers. The binding energy of the combined 

system is further deepened by ∼ 37.6 – 40.4 meV/atom after considering the vdW 

interlayer interactions. Comparing the binding energy with/without vdW interactions 

(i.e., E_diff in 7th column of Table 5-3) and the difference in the equilibrium interlayer 

distance (i.e., d_diff in 8th column of Table 5-3 and guided by the dashed lines in Figure 

5-4), it is found that the electrostatic interlayer force, trigged by the vertical species 

stacking induced by the in-plane charge transfer, plays a significant role in forming the 

interlayer bonding and acts as a driving force to stabilize the system, while the vdW 

interactions play an important role in stabilizing the systems by making the system attains 

a lower binding energy. 
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Figure 5-4: The binding energy (𝐸𝑏) as a function of the interlayer distance for the 

combined SiGe/GeC-VH with (the red curves)/without vdW (the black curves) 

correction in I/CGe_SiGe pattern, II/CGe_GeSi pattern, III/GeC_SiGe pattern, and 

IV/GeC_GeSi pattern. The dashed lines denote the difference (𝑑𝑑𝑖𝑓𝑓) of interlayer 

distance with (red dashed line)/without vdW (black dashed line) correction.  
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5.7. Electronic properties of commensurate SiGe/GeC-VH 

5.7.1. Band structure and DOS 

To investigate the electronic properties of commensurate SiGe/GeC-VH, the band 

structure and projected band orbitals were calculated and plotted in Figure 5-5. It was 

found that all the four patterns of SiGe/GeC-VH are semimetals with tiny direct band gap 

at K point (also listed in Table 5-4), where the C-group has slightly larger band gap than 

that of the Ge-group. These results are also reflected on DOS and partial-DOS (Figure 

5-6 ) which emphasize that more contributions on the band structure come from 𝑆𝑖𝐺𝑒 

monolayer than 𝐺𝑒𝐶 monolayer.  

Also, the analysis of the projected-DOS corresponding to each atom displays that 

𝐺𝑒 atoms in 𝑆𝑖𝐺𝑒 have the biggest contribution near the top of valence band and the 

bottom of the conduction band, followed by 𝑆𝑖 atoms, and then 𝐶 atoms, while 𝐺𝑒 atoms 

from 𝐺𝑒𝐶 have the smallest contribution. This trend is also confirmed by the projected 

band structure on each atom (see Figure 5-7) which confirms the strong impact of 𝑆𝑖𝐺𝑒 

monolayer on the electronic properties of the combined system.  

In addition, the projected band orbitals associated with each atom show that the 

main contribution comes from 𝑝𝑧 orbital for all atoms, which indicates the strong out of 

plane hybridization (Figure 5-8). In fact, the 𝑝𝑧 of 𝐶 and 𝐺𝑒 atoms in 𝐺𝑒𝐶 layer appear in 

VB and CB, respectively, but 𝑝𝑧 of 𝑆𝑖 and 𝐺𝑒 in 𝑆𝑖𝐺𝑒 layer appear in both VB and CB, 

which means that SiGe/GeC-VH keeps the same band structure pictures as those in 

pristine 𝐺𝑒𝐶 and 𝑆𝑖𝐺𝑒 monolayers (see Chapter 3).  
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Interestingly, the appearance of 𝑝𝑥 and 𝑝𝑦 orbitals in the CB were pronounced for 

all atoms, especially for 𝑆𝑖 and 𝐺𝑒 atoms of 𝑆𝑖𝐺𝑒 layer where the contributions of 𝑝𝑥 and 

𝑝𝑦 are very close to CBM (Figure 5-8). This is also confirmed the impact of in-plane 

hybridization in SiGe/GeC-VH. Also, the orbitals are significantly delocalized over both 

layers (as shown from the overlap of the colored balls and the corresponding orbital 

distributions (Figure 5-8)), which implies the strong in-plane and interlayer hybridization. 

Moreover, the band gap originates mainly from the 𝑆𝑖𝐺𝑒 monolayer at K point. 

Namely, the VBM and CBM are located at 𝑆𝑖 and 𝐺𝑒 (in 𝑆𝑖𝐺𝑒 layer). This implies that 

SiGe/GeC-VH possesses type -I band alignment, i.e., the VBM and CBM are from same 

monolayer, which is useful for designing light emitting diode and laser [156, 157].  

 These results demonstrate that calculated band structures of the four species 

ordering patterns of SiGe/GeC-VH maintain the basic electronic natures of the individual 

band structures of the pristine 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 monolayers (Figure 3-5) besides the 

existence of the strong correlation of the in-plane and out-of-plane hybridization. 
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Figure 5-5: Band structures of 2D SiGe/GeC-VH. The numbers represent the band 

gaps, and the red circles denote the semimetal band gap natures. The Fermi level is set 

to be zero. 
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Figure 5-6: Total DOS (black curves) and partial DOS (dashed green curves donated 

𝐺𝑒𝐶 sheet and dashed dashed blue curves donated 𝑆𝑖𝐺𝑒 sheet) of 2D SiGe/GeC-VH 

in C-group (top panels) and Ge-group (bottom panels). The Fermi level is set to be 

zero. 
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Figure 5-7: Total DOS (black curves) and p-orbital projected DOS (dashed colored 

curves donated C atom (red), Si atom (orange), Ge atom in 𝐺𝑒𝐶 sheet (green), and Ge 

atom in 𝑆𝑖𝐺𝑒 sheet (blue)) of 2D SiGe/GeC-VH in C-group (top panels) and Ge-group 

(bottom panels), respectively. The Fermi level is set to be zero. 
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Figure 5-8: Orbital projected on band structures of each atom of 2D SiGe/GeC-

VH in (a) C-group and (b) Ge-group with 𝑠, 𝑝𝑥, 𝑝𝑦, 𝑎𝑛𝑑 𝑝𝑧 orbitals represented by 

turquoise, blue, green, and red spheres, respectively. The Fermi level is set to be 

zero. 

(

b) 
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Table 5-4 : Band gap (2nd column) and Bader charge analysis (in the unit of e/atom) of the charge 

transfer between 𝑺𝒊, 𝑮𝒆, and 𝑪 atoms in the pristine 𝑺𝒊𝑮𝒆 and 𝑮𝒆𝑪 monolayers and the 2D 

SiGe/GeC-VH. There are two types of 𝑮𝒆 atoms: one is at the SiGe layer (denoted by 𝑮𝒆 (𝑺𝒊𝑮𝒆)), 

and the other is at the 𝑮𝒆𝑪 domain (denoted by 𝑮𝒆 (𝑮𝒆𝑪). The net charge per atom in 𝑺𝒊𝑮𝒆 and 

𝑮𝒆𝑪 layer is listed in the 7th and 8th columns, respectively. 

System  Band gap 

(eV) 

Ge(SiGe) 

(e/atom) 

Si(e/atom) Ge(GeC) 

(e/atom) 

C 

(e/atom) 

SiGe 

(e/cell) 

GeC 

(e/cell) 

I/CGe_SiGe 

with C-Ge 

0.0599  

(K-K) 

0.141996 -0.138488 -1.1498 1.1474 0.088 -0.088 

II/CGe_GeSi 

with C-Si  

0.067  

(K-K) 

0.274200 -0.264200 -1.1857 1.1787 0.250 -0.252 

III/GeC_SiGe 

with Ge-Ge 

0.0119  

(K-K) 

0.229380 -0.231190 -1.1978 1.199 -0.045 0.045 

IV/GeC_GeSi 

with Ge-Si 

0.0449  

(K-K) 

0.123600 -0.132670 -1.1628 1.169 -0.227 0.225 

Pristine SiGe 

monolayer 

0.0743  

(K-K) 

0.061850 -0.061850 - -     

Pristine GeC 

monolayer 

2.0644  

(K-K) 

- - -1.3762 1.3762     

 

5.7.2. Charge transfer and Interlayer hybridization 

Since 𝐺𝑒𝐶 and 𝑆𝑖𝐺𝑒 monolayers possess an in-plane charge transfer, a 

quantitative charge transfer analysis has been conducted to SiGe/GeC-VH by applying 
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Bader charge analysis (listed in Table 5-4 and Appendix B). In pristine 𝐺𝑒𝐶 (𝑆𝑖𝐺𝑒) 

monolayer, there is a charge transfer of 1.38 e/atom (0.06 e/atom) from 𝐺𝑒 to 𝐶 atom (𝑆𝑖 

to 𝐺𝑒 atom), (see Chapter 3). When 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 monolayers have been coupled to 

form SiGe/GeC-VH, due to the strain induced change in the bond length, 𝐺𝑒 (𝑆𝑖) atom 

gained (lost) more charges than what 𝐺𝑒 (𝑆𝑖) atom gained (lost) in pristine 𝑆𝑖𝐺𝑒, while 𝐶 

(𝐺𝑒) atom gained (lost) less charges than what 𝐶 (𝐺𝑒) atom gained (lost) in pristine 𝐺𝑒𝐶 

(Table 5-4).  

For deep examination, however, the net charge difference (𝐶ℎ𝑎𝑟𝑔𝑒𝑑𝑖𝑓𝑓), defined 

as 𝐶ℎ𝑎𝑟𝑔𝑒𝑑𝑖𝑓𝑓 =  𝐶ℎ𝑎𝑟𝑔𝑒𝑉𝐻–  𝐶ℎ𝑎𝑟𝑔𝑒𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒, in terms of the net charge transfer of an 

atom in SiGe/GeC-VH (𝐶ℎ𝑎𝑟𝑔𝑒𝑉𝐻) and in pristine monolayer (𝐶ℎ𝑎𝑟𝑔𝑒𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒), were 

analyzed and has shown different trend, especially for 𝐺𝑒𝐶, i.e., 𝐶 atom lost charges, but 

𝐺𝑒 atom gained charges in 𝐺𝑒𝐶 layer (see Figure 5-9). The calculated 𝐶ℎ𝑎𝑟𝑔𝑒𝑑𝑖𝑓𝑓 has 

been depicted in Figure 5-9: where green and red atoms represent gaining and losing 

charges, respectively. From Figure 5-9, it is found that the net charge difference due to 

the redistribution of the net charge transfer, when SiGe and GeC layers are stacked to 

form a SiGe/GeC-VH, shows an asymmetric behavior, due to the large lattice mismatch 

between the constituents’ layers that forms asymmetric stacking, e.g., AA, AB, etc., and 

species ordering throughout the cell. 
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Figure 5-9: The net charge difference (𝐶ℎ𝑎𝑟𝑔𝑒𝑑𝑖𝑓𝑓) of SiGe/GeC-VH for 

patterns (a) I , (b) II, (c) III, and (d) IV by using the formula in the bule 

rectangular. Green and red spheres represent gaining and losing charges, while 

𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, blue, and grey spheres, respectively. 

 



133 

 

Overall, there is also a net charge transfer between adjacent layers where the 

charge flow direction is from 𝐺𝑒𝐶 to 𝑆𝑖𝐺𝑒 layer in the 𝐶 group, while it is from 𝑆𝑖𝐺𝑒 to 

𝐺𝑒𝐶 layer in the Ge-group. This net charge transfer is slightly small (~0.05 - 0.09 e/cell) 

in I and III pattern, while it is significant (~0.25 - 0.23 e/cell) in II and IV pattern (Table 

5-4). The net charge transfer is different quantitatively due equally to differences in 

elements electronegativity and the strong interlayer hybridization trigged by electrostatic 

interaction and interlayer distance between charged atoms in different layers. Namely, the 

large electronegativity differences between Si at the top of the buckled 𝑆𝑖𝐺𝑒 sheet and 𝐶 

or 𝐺𝑒 at flat 𝐺𝑒𝐶 sheet counts for the significant charge transfer in II and IV pattern. 

However, the small electronegativity differences between 𝐺𝑒 at the top of the buckled 

𝑆𝑖𝐺𝑒 sheet and 𝐶 or 𝐺𝑒 at the flat 𝐺𝑒𝐶 sheet is the main reason that pattern I or III has 

small charge transfer. 

To better understanding the charge redistribution behavior, the DCD has been 

calculated and illustrated in Figure 5-10 with the isosurface of  2.4×10−4 (e 𝐴−3). The 

yellow and blue contours represent the net electron accumulation and depletion, 

respectively. Clearly, there is in-plane orbital hybridization on each layer coming mainly 

from the strain induced effect, and it counts for the in-plane charge transfer. Interestingly, 

the charge redistribution in the interlayer region due to strong out of plane orbital 

hybridization is pronounced and it counts for the interfacial charge transfer. 
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Figure 5-10: The top views with rotation of 450 around z axis of 𝐺𝑒𝐶 sheet (upper) 

and 𝑆𝑖𝐺𝑒 sheet (middle); and side views (bottom) of DCD of 2D SiGe/GeC-VH for 

patterns I , II, III, and IV. The electron accumulation and depletion are represented 

by the yellow and blue contours (with the isosurface of 2.4 × 10−4 (e 𝐴−3).). The 

𝐶, 𝑆𝑖, 𝐺𝑒 atoms are noted by brown, blue, and grey balls, respectively. 

(

b) 

(

a) 
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Furthermore, the plane-averaged electron density difference (𝛥𝜌𝑧) in Figure 

5-11(a) shows that a dipole in the interfacial region is produced which indicates that 𝐺𝑒𝐶 

(𝑆𝑖𝐺𝑒) donates electrons to 𝑆𝑖𝐺𝑒 (𝐺𝑒𝐶) monolayers, realizing a n-type doping in 𝐺𝑒𝐶 

(𝑆𝑖𝐺𝑒) and a p-type doping in 𝑆𝑖𝐺𝑒 (𝐺𝑒𝐶) layer in C-group (Ge-group). This pronounced 

polarization could lead to a built-in electric field (𝐸𝑖𝑛) (indicated by the blue arrow) in the 

interfacial region (between the green dashed lines).  

Moreover, the electrostatic potential across the interface of the junctions is 

presented in Figure 5-11 (b) which obtained by solving the Poisson equation [127]. The 

potential around the bottom 𝑆𝑖𝐺𝑒 layer is slightly deeper than that around the top 𝐺𝑒𝐶 

layer due mainly to the in-plane charge redistribution and partially to the interfacial 

charge redistribution. Clearly,  as can be seen from the Table 5-4, the charge 

redistribution in the 𝑆𝑖𝐺𝑒 layer is ~3 or 4 times more than that in the pristine 𝑆𝑖𝐺𝑒 (due to 

~0.8-0.9% compression induced a shortening in bond length), while it is about 15% less 

in 𝐺𝑒𝐶 layer as compared to pristine 𝐺𝑒𝐶 (due to ~0.02-0.1% compression). Because of 

such small potential difference (~0.36-0.9 eV) at the two layers, it is easier to switch the 

interlayer charge transfer from 𝑆𝑖𝐺𝑒 (𝐺𝑒𝐶) to 𝐺𝑒𝐶 (𝑆𝑖𝐺𝑒). This is quite different from the 

SiC/GeC bilayer, where the interlayer charge transfer always from the 𝐺𝑒𝐶 layer to the 

SiC (~ 7.1 eV deeper potential)[92]. 

To sum up, the commensurate SiGe/GeC-VH exhibits in-plane and out of plane 

charged redistributions due to the strong hybridization vertically and horizontally, which 

is trigged by the electrostatic interaction between charged atoms besides the 

electronegativity differences. This change in charges flow could lead to a polarized built-
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in electric field (𝐸𝑖𝑛) which may affect carrier dynamics and will certainly enhance 

electron-hole separation.  
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Figure 5-11: The plane-averaged DCD (Δ𝜌) of the 2D SiGe/GeC-VH for patterns (a) I, (b) II, 

(c) III, and (d) IV. The interface region is highlighted by green-dashed lines and the build-in 

electric field is indicated by the blue arrows. The plane-averaged electrostatic potential of 2D 

SiGe/GeC-VH for patterns (e) I, (f) II, (g) III, and (h) IV. The blue-dashed lines represent the 

average potentials, and ΔV is the potential difference between 𝑆𝑖𝐺𝑒 and 𝐺𝑒𝐶 sheets.
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5.8. Conclusion 

This chapter addressed a comprehensive theoretical study within DFT frame on 

the role of the stacking species arrangement and interlayer interaction on the stability and 

electronic properties of 2D polar vertical heterostructures built by commensurate 

SiGe/GeC bilayer with four species stacking patterns (classified as the C-group and the 

Ge-group). It has been found that the commensurate SiGe/GeC-VH with negligible strain 

is energetically and dynamically stable, with the Ge-group being the most energetically 

favorable than the C-group.  

This stability is mainly trigged by interfacial interaction, i.e., the electrostatic 

interlayer bonding, the vdW interaction, as well as the 𝑠𝑝2/𝑠𝑝3 hybridization nature. The

larger binding energy (comparable with other vdW-Hs), its dependence (as well as the 

interlayer distance) on the species stacking pattern and interlayer interaction, and the 

independence of the lattice constant are the prove of the effective influence of interfacial 

interaction in stabilizing SiGe/GeC-VH system. 

A net charge redistribution occurs in both the in-plane and the out-of-plane 

directions, when the 2D polar materials are combined vertically forming a polar 

heterostructure, indicates a strong intra and inter hybridization. This verified 

hybridization causes a charge transfer on each layer and in the interfacial region. The 

charge transfer is significant (~0.25 - 0.23 e/cell) in II and IV pattern due to large 

electronegativity differences between Si at the top of the buckled 𝑆𝑖𝐺𝑒 sheet and 𝐶 or 𝐺𝑒 

at flat 𝐺𝑒𝐶 sheet. Whereas it is slightly small (~0.05 - 0.09 e/cell) in I and III pattern due 

to small electronegativity differences between 𝐺𝑒 at the top of the buckled 𝑆𝑖𝐺𝑒 sheet 

and 𝐶 or 𝐺𝑒 at the flat 𝐺𝑒𝐶 sheet.  
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Such charge transfer strongly depends on the ordering of the out-of-plane species 

and could lead to a polarization in the interfacial region with the electron depletion 

(accumulation) close to the 𝐺𝑒𝐶 layer and the electron accumulation (depletion) close to 

the 𝑆𝑖𝐺𝑒 layer in C-group (Ge-group). This interface dipole could induce a built-in 

electric field in opposite direction, depending on the species stacking group, which could 

help reduce the recombination of photogenerated electron-hole pairs. 

In the electronic properties prospective, the commensurate SiGe/GeC-VH is 

semimetal with tiny direct band gap at K point, which reflects a strong influence of the 

semimetal 𝑆𝑖𝐺𝑒 monolayer on the electronic properties of the coupled layers over the 

semiconductor 𝐺𝑒𝐶 monolayer. Moreover, the VBM and CBM originate from the 𝑆𝑖𝐺𝑒 

monolayer to form type-I band alignment which is promise for solar cell, light emitting 

diode and laser application.  
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CHAPTER VI 

6. ONGOING WORK

6.1. Study of Potential Energy Surface (PES) in Moiré Patterns of 𝐺𝑒𝐶 Bilayer 

Moiré pattern is a gorgeous pattern that results in slightly mis-stacking structures 

[158]. Recently, there is an increasing interest in studying Moiré pattern in 2D materials 

due to its ability to tune the physical properties. In fact, a spontaneous gap opening [159], 

Hofstadter’s butterfly [136], interlayer Moiré excitons [160], unconventional 

superconductivity, and correlated insulators [10, 161] are remarkable properties that 

entrusted with the rotation angle in layered 2D materials.  

However, the mobility of a layer onto another, which is one way to achieve Moiré 

pattern, could produce an unfavorable phenomenon or disappear a favorable one. Super 

lubricity in layered graphene, for instance, can be completely vanished with rotate one 

layer for a certain angle [162-164]. Another example is the commensurate layered 𝑀𝑜𝑆2, 

which is energetically more favorable for layered materials, could lead to a very large 

friction that cause more dissipated energy [165, 166]. Therefore, it is essential to study 

the potential energy surface (PES) corrugation for any system. PES is a function of the 

relative position of two sheets in terms of the interlayer interaction. Then, the importance 

of PES corrugation is centered on determines the intrinsic resistance that origin from the 

frictional force and causing energy dissipation. 
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Furthermore, 𝐺𝑒𝐶 is a binary compound made of group IV and possess attractive 

properties such as a graphene like structure and a tunable direct band gap by applying 

strain engineering. Also, it was confirmed by CVD method [167] and laser ablation [168, 

169]. Therefore, this proposal intends to investigate the PES of GeC bilayer by 

modulating a bilayer 𝐺𝑒𝐶 with sliding of the top layer with respect to the bottom layer 

starting from AA stacking through a N x N grid as shown in Figure 6-1. Hence, one can 

determine the global and local minimum energy which are the energetically more 

favorable and next energetically favorable, respectively, as well as the potential energy 

barrier.  

Figure 6-1: Schematic illustration for N x N grid for PES 
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The significance of PES is that it helps to determine the path of transition from 

the local minimum energy to global minimum energy during the sliding with the 

advantage of avoiding large energy barrier that can result in high friction. As an 

illustration, Figure 6-2 shows two examples of PES of graphene and 𝑀𝑜𝑆2 bilayers [159, 

170].  

Figure 6-2:An illustration of PES in (a) graphene [159]  and (b) 𝑀𝑜𝑆2[170].

Bilayer 𝐺𝑒𝐶 homo-structure has a characteristic of being a polar material, unlike 

vdW bilayer graphene homo-structure, due to intrinsic charge transfer between the 

(a) 

(b)
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elements. Since PES mainly describes the interlayer interaction, the existence of 

electrostatic interaction besides vdW in bilayer 𝐺𝑒𝐶 homo-structure gives a fertile land to 

explore more physics in such system.  

In brief, motivating by the correlated Moiré patterns with ultralow friction in 2D 

vdW layers, this theoretical project has been proposed to systematically explore the 

energy landscape that represented by PES of Moiré patterns formed by bilayer 𝐺𝑒𝐶 

homo-structure to unveil the physics that influences friction. 

 

 

  



144 

6.2. Comparison Study of Strain Engineering in Monolayer of Group-IV Binary 

Compounds by using Quantum Espresso (QE) package. 

Chapter 3 addressed the effect of strain engineering on 2D binary compounds of 

group IV elements: 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayers. These monolayers show promising 

stability and electronic properties. A dynamic stability, tunable band gap, tolerating 

strain, and intrinsic charge transfer make them bright candidates for many 

nanoelectronics applications. The results that have been obtained in chapter 3 were the 

fundamental factors for the following work in heterostructures (see Chapters IV and V). 

Since these outcomes have been obtained by implementing DFT method through VASP 

code, it would be wise to run the calculations again by using a different DFT code, like 

Quantum espresso QE, to confirm the results. 

QE works in the scope of first-principles calculations within the frame of DFT, 

pseudopotentials, and plane waves, similar as implemented in VASP. But it is an open-

source distribution of computer codes, i.e., it opens freely to external contributions for 

electronic-structure calculations and materials modeling at the nanoscale, taking the 

advantage of world-wide collaboration that implemented cutting edge computational 

materials science methods relatively quickly. Besides, it is known for its performance on 

a wide range of hardware architectures, from laptops to massively parallel computers, as 

well as for the breadth of its applications [171, 172].  

This work adopted DFT implementation through QE distribution to study the 

strain engineering and its influence on the electronic properties of 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 

monolayers. Figure 6-3 shows the optimized structures for the three monolayers, and 

Table 6-1 appears the structural optimization parameters of the three monolayers, lattice 
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constant, bond length, etc. For instance, the optimized lattice constant is 3.1 Å, 3.24 Å , 

and 3.94 Å for 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒, respectively, which consistent with the values 

obtained from VASP code shown in Chapter 3 and the previously reported values [89, 

173, 174] (Table 6-1). In contrast, QE results for the structural optimization are quite 

similar to VASP results which indicates the reality of the calculation.  

To sum up, this work has been proposed to confirm the effect of strain on the 

electronic properties including the band gap transition and charge transfer of group-IV 

binary compounds 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 by taking the advantage of QE codes. It is 

expected for this work to provide a solid understanding of the electronic behavior of the 

group-IV binary compounds. 

Figure 6-3:The optimized structures of 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 monolayer. 
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Table 6-1:The comparison of the structural optimization parameters of 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 

𝑆𝑖𝐺𝑒 monolayers 

System Optimized Lattice 

constant 

Bond length Buckling Bond angle 

QE (VASP) Å QE (VASP) Å QE (VASP) Å QE (VASP) 

𝑆𝑖𝐶 3.1 (3.089) 1.79 (1.783) 0 (0) 1200 (1200 ) 

𝐺𝑒𝐶 3.24 (3.267) 1.87 (1.886) 0 (0) 1200 (1200 ) 

𝑆𝑖𝐺𝑒 3.94 (3.951) 2.34 (2.3570) 0.591 (0.59) 114.20 (113.940 ) 
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APPENDIX 

Appendix A: Band structures of 𝑆𝑖𝐶, 𝐺𝑒𝐶, and 𝑆𝑖𝐺𝑒 pristine sheets under various strains

. 

Figure A-1: The band structures of 𝑆𝑖𝐶 pristine sheet under various strains. The index on 

each top of the band structure denotes the ratio of lattice constant 𝑎 to the reference value 

of 𝑎0 (𝑎0 = 3.235 Å). The blue arrows indicate the direct/indirect band gaps and red-

dashed lines are fermi levels, respectively. 
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Figure A-2:The band structures of 𝐺𝑒𝐶 pristine sheet under various strains. The index on 

each top of the band structure denotes the ratio of lattice constant 𝑎 to the reference value 

of 𝑎0 (𝑎0 = 3.235 Å). The blue arrows indicate the direct/indirect band gaps and red-

dashed lines are fermi levels, respectively. 
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Figure A-3: The band structures of 𝑆𝑖𝐺𝑒 pristine sheet under various strains. The number 

on each of the band structure denotes the ratio of lattice constant 𝑎 to the reference value 

of 𝑎0 (𝑎0 = 3.951 Å). The blue lines are fermi levels. 
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Appendix B: The net charge distribution analysis of SiGe/GeC-VH with four patterns. 

Table B-1: The charge distribution analyses of SiGe/GeC-VH (I-CGe_SiGe pattern) for 

the top GeC layer (left panel), the bottom SiGe layer (right bottom panel), and the 

summary of the charge analysis (right top panel), respectively. The notations regarding to 

‘net_charge’ denote the net charge transfer between atoms, and the notations regarding to 

‘diff_net_charge denote the difference of the net charge transfer between atoms on the 

SiGe/GeC-VH and on the corresponding pristine sheets.  

CGe sheet 

SiGe sheet 
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Table B-2 The charge distribution analyses of SiGe/GeC-VH (II-CGe_GeSi pattern) for 

the top GeC layer (left panel), the bottom SiGe layer (right bottom panel), and the 

summary of the charge analysis (right top panel), respectively. The notations regarding to 

‘net_charge’ denote the net charge transfer between atoms, and the notations regarding to 

‘diff_net_charge denote the difference of the net charge transfer between atoms on the 

SiGe/GeC-VH and on the corresponding pristine sheets.  

CGe sheet 

SiGe sheet 
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Table B-3: The charge distribution analyses of SiGe/GeC-VH (III-GeC_SiGe pattern) for 

the top GeC layer (left panel), the bottom SiGe layer (right bottom panel), and the 

summary of the charge analysis (right top panel), respectively. The notations regarding to 

‘net_charge’ denote the net charge transfer between atoms, and the notations regarding to 

‘diff_net_charge denote the difference of the net charge transfer between atoms on the 

SiGe/GeC-VH and on the corresponding pristine sheets.  

CGe sheet 

SiGe sheet 
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Table B-4: The charge distribution analyses of SiGe/GeC-VH (IV-GeC_GeSi pattern) for 

the top GeC layer (left panel), the bottom SiGe layer (right bottom panel), and the 

summary of the charge analysis (right top panel), respectively. The notations regarding to 

‘net_charge’ denote the net charge transfer between atoms, and the notations regarding to 

‘diff_net_charge denote the difference of the net charge transfer between atoms on the 

SiGe/GeC-VH and on the corresponding pristine sheets. 

CGe sheet 

SiGe sheet 
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