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1 Introduction

The use of technology is important in our daily life, it make our tasks more efficient and faster.

The computers and mobile phones are devices that are an important factor in our daily activities

and the vehicles safety and utility are improving due to implanted computers. Moreover, in

the near future, fridges will have chips that could avoid the lack of important ingredients, such

as milk or eggs, by sending a message to the local market. For this reason, society wants and

demands faster processing calculation, decreasing device size and at same time low energy

consumption.

These devices described above use transistors as a main component to process information.

The transistor is the basis of the binary language and arithmetic operations in a digital machine

and is made of an aggregation of semiconductor type of materials. The most common transistor

worldwide is a Silicon Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET).

In general, a transistor is a device connected to an integrated circuit by three terminals

whose current passing between two end-point terminals is controlled by the one in the middle,

Figure 2a. The end-point terminals, known as the source and the drain, are connected to two

semiconductors doped with impurities that donate electrons to the semiconductor, which, in

the case of the MOSFET, is an n-type semiconductor. The middle terminal is called the gate,

and it is connected to a p-type semiconductor doped with ionized acceptors, known as the

channel. Between the middle metal terminal and the channel, there is an oxide layer working as

an insulator, which is not shown in Figure 2a. The flow of the channel carriers is determined by

the electric field generated at the oxide layer when a differential potential is applied between

the middle terminal and the channel.

The material composing the semiconductors that build the transistor affects its performance.

Each material can have different carrier mass and band gap, which are related to the semicon-

ductor’s electronic band structure. Carriers conduct the signal through the transistor, either

electrons in empty bands or holes in occupied bands, where their motion is characterized by

interactions with other particles in the system. The carrier’s motion can be related to its mass,

known as carrier mass. The carriers situated on the top of the valence band or bottom of the

conduction band can be described similar to a carrier in a noninteracting system, carrying an

effective mass which is screened by the interactions with other particles. The effective carrier

mass can be thought of as a free carrier with a mass different from a carrier in the vacuum. It

can be used to determine the carrier’s mobility and they have an inverse variation between each

other. The band gap is an electronic band with forbidden states separating the valence band

maximum (VBM) from the conduction band minimum (CBM). If the transition from VBM to

CBM occurs at the same crystal momentum, the semiconductor has a direct band gap, but for

a different momentum, it has an indirect band gap. For a transistor with high perfomance, the

composing semiconductor entails a high mobility and direct band gap.

When there is an interface between two semiconductors, as in a transistor, the alignment of
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the VBM and CBM energies between the materials dictate the transport mechanisms of the

heterojunction. There are three groups of heterojunction types: type I or straddling gap, when

one band gap’s material is within the other, Figure 1a; type II or staggered gap when only the

VBM or CBM is within the other’s band gap, Figure 1b; and type III or broken-gap when the

VBM of one junction lies above the CBM of the other, Figure 1c.

(a) Type I or Straddling gap (b) Type II or Staggered gap (c) Type III or Broken-gap

Figure 1: Types of heterojunction dependent on the VBM and CBM energy position.

The evolution of transistor size gave origin to a statement known as “Moore’s Law” [1, 2].

The “Moore’s Law” affirms that the number of components that could be incorporated per

integrated circuit would increase exponentially over time. However, this statement was only

valid until around the last decade due to the limit of scaling size of the Si MOSFET. As a result,

a “More than Moore’s Law” appeared to overcome this issue [3] by searching other directions of

improvement, like enhanced performance or low energy consumption.

In order to incorporate transistors in a smaller area, it is necessary to reduce the supply

voltage to the gate. However, this is prohibitively difficult from a technological perspective.

Furthermore, at the nanoscale, it is increasingly likely that current will ’leak’ between components.

This degrades the so-called ’switching-ratio’, essentially the gap between ’on’ and ’off’ currents.

The solution to a better device performance motivating this work is a transistor alternative to

MOSFET with a different operating principle, the tunnel field-effect transistor (TFET). In a

MOSFET the doping of the semiconductors is n-p-n, while in a TFET the doping scheme is a

p-i-n, where i is an undoped semiconductor.

A simple schematic representation of both transistors is depicted in Figure 2. In the MOSFET,

Figure 2a, as the current enters in the source to an n-type semiconductor, the electrons from

the conduction band, EC , are blocked by an energy barrier at the interface with the channel, a

p-doped semiconductor, and the lack of signal out of the drain means an OFF current. Applying

an electric potential difference at the gate lowers the energy barrier and the electrons pass

through the channel towards the drain, resulting into an ON current. On the other hand,

the electrons of the TFET, Figure 2b, pass from the valence band, EV , in the source to the

conduction band in the channel by tunnel-effect when the difference of potential is applied at

the gate. Finally, the current goes out through the drain. The TFET avoids MOSFET carrier

injection over an energy barrier by tunneling carriers from source to channel, which allows a

lower energy consumption and energetically more efficient switch between OFF and ON current.
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(a) (b)

Figure 2: Schematic representation of the structure and energy for simple models of (a) MOSFET

and (b) TFET

The interest on TFETs has been growing due to its improved ratio ON and OFF currents,

but also providing better energy efficiency over MOSFET. Si and Si/Ge TFETs have been

extensively studied [4–6] because of the availability of high-quality material, however the large

indirect bandgap of Si and large carrier mass provides a low ON-current. For high ON-current

a low bandgap and low carrier mass can be found in III-V materials [7–11]. TFET devices

composed by Ge/InxGa1−xAs heterojunctions are gaining attention [12–14] as they can be

grown on the commercial Si substrates. In such TFET architectures, the tunneling barrier

height, tunneling current, and heterointerface band alignment can be tailored by varying the

In alloy composition. In addition, tensile strained Ge exhibits a low and direct band gap and

enhanced electron and hole mobility[14].

This work is part of a wider project that aims to design a low power consumption TFET

composed of a heterojunction made of the semiconductor Ge and the alloy InxGa1−xAs. The

project involves three groups of research, Virginia Tech, USA, responsible for growing the

interface by molecular beam epitaxy, University College Cork, Ireland, responsible for the optical

characterisation of the interfaces and Queen’s University Belfast, UK, responsible for ab initio

modeling of the atomic structure and first-principle calculations.

To understand the details behind the experimental measurements done by the other groups,

I contributed to the design of the TFET through statistical methods for modelling the interfaces

and the alloy, first-principle calculations of interface material properties, and research how the

band alignments are affected by interfacial effects.

The TFET sample structure is a biaxial tensile-strained germanium epitaxially grown on top

of the alloy InxGa1−xAs. The germanium has the same lattice constant as the alloy with x = 0

concentration, which corresponds to the semiconductor GaAs. When indium is substituted

randomly with gallium in the alloy, the lattice constant of the random alloy increases and

produces an epitaxial strain onto germanium. The effects of biaxial strain and randomness into

the bulk materials are examined in this work.

Additionaly to bulk properties, the band alignments are also inspected. They are the main

characteristics that identify the type of a transistor. Their definition is the relative energy
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position of the valence band maximum (VBM) and the conduction band minimum (CBM), EV

and EC , respectively, at the interface between the source and the channel materials and between

the channel and the drain materials. The band alignments are also known as valence (VBO)

and conduction (CBO) band offsets, Figure 3 [15–17].

In fact, interfacial effects, such as the composition stoichiometry, the elastic deformations

and the atomic diffusion at the interface, shape the VBO and the CBO. The composition

stoichiometry relates the change in the band offsets with the bonds of atoms at the interface

[16]. The elastic deformation is the strain that emerges at the interface of a junction between

materials with different lattice constants which can alter the bulk properties of one or both

materials [18, 19]. The atomic diffusion developed during the epitaxial process is due to the

necessary high temperature in the formation of the junction [20].

Figure 3: Schematic representation of the band alignment at an interface between materials A

and B. The valence band offset (VBO) and the conduction band offset (CBO) are obtained by

the difference of the energies at the top of valence band and the bottom of conduction band

edges, respectively, of material A and B. The difference between the VBM and the CBM gives

the band gap, εXg , of the material X. Figure from ref. [16]

The control of interfacial effects’ behaviour is required to achieve the desirable VBO and

CBO for building a TFET. Improving the calculations of band offsets at the interface of

Ge/InxGa1−xAs heterojunction allow guidance for engineers to build these energetically efficient

devices. Therefore, the main questions that arise in this thesis are related to:

• The calculation of the Ge bulk band structure under biaxial strain and the transition from

an indirect band gap to a direct band gap semiconductor;

• The adequate modelling approach of the InxGa1−xAs alloy;

• The ability of obtaining the proper band alignments of Ge/InxGa1−xAs heterojunction.

Overall, the results for the band alignments from this thesis, in Section 10, show their high

sensitivity to interfacial effects. The diffusion of atoms within a few mixing layers can change
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the type of heterojunction. Depending on the stoichiometry at the interface, we can find that

the heterojuction ca change from straddling gap to staggered gap or from staggered gap to

broken-gap, for example the diffusion of 50% of Ga from the first mixing layer to the third

mixing layer contributes to change the heterojunction type from staggered gap to broken-gap.

Measurements [21] have shown that atoms do diffuse during the growth of the heterojunctions

that happens at high temperatures (above 430oC). Thus, obtaining the desired band alignment

requires a control of atomic diffusion that may be challenging to realise.

I have organised the thesis into Parts and Sections to drive the reader through the process

of answering these questions.

The theoretical base of the research is set up in Part I. In Section 2, where I describe the

advantages and disadvantages of the methods used to model InxGa1−xAs. The modelling of the

interface between a semiconductor and an alloy, including the effects of atomic diffusion and the

stoichiometry composition at the interface is discussed in Section 3. In Section 4, I refer about

the determination of the stability of the interface structures representing the interfacial effects.

In the following Section 5, I discuss Density Functional Theory (DFT) within Kohn-Sham

(KS) scheme, together with its band gap issue. Ending with the theoretical part, Section 6 is

dedicated to go beyond KS and describe alternative approaches to accurately and efficiently

correct the band gap.

The experimental measurements and my results are established in Part II. In Section 7, where

I display the VBO and CBO experimental measurements for the Ge/GaAs(001) interface and

restrict the interval of measurements to be evaluated. In Section 8, I show the bulk calculations,

the Ge band gap as a function of the biaxial strain and its transition from indirect to direct

band gap. I also determine the InxGa1−xAs band gap dependent on the concentration x for

different modeling approaches.

In Section 9, the potential line-up and the formation energy is determined for different

structures considering the diffusion of atoms and stoichiometry composition at the interface.

Together with the band gaps and the potential line-up, one obtains the band alignments shown

and discussed in Section 10. There, I discuss the implications of my results for the realization of

devices and the connections with experimental results. In Section 11, I discuss and display the

results of an alternative Koopman’s Theorem compliant approach. Finally, I conclude in Part

III with the overall view achieved in this thesis, together with the future work and possible lines

of research.

10



Part I

Theory and Methods
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In the Introduction, I established the main descriptors of a transistor. They are the VBO and

CBO at the interface between the source and the channel, and the channel and the drain.

In the scheme of Figure 3 is sketched the process for calculating the VBO and CBO. They

are obtained by summing the potential line-up, ∆V , with the differences of the band edges

between material A and B, ∆EV = EAV −EBV for the VBM and ∆EC = EAC −EBC for the CBM,

VBO = ∆EV + ∆V

CBO = ∆EC + ∆V.
(1)

∆EV and ∆EC are the natural band offsets, where the VBM and CBM are relative positions to

the intrinsic average electrostatic potential. They are determined when setting ∆V = 0.

The potential line-up adds to the natural band offsets the long-range nature of the Coulomb

interaction formed at the interface. The charge at the interface generates a shift on the

electrostatic potential at the bulk regions.

In practice, one needs two different types of calculations to obtain the VBO and CBO:

• The difference of band energies, ∆EV and ∆EC , is given by bulk calculations done

individually for material A and B. There is a subtraction of the band edges of each

material to their own bulk macroscopic average potential so they are aligned for a ∆V = 0;

• The potential line-up, ∆V , is given by a supercell calculation containing the interface

between materials A and B and is the difference of the macroscopic potential average,

¯̄V (z), at the bulk regions of each material.

Figure 4: The valence band offset (VBO) and the conduction band offset (CBO) were obtained

by summing the VBM and CBM energies of material A, EAV and EAC , and for material B, EBV

and EBC , to the band line-up, ∆V .

In this part, I will summarize the theoretical background and methods that were used in

this thesis to calculate the VBO and CBO of a heterojunction between Ge and InxGa1−xAs.
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In Section 2, I will describe the procedures used to model the alloy InxGa1−xAs. I consider

two approaches for modelling the alloy, the Virtual Crystal Approximation (VCA)[22–24],

an average approach, and the Special Quasirandom Structure (SQS)[25, 26] method, that

approximately mimics the true random alloy.

In Section 3, I explain how to calculate ∆V using the ab initio calculation, and the Linear

Response Theory method. Briefly I will talk about the effects of diffusion of atoms across the

interface and the stoichiometry at the interface.

To examine how the interfacial effects affect the stability of the interface, I will describe in

Section 4 the calculation of the formation energy of several structures representing these effects.

In Section 5, I will describe the Density Functional Theory (DFT) within the Kohn-Sham

(KS) scheme, which is the tool used to calculate the ground state properties of the systems in

consideration. Within this theory one can obtain the total energies of the bulk systems and the

relaxed structures, the formation energy, the potential line-up and also provide an estimate for

∆EV and ∆EC .

The values of ∆EV and ∆EC calculated at DFT-KS level need to be corrected and in Section

6, I will take into account two different approaches beyond standard DFT that improve these

values: the many-body perturbation theory[27, 28] within the G0W0 approximation[29, 30]; and

using the Koopman’s theorem compliant approach[31–34].
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2 Modeling the alloy

To obtain the VBO and CBO of a heterojunction between a semiconductor and an alloy using

Eq. (1), it is required the calculation of the alloy’s electronic structure, EV and EC , from Figure

4.

An alloy is a mixing substance between two or more elements. In this particular case, its

elements are distributed randomly throughout the alloy with the percentage of each element

defined by their concentration in the alloy. Specifically, if the concentration of atom A is 1− x

and x for the atom B, the notation of such alloy would be A1−xBx. The properties of the alloy

change compared with the original elements. Using such material in a heterojunction can lead

to the development of new technological devices.

Modeling a random alloy is challenging since the number of atoms in a supercell is connected

with the randomness of the alloy. A pseudobinary A1−xBxC alloy has 2N atoms and there are

2N possible configurations for atoms A and B on a fixed lattice, where each configuration, σ,

has a measurable physical quantity E.

An observable property 〈E〉 of a binary alloy entails, in principle, a calculation over a large

number of configurations or with a single but sufficiently large supercell. However, those are

impractical calculations and different approaches are considered. The ones I took into account

are the Virtual Crystal Approximation (VCA), an average theory, and the Special Quasi-random

Structure (SQS), which approximately models a true random alloy.

2.1 Virtual Crystal Approximation

Experimental measurements revealed that some alloy properties as the lattice parameter [35],

the band gap [36, 37], the shift of the principal Raman peak [38, 39] and the mixing enthalpy

[40] have a simple and continuous compositional x interpolation between the properties of the

end-point solids A and B. These results contributed to model alloys with the Virtual Crystal

Approximation (VCA) approach.

In a pseudobinary alloy A1−xBxC modelled by the VCA, the atom A and B, with the

potential VA and VB, respectively, are substituted by a virtual atom with the potential average,

V VCA
AB = (1− x) ∗ VA + x ∗ VB, (2)

which depend on the weight of the concentration, x, of each atom in the alloy. In the case of

this study, A represents the gallium atom, B the indium atom and C the arsenic atom.

The VCA is a nonstructural theory and does not contain information about the geometrical

arrangements of atoms around the site. This means that the averaged alloy will belong to a

higher symmetry group than the true alloy.

An example is a tetrahedral compound with Arsenic surrounded by Gallium and Indium

represented in Figure 5, with Indium in yellow, Gallium in red, Arsenic in blue, and a virtual atom

14



with an average of the potential of 75% of Indium and 25% of Gallium in green. The bonding

distance in Figure 5a between Gallium and Arsenic is of a = 2.4586Å and between Indium and

Arsenic is of b = 2.5967Å, whereas Figure 5b shows an atomic bonding of c = 2.5451Å between

Arsenic and the virtual atom.

(a) (b)

Figure 5: In0.75Ga0.25As tetrahedral bond distances (a) with explicit atoms and (b) with a

virtual atom in VCA. The bonds between As and Ga, As and In, and As and virtual atom are

depicted in the Figure as a, b and c, respectively.

Note that experimental results [41, 42] tell us that the structure about the atom C is not

tetrahedral, even if in the systems AC and BC it is. These distortions reflect the lower symmetry

associated with the arrangements of atoms of dissimilar sizes.

Physical properties as ferroelectricity[43], enthalpy[44, 45] or optical bowing[46], can be

altered by effects on the local structure. Specifically, the change of the local structure to a

lower site symmetry will introduce a charge transfer about the C atom. The microscopic atomic

structure seems to be important to the average local properties of alloys and as the objectives

of the study are the stoichiometry and diffusion effects at the interface of a heterojunction, I

will verify the importance of the local structure in the band offsets and thus compare VCA with

the SQS model.

2.2 Special Quasirandom Structure

The Special Quasirandom Structure (SQS) is an approach to model alloys by constructing a

supercell where the atoms A and B of a pseudobinary alloy AxB1−xC are distributed in each

atom site by the use of statistical correlation functions. An SQS would be found by maximizing

the number of best matching correlation functions of the structure with the ones of a true

random alloy.

The SQS is based on cluster expansion formalism [47, 48], where a physical property E of

a configuration σ can be discretized into a hierarchy of clusters α, which are set of A and B
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atoms, and have a weighted superposition of cluster contribution εα,

E(σ) =
∑
α

DαΠα(σ)εα. (3)

The sum is running over all clusters with distinct symmetries, with Dα being the number of

clusters with same symmetry as the cluster α and Πα(σ) the correlation function of the cluster

α.

The correlation functions are the average of clusters functions, γ, over all clusters. These

cluster functions form a complete orthonormal basis and follow the orthogonality condition

∑
σ

γα(σ)γβ(σ) = 2Nδα,β . (4)

For a pseudobinary alloy, the clusters functions may take the values -1 or 1 when site is occupied

by A or B atoms and 0 when the site is empty [25] .

The task is to find the correlation functions that best match those of the perfectly random

(R) infinite alloy, Πα(R). The amount by which the property E(σ) of the structure σ fails to

reproduce the ensemble average 〈E〉 of the perfectly random alloy is given by

〈E〉 − E(σ) =
∑
α

Dα [Πα(R)−Πα(σ)] εα. (5)

In the system with a tetrahedral structure as InxGa1−xAs, there are four atoms bonded to

Arsenic, thus, it exists four sites associated with the tetrahedral cluster. It is assumed that we

can have a good approximation to the true random alloy if the first and second neighbor pair

atoms correlation functions are the same as the ones of the true random alloy. Nonetheless, in

Section 8.3, I still consider multibody correlations functions and search further than the second

neighbor distance.

The approach used in this thesis to find a structure that perfectly matches the maximum

number of correlation functions of the structure with the ones of the random alloy is by

minimizing the objective function Q,

Q = −ωL+
∑
α∈A
|Πα(R)−Πα(σ)| (6)

where L is the length of the furthest neighbouring pair in every cluster such that |Πα(R)−Πα(σ)| =

0 for all pair length smaller than L, A is a set of clusters to search over, and ω is a weight

attributed to L.

The first term in Eq. (6) provides a higher importance to the shorter range correlation

functions. In the case of ω = 0, a structure that has more correlated neighbouring clusters

further away than the second neighbours ones will have a smaller Q than the structure which

has fewer but more important correlated second neighbour clusters. The second term guides the

stochastic search of an SQS in the right direction to extend the range of correlation functions

which perfectly match those of the random ones.
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The quality of the SQS must be verified by the convergence of the properties of interest.

The best SQS found will be used to compare results of the alloy band gap and the VBO and

CBO with VCA to verify the effects of the microscopic effects at the interface between Ge and

In1−xGaxAs.

Calculating ground properties with some SQS concentrations might be expensive because of

the high number of atoms. Thus, in Section 8 we will use the best SQS found at x = 0.50 and

compare the band gap results with VCA.
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3 Modeling the interface

The VBO and CBO of a heterojunction depend not only on the properties of the bulk systems

at each side of the junction but also on the properties related to the interface. The potential

line-up, ∆V , in Eq. (1), defines a term of comparison for the band structure between both

sides of the heterojunction interface. The methods used in this thesis to calculate the potential

line-up are described in this Section.

The modelling of an interface has progressed over last decades through efficient approximations

made in calculations of the band alignment at a junction between two materials. Besides, the

decrease of the computational cost contributed to a better description of the interface model.

For reviews and wider details about heterojunctions see the references [15, 16, 49–51].

A major problem encountered when calculating band offsets comes from the ill-defined

electrostatic potential in an infinite solid as there is no absolute value to which the band

structures of different material can be referred [52]. There are many models based on intrinsic

reference levels that are defined for each material individually. For example, the electron-affinity

rule [53] defines the CBO as the difference of conduction band minimum when the electron

affinities of the materials of both sides of the heterojunction are set to be at the same level.

These models neglect two main effects formed at the interface [54]: the surface polarity caused

by the discontinuity of the valence and conduction levels at the interface, which introduces extra

charge in the bandgap region; and the lattice mismatch that distorts the atomic positions and

thus the system potential.

To take into account the first effect, the charge-neutral level (CNL) approach takes into

consideration the surface polarity by considering a dipole at the interface generated by gap

states induced by band discontinuities [55–57]. The band line-up position is altered towards a

value that gives a zero dipole. However it is limited to ideal, lattice-matched, and non-polar

interfaces. Another model based on a perturbation approach is the Linear Response Theory

(LRT) [58, 59]. In this case, the variation of the electrostatic potential due to the perturbation

over a reference system is determined and the dipole at the interface can be found. Beyond CNL

approach, this model allows for the study of lattice-mismatched and polar interfaces.

To model the interface I took into account interfacial effects such as diffusion of atoms across

the interface and the stoichiometry composition at the interface that alter the VBO and CBO.

In Section 3.1 I will examine these interfacial effects and how they fit into the modelling of

the interface. The increase in the computational power and calculation with pseudopotentials

allowed for taking into account both the surface polarity and structural distortions effects with

ab initio calculation in a supercell with the interface, this approach is detailed in Section 3.2. In

Section 3.3, I will describe how to obtain band offsets with the LRT approach.
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3.1 Diffusion and stoichiometry effects

The diffusivity of atoms across the Ge/InxGa1−xAs interface during sample preparation has a

major dependency on growth temperature. It is of great interest to achieve low temperature

during the process since the diffusion of Ge into InxGa1−xAs and of In, Ga and As into Ge

increases with temperature [60, 61].

High quality heterojunctions besides having none or few defects at the interface, show a

diffusion of atoms within two or three layers from the interface [62, 63]. Thus I will only examine

the behaviour of VBO and CBO in the cases of an abrupt interface and when atoms propagate

one and two layers across the interface. When GaAs is grown on top of Ge, it is expected that

interdiffusion effects are more important [64].

The VBO and CBO are also affected by the stoichiometry composition at the interface. This

means that the band offsets in Ge/InxGa1−xAs change whether Ge at the interface is bonded to

a cation or bonded to an anion [65]. The type of bonding at the interface is achieved by preparing

the sample with different growth conditions depending on the flux ratio of cation/anion and the

temperature of the substrate [66, 67].

Experimental values for different conditions of substrate temperature and surface compositions

are displayed in Section 7.

3.2 Description of ab initio calculations

The ab initio calculation of an interface is done in a large supercell such that it contains some

atomic layers belonging to the interface region and others belonging to the bulk region in both

sides of the interface. Making sure the total charge is kept neutral and that the bulk region is

large enough to avoid periodic image effects, the interface dipole disappears in the bulk region,

allowing for the calculation of the line-up, ∆V , between the potential on the two bulk regions.

To illustrate the steps of how to calculate the line-up, I will use as an example the calcu-

lation of the line-up for the GaAs/AlAs(100) interface from Ref. [16]. Figure 6a depicts the

GaAs/AlAs(100) supercell with the explicit structure of the heterojunction. This allows one to

consider bond-length and lattice-mismatch relaxations. DFT calculations are carried out on this

structure to produce the electronic density and the electrostatic potential. Then post-processing

is done to extract ∆V from these quantities. Using the periodicity of the atomic structure

in planes parallel to the interface, one simplifies the electrostatic potential and the electronic

density, represented by the function f in Eqs. (7) and (8), into planar averages depending on

the coordinate, z, perpendicular to the plane of the interface, Figure 6b,

f̄(z) =
1

S

∫
S

f(x, y, z)dxdy, (7)

where S is the surface area of the interface. These periodic functions change from one side of

the interface to the other smoothly connected at the interface, but the differences are difficult to

observe, thus one takes the macroscopic average of the functions, ¯̄f(z), to eliminate the bulklike
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atomic-scale oscillations, Figure 6c. The macroscopic average is the average of f̄(z) over a period

a centered at z,

¯̄f(z) =
1

a

∫ z+a/2

z−a/2
f̄ (z′) dz′. (8)

(a)

(b)

(c)

Figure 6: (a) An example of a supercell with the AlAs/GaAs(100) interface. (b) The planar

average of the electrostatic potential (dashed lines) and of the electronic density (solid lines).

(c) The macroscopic averages of the electrostatic potential (dashed lines) and of the electronic

density (solid lines). Figures from Ref. [16]

Finally, the electrostatic potential line-up, ∆V , is given by the difference between the

macroscopic averages of the electrostatic potential in the two bulk regions of the GaAs/AlAs(100)

supercell. The potential line-up can be related to the dipole moment of the charge profile by

using the Poisson equation,

∆V = 4πe2
∫
z ¯̄ρ(z)dz (9)

where ρ is the total charge density.

Together with the total charge density averaging to zero in the bulk-like regions, as shown in

Figure 6c, the macroscopic average potential shows no microscopic oscillation on either side of

the interface resulting into a constant macroscopic limit in the two bulk regions. As a result,
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∆V can be defined as the interface dipole due to the interface between two materials. Although

charge near the interface cause band bending, its distribution take place on a length scale larger

than the atomic distances over which the band offsets occur, so the bands can be considered to

be flat on this scale. The constant value of the macroscopic average potential occurs due to the

system charge neutrality. Deviations from the constant macroscopic average potential value can

appear due to an extra charge present in the supercell or from the lack of convergence in the

reciprocal-space grid, because a small number of k-points might not describe exactly the charge

distribution throughout the supercell.

3.3 Linear Response Theory

The difference of charge distribution from one interface side to another in Figure 6b is much

smaller than the oscillations amplitude in bulk regions. This observation led to the LRT

[16, 49, 68, 69] making feasible treating the differences as small perturbations with respect to

an appropriate reference system.

The motivation for using LRT in this project comes from the good results obtained for

isovalent and heterovalent heterojunctions at Ref. [16]. If we can confirm the accuracy of this

approach for the systems of interest, it would greatly simplify and speed-up the simulations,

because, in principle, the calculations could be made without resorting to supercells containing

the interface. For isovalent heterojunctions, only pure electronic effects independent of the

interface (∆Viso) are present. Peressi et al [16] showed good results for band aligments by

calculating ∆V for interfaces with common-ion, such as GaAs/AlAs and also for non-common-

ion, for example, InAs/GaSb and InP/Ga0.47In0.53As. However, in non-common-ion systems,

additional treatment is required to take into account the microscopic interfacial strain developed

by the differences of the cationic and anionic core radii. To determine ∆V in heterovalent

heterojunctions an additional term is added, ∆hetero. It corresponds to the change of the ionic

and electronic contribution across the interface.

Therefore, ∆V can be separated into two terms,

∆V = ∆Viso + ∆Vhetero. (10)

In LRT, the actual interface is decomposed into a reference system and a perturbation

describing the differences between the actual interface and the reference system. The perturbation

is related to the substitution of ions in the reference system with actual ions. The potential

induced by the perturbation is derived from the change of the localised electronic charge-density

of the substituted ions. The total induced potential is built by the accumulation of localised

charges and results into a dipole shift across the interface.

To calculate ∆V for the Ge/InxGa1−xAs (001) heterojunction, germanium is considered as

the reference system, while the nuclear charge variation around the ionic charge of germanium

is taken from the InxGa1−xAs perturbed by interfacial bonding. The accumulation of charge

from this variation across the interface gives the total induced potential. To quantify ∆Viso
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I take into consideration modelled systems where there is no dipole shift across the interface,

∆Vhetero = 0, such as the average of ∆V between the abrupt interfaces with cation-terminated

and anion-terminated junction or a two layer with both cation and anion atoms in the interface

region. In principle, one can calculate ∆Viso without resorting to calculations with a supercell

containing the interface, instead two bulk calculations can be made, one with the reference

system and another with the perturbed system where a reference ion was substituted by a real

ion [16].

The calculation of ∆Vhetero involves the design of a model representing the interface of a

heterojunction. This model does not take into account the charge redistribution and lattice

distortions for total energy minimisation of the system. Besides, the choice of an appropriate

reference system is important for the linear approximation. If the choice is not adequate, there

might occur large variations in Delta V between the reference system and the real system and

higher-order terms might be necessary.

Giving accurate results, LRT would permit the study of atomic diffusion and stoichiometry

composition at the interface, which are important in the construction of smaller devices that are

dependent on microscopic details. In Section 9.4, I will obtain results of ∆V with LRT which

will be compared with the ones calculated with ab initio method and verify the quality of the

LRT for this case.
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4 Formation Energy

There are several crystalline structures that can occur during the formation of the heterojunction

with Ge grown on InxGa1−xAs. Temperature and pressure have a large impact on the structures

emerging fom the growth procedure, which is a consequence of the importance of non-equilibrium

kinetic processes during growth.

As discussed in Section 3.1, I consider a high quality interface without defects and a small

interface region. Note there are two main processes that may occur in these conditions. They

are the different stoichiometry composition at the interface and the diffusion of atoms from one

side of the interface to the other. To check the relative stability of the different processes I will

calculate the formation energy for each structure.

The formation energy quantifies the stability of a heterojunction by providing the excess free

energy associated with the interface compared with the bulk materials forming the interface. At

the equilibrium state, the formation energy is given by the work, γA, necessary to produce the

interface, and it is measured by removing the Gibbs free energy,
∑
i µini from the total internal

energy of the system, Etot,

γA = Etot −
N∑
i

µini, (11)

where µi and ni are the chemical potential and the number of atoms for species i, respectively,

and N the total of species present in the structure. The preparation conditions of the chemical

elements are incorporated into the chemical potentials. Considering that the interface region is

in thermodynamic equilibrium with the reservoir of the bulk region, the chemical potential for

the elements composing the system can be written in terms of their bulk form,

µGa + µAs = µbulk
GaAs

µGe = µbulk
Ge .

(12)

The values of µGa and µAs were limited to the corresponding bulk chemical potentials µbulk
Ga and

µbulk
As .

The relation between the GaAs bulk chemical potential and its elements bulk chemical

potentials is given by the equation

µbulk
GaAs = µbulk

Ga + µbulk
As +HGaAs

f , (13)

where HGaAs
f is the heat formation of GaAs.

In the multicomponent GaAs, the chemical potential can be in a region between two limiting

cases, the Ga-rich limit, where the GaAs at the interface is in equilibrium with bulk Ga, and

As-rich limit, where the GaAs at the interface is in equilibrium with bulk As. The formation

energy under different cases in which Ge/InxGa1−xAs(001) can occur will be calculated between

these two extreme cases.

The supercell with neutral condition used to calculate the VBO and CBO properties has

the same number of Ga and As atoms, so the differences of stability between an interface rich
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of As or Ga could not be verified. Therefore, the cell neutrality is achieved in an alternive

way. Considering that the system Ge/InxGa1−xAs(001) has a polar interface, the top and

bottom surfaces are passivated with pseudo hydrogen atoms. Besides obtaining cell neutrality,

it also allows the calculation of absolute total energies[70–72]. The same passivation method

is used as in the example of Figure 7 for GaP/Si (001) heterojunction from Ref. [73], where

Ga, P, Si and pseudo-H are represented by the colours blue, red, green and white, respectively.

The passivation is done by adding pseudo-H atoms to surface atoms, this contributes to the

neutrality of the slab and removes any net charge in the surface following the electron counting

rule (ECR)[74, 75]. There is vacuum added to the supercell so that the localised passivated

states have zero interaction with the surface in the other extreme of the slab. The pseudo-H

charge depends on the charge of the atom to which is bounded.

Figure 7: GaP/Si (001) heterojunction with pseudo-H passivating the top and bottom surfaces,

where the atoms Ga, P, Si and pseudo-H are represented by the colours blue, red, green and

white, respectively. Example from Ref. [73]

In Section 9.5, I will study the stability of several structures that represent the conditions of

stoichiometry composition and diffusion at the interface.
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5 Ground state properties

The full quantum-mechanical treatment to obtain the VBO, the CBO, and the formation energy

requires the calculation of many-body wavefunctions. For the materials we are interested, Ge

and InxGa1−xAs, this becomes computationally prohibitive. For the ground state properties, the

ions can be considered as frozen allowing to treat the ionic system as positional parameters in

the electronic structure system, known as Born-Oppenheimer approximation [76]. Furthermore,

the electronic wavefunction can be approximated by a single or few Slater determinants and the

two-body Coulomb interaction coupling all electrons replaced by a mean field theory interaction.

Density functional theory is an exact approach made possible by the Hohenberg-Kohn

theorem [77] but for practical reasons the ground state properties calculated in this approach

require some approximations, that will be briefly discussed below. DFT is a standard approach

in the scientific community with a large number of papers published in the last thirty years

[78–80].

5.1 Density Functional Theory

DFT calculations of the ground state properties necessary to obtain the VBO, the CBO and

the formation energy are done in the so-called Kohn-Sham (KS) auxiliary system constructed

by fixed ions and by N non-interacting electrons. In DFT within the Kohn-Sham (KS-DFT)

framework the electronic system is governed by the Kohn-Sham (KS) equations [81],

ĤKSψi (r) = εiψi (r) , (14)

where ĤKS is the KS Hamiltonian and εi is the eigenvalue of the single particle state i. The

electronic density of the KS system is given by

ρ (r) =

N∑
i

ψ∗i (r)ψi (r) , (15)

where ψi is the one-electron wavefunction belonging to KS orbital i. The KS Hamiltonian

is the sum of the kinetic energy, the external potential, V̂ext, the Hartree potential, and the

exchange-correlation potential, V̂XC,

ĤKS = −1

2
∇2 + V̂ext (r) +

∫
dr′

ρ (r′)

|r− r′|
+ V̂XC [ρ (r) ; r] (16)

The total energy is built by summing all particle eigenvalues and removing the double

counting of the Hartree potential energy, the exchange-correlation energy, EXC [ρ (r)], and the

potential VXC [ρ (r)] ,

E =

N∑
i

εi −
1

2

∫
dr

∫
dr′

ρ (r) ρ (r′)

|r− r′|
+ EXC [ρ (r)]−

∫
dr′V̂XC (r) ρ (r′) . (17)
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The exchange-correlation potential in Eq. (16) is obtained as the functional derivative of the

exchange-correlation energy,

V̂XC [ρ (r) ; r] =
δEXC [ρ (r)]

δρ (r)
. (18)

In a mean-field theory, the electronic potential is averaged over all electrons, so each

electron interacts with itself and thus there is the requirement to remove the self-interaction

effect. Belonging to the total energy, the EXC incorporates averaged one-body exchange and

correlation effects that keep electrons apart and deals with self-interaction correction. However,

the EXC expression is unknown and so it is approximated. The Jacob’s ladder [82] of DFT

refers to the different levels of approximations, where from the simplest to the more demanding

leads to an improvement of calculation accuracy, but increases the computational cost. In this

work I will use the local density approximation (LDA) [83, 84], the first rung in Jacob’s ladder,

where the exchange-correlation energy depends solely on the electronic density value at each

point in the space. There are many approximations for the exchange-correlation functional [85],

and in this work, the approximations used will be mentioned by the name of the authors. In

addition, the formation of chemical bonding and electrical properties are dominated by valence

electrons, therefore the core electrons potentials are approximated to a sole potential known

as pseudopotential [86, 87]. This results in less number of particles during a calculation and

lower computational cost than full-electron calculations. The pseudopotential are referred and

recognised by the name of their authors.

Coming back to the primary objective of the thesis, the potential line-up and the band

energies in Eq. (1), and the total internal energy and the chemical potentials in Eq. (11) are

obtained after solving Eqs. (15), (14) and (17) coupled by the electronic density and eigenvalues,

self-consistently until convergence.

The ground-state properties were calculated using Quantum Espresso [88], an electronic-

structure software based on DFT, plane-waves and pseudopotentials (see Appendix A).

5.2 The bandgap problem

The EV and EC from Eq. (1) are dependent of electronic transition processes from the valence

to the conduction band. A precise description of the band gap is imperative [27] to be able to

identify the transport mechanisms, the VBO and CBO, at the interface of a heterojunction.

The fundamental band gap, Eg, in a semiconductor is the difference between the conduction

band minimum, EC , and the valence band maximum, EV energies. The EC is the lowest energy

necessary to add an electron to the system, E(N + 1)− E(N), and the EV is the lowest energy

necessary to remove an electron, E(N)− E(N − 1), thus

Eg = [E(N + 1)− E(N)]− [E(N)− E(N − 1)] . (19)

EV written in terms of number of particles for a system with N particles, associated to the
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state N, in superscript, is given by

ENV (N) = E(N)− E(N − 1), (20)

but the EC , associated to a system with N + 1 particles, is given by

EN+1
C (N + 1) = E(N + 1)− E(N). (21)

Then, the KS band gap of the N particle system does not give the fundamental band gap,

EN+1
C (N + 1)− ENV (N), because,

EKSg = EN+1
C (N)− ENV (N). (22)

The difference between the fundamental band gap and the KS band gap is known as the

derivative discontinuity, ∆ = EN+1
C (N + 1)− EN+1

C (N),

Eg = EKSg + ∆ (23)

The lack of ∆ correction to the KS band gap yields an underestimation of the calculated

EKSg values compared with the experimental results [89], depicted in Figure 8. To have a

correct description of the physical band gap, and thus of the VBO and CBO, one needs to

go beyond KS approach and explicit density approximations. To this purpose, one needs to

calculate EN+1
C (N + 1). However, adding an electron and obtaining an accurate account of the

interactions between the system and the added electron is not straightforward in solids since

adding an electron to an infinite number of electrons has negligible effects. In Section 6, I mainly

refer to two methods used in this thesis that comply to a fundamental band gap description

complemented by accurate results in solids.
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Figure 8: Underestimation of the bandgap values at DFT level within LDA from reference [89].

The blue dots are the calculated KS within LDA band gaps and the black line is where the blue

points should be located to have the same value as the experimental ones.
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6 Beyond Kohn-Sham approach

To overcome the KS band gap problem and obtain accurate band offsets, one needs to go beyond

KS. Conventional approaches taken by the scientific community are non-local or state dependent

effective potentials, such as: the Hybrid Functionals [90, 91] which include a fraction of the

exchange Hartree-Fock potential; or the inclusion of a Hubbard-U potential in DFT [92, 93],

DFT+U, to enhance the localisation of electrons. However, these methods depend on parameter

fitting which needs to be set for different materials and the interest of this work is to achieve ab

initio results.

In this Section we examine two ab initio methods to calculate accurate material band gaps:

the GW approximation [29, 30]; and the Koopman’s theorem compliant procedure [31–34].

In Section 6.1, I describe a successful method widely used to calculate electronic properties,

the many-body perturbation theory GW approximation [27, 28], that relies on the description

of a quasiparticle interacting within a screened Coulomb potential defining the correlation

between electrons. In Section 6.2, I describe an approach, recently introduced, that enforces

Koopman’s Theorem in the KS-DFT total energy. This allows for the calculation of the derivative

discontinuity to be added to the KS-DFT bandgap.

6.1 GW approximation

As discussed in Section 5.2, the band gap depends on the energy of an electron/hole (plus/minus

one particle) when it is added to the N particle system and the KS band gap does not include the

perturbation on the system due to the added electron/hole. To help visualizing the effect of an

additional electron/hole, consider a system of electrons kept together by a positive background,

analogous to the one in Figure 9. When an additional electron enters in the system (a), the

Coulomb interaction repels the neighbouring electrons (b) exposing the positive background

charge surrounding the added electron (c). The electron is screened by the cloud of positive charge

and together are labelled as quasi-particle. This disturbance in the system leads to the other

particles repel each other and become likewise quasi-particles. The Many-Body Perturbation

Theory (MBPT) is based on this quasi-particle picture, the weak effective interaction between

quasi-particles can be treated in a perturbative approach [27].
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(a) (b)

Figure 9: (a) Consider a system composed by a uniform background of positive charge (pink)

generated by the nuclei and neutralized by the electronic charge (light green). When adding an

electron (blue circle) to such system, (b) the electrons already present (blue circles) are disturbed

and repelled, their movement away from the added electron exposes the positive background

charge. The electron plus the positive background is called the quasi-particle. The continuation

of the disturbance and repealing between the electrons will create more quasi-particles and

produce a system of identical quasi-particles.

The propagation of the quasi-particle moving from the point x(= r, t) to point x′(= r′, t′) in

space and time can be characterised by the interacting one particle Green’s function, G(x, x′).

By considering an infinite expansion of all the interactions that the added particle has with

the other particles and itself [28], the Green’s function can be obtained by solving the Dyson

equation,

G(x, x′) =G0(x, x′)

+

∫
dx′′

∫
dx′′′G0(x, x′′)Σ(x′′, x′′′)G(x′′′, x′),

(24)

where G0 is the non-interacting one-particle Green’s function and Σ is the non-local, energy

dependent and non-Hermitian self-energy. The self-energy is derived from MBPT and is based

on an infinite diagram expansion. It contains all the possible interactions in the system and

can be approximated systematically to include the relevant physical effects. In the case of GW

approximation, the self-energy is the interaction between quasi-particles through a dynamically

screened Coulomb potential. The non-interacting one-particle Green’s function in the frequency

domain can be written by the Lehmann’s representation as

G0(r, r′) =

N∑
i

ψKSi (r)ψ∗KSi (r′)

ω − εKSi + iη
(25)

where ψKS is the KS wavefunction, εKSi is the KS eigenvalue and η an infinitesimal energy

determining the lifetime of the QP.

In the MBPT approach, the quasi-particles follow the quasi-particle equation (26) that

is similar to the KS equation (14), but the term of exchange-correlation potential from the
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Hamiltonian (16) is substituted by the self-energy,

{
−1

2
∇2 + Vext (r) +

∫
dr′

ρ (r′)

|r− r′|

}
ψQPi (r)

+

∫
dr′Σ

(
r, r′; εQPi

)
ψQPi (r′) = εQPi ψQPi (r) .

(26)

In this equation, the self-energy and the Green’s function, obtained with the calculated φQPi

and εQPi , need to be solved self-consistently. However, usually the self-energy is estimated as

within the G0W0 approximation approach, providing a formulation in the frequency domain, as

Σ(r, r′;ω) = i

∫
dω′

2π
G0(r, r′;ω + ω′)W0(r, r′;ω′), (27)

where W0(r, r′) is the screened Coulomb interaction. The added subscript zeros in the acronym

G0W0 means that the calculation is done in one trial and not self-consistently. Inside the

screening there is a polarisation generated by the interaction between the electron and the

surrounding exposed positive background charge. The dielectric function, ε, related to the

polarisation, together with the bare Coulomb potential, v(r, r′) contributes to W0 by

W0(r, r′;ω) =

∫
dr′′ε−1(r, r′′;ω)v(r′′, r′). (28)

In G0W0, the dielectric function is treated within the random-phase approximation method.

The calculation of the QP eigenvalues is usually done as a correction over the KS eigenvalues

using first-order perturbation theory,

εQPi ≈ εKSi + Zi
〈
ψKSi

∣∣Σ (εKSi )
− Vxc

∣∣ψKSi 〉
, (29)

where Zi is a renormalization factor given by

Zi =

(
1−

〈
ψKSi

∣∣∣∣∣∂Σ
(
εKSi

)
∂ω

∣∣∣∣∣ψKSi
〉)−1

. (30)

This approximation relies to the fact that the wavefunctions for KS are a good approximation

of the QP wavefunctions, ψQP ≈ ψKS [94], and that the self-energy operator is approximately

diagonal in the basis of the KS wavefunctions.

The correction to the band gap within GW approximation was done using Yambo, a

software-based on many-body perturbation methods.

In Section 8, I show the GW approximation results using Yambo [95], a software-based on

many-body perturbation methods, for the semiconductors Ge, GaAs, and InAs and the alloy

In0.50Ga0.50As for the SQS and the VCA approaches. The limitations of this approach is the

computational cost due to the requirement of high number of unoccupied bands to calculate the

correlation part of the self-energy. The GW method becomes computationally expensive when

increasing the number of atoms in the unit cell, especially for alloys such as InxGaxAs. Thus in

the next Section, I introduce another approach based on the Koopman’s theorem, which allows

for computationally less expensive calculations for the correction of the band gap.
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6.2 Koopman’s theorem compliant method

In the KS-DFT approach, the determination of the fundamental band gap for a N electron

system using the KS eigenvalues is an approximation that lacks of the derivative discontinuity,

Eq. (23). The derivative discontinuity is a consequence of the total energy, E, linear behaviour

with the fractional electron number, f , between two integer electron numbers, as shown in

Figure 10. This behaviour is also connected to Koopman’s theorem [96]. Initially this theorem

was applied to the Hartree-Fock approximation but it was generalised in the literature as the

concept of linear behaviour of E with f [31, 97–99]. The LDA total energy does not follow this

behaviour and has a convex shape [98].

Figure 10: The change of total energy with the number of electrons. The line in (red) is the

LDA total energy; in (black) is the straight-line condition; and the area in (green) is the excess

energy of LDA to be removed.

The following methods:

(i) from Teles [34], known as LDA 1/2 method;

(ii) from Marzari and Cococcioni [31, 32];

(iii) and from Wang [33];

rely on enforcing Koopman’s theorem on KS by removing the excess of energy and imposing a

straight-line condition (SLC), this allow us to supplement the KS band gap with the derivative

discontinuity. In Figure 10, the change of the LDA total energy with the fractional number of

electrons between two integer electron numbers, e.g. N-1 and N or N and N+1, is convex and is

represented by the red line. Removing the excess energy represented by the green area would

enforce the Koopman’s theorem and achieve a total energy following the SLC.
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A brief description of the three methods will follow in the interest of developing an approach

based on enforcing Koopman’s Theorem and on these methods. The method (i) considers a

self-energy correction to the difference between total energy with N-1 particles and N particles,

E(N − 1)− E(N). This self-energy is generated by a hole when an electron is removed from

the system and is calculated using the second derivative of the total energy with the fractional

electron number at fi = 1/2. In this approach the localised self-energy potential is calculated

from the all-electron potential of each atom in the system and a parameter was included to trim

the tail of the potential to avoid image effects from other unit cells. The band gap varies with this

cutoff parameter and it is chosen so as to retrieve a maximum band gap value. In the method (ii)

an exchange-correlation functional is built for molecular systems, it consists in going beyond the

Perdew-Zunger self-interaction one-electron correction [83] to include a many-electron correction.

The functional includes a term dependent on the electronic orbital-density in order to cancel the

non-Koopman’s element from KS. Besides, a screening coefficient is added to take into account

the relaxation of the orbitals. In method (iii) the KS eigenvalue is corrected by a orbital weight

and the projection of the Wannier Functions (WF) onto the KS eigenvectors summed over all

WF orbitals. This weight is obtained by adding or removing fraction of localised electrons using

WF calculated for several occupation electron numbers between the integer number of electrons

in a supercell. The supercell is used to avoid the image of the added electron fraction. For more

details about these methods the reader can follow the references mentioned above.

In Section 11, I delineate another approach based on enforcing Koopman’s theorem using

localised orbitals, such as Wannier functions. Futhermore, I implement it in Yambo [95] to

enforce the SLC on the total energy and obtain accurate band gap results.
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Part II

Results and Discussion
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For the heterojunction of strained ε-Ge grown on top of InxGa1−xAs (001) alloy, I present and

discuss the effect of diffusion of atoms, stoichiometry composition and disorder at the interface

on the VBO and CBO and on the formation energy.

The calculations will allow one to determine the sensitivity of the band offsets to the

interfacial effects. Together with the band offsets, we can find the type of the heterojunction

and thus verify which device, TFET or MOSFET, one would obtain.

The effects of disorder and diffusion on the band alignments are determined at different

level of approximations. I will compare the results for interfaces where diffusion and disorder

is modeled explicitely with simplified models, the LRT and the VCA. A supercell is required

for the explicit models of the interface: the minimum number of atoms per layer is constrained

by the need to be able to mix atoms of both materials at the interface to achieve supercell

charge neutrality. The VCA does not have this constraint, because the mixing of atoms is

done through virtual atoms. This is less computationally expensive, but does not take into

account local structure changes from the high-symmetry configuration. The LRT has even a

lower computational cost as in principle the calculations can be done in a bulk system. Hower,

LRT does not account for charge redistribution and lattice distortions.

In Section 7, I summarise and discuss the Ge/GaAs(001) experimental values from literature.

This interface was widely studied and there are many VBO and CBO results. These values will

be the benchmark to the results presented in this PhD thesis.

In Section 8, I show the DFT bandgaps results for Ge, GaAs, InAs and In0.50Ga0.50As

and its corrections using the GW approximation. Besides, I explore the effect of strain on the

germanium bandgap by the introduction of indium in the alloy.

In the Section 9, I examine the effects of diffusion of atoms and stoichiometry composition at

the interface of Ge/GaAs(001) on the potential line-up, ∆V . I will use ordered and disordered

interface structures, the VCA approach and construct models with LRT to calculate ∆V . The

relative formation energies are also calculated in this Section to verify the stability of the different

structures.

In Section 10, the band alignments are obtained by assembling the results from the band gaps,

Section 8, and the potential line-up, Section 9. These results are discussed and compared with

the experimental ones, seeking to provide a framework to interpret the different experimental

values for the VBO and CBO.

The theoretical background and the results of a Koopman’s Theorem compliant approach

alternative to the ones mentioned in Section 6.2 are outlined in Section 11.
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7 Experimental results

This thesis focuses on a heterojunction of Ge grown on top of InxGa1−xAs alloy. Throughout it,

I only study the VBO and CBO properties for the case of x = 0. In this Section, I display the

VBO and CBO experimental measurements for Ge/GaAs(001).

Ge has a diamond crystal structure, while GaAs has a zincblende structure. Ge/GaAs

growth is in the (001) direction perpendicular to the interface. The ideal (001) plane surfaces, in

zincblende-type compound semiconductors, are terminated by either cations or anions and each

atom possesses two dangling bonds. On clean (001) plane surfaces, different reconstructions and

compositions occur to reduce the number of dangling bonds. The adjustment of the substrate

temperature and the ratio of the cation and anion flux can control the surface reconstructions

in III-V semiconductors[100].

The reconstructions are usually analysed by Low-Energy Electron Diffraction (LEED)[101]

or by Reflection High-Energy Electron Diffraction (RHEED)[102] techniques. They are denoted

with a ’c’ if the surface unit cell is centred and by (m × n) the number of translational vectors

of surface and bulk unit cell pointing along [1̄1̄0], the m direction, and [1̄10], the n direction,

basis vectors.

The GaAs(001) surface plane within Ga-rich conditions has reconstructions of c(8×2) and

c(2×8) or c(4×4) within As-rich conditions, where the latter is As richer than the former. In

Table 1, I show for several reconstructions with different Ga/As ratios the intensity of the signal

measured by Auger electron spectroscopy (AES)[103]. These values are from reference [104].

The surface reconstructions c(2×8) and (2×4) are related but measured by different methods,

the former by LEED and the latter by RHEED[105].

Reconstruction AES ratio Ga/As intensity signal

c(4×4) 0.37

c(2×8) / (2×4) 0.44

(1×6) 0.47

(4×6) 0.56

c(8×2) 0.57

Table 1: Reconstructions of GaAs(001) related to AES ratio Ga/As intensity signal from

reference [104].

In Table 2 and Table 3, I present experimental results for VBO and CBO, respectively, from

the literature with samples prepared by MBE or by Metal-organic (MO)/Ultrahigh (UH) vacuum

chemical vapour deposition (VCVD) at a certain temperature. In addition, the VBO values
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from Table 3 were determined by adding the experimental band gaps to the measured CBO.

The structures were formed with Ge grown on top of GaAs (Ge/GaAs) or with GaAs grown top

of Ge (GaAs/Ge) with the bottom junction surface having a c(m×n) or (m×n) reconstruction.

Many samples were doped with acceptors (p−) or with donors (n−), some were heavily doped

(+). The measurements of the VBO and CBO were made with X-ray Photoelectron Spectroscopy

(XPS)[106], Soft X-ray Photoelectron Spectroscopy (SXPS)[107], Continuous Wave pumping

(CW)[108], Current-Voltage Technique (I-V)[109], Capacitance-Voltage Technique (C-V)[109]

and Internal Photoemission Spectroscopy (IPS)[109].

Authors VBO (eV) Preparation Measurement

Waldrop et al

(1983) [110]

0.55 ±

0.04

n−Ge/p−GaAs c(8×2)
XPS

MBE (340◦C)

0.60 ±

0.04

n−Ge/p−GaAs c(2×8)
XPS

or c(4×4) MBE (340◦C)

Katnani et al

(1984) [111]

0.46 ±

0.05

Ge/n−GaAs (4×6)
SXPS

MBE (340◦C)

0.46 ±

0.05

Ge/n−GaAs c(8×2)
SXPS

MBE (340◦C)

0.46 ±

0.05

Ge/n−GaAs c(4×4)
SXPS

MBE (340◦C)

0.44 ±

0.05

Ge/n−GaAs (4×6) + As4
SXPS

MBE (340◦C)

0.47 ±

0.05

Ge/n−GaAs c(2×8) + As4
SXPS

MBE (340◦C)

0.48 ±

0.05

Ge/n−GaAs c(4×4) + As4
SXPS

MBE (340◦C)

Katnani et al

(1985) [112]

0.47 ±

0.05

Ge/n−GaAs (4×6), c(8×2),
SXPS

c(2×8), c(4×4) MBE (320◦C)
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Chambers et

al (1988)

[113]

0.60 ±

0.05

n−Ge/n−GaAs c(8×2)
XPS

MBE (320◦C)

0.60 ±

0.05

p−Ge/n−GaAs c(8×2)
XPS

MBE (320◦C)

Ünlü et al

(1990) [114]

0.49 ±

0.05

p+-Ge/n−GaAs MBE
C-V

MBE

Biasiol et al

(1992) [115]

0.54 ±

0.05

n+-Ge/GaAs (2×4)
XPS

MBE (360◦C)

0.17 ±

0.05

GaAs/n+-Ge (2×2)
XPS

MBE (360◦C)

Sorba et al

(1993) [116]

0.57 ±

0.05

n+-Ge/GaAs (2×4)
XPS

MBE (480◦C)

0.31 ±

0.05

GaAs/n+-Ge (2×2)
XPS

MBE (580◦C)

Tang et al

(2011) [117]
0.16

n−Ge/GaAs
XPS

UHVCVD (600◦C)

Hudait et al

(2013) [64]

0.42 ±

0.05

Ge/GaAs(2×4)
XPS

MBE (450◦C)

0.23 ±

0.05

GaAs/Ge(2×2)
XPS

MBE (350◦C)

Table 2: Experimental results of the VBO in eV . The first column reports the data source. The

sample preparation and measurements are reported in the third and fourth columns.
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Authors CBO & VBO (eV) Preparation Measurement

Ünlü et al

(1990) [114]

-0.28

& 0.51

p−Ge/n−GaAs MBE
C-V

MBE

Kawanaka et

al (1990) [118]

0.04 &

0.83

p-Ge/n-GaAs(2×4)
C-V

MBE (500 ◦C)

0.08 &

0.87

p-Ge/n-GaAs(2× 4)
C-V

MBE (300 ◦C)

0.09 &

0.88

p-Ge/n-GaAs(2× 4)
C-V

MBE (200 ◦C)

Dahmen et al

(1993) [119]

-0.33

& 0.46

Ge/GaAs
IPS

MBE (500 ◦C)

≥ 0 &

≥ 0.79

p−Ge/n−GaAs
IPS

MBE (300 ◦C)

-0.48

& 0.31

p−Ge/n−GaAs
C-V

MBE (500 ◦C)

0.025

& 0.82

p−Ge/n−GaAs
C-V

MBE (300 ◦C)

-0.28

& 0.51

p−Ge/n−GaAs
I-V

MBE (500 ◦C)

Aleshkin et al

(2014) [120]

-0.14

& 0.65

Ge/n-GaAs
CW

MOCVD (400 ◦C)

Table 3: Experimental results of the VBO and CBO in eV . The first column reports the data

source. The sample preparation and measurements are reported in the third and fourth columns.

The imprecision of C/V and I/V measurements compared with photoemission results is

partially originated from the approximations to ideal conditions of the capacitance and current

with the built-in potential and applied voltage by the C/V and I/V methods. Besides, the

sensitivity of the I/V method towards tunnelling, image force lowering events and barrier potential
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inhomogeneities, does not allow to measure accurately barrier heights or band alignments[119].

On the contrary, photoemission techniques are less sensitive to interfacial charges and, in

principle, are capable of measuring accurate offsets[15]. Thus, only experimental results from

photoemission techniques, XPS, SPXS, IPS and CW, are taken into account in this work.

The consistent measurements for surface reconstructions varying from Ga-rich to As-rich

performed by Waldrop et al (1983)[121], Katnani et al (1984)[111] and Katnani et al (1985)[112],

shows a weak variation of the VBO with the interface stoichiometry composition. While

Chambers et al (1988)[113] shows VBO independent of the dopant level at the bulk Germanium.

Taking into account only the measurements made by photoemission techniques, the range

of values for VBO with Ge grown on top of GaAs(001) is between 0.42eV and 0.60eV and

also 0.16eV measured by Tang et al (2011)[117] with growth of the heterojunction at high

temperature, 600◦C. High-temperature conditions contribute to interdiffusion of atoms at the

interface[60], which can alter the band alignments significantly.

Hudait et al (2013)[64] showed that the interdiffusion of GaAs(001) grown on top Ge is

greater than in Ge/GaAs(001), leading to a different range of VBO from 0.17eV to 0.23eV at

low temperature and 0.31eV at 580◦C. For CBO measurements, the photoemission method

results are −0.14eV and above 0eV at low temperature and −0.33eV at high temperature.

The main question arising from the range of these experimental values is to which degree

the interfacial effects cause a change on the VBO and CBO values. In case of the degree being

significant, the follow-up question would be what are the atomic arrangements at the interface

that can explain the range of VBO and CBO values, including the values measured by Katnani

et al (1984)[111] that have weak variation at Ga-rich and As-rich conditions. In Section 10, I will

clarify these questions with results from atomic diffusion and different stoichiometry composition

at the Ge/GaAs(001) interface.
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8 Bulk Calculations

In this Section, I present and discuss the results obtained for strained Ge bulk, where I show

that Ge becomes a direct band gap insulator when biaxial strain is applied. I also show the

consequence of disorder of the InxGa1−xAs on its band gap.

8.1 Computational details

Ge has a crystal structure represented by a repeated face-centered cubic (fcc) unit cell in real

space containing two atoms of germanium. For the calculation of the Ge bandgap, I used the LDA

Perdew-Wang (PW) exchange-correlation functional [84] together with the Trouiller-Martins

(TM) pseudopotential [86]. The ground-state calculations have a kinetic energy cutoff of 60Ry

and an 8× 8× 8 K point grid generated by the Monkhorst-Pack scheme[122]. Greene-Diniz et

al [123] showed that the unstrained band gap varies with the choice of the exchange-correlation

functional and the pseudopotential. The choice of the lattice parameter, either the relaxed or the

experimental lattice constant, also affects the band gap. Following that work, I selected PW-TM

due to its good agreement of the direct and indirect band gap on the unstrained optimized

structure with the experiment[123].

Varying the self-energy parameters achieved a 4meV calculation convergence at G0W0 level

of the band gap. To this end, I set the exchange self-energy kinetic energy cutoff to 50Ry, I

summed the dynamical dielectric matrix within the plasmon pole approximation[124] over 260

bands with a kinetic energy cutoff of 12Ry and the correlation self-energy was summed over 350

states.

The structure of GaAs is a zinc blende crystal with two atoms in the unit cell. The Ga

exchange-correlation functional used was the PW together with the Hamann’s pseudopotential

(HAM) [87] and the As and In exchange-correlation functional was the PW with the MT

pseudopotential. The ground-state calculations used a kinetic energy cutoff of 60Ry, together

with a 8×8×8 K point grid for GaAs, InAs, and In0.50Ga0.50As within VCA. The In0.50Ga0.50As

SQS and the (d) ABBABAAB structure, mentioned in Section 8.3, used a 4× 4× 2 grid. All

k-point grids were obtained within the Monkhorst-Pack scheme.

The G0W0 band gap calculations were converged within 10meV. The exchange self-energy

kinetic energy cutoff was 50Ry. I summed the dielectric matrix over 740 states, together with a

kinetic energy cutoff of 12Ry. The number of states used in the correlation self-energy calculated

was 260.

8.2 Germanium

Germanium is an indirect band gap semiconductor with an experimental indirect band gap

of 0.74eV and a direct band gap of 0.90eV at 1.5K[125]. Ge has a similar lattice constant as

GaAs, approximately 0.05Åof difference, but Ge experiences biaxial strain at the interface of
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Ge/InxGa1−xAs for x different from zero. Photoluminescence (PL) studies show a transition from

indirect to direct band gap with an applied biaxial strain in the (100) to the semiconductor[126].

Empirical simulations and experimental results deduce a range of 1.8% to 2.0% of applied biaxial

strain for this transition to occur[127–131]. Meanwhile ab initio calculations at DFT+U and GW

approximation levels show a transition between 1.5% and 2.0% of biaxal strain[123, 132–135].

The calculated unstrained LDA direct and indirect band gap are 0.30eV and 0.23eV, respec-

tively. The G0W0 correction to these values is 0.58eV for the LDA direct band gap and 0.53eV

for the LDA indirect band gap. Resulting into a G0W0 direct and indirect band gap of 0.88eV

and 0.76eV, respectively. The macroscopic average potential of bulk Ge is −5.517eV. Subtracting

the bulk macroscopic average potential to the interface macroscopic average potential in the Ge

bulk region and the same for GaAs allows for band gap comparison between both materials and

thus the VBO and CBO calculation.

The parallel biaxial strain on bulk Ge was achieved by fixing the strained lattice constant

and allowing only the perpendicular direction to (001) plane, a⊥, to relax. Figure 11 shows an

expected decrease of a⊥ relative to the unstrained lattice constant, a0, under tensile biaxial

strain.

Figure 11: The change of the unit cell axis perpendicular to the applied strain relative to the

unstrained lattice constant.

The geometric deformation of the unit cell contributes to a change in the band structure.

The charge carriers at the valence bands are holes and electrons at the conduction bands. The

curvature of these bands are related with the effective mass of the carriers, heavy-holes produce

flat valence bands while light-holes contribute for a steeper valence bands. In Ge, I neglected

spin-orbital effects and I obtained, therefore, three degenerate top-valence band at the Γ-point.

Spin-orbit effects would remove the degeneracy between the light-hole and the heavy-hole bands.
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Madelung [125] and Ghosh[136] report a split of the top valence band by 0.297eV and 0.29eV,

respectively.

Figure 12 shows there is an approximately linear decrease in the light-hole indirect and direct

band gaps and in the heavy-hole direct band gap with biaxial strain. The heavy-hole indirect

band gap remains approximately constant. These calculations were done within the G0W0

approximation. Most of the experimental Ge band gap measurements are in good agreement

with the calculations, except the PL measurement at 1.6% [137] and at 2.0%[138] of the biaxial

strain. At approximately 1.4% of the biaxial strain, there is a sudden jump in the calculated

data, which otherwise follows a linear behaviour. This jump is particularly visible for the LH

direct case. The jump occurs close to the transition from indirect to direct band gap. However,

as argued below, this jump is an artefact of the GW approximation. As a consequence, I only

consider the values lower than 1.4% of the biaxial strain and use a linear fit to extract the

transition strain. This result approximately at 1.7% and is close to the lower bound of the

experimental estimated at 1.8%[128].

Coming back to the jump of the GW calculated band gap at 1.4% of biaxial strain, this

occurs when the bottom of the LDA conduction band crosses the top of the LDA valence band

at Γ point and there is a mixture of the two bands. Figures 13 and 14 show the Ge orbital

projected band structure during different steps of the biaxial strain. One can observe that when

there is no strain, the VBM has a P character and the CBM an S character. The biaxial strain

closes the LDA band gap at Γ with 1.4% of strain and at 1.6% the valence band loses its P

character and is intertwined with the conduction band.

The LDA direct band gap difference between 1.2% and 1.3% is 0.019eV and between 1.39%

and 1.4% is 0.004eV, while the G0W0 correction to the band gap is 0.002eV and 0.058eV,

respectively. This shows that the jump at 1.4% is caused by the G0W0 correction and not by

LDA calculations. Since the QP wave functions are approximated to the LDA wave functions,

the Hamiltonian within G0W0 approximation is a diagonal-only matrix. This produces an

underestimated G0W0 correction to the LDA band gap. It is left to future work to tackle this

problem, possibly with the implementation of a linear combination of the two mixing bands

[139, 140].

The effect of spin-orbit interaction would not change significantly the biaxial strain point of

transition from indirect to direct bandgap, because the transition is related to the lowest energy

of the conduction band edges in the highest points of symmetry and not with the edge of the

valence band where the spin-orbit splitting occurs.
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Figure 12: The change on the calculated direct light-hole (LH) and heavy-hole (HH) band gap

and on the indirect LH and HH band gap by biaxially straining bulk Ge. A linear fit was

done to the values before the transition in the LH band gaps. Experimental measurements:

a from photoreflectance (PR) with Franz-Keldysh oscillation model (violet squares) and with

third-order derivative line shape (light blue squares) and photoluminescence (PL) method (dark

blue squares)[137]; b from PL light-hole and heavy-hole band gap[138]; c from Magneto-Optics

direct and indirect band gap[125].

Figure 13: The orbital projected band structure of unstrained Ge in the first column, with 0.8%

of biaxial strain in the second column and 1.2% of biaxial strain in the third column. The upper

and lower panels are the S and P orbital projections, respectively.
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Figure 14: The orbital projected band structure of Ge with 1.4% of biaxial strain in the first

column, with 1.6% of biaxial strain in the second column and 1.8% of biaxial strain in the third

column. The upper and lower panels are the S and P orbital projections, respectively.
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8.3 InxGa1−xAs

The alloy InxGa1−xAs is composed by a mixture of two compounds, GaAs and InAs, located at

the extremes of the x range, zero and one. GaAs and InAs are direct band gap semiconductors

with experimental values of 1.53eV and 0.42eV, respectively[125]. Other band gap experimental

measurements for the range 0 < x < 1 are shown in Figure 15 [125, 141, 142]. One can observed

the band gap is not a linear function of x, which is usually referred as “band gap bowing”.

Figure 15: The variation of the direct band gap with the concentration, x, of the random

alloy InxGa1−xAs. The calculated band gap for the GaAs and InAs semiconductors in green

circles, the VCA in blue square and 16 atoms frozen Cell in red triangles for In0.50Ga0.50As

alloy. Together with the experimental points (black stars) and the lines (lines) to help visualise

the bowing of the band gap with x. a (d) ABBABAAB; b (g) ABBBBAAA (SQS structure)

The LDA calculations of GaAs and InAs direct band gaps are 0.65eV and −0.19eV, respec-

tively. The G0W0 corrections are 0.70eV for GaAs and 0.61eV for InAs, resulting in G0W0

GaAs and InAs band gaps of 1.35eV and 0.42eV, respectively. The spin-orbit coupling effect

were neglected in these calculations. This effect would cause splitting of 0.35eV [125, 143] for

GaAs and 0.38eV [125] for InAs between the heavy-holes and the light-holes bands, which might

shrink both band gaps.

The selection of exchange-correlation and pseudopotentials for GaAs and InAs in Section

8.1 based on band gap calculations of different LDA exchange-correlation and pseudopotentials,

compatible with Ge PW-TM for interfaces calculations, to obtain the best possible outcome

between GaAs and InAs band gaps to produce accurate InxGa1−xAs results[144].

In this thesis, the modelling of the random alloy InxGa1−xAs is only focused on x = 0.50,

In0.50Ga0.50As. To model the alloy the approaches taken are: the Virtual Crystal Approximation

mentioned in Section 2.1, where the zinc-blende structure with two atoms in the unit cell is
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composed by an As atom and a virtual atom with an average of 50% of the electrostatic potential

of the Ga atom and 50% of the In electrostatic potential; the SQS approach, referred in Section

2.2, using quasi-random alloy generator, ATAT toolkit[26]; and I also analysed the minimum

total energy structure between different bonding configurations of the alloy. The structure

modelled by the SQS approach is a 16 atoms supercell, Figure 16. The supercell z-axis is twice

the size than the x- and y-axis. I chose 16 atoms to be able to calculate the band gap within

GW approximation at a relatively small computational cost. The rectangular shape was chosen

to easily incorporate the bulk into the interface structure, for future calculations of ∆V in

the Ge/In0.50Ga0.50As interface. For the minimum total energy approach, I kept the SQS cell

structure with different configurations of the Ga and In atoms.

In Table 4, the calculated correlation function, Πα(σ), defined in Section 2.2, of the chosen

structure, composed of 16 atoms in a rectangular shape unit cell, the 16 frozen Cell, does not

match the random correlation function, Πα(R), for the second neighbouring pair, i.e., the second

column is not zero. For a quasirandom alloy structure to have a closer resemblance with a true

random alloy, the difference between their correlation functions until the second neighbouring

pair should be zero, see Section 2.2. A larger cell with additional atoms is required to increase

the match of the SQS correlation functions with the true random alloy. The correlation functions

found for structures with a different number of atoms are described in Table 4. The angles

between the unit cell vectors were kept frozen in the frozen cell structures to keep rectangular

cell shape. These angles were allowed to change in the free cell structures. With 32 atoms, one

can obtain a rectangular cell shape structure with the same correlation functions as the ones of

a true random alloy until the third neighbouring pair. The variation between the lowest and

highest band gap of these structures is of 0.10eV and below 1meV for the total energy per atom,

Figure 17. Considering only the structures with true random correlation functions until the

second neighbouring pairs, the 16 free Cell, the 32 frozen Cell and the 32 free Cell, the band

gap difference decreases to 0.04eV.

Figure 16: The SQS structure for In0.50Ga0.50As, a fcc cell, calculated with the ATAT toolkit.

The In atoms are in grey, the Ga in blue, and As in yellow.
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Pairs Triplets Quadruplets

α 1 2 3 4 5 6 1 2 1 2 3 4

Structure Πα(R)−Πα(σ)

16 free cell 0 0 1
24 − 1

2
1
12 0 1

4
1
4 0 0 − 1

6
1
3

16 frozen cell 0 1
3 0 − 1

3 0 −1 0 0 −1 −1 0 − 1
3

20 frozen cell 0 1
5

2
15 0 − 1

15
2
5

1
5

1
5 − 1

5 − 1
5 0 1

5

24 frozen cell 0 2
9 − 1

9 − 1
9 − 1

18 0 0 0 1
3

1
3 − 1

9 − 1
9

28 frozen cell 0 1
7 0 − 5

21
1
42 − 1

7 0 0 0 1
7

2
21 − 1

7

32 frozen cell 0 0 0 − 1
3 0 0 0 0 0 0 0 − 1

3

32 free cell 0 0 0 0 0 0 0 0 0 0 0 − 1
3

Table 4: The difference between the true random correlation functions, Πα(R), and the ones

obtained for the In0.50Ga0.50As quasi-random structure, Πα(σ). The correlation functions were

calculated for the α neighbouring pairs, triples and quadruplets of atoms.

To understand the variation of the band gap with the atomic disorder in the In0.50Ga0.50As,

I analyse the atomic distributions in all configurations of Ga and In in the 16 frozen Cell. The 4

Ga and 4 In can be distributed as combinations of indistinguishable objects through 8 total

positions with
(
8
4

)
= 70 total number of permutation. Removing the configurations that are

equivalent by symmetry, we are left with 7 configurations. Considering Ga atoms as A and

In atoms as B, the set of 7 configurations can be written as: ABBBABAA, ABBBAAAB,

ABABABAB, ABBABAAB, ABBBBAAA, ABABBAAB, BBAAAABB. These configurations

are displayed in Figure 18.

The local configurations have a tetrahedral shape with As in the centre bonded with Ga and

In atoms. The As atoms bonds can be with 4 In or 4 Ga, 3 In and 1 Ga or 3 Ga and 1 In, or 2

In and 2 Ga. In Figure 18 (a), consider the bonds of As with Ga. The lower layer perpendicular

to z has one bond, the next layer also has one bond, and the following layers have three bonds,

the notation according to these bonds is 1133 for this structure. Figure 19 shows the band gap

and the difference of total energy with respect to the lowest total energy configuration of the 9

configurations and the corresponding structure and bonding notation.

The lowest LDA total energy configuration is (d) ABBABAAB with the largest LDA band

gap of 0.15eV. It is the only cell where the layers perpendicular to z have the same quantity

of Ga and In and those atoms in the alignment of the z direction are alternated. The SQS

selected (e) ABBBBAAA has the structure with the lowest objective function, Eq. 6. Later,
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Figure 17: Band gap for the SQS structures generated by ATAT software. In the x-axis

the number of atoms in each structure and the constraints imposed on the supercell during

generation.

in this Section, I will compare the SQS and (g) ABBBBAAA structures band gap with the

experimental bowing parameter intrinsic in band gap of AxB1−xC alloys.

In Figure 20 is depicted the variation of the lattice constant InxGa1−xAs with x. The SQS

value for In0.50Ga0.50As follows the expected linear Vegard’s law with a slope of 0.409Å per

concentration of In close to the experimental 0.401Å per concentration of In. All the lattice

constants are underestimated by 0.9% as expected when using the LDA.

The LDA band gaps of the In0.50Ga0.50As for the different approaches are 0.15eV for the (d)

ABBABAAB stucture, 0.10eV for the SQS and −0.45eV within VCA approach. The G0W0

corrections are 0.61eV, 0.58eV and 0.57eV, respectively. Resulting in 0.74eV, 0.68eV and 0.12eV,

also respectively. The calculated G0W0 band gaps are close to the experimental results except

In0.50Ga0.50As within VCA. The latter value is lower than what was found in Ref [145]. In this

work, however, the Tran-Blaha meta-GGA functional is used, which is known to give a much

better estimate for the bandgap than LDA [146]. Better results for the gap were also obtained

in Ref. [147] using an empirical pseudopotential method and in Ref. [148] which incorporates

effects of composition disorder.

The band gap of a AxB1−xC alloy is not linear and its variation with x depends on a bowing

parameter, b, by[149]

Eg(x) = (1− x)EAg + xEBg − bx(1− x) (31)

with EAg and EBg as the band gaps of the semiconductors A and B, respectively. In Figure 15, the

lines connecting the experimental and calculated limit points of x help visualise the InxGaxAs
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(a) ABBBABAA (b) ABBBAAAB (c) ABABABAB (d) ABBABAAB

(e) ABBBBAAA (f) ABABBAAB (g) BBAAAABB

Figure 18: The cell structures of the 7 inequivalent configurations by symmetry with the 16

frozen Cell structure. The notation of the name of each structure is given as A to Ga atoms and

B to In atoms. Each letter corresponds to the same atom’s position in all structures.

band gap bowing with x. The experimental bowing parameter is 0.475eV[150]. The black line

shows the trend of experimental results with bowing and the red line uses the same bowing

parameter between the calculated GaAs and InAs band gaps. The difference between the (d)

ABBABAAB structure, which has the best result, and the SQS structure is the atomic position.

This is due to the fact that (d) ABBABAAB structure has a Ga and In in the directions of the

lattice vectors. In contrast, the SQS structure, Figure 16, has repeated atomic types on the

xy-plane.

The VCA In0.50Ga0.50As direct band gap of 0.12eV severely underestimates the experimental

band gap. This disagreement arises from the poor LDA starting point of the GW calculations

and the high-symmetric bonds of the atoms in the structure. Figure 21 shows the orbital

projected band structure of the VCA structure around the Γ point. The S orbital projection

of the virtual and As atoms shows strong intensity in the LH band around −0.45eV at the Γ

K-point. This behaviour confirms the negative band gap of In0.50Ga0.50As within the VCA

approach.
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Figure 19: Configurations band gap and difference of the total energy with the lowest total

energy configuration. The label on the top shows the number of bonds in a layer normal to z

axis between a As atom and a Ga atom. The label on the bottom is the configuration of the

structure, A representing a Ga atom and B a In atom.

Figure 20: The variation of the lattice constant with the concentration, x, of the alloy InxGa1−xAs.

The experimental data (black points) follows the Vegard’s Law ( dashed line). The calculated

LDA results ( blue points) also follow the Vegard’s Law and is in good agreement with the

experimental values.
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Figure 21: The orbital projected band structure of the VCA In0.50Ga0.50As, with the virtual

atom projection in the first row and the As atom in the second. The first, second and third

columns are the S, P and D orbital projections.
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8.4 Natural Band Offsets

The natural band offsets are the band offsets when ∆V = 0. The alignment of the band gaps,

without any interaction at the interface between the bulk materials, results into VBO = ∆EV

and CBO = ∆EC .

To obtain the natural band offsets, and thus determine ∆EV and ∆EC for later imple-

mentation in Eq. (1), one subtracts the VBM and CBM energy levels to the macroscopic

average potential of each bulk material. After, calculate the difference between the VBM of

each material and also for the CBM. The calculations of the bulk macroscopic average potential

were at DFT-KS level using the LDA PW exchange-correlation functional [84] for Ge, Ga and

As. Together with the Trouiller-Martins’ pseudopotential [86] for Ge and As and Hamann’s

pseudopotential [87] for Ga. A 0.03eV convergence error was achieved using a Monkhorst-Pack

K-point grid of 8× 8× 8 and a kinetic energy cutoff of 60Ry.

The study of the band offsets in this work is limited to Ge/GaAs(001) and left as future

work other concentration values of InxGa1−xAs, so I only use Ge and GaAs calculated results.

The macroscopic average potential for GaAs and Ge are −5.517eV and −4.243eV, respectively.

Subtracting the VBM and CBM energies to it and calculating their difference between Ge and

GaAs, one obtains the natural band offsets giving −0.30eV for ∆EV and −0.89eV for ∆EC at

Ge/GaAs (001) interface.

The spin-orbit effects were not included when calculating the band gaps. By comparing the

difference between Ge and GaAs spin-orbit splitting of 0.297eV [125] and 0.38eV [125, 143],

respectively, the change in the band offsets would be less than 0.1eV which is within both

experimental and numerical errors.

8.5 Summary

In this Section, I determined the band gap of the indirect and direct band gaps of Ge, the

band gap of GaAs and InAs and of InxGa1−xAs for the VCA and SQS approaches and the (d)

ABBABAAB stucture, as in Table 5. The unstrained Ge and GaAs band gaps determine the

VBO and CBO of Ge/GaAs(001) heterojunction in Section 10. I obtained an underestimation of

the band gap difference between GaAs and Ge of 0.16eV. I found the Ge indirect to direct band

gap transition when applying 1.7% of biaxial strain. I also noticed the importance of the position

of Ga and In atoms in the calculation of the band gap of the random alloy InxGa1−xAs, where

evaluating the total energy is more straightforward than the correlation functions. Besides, to

get an accurate GW band gap it is key to have a ’good’ LDA starting point, meaning that the

LDA band gap should be finite and the LDA wavefunction should have the correct character. I

also determined the natural band offsets essential to determine the band offsets in Section 10.

The difference between the experimental GaAs and Ge band gap is 0.75eV, and the calculated

is 0.59eV, this difference is mainly due to the underestimation of the G0W0 GaAs bandgap.
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KS (eV) G0W0 (eV) Exp. (eV)

Unstrained Ge Direct Band Gap 0.30 0.88 0.90

Unstrained Ge Indirect Band Gap 0.23 0.76 0.74

GaAs 0.65 1.35 1.53

(d) ABBABAAB 0.15 0.68 0.82

SQS In0.50Ga0.50As 0.10 0.61 0.82

VCA In0.50Ga0.50As -0.45 0.12 0.82

InAs -0.19 0.42 0.43

∆EV - -0.30 -

∆EC - -0.89 -

Table 5: Band gaps calculated for unstrained Ge, GaAs, SQS In0.50Ga0.50As, VCA In0.50Ga0.50As,

and InAs within the LDA and the corrections of the G0W0 approximation. There are also the

calculated natural band offsets, ∆EV and ∆EC , between unstrained Ge and GaAs.
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9 Interface Calculations

Natural band offsets were determined in Section 8.4. Here, I consider the effect of the dipole at

the interface, caused by the variation of charge from one side of the heterojunction to the other.

Without a dipole shift, the band discontinuities would be independent of the interfacial effects

and even from the crystal orientation. Therefore, in this Section, I examine the consequence of

the interfacial effects into ∆V , where the determination of ∆V was discussed in Section 3. In

addition, I study the relative interface formation energy discussed in Section 4. I present results

for Ge/GaAs(001) interface only, while the strained heterojunction ε−Ge/InxGa1−xAs is left as

future work.

The wide range of experimental band offset measurements and the lack of experimental

structural details at the interface led us to examine the interfacial effects to explain the cause of

the measurements’ range. The interfacial effects that I study in this work are the stoichiometry

composition, the diffusion of atoms and the disorder at the interface. The results in this

Section show how ∆V is affected when the structure of the interface, simulated using a supercell

approach, is systematically modified. The stoichiometry composition is controlled by the type

of atoms placed at the interface in a supercell, in this case, Ga or As. The diffusion of atoms

is obtained by interchanging atoms of different types, e.g., if one wants to diffuse Ga atoms

into Ge material, one or more Ga atoms in the supercell are interchanged with Ge atoms in the

direction of the Ge bulk region. Disorder effects are realised by using the Special Quasi-Random

Structure method to distribute atoms in a quasi-random position on a layer of atoms at the

interface.

The results I obtain in this Section have several limitations due to approximations and effects

that were neglected. As it is common in electronic structure calculations, I assume that ions are

held in fixed positions and the electronic and ionic motion is decoupled (Born-Oppenheimer

approximation). However, the strain produced in germanium causes the band gap to decrease,

and when the temperature is considered, a coupling of the vibrational motion with electronic

excitation could break down the approximation. Furthermore, the diffusion of atoms during

the formation of a heterojunction is a non-equilibrium process. Therefore, the thermodynamics

or statistical processes to move an atom from point A to B are not considered. This study is

limited to some possible situations that might occur at equilibrium at the end of the growth of

the heterojunction. Also, I am not considering non-ideal growth situations such as island and

step formations.

In the supercell to determine ∆V , I consider three regions of the Ge/GaAs(001) slab depicted

in Figure 22: the GaAs bulk region, where only GaAs is present; the mixing layer region,

formed by three layers in which Ge, Ga and As atoms are allowed to diffuse; and the Ge bulk

region, where only Ge is present. The mixing layer region allows for slab neutrality but also

represents different possibilities for the atoms to rearrange at the interface. Since there are

many possible structures, I use a notation to facilitate the identification of each structure. The
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concentration of cations or anions present in each mixing layer and an underscore separating

the mixing layers compose the notation. Each structure notation starts with the letters ML,

meaning mixing layers. For example, ML50As 0 25As25Ga from figure 22 has 50 % of As

in the first mixing layer, the one closest to GaAs bulk region, 0 % of cations or anion in

the second mixing layer, and 25% of As and 25% of Ga in the third mixing layer, the layer

closest to Ge bulk region. The Ge atoms constitute the remaining concentration of each mixing

layer. I use another notation when Ge is in smaller quantity than the ions in the mixing

layer region. The interdiffusion of Ge with Ga is between the third and first mixing layers, so

instead of ML100Ga 100As 50Ga, ML75Ga 100As 75Ga and ML50Ga 100As 100Ga, I write

MLGa As 50Ge50Ga, ML25Ge75Ga As 25Ge75Ga and ML50Ge50Ga As Ga, respectively. The

notation MLAs Ga 50Ge50As, ML25Ge75As Ga 25Ge75As and ML50Ge50As Ga As represents

the interdiffusion of Ge into As. I avoid the diffusion of Ge into the second mixing layer since it

disturbs the balance between Ge-anion and Ge-cation bounds.

Theoretical studies of band discontinuities at Ge/GaAs(001) abrupt interface [151] examined

the configurations of 50% of As or 50% of Ga and 50% of Ge in one mixing layer; and 75% of

As in the first mixing layer, 25% of Ga in the second mixing layer and the remainder of these

two mixing layers filled with Ge atoms. These are thermodynamically stable configurations

due to their neutrality bonding at the interface. Configurations without mixing atoms in the

interface layer from a complete transition of a Ge layer to Ga or As layer generate a huge

field resulting in a potential difference greater than the band gap over few atomic distances,

which is not observed experimentally. Configurations involving more than two mixing layers

are not considered. It would be difficult to determine the pattern at the interfacial layers

with the right concentration of the elements composing the heterojunction. The occurrence

of atom-diffusion within three atomic layers perpendicular to the interface is consistent with

some previous experimental analyses. [62, 63] The interfacial configurations that I consider in

this project are approximations of the real interface structure. More realistically the dispersion

of atoms are made of disordered patterns and the diffusion of atoms into more layers inside a

junction is likely to occur. On the other hand, the results of this work, still offer a measure

of the sensitivity of ∆V , and consequently, of the band alignments to interfacial effects and

modelled a few situations that can occur during epitaxial growth of a heterojunction.

The interface structures were relaxed to obtain optimised geometries. Nine layers were added

to each side of the interface to achieve bulk behaviour and to avoid image effects. The mixing

layer region in the middle of the slab is not enough to guarantee a constant potential line-up.

To avoid the formation of an electric field throughout the heterojunction the mixing layer region

was mirrored to the top of the supercell.
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Figure 22: Ge/GaAs(001) slab at the interface demarked by: the GaAs bulk region, with Ga in

yellow and As in blue; the mixing layer region with 50% of Ga in the first mixing layer, only Ge

(green) in the second mixing layer and 25% of As and 25% of Ga in the third mixing layer; and

the Ge bulk region.

9.1 Ordered Interfaces

Figure 23 shows the structures employed to calculate ∆V with 50% of cation in the first mixing

layer diffused to the remain two mixing layers. The structures show the diffusion of Ga from

the abrupt interface, with 50 % of Ga in the first mixing layer (a), ML50Ga 0 0, to the third

mixing layer (f), ML0 0 50Ga. The intermediate steps, (b) to (e), are the diffusion of each 25 %

of Ga throughout the mixing layer region. The same procedure is carried out for As, starting

from the abrupt case (g), ML50As 0 0. Diffusion of Ga or As from the abrupt interface to the

third mixing layer samples their diffusion into Ge, while structures where Ge is in lower quantity

inside the mixing layer region sample the diffusion of Ge into GaAs.

The average charge density and the macroscopic average density of (b) ML50Ga 0 0, (d)

ML0 50Ga 0, (f) ML0 0 50Ga, and (h) MLGa As 50Ge50Ga structures are displayed on the right

side of Figure 24, while the average electrostatic potential and the macroscopic average potential

are displayed on the left side. In Figure 25 the same properties are displayed for ML50As 0 0,

(a) and (b), ML0 50As 0, (c) and (d), ML0 0 50As, (e) and (f), and MLAs Ga 50Ge50As, (g)

and (h), structures. Eq. 9 relates the integral of the charge profile throughout the interface to

the potential line-up. Taking this into account, one can relate the right side with the left side of

Figure 24 and Figure 25.

The potential line-up for the structures ML50Ga 0 0, ML0 50Ga 0, ML0 0 50Ga, and

ML50Ge50Ga As Ga is 1.12eV , 1.41eV , 1.62eV and 1.72eV , respectively, and the difference

between the maximum and minimum of the variation of the macroscopic average density, ∆ρ,

is 0.023e/Å, 0.039e/Å, 0.043e/Å and 0.045e/Å, respectively. The constant value of ¯̄ρ for the

ML50Ga 0 0 structure on Figure 24 (b), shows a bulk behaviour of GaAs and Ge charges and

the same occurs to the macroscopic average potential in (a). The variation of charge, ∆ρ,

produced by the bonds between cation-Ge and anion-Ge at the interface creates a interfacial

dipole that produces a discontinuity in the macroscopic average potential across the interface.

The diffusion of Ga atoms into Ge represented in Figure 24 (d) and (f), contribute to an increase
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of anion-Ge bonds at the abrupt mixing layer and an increase of cation-Ge bonds away from it.

The additional bonds and the length separation between them contribute to the variation of the

charge profile and thus to the potential line-up.

The potential line-up for the structures ML50As 0 0, ML0 50As 0, ML0 0 50As, and

ML50Ge50As Ga As is 0.65eV , 0.41eV , 0.14eV and 0.02eV , respectively, and ∆ρ is 0.029e/Å,

0.044e/Å, 0.043e/Å and 0.043e/Å, respectively. There is a difference of ∆V from ML0 50As 0,

Figure 24 (d), to ML0 0 50As, Figure 24 (f), but the variation of ∆ρ is neglible. To explain this

situation red arrows were added into the two average of electronic density figures. Eq. 9 shows

that ∆V is dependent on the integral of ¯̄ρ, and the distance from GaAs ¯̄ρ bulk behaviour to

Ge ¯̄ρ bulk behaviour is larger for ML0 0 50As, approximately 8.836Å, than for ML0 50As 0,

approximately 7.463Å, which results in a different ∆V . The dependence of ∆V on the electronic

charge at the interface is evident. Taking into consideration that the bulk properties do not

contribute to band offsets variations for chosen materials, the changes are entirely from interfacial

effects.

Figure 26 shows the results of ∆V for the atomic diffusion for the 50% of cation and anion

in the mixing layer region. There is a linear increase of ∆V with the diffusion of Ga, except

at ML0 0 50Ga, where it seems to reach saturation. Instead, the diffusion of As results in a

decrease of ∆V . The slopes are 119.7 meV for Ga diffusion and −119.3 meV for As diffusion.

I found there is a difference of 0.47 eV between the ∆V obtained for the As-terminated and

Ga-terminated abrupt interfaces. This difference increases with the diffusion of Ga and As

respectively into Ge. However, Katnani et al [111], measured the same bandoffsets in both

As-rich and Ga-rich conditions implying that the ∆V should be the same. We conclude that

this set of experimental results cannot be explained with a 50% As (or Ga) configuration.

Figure 27 shows ∆V when Ge diffuses into GaAs in the mixing layer region. Its behaviour is

similar to the diffusion of Ga or As into Ge. The difference of ∆V between 50% of diffusion of

Ga into the third mixing layer of Ge and the other way round is −0.09eV and 0.13eV with As.

Harrison[151] and Peressi[16] showed that even if the supercell with 50% of cation or anion in

the mixing layer region is neutral, there still exists a dipole that shifts the average potential due

to charge accumulation at the first mixing layer. Therefore, they suggest 75% of cation/anion

and 25% of anion/cation in the mixing layer region in which the configuration removes any

charge accumulation. I built 20 supercell structures that contain this composition and each

structure represents the diffusion of 25% of cation and anion throughout the three mixing layers.

The abrupt case for the 75% of As and 25% of Ga is the structure displayed in Figure 23 (h),

ML75As 25Ga 0.

The abrupt interfaces with 75% of As and 25% of Ga at the mixing layer region and with

75% of Ga and 25% of As have the same ∆ρ of 0.022e/Å and a ∆V of 0.84eV and 0.88eV ,

respectively, Figure 28. The lack of dipole shift is shown by the same variation of charge, with a

small difference of 0.04eV in the potential line-up.

The results of ∆V with 75% of cation/anion and 25% of anion/cation diffusing in the mixing
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region layer are presented in Figure 29. The increase and decrease of ∆V is due to a balance of

the gradient of charges at the mixing layer region. As in Figure 26, the diffusion of Ga from

the abrupt interface mixing layer, closer to GaAs bulk region, to the third mixing layer, closer

to Ge bulk region, and the diffusion of As in the opposite direction contribute to a larger ∆V .

The diffusion of As from the abrupt interface mixing layer to the third mixing layer and the

diffusion in the opposite direction of Ga decreases ∆V . The abrupt interfaces, ML75Ga 25As 0

and ML75As 25Ga 0, have similar ∆V , which contributes to also a similar band offset, these

results can explain the same VBO for Ga-rich and As-rich conditions at the GaAs interface.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 23: Supercells of the interface Ge/GaAs(100). Each supercell represents the diffusion

of Ga (blue) into Ge (green), the As is in yellow. The cases of: (a) abrupt interface with first

mixing layer of 50% of Ga and 50% of Ge (ML50Ga 0 0); (b) diffusion of 25% of Ga from the

first mixing layer to the second (ML25Ga 25Ga 0); (c) futher diffusion of 25% of Ga into the

third mixing layer (ML25Ga 0 25Ga); (d) the total of 50% of Ga going from the first to the

second mixing layer (ML0 50Ga 0); (e) then 25% of Ga of diffusion from the 50 % of Ga in the

second mixing layer to the third mixing layer (ML0 25Ga 25Ga); (f) the total of 50 % of Ga

diffused into the third mixing layer (ML0 0 50Ga); (g) the abrupt interface with first mixing

layer of 50% of As and 50% of Ge (ML50As 0 0); and (h) the supercell with 75% of As in the

first mixing layer and 25% of Ga in the second mixing layer(ML75As 25Ga 0).
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 24: The electrostatic average potential (black) and the macroscopic average potential

(blue) on the left side and the electrostatic average density (black) and the macroscopic average

density (blue) on the right side along the interface of Ge/GaAs(001) for the structures: (a,b)

ML50Ga 0 0, (c,d) ML0 50Ga 0, (e,f) ML0 0 50Ga, and (g,h) ML50Ge50Ga As Ga. The

potential line-up and the difference of the maximum and minimum of the macroscopic average

density are despicted in red dashed lines. The layers with Ga and Ge in the mixing layer are

denoted as GaGe in red.

61



(a) (b)

(c)
(d)

(e) (f)

(g) (h)

Figure 25: The electrostatic average potential (black) and the macroscopic average potential

(blue) on the left side and the electrostatic average density (black) and the macroscopic average

density (blue) on the right side along the interface of Ge/GaAs(001) for the structures: (a,b)

ML50As 0 0, (c,d) ML0 50As 0, (e,f) ML0 0 50As, and (g,h) ML50Ge50As Ga As. The potential

line-up and the difference of the maximum and minimum of the macroscopic average density are

despicted in red dashed lines. The layers with As and Ge in the mixing layer are denoted as

AsGe in red. in red arrow the distance between the Ge bulk region and the GaAs bulk region.
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Figure 26: The potential line-up calculated for ordered structure interfaces with 50% of As

in the mixing layer (green) and with 50% of Ga in the mixing layer (blue). The diffusion of

Ga and As into Ge occurs from ML50Ga 0 0 and ML50As 0 0 structures to ML0 0 50Ga and

ML0 0 50As, respectively.

Figure 27: The potential line-up calculated for ordered structure interfaces with the diffusion of

50% of Ge into As layer in GaAs (green) and 50% of Ge into Ga layer in GaAs (blue) inside the

mixing layer region. The diffusion of Ge into Ga and As occurs from MLGa As 50Ge50Ga and

MLAs Ga 50Ge50As structures to ML50Ge50Ga As Ga and ML50Ge50As Ga As, respectively.
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(a) (b)

(c) (d)

Figure 28: The electrostatic average potential (black) and the macroscopic average potential

(blue) with (a) 75% of As and 25% of Ga and (c) 75% of Ga and 25 % of As. The electrostatic

average density (black) and the macroscopic average density (blue) with (b) 75% of As and

25% of Ga and (d) 75% of Ga and 25 % of As. The potential line-up and the difference of the

maximum and minimum of the macroscopic average density are despicted in red dashed lines.

The layers with Ga and Ge and As and Ge in the mixing layer are denoted as GaGe and AsGe

in red, respectively.
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9.2 Disordered Interfaces

In the disordered interface, I use the same approach used to determine the structure of

InxGa1−xAs SQS but applied to a single mixing layer. The difference between the obtained

correlation functions and the true random ones, Table 6, shows a reasonable quasi-random

structure. Figure 30 shows the ML50Ga 0 0 structure with the quasi-random mixing layer. The

diffusion to ML0 50Ga 0 and ML0 0 50Ga is just the transition of the first mixing layers to the

second mixing layer and then to the third mixing layer, respectively. Besides, I substituted the

Ga atoms by the As atoms and the mixed layer with Ge and As atoms diffused in direction of Ge,

ML50As 0 0, ML0 50As 0 and ML0 0 50As and in the direction of GaAs, ML50Ge50Ga As Ga

and ML50Ge50As Ga As.

Pairs Triplets Quadruplets

α 1 2 3 4 5 6 1 2 1 2 3 4

Πα(R)−Πα(σ) 0 0 0 0 0 −1 0 0 1 1 0 0

Table 6: The difference between the true random correlation functions, Πα(R), and the ones

obtained for the mixing layer of 50% of Ga and 50% of Ge, Πα(σ). They were calculated for the

α neighbouring pairs, triples and quadruplets of atoms.

The results for ∆V when the quasirandom mixing layer diffuses from the abrupt interface to

the third mixing layer are displayed in Figure 31. The behaviour of ∆V with the diffusion of

Ga or As is similar to that of the ordered structure. However, there are small differences in ∆V

between the ordered and the disordered structures. They increase from 0.01eV , in the abrupt

interface, to 0.1eV , at the third mixing layer. One finds the same behaviour in ∆V when Ge

diffuses into Ga or As, Figure 32. The difference of ∆V between the ordered and disordered

ML50Ge50Ga As Ga structure is of 0.01eV and for the diffusing of Ge into As is of 0.09eV .
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Figure 30: Interface Ge/GaAs(001) supercell with a quasi-random mixing layer of 50% of Ge

(green) and 50% of Ga (blue), ML50Ga 0 0, generated by ATAT toolkit. The As atoms are in

yellow.

Figure 31: The change of ∆V with diffusion of the quasirandom mixing layer. From the first

mixing layer, ML50Ga 0 0 and ML50As 0 0 to the third, ML0 0 50Ga and ML0 0 50As, for

50% of Ga and 50% of As in the mixing layers, respectively.
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Figure 32: The change of ∆V with diffusion of the quasirandom mixing layer. From the

abrupt interface in the first mixing layer into the third layer of GaAs, MLAs Ga 50Ge50As and

MLGa As 50Ge50Ga.

68



9.3 VCA Interfaces

The VCA approach, besides being used to model alloys, as discussed in Section 2.1, can also be

used to represent layers at an interface slab with different concentration of atoms. This approach

relies on the average between the electrostatic potentials of the elements being mixed by using

Eq. 2. The calculations of ∆V within VCA were done by using virtual atoms at the mixing

layer region. Two atoms per layer were needed to take into account layers where both Ga and

As are present, as it is in the case of 75% of As and 25% of Ga or 75% of Ga and 25% of As.

Each of the two virtual atoms in a mixing layer composed of 50 % of Ga has a pseudo-potential

of

V VCA
GaGe (r) = 0.50 ∗ VGa (r) + 0.50 ∗ VGe (r) . (32)

The same applies to all layers with two types of elements, Ga and Ge or As and Ge, in the

mixing layer. For a mixing layer composed of 25% of Ga and 50% of As, the virtual atom has

an electrostatic potential of

V VCA
GaGe (r) = 0.50 ∗ VGa (r) + 0.50 ∗ VGe (r) , (33)

and another with

V VCA
AsGe (r) = 1.00 ∗ VAs (r) + 0.00 ∗ VGe (r) . (34)

The same procedure is used for all mixing layers with three elements in the mixing layer, Ge,

Ga and As.

The results for ∆V with 50% of Ga and 50% of As are depicted in Figure 33. The largest

differences between ordered structures calculations and using VCA are 0.1eV for ML0 25Ga 25Ga

and −0.09eV for ML0 25As 25As.

The VCA results follow the trend of the ordered structure of increasing and decreasing

∆V with the diffusion of As outwards the GaAs bulk region and Ga inwards with 75% of As

and 25% of Ga and 75% of Ga and 25% of As in the mixing layer, respectively. The largest

difference between the ordered structure calculation and VCA is 0.23eV at ML25Ga 25As 50Ga

and −0.24eV at ML0 0 75As25Ga.
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Figure 33: The change of ∆V with diffusion of the quasirandom mixing layer. From the first

mixing layer, in the left to the third, in the right.
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9.4 LRT model

In Section 3.3, I mentioned that the potential line-up within the LRT approach could be

separated into ∆Viso, containing electronic effects independent of the interface, and ∆Vhetero,

involving the contribution of interfacial effects. The Viso term can be calculated, in principle,

without using the interfacial supercell. However, taking advantage from the calculation of ∆V

for the ordered interface in Section 9.1 and the fact that Vhetero is negligible when averaging the

abrupt interface cases, ML50Ga 0 0 and ML50As 0 0, one can obtain Viso,

Viso = (∆VML50Ga 0 0 + ∆VML50As 0 0) /2 = 0.88eV. (35)

The calculation of Vhetero requires a model that represents the ionic charge average throughout

the interface layers. The Ge/GaAs(001) model with the diffusion of 50% of As is[152]

· · · −As−Ga− 〈Ge0.5+xAs0.5−x〉 −
〈
Ge1−(x−y)Asx−y

〉
− 〈Ge1−yAsy〉 −Ge−Ge− . . . ,

(36)

with the constraints x ≤ 0.50 and y ≤ x to keep the correct charge in the mixing layer region. In

Table 7 are reported the structures considered in Section 9.1, each one with the corresponding

values for x and y.

Interface x y

ML50As 0 0 0.00 0.00

ML025As 25As 0 0.25 0.00

ML025As 0 25As 0.25 0.25

ML0 50As 0 0.50 0.00

ML0 25As 25As 0.50 0.25

ML0 0 50A 0.50 0.50

Table 7: Values for x and y that correspond to the structures considered in Section 9.1 with As

in the mixing layer region

Considering the ionic charges in the interface as perturbations around the bulk Ge, the
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additional ionic charge is

· · · − As︸︷︷︸
+1

− Ga︸︷︷︸
−1

−

〈
Ge0.5+xAs0.5−x︸ ︷︷ ︸

0.5−x

〉
−

〈
Ge1−(x−y)Asx−y︸ ︷︷ ︸

x−y

〉

−

〈
Ge1−yAsy︸ ︷︷ ︸

y

〉
− Ge︸︷︷︸

0

− Ge︸︷︷︸
0

− . . . .

(37)

Summing the charges of a layer with the previous one, starting at the Ge bulk region

and carrying on to the GaAs bulk region, from right to left in Eq. (37), provides the charge

accumulation on the interface. After the zero accumulation of charge from Ge bulk, the following

additional charge is y, which remains the same when adding to zero. The next layer has x− y

additional charge, adding to y gives x, and so on until reaching the GaAs bulk region. At the

GaAs bulk region the charges alternate from -0.5 to 0.5 giving an average of zero. The resulting

equation,

· · · − As︸︷︷︸
+0.5

− Ga︸︷︷︸
−0.5

−

〈
Ge0.5+xAs0.5︸ ︷︷ ︸

0.5

〉
−

〈
Ge1−(x)Asx︸ ︷︷ ︸

x

〉

−

〈
Ge1−yAsy︸ ︷︷ ︸

y

〉
− Ge︸︷︷︸

0

− Ge︸︷︷︸
0

− . . . ,
(38)

shows the charge that was accumulated at the interface

The Ge bulk region has zero charge accumulation, while the GaAs bulk region oscillates

around zero between −0.5 and 0.5, the remainder is the charge accumulation at the mixing

region layer. The charge accumulation contributes to the determination of Vhetero through the

Poisson’s equation, ∆V = 4πe2
∫
z ¯̄ρ(z)dz, where ¯̄ρ is approximated by an assembly of point

charges giving [15, 151]

Vhetero = − πe2

2a0ε
(0.5 + x+ y), (39)

where e is the electron charge, a0 the lattice constant averaged between Ge and GaAs and ε is

the average of Ge and GaAs dielectric constants. Using the same argument for the case with Ga

in the mixing layer region, one gets

Vhetero =
πe2

2a0ε
(0.5 + x+ y). (40)

One finds the same behaviour for ∆V in Figure 35 as in all the other approaches studied

in this Section. The structures ML0 50XX 0 and ML25XX 0 25XX, with XX being Ga or

As, have the same ∆V within LRT, which does not happen in ab initio calculations. The

largest differences between ordered structures and the LRT approach occurs at ML0 0 50Ga

and ML0 0 50As of −0.09ev and 0.10eV , respectively.
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Figure 35: The potential line-up calculated within LRT with 50% of As in the mixing layer

(green) and with 50% of Ga in the mixing layer (blue).

The model used for the diffusion of Ge into GaAs at the As layers in the mixing layer region

is[152]

· · · −As−Ga− 〈GexAs1−x〉 − 〈Ga〉 − 〈Ge0.5−xAs0.5+x〉 −Ge−Ge− . . . , (41)

where 0 ≤ x ≤ 0.5 and in Table 8, I report the concentrations of x representing the structures

considered. The perturbation of ionic charges around the bulk Ge gives

· · · − As︸︷︷︸
+1

− Ga︸︷︷︸
−1

−

〈
GexAs1−x︸ ︷︷ ︸

1−x

〉
−

〈
Ga︸︷︷︸
−1

〉
−

〈
Ge0.5−xAs0.5+x︸ ︷︷ ︸

0.5+x

〉
− Ge︸︷︷︸

0

− Ge︸︷︷︸
0

− . . . . (42)

Summing the charges from Ge bulk region to GaAs bulk region one obtains the charge

accumulation at the interface as in Eq. 38,

· · · − As︸︷︷︸
+0.5

− Ga︸︷︷︸
−0.5

−

〈
GexAs1−x︸ ︷︷ ︸

0.5

〉
−

〈
Ga︸︷︷︸
−0.5+x

〉
−

〈
Ge0.5−xAs0.5+x︸ ︷︷ ︸

0.5+x

〉
− Ge︸︷︷︸

0

− Ge︸︷︷︸
0

− . . . . (43)

Thus, Vhetero for Ge diffusing into As gives

Vhetero = − πe2

2a0ε
(0.5 + 2x) (44)

and −Vhetero for Ge diffusing into Ga layers. In Figure 36, the LRT approach follows the ab

initio calculations, except at ML25Ge75As Ga 25Ge75As with a ∆V difference between the

ordered structures and LRT of −0.17eV .

When there is 75% of cation/anion and 25% of anion/cation in the mixing layer region,

the Viso is determined as the average of the ∆V at the abrupt interfaces, ML75As 25Ga 0 and
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Interface x

MLAs 0 50Ge50As 0.00

ML25Ge75As 0 25Ge75As 0.25

ML50Ge50As 0 As 0.50

Table 8: Values for x that correspond to the structures considered in Section 9.1 with Ge

diffusing into GaAs at the As layer in the mixing layer region

Figure 36: The potential line-up calculated within LRT with 50% of Ge diffusing into As mixing

layer (green) and diffusing into Ga mixing layer (blue).

ML75Ga 25As 0, giving 0.86eV . A difference of 0.02eV from the 50% of Ga and 50% of As in

the mixing layer region is observed. To calculate Vhetero another model is required, for the case

of 75% of As and 25% of Ga in the mixing layer region, the model is

· · · −As−Ga−
〈
Ge0.25+y+xAs1−(0.25+y)−x

〉
−
〈
Ge1−(0.25−z)−xAsxGa0.25−z

〉
− 〈Ge1−z−yAsyGaz〉 −Ge−Ge− . . . ,

(45)

with z ≤ 0.25 and x+ y ≤ 0.75. These constraints will keep the correct net charge through all

the mixing layer region. In Table 9 are represented the structures related to x, y, and z values

of Eq. (45).

Repeating the same procedure as in Eq. (37) to obtain the perturbation of the ionic charges
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around Ge, one finds

· · · − As︸︷︷︸
+1

− Ga︸︷︷︸
−1

−

〈
Ge0.25+y+xAs1−(0.25+y)−x︸ ︷︷ ︸

0.75−y−x

〉
−

〈
Ge1−(0.25−z)−xAsxGa0.25−z︸ ︷︷ ︸

−0.25+z+x

〉

−

〈
Ge1−y−zAsyGaz︸ ︷︷ ︸

y−z

〉
− Ge︸︷︷︸

0

− Ge︸︷︷︸
0

− . . . .

(46)

Then the charge accumulation at the interface provides

· · · − As︸︷︷︸
+0.50

− Ga︸︷︷︸
−0.50

−

〈
Ge0.25+y+xAs1−(0.25+y)−x︸ ︷︷ ︸

0.50

〉
−

〈
Ge1−(0.25−z)−xAsxGa0.25−z︸ ︷︷ ︸

y+x−0.25

〉

−

〈
Ge1−y−zAsyGaz︸ ︷︷ ︸

y−z

〉
− Ge︸︷︷︸

0

− Ge︸︷︷︸
0

− . . . ,

(47)

giving a Vhetero for the 75% of As and 25% of Ga in the mixing layer region of

Vhetero = − πe2

2a0ε
(0.25 + x+ 2y − z) (48)

and

Vhetero =
πe2

2a0ε
(−0.25 + x+ 2y − z) (49)

for the 75% of Ga and 25% of As case.

The average of ∆V between the abrupt structures ML50Ga 0 0 and ML50As 0 0 contributes

to a vanishing Vhetero. This can be seen by summing Eqs. 39 and 40. However, the average of

∆V for the abrupt structures ML75As 25Ga 0 and ML75Ga 25As 0 have a remaining Vhetero

of −0.25πe2/(2a0ε). Instead, Vhetero = 0 is found at x = y = 0 and z = 0.25, corresponding to

ML75Ga 0 25As and ML75As 0 25Ga structures. Therefore, there is a shift of −0.25πe2/(2a0ε)

in Vhetero. By removing this shift, the values are comparable with the ordered structure

calculations, as can be seen in Figure 37. The derivation of Vhetero is more complex when the

configuration at the interface is 75% of As or Ga and 25% of Ga or As than the one of 50% of

Ga or As. The solution for the shift is left as future work, but for the remainder of this work I

remove the shift and use the following expressions:

Vhetero = − πe2

2a0ε
(x+ 2y − z) (50)

for the 75% of As and 25% of Ga configuration and

Vhetero =
πe2

2a0ε
(x+ 2y − z). (51)

for the 75% of Ga and 25% of As configuration.

Figure 37 shows the results of ∆V within the LRT approach and using ordered structures.

The LRT results follow similar behaviour as the ordered structures calculations. An increas-

ing ∆V from ML75Ga 0 25As with 0.72eV to ML0 25As 75Ga with 1.69eV and a decreasing
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∆V from ML75As 0 25Ga with 1.00eV to ML0 25Ga 75As with 0.02eV . Some structures

have the same ∆V , such as ML75Ga 25As 0 and ML50Ga 25Ga 25As or ML75As 25Ga 0 and

ML50As 25As 25Ga with ∆V = Viso. The different values of x, y and z for each of these struc-

tures result in the same Vhetero value. The largest difference between a ∆V calculated within LRT

approach and using an ordered structure is of 0.15eV for the structures ML25As 25As 25As25Ga,

ML25Ga 25Ga 25Ga25As, ML25Ga 25As25Ga 25Ga.
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Interface x y z

ML75As 25Ga 0 0.00 0.00 0.00

ML75As 0 25Ga 0.00 0.00 0.25

ML50As 25Ga 25As 0.00 0.25 0.00

ML50As 0 25As25Ga 0.00 0.25 0.25

ML25As 25Ga 50As 0.00 0.50 0.00

ML25As 0 50As25Ga 0.00 0.50 0.25

ML0 25Ga 75As 0.00 0.75 0.00

ML0 0 75As25Ga 0.00 0.75 0.25

ML50As 25As25Ga 0 0.25 0.00 0.00

ML50As 25As 25Ga 0.25 0.00 0.25

ML25As 25As25Ga 25As 0.25 0.25 0.00

ML25As 25As 25As25Ga 0.25 0.25 0.25

ML0 25As25Ga 50As 0.25 0.50 0.00

ML0 25As 50As25Ga 0.25 0.50 0.25

ML25As 50As25Ga 0 0.50 0.00 0.00

ML25As 50As 25Ga 0.50 0.00 0.25

ML0 50As25Ga 25As 0.50 0.25 0.00

ML0 50As 25As25Ga 0.50 0.25 0.25

ML0 75As25Ga 0 0.75 0.00 0.00

ML0 75As 25Ga 0.75 0.00 0.25

Table 9: Values for x, y and z that correspond to the structures designed in Section 9.1 with

75% of As and 25% of Ga in the mixing layer region
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9.5 Formation Energy

To calculate the relative interface formation energy, I adopt a similar structure used to calculate

∆V but with some modifications. In Figure 38, I represent an interface supercell with only one

mixing layer region, the one in the centre of the slab. One achieves the surfaces passivation

with pseudo-H atoms bonding to the dangling bonds, which allows for charge neutrality in the

supercell. Finally, a vacuum region between the pseudo-H atoms avoids image effects. The

pseudo-H charge is 3
4e when bonding with As, in which each bound has a charge of 5

4e, and

5
4e when bonding with Ga, where each bound has a charge of 3

4e. The passivation of dangling

bonds in the Ge surface is done with H atoms.

(a) (b) (c)

Figure 38: Slabs of the interface Ge/GaAs(001) for the (a) ML50Ga 0 0, (b) ML0 50Ga 0, and

(c) ML0 0 50Ga structures. The surfaces at the extremes were passivated with pseudo-H atoms

(light blue) to neutralize the slab, bonding them to Ge (green) and Ga (blue) or As (yellow).

Vacuum was added to avoid image effects between the pseudo-H atoms.

For each structure, I calculated the total energy and the chemical potentials of each constituent

element. The chemical potentials of each element represent the conditions of growth of the

heterojunction. To obtain them, I calculated the total energy per atom of bulk for Ge in a

diamond crystal; Ga in an fcc crystal; and As in the molecule As2 state. The most Ga stable
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structure is α-Ga constitued by an orthorhombic structure, but the chemical potential in fcc

crystal is easier to determine and there is a small variation of 0.2eV per atom. [153] This

variation affects the heat formation of GaAs, but not the qualitative picture of the relative

stability of structures. To calculate the chemical potential of each pseudo-H, I followed the

method of pseudo-molecule in Zhu[70]. The chemical potential of the pseudo-H is determined

using an XH4-like molecule, where X is substituted by Ga or As and is calculated as

µ̂H−X = (Emolecule − µX) /4, (52)

where Emolecule is the total energy of the XH4-like molecule and µX the chemical potential of

Ga or As. The result of GaAs heat formation determined by Eq. 13 is 2.35eV , which is an

overestimation of the experimental measurement, 0.74eV [154]. However, despite this error in

the calculated formation energy, the qualitative picture of the relative stability of an interface

configuration is not altered. One still finds which interfacial structure is more stable relative to

the others.

Expanding the relative interface formation energy, ∆γ, from Eq.11 for the elements composing

the slabs, ∆γA turns into

∆γA = Etot − nAsµAs − nGaµGa − nGeµGe

− nH−AsµH−As − nH−GaµH−Ga − nHµH
(53)

where A is the area of the supercell at the interface. Substituting Eq.13 and Eq. 12 into Eq. 53

gives

∆γA = Etot − (nAs − nGa)∆µAs − nAsµbulkGaAs − nGeµbulkGe

− nH−Asµ̂H−As − nH−Gaµ̂H−Ga − nH µ̂H ,
(54)

with ∆µAs = µAs − µbulkAs , in which ∆µAs/H
GaAs
f = −1 defines the Ga-rich condition and

∆µAs/H
GaAs
f = 0 the As-rich condition.

The relative interface formation energy per unit of surface area for ordered structures with

50% of Ga and As in the mixing layer region is displayed in Figure 39. The more stable interfaces

are the ML50As 0 0 and the ML50Ga 0 0, suggest that the bonds between cation and anion

contribute to the stability more than cation-Ge or anion-Ge bonds. Interface structures with As

in the mixing layer region are more favourable to occur than the ones with Ga. ∆µAs is related

to the deposition ratio As2/Ga during the formation of the heterojunction Ge/GaAs(001). The

transition of stability from ML50As 0 0 to ML50Ga 0 0 occurs when ∆µAs/H
GaAs
f = −0.67,

below −0.5, when the deposition ratio As2/Ga = 1, so even with more Ga atoms being deposited

than As, ML50As 0 0 is more favourable to occur than ML50Ga 0 0.

When considering 75% of cation/anion and 25% of anion/cation formation energies, Figure

40, the abrupt interface structures, ML75As 25Ga 0 and ML75Ga 25As 0, are the most stable

and the transition from ML75As 25Ga 0 to ML75Ga 25As 0 occurs at µAs/H
GaAs
f = −0.68.
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Figure 39: The relative interface formation energy for the interface structures: ML50XX 0 0

( red ); ML25XX 25XX 0 ( green ); ML25XX 0 25XX ( yellow ); ML0 50XX 0 ( blue );

ML0 25XX 25XX ( purple ); and ML0 0 50XX ( black). Where XX can be As ( solid ) or Ga (

dashed ). The interface structures more stable are the ML50As 0 0 and the ML50Ga 0 0, being

more favourable ML50 0 0 around two-thirds of the range between Ga-rich and As-rich.

The structures with 75% of As and 25% of Ga in the mixing layer region are incrementally more

stable as the amount of As accumulates in the first mixing layer. One finds the same behaviour

for 75% of Ga and 25% of As in the mixing layer as Ga accumulates in the first mixing layer.

The comparison of the most stable ordered and disordered structures with 50% of cation and

anion in the mixing layer and the 75% of cation/anion and 25% of anion/cation structures is

shown in Figure 41. The difference between them at µAs/H
GaAs
f = −1 is less than 0.01eV/Å2.

All these structures are equally probable.
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Figure 40: The relative interface formation energy for the interface structures with 75% of As

and 25% of Ga (solid line) and 75% of Ga and 25% of As (dashed line). The interface structures

more stable are the ML75As 25Ga 0 and the ML75Ga 25As 0.

Figure 41: The relative interface formation energy for the abrupt interface of the ordered,

disordered and 75% of cation/anion and 25% of anion/cation structures.
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9.6 Summary

In this Section, I quantified ∆V with the interfacial diffusion and stoichiometry composition

effects at the interface and studied the stability of the structures representing these effects. I have

shown that ∆V increases and decreases with the diffusion of Ga and As into Ge, respectively.

∆V in ordered structures with 50% of cation or anion range between 1.116eV to 1.624eV and

from 0.648eV to 0.144eV, respectively. Considering 75% of cation/anion and 25% of anion/cation,

the limits range from 0.689eV to 1.79eV/1.053eV to 0.193eV. The disorder at the interface only

slightly affects ∆V , and the VCA and LRT approaches are good estimates of ∆V . The abrupt

interfaces for ordered and disordered with 50% of cation or anion in the interface and the 75%

of cation/anion and 25% of anion/cation case are the most stable structures. In Section 10, I

determine the band alignments by adding the band gaps calculated in Section 8 to ∆V .
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10 Band Alignments

In Section 8.4, I determined the natural band offsets between Ge and GaAs. These do not

include interfacial effects, so by systematic structural calculations, I obtained ∆V in Section

9.1 using a set of supercells having ordered structures with different interface configurations.

Summing the two terms as described in Eq. (1), I calculated the valence and conduction band

offsets. This Section intends to study qualitatively the effect of stoichiometry composition and

diffusion of atoms at the interface into the type of heterojunction. Disordered effects are not

examined due to the small difference between disordered and ordered structure, and a limited

number of structures. The figure with three heterojunction types: straddling gap, staggered

gap, and broken-gap; from Section 1 is repeated in this Section, Figure 42. Different types of

heterojunctions can be observed during the diffusion of atoms and at different stoichiometry

compositions.

(a) Type I or Straddling gap (b) Type II or Staggered gap (c) Type III or Broken-gap

Figure 42: Types of heterojunction dependent on the VBM and CBM energy position.

The calculated VBO and CBO are compared with experimental measurements to find the

type of heterojunction, the staggered gap is a band alignment characteristic of TFET, and

the straddling gap of MOSFET. One would be able to identify the type of heterojunction

from the VBO and CBO values and what would be necessary, diffusing atoms or choosing the

stoichiometry composition at the interface, to change from one type to another.

I note that my GW calculations, Section 8, underestimate the natural band offsets by 0.16eV.

This underestimation clearly affects the results for the VBO and/or CB and for some of the

considered interfaces it may alter the classification of the band alignment into staggered gap,

straddling gap or broken-gap.

10.1 Band Offsets for 50% of cation and 50% of anion

10.1.1 Diffusion of 50% of Ga into Ge and 50% of Ge into GaAs at the Ga layer

in the mixing layer region

The natural band offsets are the same for all configurations under consideration, but the ∆V is

different, depending on the concentrations of Ga and As at the interface and the stoichiometry

composition. Figure 43 is obtained by using the calculated ∆V in Figure 26 when there is

diffusion of 50% of Ga into Ge and Figure 44 by using values of Figure 27, where 50% of Ge

diffuse into GaAs at Ga layer.
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For the abrupt interface structure, ML50Ga 0 0, the heterojunction presents a staggered

gap type with a VBO of 0.81eV and a CBO of 0.22eV. The diffusion of Ga into Ge contributes

to an increase of VBO ranging from 0.81eV to 1.32eV, Figure 43. During the diffusion of Ga,

the heterojunction type changes to a broken gap at ML0 25Ga 25Ga structure. The CBO also

increases with diffusion from 0.22eV to 0.73eV. The same situation occurs when 50% of Ge

diffuses into GaAs, Figure 44, the VBO and CBO increase from 0.81eV to 1.42eV and from

0.22eV to 0.83eV, respectively. The transition from staggered gap heterojunction type to broken

gap happens at ML50Ge50Ga As Ga structure.

Figure 43: The effect of diffusion of 50% of Ga into Ge in the mixing layer to the VBO, the

numbers on the bottom, and to the CBO, the numbers on the top.

Figure 44: The effect of diffusion of 50% of Ge into GaAs at the Ga layers in the mixing layer

to the VBO, the numbers on the bottom, and to the CBO, the numbers on the top.

10.1.2 Diffusion of 50% of As into Ge and 50% of Ge into GaAs at the As layer

in the mixing layer region

The VBO and CBO of Figures 45 and 46 are related to the potential line-up values that are

decreasing with diffusion presented in Figures 26 and 27.
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When 50% of As is present in the abrupt mixing layer, the heterojunction assumes a

straddling gap type with a VBO of 0.35eV and a CBO of −0.24eV. The diffusion of As into

Ge decreases the VBO and CBO from 0.35eV to −0.16eV and from −0.24eV to −0.75eV,

respectively. There is also a transition to staggered gap heterojunction type during As diffusion

at ML25As 0 25As structure. When diffusion of Ge into GaAs occurs, the VBO decreases from

0.35eV to −0.28eV and the CBO from −0.24eV to −0.88eV. One finds the same transition from

straddling gap to staggered gap heterojunction type with the diffusion of 25% of Ge into GaAs,

ML25Ge75As Ga 25Ge75As.

Figure 45: The effect of diffusion of 50% of As into Ge in the mixing layer to the VBO, the

numbers on the bottom, and to the CBO, the numbers on the top.

Figure 46: The effect of diffusion of 50% of Ge into GaAs at the As layers in the mixing layer to

the VBO, the numbers on the bottom, and to the CBO, the numbers on the top.

10.1.3 Comparison between Ordered and Disordered structures and VCA and

LRT approaches

The calculated results in Section 10.1.1 and Section 10.1.2 were obtained using ordered structures.

In this Section, I compare their VBO results with the disordered structures obtained using the
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SQS approach and with different level of theory, the VCA and the LRT approaches, shown in

Figure 47.

When considering 50% of Ga in the mixing layer region, the approaches here examined have

identical increasing VBO values. Taking the ordered structure as reference the difference with

the disordered structure ones are 0.01eV, −0.03eV and −0.1eV at ML50Ga 0 0, ML0 50Ga 0

and ML0 0 50Ga structures, respectively. The VBO largest difference with VCA is of 0.1eV at

ML0 25Ga 25Ga structure and with LRT is of −0.09 at ML0 0 50Ga structure.

Analogous results between approaches for 50% of As in the mixing layer region, where

VBO decreases with diffusion, are observed. The difference between the ordered and disordered

structures are −0.01eV, 0.05eV and 0.09eV at ML50As 0 0, ML0 50As 0, ML0 0 50As structures,

respectively. The largest difference from the ordered structure is of −0.09eV with VCA at

ML0 25As 25As structure and 0.09eV with LRT at ML0 0 50As structure.

When Ge is diffusing into GaAs, Figure 48, the VCA and SQS results are comparable to the

calculations of ordered structures. The maximum VBO difference between ordered structure and

VCA are −0.08eV and 0.09eV at ML25Ge75Ga As 25Ge75Ga and ML50Ge50As Ga As struc-

tures, respectively. While the ordered structure and LRT the maximum differences are 0.05eV

and −0.17eV at ML25Ge75Ga As 25Ge75Ga and ML25Ge75As Ga 25Ge75As, respectively. The

difference between ordered and disordered structures are of 0.01eV at ML50Ge50Ga As Ga

structure and 0.09eV at ML50Ge50As Ga As structure.

The VBO difference between the ordered and disordered structures increases with diffusion up

to 0.1eV, showing that disorder is important away from the abrupt interface. The agreement of

the VCA approach with ordered structures calculations allows us to obtain accurate results with

fewer atoms in the supercell, while the good results of the LRT approach allow for calculations

without the requirement (in principle) of explicit supercells.
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Figure 47: VBO results for ordered structures, in blue, disordered structures, in green, and LRT

calculations in red. The results on the top are with 50% of Ga in the mixing layer region and

the ones in the bottom are with 50% of As in the mixing layer.

Figure 48: VBO results for ordered structures, in blue, disordered structures, in green, and LRT

calculations in red. The results on the top are with 50% of Ga in the mixing layer region and

the ones in the bottom are with 50% of As in the mixing layer.

10.2 Band Offsets for 75% of cation/anion and 25% of anion/cation

The mixing layers region with 50% of cation or anion creates a dipole shift at the interface, even

if constant, throughout the supercell. This dipole shift results from the accumulation of charge
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at the first mixing layer, the second layer is not able to restore to a null average of electrostatic

potential throughout the remainder of the supercell, see Ref. [151]. To avoid this shift in the

potential and still ensure neutrality in the supercell, a mixing layer with 75% of cation/anion

and 25% of anion/cation is considered.

Figures 49 and 50 were obtained by summing the natural band offsets with ∆V calculated

and depicted in Figure 29. The results of decreasing ∆V are used in Figure 49 and the increasing

values in Figure 50.

10.2.1 Mixing layer region with 75% of As and 25% of Ga

The diffusion inside a ordered mixing layer with 75% of As and 25% of Ga, Figure 49, yields an

interval for the VBO and CBO between −0.33eV to 0.75eV and between −0.92eV to 0.16eV,

respectively. The heterojunction with an abrupt interface, ML75As 25Ga 0, has a straddling

gap type with a VBO of 0.54eV and a CBO of −0.06eV. The variation of VBO and CBO with

diffusion is mainly quantified by ∆V . The balance of the gradient of charges at the mixing layer

region causes its change. The diffusion of As in the direction of the Ge bulk region and the

diffusion of Ga in the direction of the GaAs bulk region inside the mixing layer region causes the

VBO and the CBO to decrease. During this diffusion, there is a transition from straddling gap

to a staggered gap heterojunction occurring around the ML0 50As25Ga 25As structure, with

the Ge energy levels bellow the ones of GaAs. Above the VBO and CBO values of the abrupt

interface heterojunction, one can find a transition of the heterojunction type to staggered gap

and the VBO and CBO of 0.75eV and 0.16eV, respectively, with Ga diffusing from the second

mixing layer to the third mixing layer, ML75As 0 25Ga. In this case, the Ge energy levels are

higher than the GaAs energy levels.
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10.2.2 Mixing layer region with 75% of Ga and 25% of As

When considering 75% of Ga and 25% of As in a ordered mixing layer region, the same balance

of charges relates VBO and CBO with diffusion effects. The VBO and CBO increase with

the diffusion of Ga in the direction of the Ge bulk region and As in the direction of the GaAs

bulk region. The interval of calculated VBO and CBO ranges from 0.39eV to 1.49eV and from

−0.20eV to 0.90eV, respectively. There are two structures with straddling gap heterojunction

type, ML75Ga 0 25As and the abrupt interface ML75Ga 25As 0. Each with a VBO of 0.39eV

and 0.57eV, respectively, and a CBO of −0.20eV and −0.02eV, respectively. Above the abrupt

interface VBO, the heterojunction type is a staggered gap with Ge energy levels above the GaAs

energy levels. When reaching to the structure ML0 25Ga25As 50Ga, with a VBO of 1.37eV

and a CBO of 0.78eV, the heterojunction type becomes broken gap and follows until the last

structure, ML0 25As 75Ga.
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10.2.3 Comparison between Ordered structures and VCA and LRT approaches

The results of the calculated VBO, using ordered structures and the theoretical approaches VCA

and LRT, are displayed in Figure 51. The largest VBO differences between the ordered structures

and the LRT approach calculations is of −0.15eV for the ML50Ga 25As 25Ga structure and

0.15eV for the ML50As 25Ga 25As structure. The VCA has a larger difference relative to the

ordered structure calculations with −0.24eV for the ML0 0 75As25Ga structure and 0.22eV for

the ML25Ga 25As 50Ga. The results of VCA and LRT follow the trend and provide good VBO

and CBO estimation.
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10.3 Comparison with experimental data

The results obtained in this Section allow us to make a comparison with the experimental

data from Section 7. To summarise, the calculated band gaps of GaAs and Ge using GW

approximation are 1.35eV and 0.76eV, which leads to natural band offsets of −0.30 for ∆EV

and −0.89eV for ∆EC . Adding these values to ∆V from Section 9.1, I obtained the VBOs and

CBOs that can be compared with the experimental results. The calculations where 50% of Ga

from the first mixing layer diffused through the mixing layer region show a range of VBO values

between 0.81eV and 1.32eV and between 0.22eV and 0.73eV for the CBO. Diffusion of Ge into

GaAs at the Ga layer increase the maximum limit of the previous ranges to 1.42eV and 0.83eV

for VBO and CBO, respectively. Both diffusions allow a change from staggered gap to broken

gap heterojunction type. The diffusion of As into Ge has a VBO interval ranging from 0.35eV

to −0.16eV and a CBO interval from −0.24eV to −0.75eV, respectively. An increase of the

VBO and CBO minimum limits is observed when Ge diffuses to As in GaAs up to −0.28eV and

−0.88eV, respectively. The heterojunction type changes from straddling gap to staggered gap

during diffusion.

The structures with 75% of As and 25% of Ga in the mixing layer region exhibit calculated

VBO and CBO varying between 0.75eV and −0.33eV and between 0.16eV and −0.92eV,

respectively. The heterojunction type changes from straddling gap to staggered gap and back

to straddling gap. For 75% of Ga and 25% of As in the mixing layer region, the VBO ranges

from 0.39eV to 1.49eV and the CBO from −0.20eV to 0.90eV. The heterojunction type changes

between the three types.

In Section 7, I mentioned the interval accepted for the experimental VBO data for Ge/-

GaAs(001) between 0.42eV and 0.60eV at low temperature and 0.16eV at high temperature.

For the CBO there is a measurement around 0eV at low temperature and of −0.33eV at high

temperature. While for GaAs/Ge(001), the interval range of VBO measurements is between

0.17eV and 0.23eV at low temperature and of 0.31eV at high temperature.

The comparison with the experimental VBO and CBO values allows us to select structures

with a certain atomic diffusion and stoichiometry that can be used as a possible model for

the heterojunctionns considered in the experiment. Diffusion of Ge into GaAs or Ga and/or

As into Ge can be observed at low- and high-temperature conditions and earlier experimental

measurements presented diffusion of mixed atoms deeper than three layers [21], while other

more recent works report around three layers[62, 63, 115, 116]. Also, the precise distribution

of atoms in the mixing layers is difficult to obtain, even subregions of different heterojunction

type can be found at the same interface region [138]. To identify the more likely experimental

heterojunction types, I will select interfacial geometry configurations with band offsets that are

within the experimental error and if an experimental value is between two calculated ones, I

select both configurations adjacent to the experimental band offset.

There is a transition from straddling gap to staggered gap heterojunction by changing
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stoichiometry composition that can be observed experimentally for Ge/InxGa1−xAs [138]. The

staggered gap type resulted in the bonding of Ge with group-V atoms and straddling gap when

the bonding is with group-III atoms. It is known that strain by incrementation of In into

Ge/InxAl1−xAs can increase the VBO by an amount of ≈ 0.2eV for an increase of 0.47% of

In [63, 155]. Hence, for the same As- and Ga-rich conditions the type of the heterojunction

determined in Ref. [138] cannot be quantitatively compared with the result of this work.

The VBO range for Ge/GaAs(001) at low temperature, 0.42eV to 0.60eV, does not corre-

spond to any structures calculated with 50% of cation or anion at the mixing layer. However,

the interval of calculated structures with 75% of cation/anion and 25% of anion/cation be-

tween ML75As 0 25Ga and ML50As 25As 25Ga structures or between ML7Ga 0 25As and

ML50Ga 25Ga 25As incorporates this VBO experimental range. These structures are surround-

ing and include the abrupt interface. Diffusion of both Ga and As at low temperature can be

observed in experimental measurements [21, 112], and annealing processes on heterojunctions

with As-rich conditions at the interface contribute to desorption of As atoms allowing formation

of Ga-Ge bonds [156].

When considering Ge/GaAs(001) at high temperature, with a VBO of 0.16eV, the av-

erage structure closest by is ML25As 25As 0 with 0.14eV or an average structure between

MLAs Ga 50Ge50As and ML25Ge75As Ga 25Ge75As for structures with 50% of cation or anion

in the mixing layer. This experimental value is not in the range of the structures with 75%

of Ga and 25% of As in the mixing layer and with 75% of As and 25% of Ga the selected

structure is an average structure between ML25As 25Ga50As 0 and ML25As 25As 25Ga25As.

All heterojunctions have an interface within As-rich condition. When Ge in grown on top of

GaAs at high temperatures, As atoms might be present for a much higher range of Ge coverage

than Ga [21].

The structures that might represent the characterisation of the real structures with a CBO

in the range of −0.14eV to ∼ 0eV for low-temperature Ge/GaAs(001) might be between

ML75As 0 25Ga and ML50As 25As 25Ga or between the structures ML75Ga 0 25As and

ML50Ga 25Ga 25As.

The heterojunction Ge/GaAs(001) grown at high temperature with a CBO of −0.33eV can

be represented by the average structure between ML50As 0 0 and ML25As 25As 0 or between

MLAs Ga 50Ge50As and ML25Ge75As Ga 25Ge75As when 50% of cation or anion is in the

mixing layer. Considering 75% of As and 25% of Ga in the mixing layer, one chooses an average

structure between the ML50As 25Ga25As 0 and ML0 75As 25Ga.

The range of the VBO experimental value from 0.17eV to 0.23eV for GaAs/Ge(001)

at low temperature is included between the calculated VBO values of ML50As 0 0 and

ML25As 25As 0 structures with 50% of As in the mixing layer or between MLAs Ga 50Ge50As

and ML25Ge75As Ga 25Ge75As when Ge diffuses into GaAs at As layer. This experimental

VBO range can be encompassed into other calculations such as between ML25As 25Ga50As 0

and ML50As 0 25Ga25As. The heterojunction of GaAs grown on top of Ge at high tempera-
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ture, with a VBO of 0.31eV, is close to the VBO of the structures ML50As 25Ga25As 0 and

ML50As 0 25Ga25As, with 0.33eV.

In Table 10 and Table 11, I summarise the information, with the structures corresponding to

the experimental VBO and CBO range of values, where ⇔ means that the true heterojunction

is between the structures before and after the symbol and ∼ are structures with a value close

to the experimental. Most of the selected heterojunctions have a straddling gap, except the

ML75As 0 25Ga and the ML50Ga 25Ga 25As, with the latter having a CBO close to 0eV. The

high number of heterojunctions with a larger quantity of anions than cations in the mixing

layer region agrees with the formation energy that established the stability of such structures,

Figures 39 and 40. Besides, the corresponding structures with 75% of cation/anion and 25% of

anion/cation to the experimental ones grown at conditions of low temperature with Ge on top

of GaAs are more stable than the ones grown at high temperature and with GaAs on top of Ge.

The GaAs surface configurations with similar VBO values with Ga-rich or As-rich are possible

due to the overlap between the structures with 75% of As and 25% of Ga in the mixing layer

with a range of VBO between 0.75eV to 0.38eV, from ML75As 0 25Ga to ML25As 50As 25Ga

structures, and the 75% of Ga and 25% of As in the mixing layer with a range of VBO between

0.39eV and 0.77eV, from ML75Ga 0 25As to ML25Ga 50Ga 25As structures.

A stradding gap heterojunction together with a small channel length can be used to build

quantum wells for optical devices, where electrons and holes will recombine and radiate at these

quantum wells[120, 138, 157]. While staggered gap heterojunctions are ideal for TFET devices

with electrons as charge carriers[63, 158, 159], the lack of knowledge to control the amount of

cation and anion in the mixing layer creates difficulty to engineer the VBO and CBO for new

technologies based on Ge/GaAs(001).
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50% of Ga 50% of As

V
B

O

Ge/GaAs(001)
- -

0.42eV to 0.60eV

Ge/GaAs(001)

-

∼ ML25As 25As 0

(high temperature)
MLAs Ga 50Ge50As

⇔

0.16eV ML25Ge75As Ga 25Ge75As

GaAs/Ge(001)

-

ML50As 0 0

⇔

ML25As 25As 0

0.17eV to 0.23eV

MLAs Ga 50Ge50As

⇔

ML25Ge75As Ga 25Ge75As

GaAs/Ge(001)

- ∼ ML50As 0 0(high temperature)

0.31eV

C
B

O

Ge/GaAs(001)
- -

−0.14eV to ∼ 0eV

Ge/GaAs(001)

-

ML50As 0 0

⇔

(high temperature)
ML25As 25As 0

MLAs Ga 50Ge50As

−0.33eV
⇔

ML25Ge75As Ga 25Ge75As

Table 10: Set of structures with 50% of cation or anion and diffusion of Ge at the mixing layer

interface that are related to the experimental heterojunctions with corresponding VBO and

CBO values.
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75% of Ga and 25% of As 75% of As and 25% of Ga
V

B
O

Ge/GaAs(001)
ML75Ga 0 25As ML75As 0 25Ga

⇔ ⇔

0.42eV to 0.60eV ML50Ga 25Ga 25As ML50As 25As 25Ga

Ge/GaAs(001)

-

ML25As 25Ga50As 0

(high temperature) ⇔

0.16eV ML25As 25As 25Ga25As

GaAs/Ge(001)

-

ML0 75As 25Ga

⇔

0.17eV to 0.23eV ML25As 25As 25As25Ga

GaAs/Ge(001)

-

∼ ML50As 25Ga25As 0

(high temperature)

0.31eV ∼ ML50As 0 25Ga25As

C
B

O

Ge/GaAs(001) ML75Ga 0 25As ML75As 0 25Ga

⇔ ⇔

−0.14eV to ∼ 0eV ML50Ga 25Ga 25As ML50As 25As 25Ga

Ge/GaAs(001)

-

ML50As 25Ga25As 0

(high temperature) ⇔

−0.33eV ML0 75As 25Ga

Table 11: Set of structures with 75% of cation/anion and 25% of anion/cation that are related

to the experimental heterojunctions with corresponding VBO and CBO values.
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10.4 Analysis of the Ge/AlAs system

The LRT approach can provide a good estimate of the VBO compared with ordered structures.

In this Section, I apply the LRT approach to AlAs, which, like GaAs, is an III-V semiconductor

and Ge/AlAs is lattice-matched heterojunction. Greene-Diniz et al [152] determined the VBO

and CBO for ordered and disordered structures and using VCA and LRT approaches for

Ge/AlAs(001) when 50% of Al or 50% of As is in the mixing layer. Figures 52 and 53 show

the VBO calculations of ordered structures done by Greene-Diniz et al. In their paper, they

were able to define an interfacial structure to Ge/AlAs(400◦C) related to the experimental VBO

result of 0.54eV from Hudait et al [160].

What this thesis has to offer to the study of the Ge/AlAs(001) interface is the addition of

other possible interface structures with diffusion of 25% of As or Al to different mixing layers

and the different concentration of cation and anion in the mixing layer region, such as 75%

cation/anion and 25% anion/cation. Figure 54, shows the VBO results for 75% of cation/anion

and 25% of anion/cation in the mixing layer calculated within the LRT approach. Other

experimental VBO results with 0.69eV and 0.94eV were also gathered from the heterojunctions

Ge/AlAs (360◦C) and AlAs/Ge(360◦C), respectively, measured by Sorba et al [116].

VBO increases with the diffusion of cation from AlAs bulk region in the direction of the Ge

bulk region and the diffusion of the anion in the inverse direction. It decreases when diffusion

occurs in the opposite direction, as it is in the case of Ge/GaAs.
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Figure 52: Ge/AlAs(001) VBO results of the ordered stuctures calculated by Greene-Diniz et al

and within the LRT approach with 50% of As or 50% of Al in the mixing layer. The lines are

experimental results from literature. a Greene-Diniz et al [152]. b Sorba et al [116]. c Hudait et

al [160]

Figure 53: Ge/AlAs(001) VBO results of the ordered stuctures calculated by Greene-Diniz et al

and within the LRT approach with the diffusion of Ge into AlAs. The lines are experimental

results from literature. a Greene-Diniz et al [152]. b Sorba et al [116]. c Hudait et al [160]
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The VBO of the set of structures calculated within LRT approach are related to the

experimental VBO values in Table 12. No experimental results have concentrations of Al larger

than As in their mixing layer. This is confirmed in Figure 8 in Greene-Diniz et al, showing that

As-Ge bonds are more stable than Al-Ge bonds, leading to an As-rich condition in the mixing

layer region.

50% of As 75% of As and 25% of As

Ge/AlAs(400◦C)

ML0 50As 0

⇔ ML0 50As25Al 25As

ML0 25As 25As
⇔

0.54eV ML25Ge75As Al 25Ge75As

⇔ ML0 25As25Al 50As

ML50Ge50As Al As

Ge/AlAs (360◦C)

ML25As 25As 0

⇔ ML0 50As 25As25Al

ML25As 0 25As
⇔

0.69eV MLAs Al 50Ge50As

⇔ ML25As 25Al 50As

ML25Ge75As Al ML25Ge75As

AlAs/Ge(360◦C)

ML50As 0 0

ML0 75As 25Al

⇔

0.94eV ML25As 25As 25Al25As

Table 12: Set of Ge/AlAs(001) structures with 50% of As and 75% of As and 25% of Al in the

mixing layer related to the experimental heterojunctions with corresponding VBO values.

The qualitative behaviour of the band offsets when there is a diffusion of a group-III or

group-V atoms in Ge/AlAs(001) is similar to the situation of Ge/GaAs(001). There is an

increase of the VBO for diffusion of group-III atoms and decrease in the group-V atoms diffusion

case.

The VBO results that are considered in Table 12 are between 0.92eV and 0.46eV for 50% of

As diffusing into Ge and this range increases from 0.92eV to 0.31eV as the lower limit when Ge
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diffuses to AlAs at As layer. In the case of 75% of As and 25% of Ga, the VBO rages between

1.08eV and 0.46eV. To retrieve the type of the heterojunction for these structures, I consider

the experimental band gap for AlAs and Ge to find the CBO, CBO = ∆Eg − V BO. All these

structures have a straddling gap heterojunction in agreement with experimental results [116].

The transitivity rule claims that by knowing the band offsets between A and B materials and

B with C materials, then one can determine the band offset between A and C. However, the band

offsets are sensitive to interfacial effects, so is necessary to have a knowledge of the geometry at

the interface for the transitivity rule to apply. Nevertheless, one can have a qualitative picture

of the importance of atomic diffusion in the transitivity rule by applying it to GaAs/AlAs.

The transivity rule sets

V BO(GaAs/AlAs) = V BO(GaAs/Ge) + V BO(Ge/AlAs) (55)

where inside the parenthesis are the materials that form the heterojuction. The interval range

for the calculated VBO of Ge/GaAs, Sections 10.1 and 10.2, is from 0.81eV to 1.32eV for 50%

of Ga, -0.16eV to 0.35eV for 50% of As, -0.33eV to 0.75eV for 75% of As and 25% of Ga, and

0.39eV to 1.49eV for 75% of Ga and 25 of As configurations. While in the case of Ge/AlAs,

the VBO calculated in this Section are within the ranges of 1.54eV to 2.15eV for 50% of Al,

0.31eV to 0.92eV for 50% of As, 1.08eV to 2.15eV for 75% of Al and 25% of As, and 0.31eV to

1.38eV for 75% of As and 25% of Al configurations. The determination of V BO(GaAs/AlAs) is

represented in Table 13.

The experimental VBO measurements for GaAs/AlAs are between 0.36eV to 0.46eV [161]

and using Table 13, one can find that these values are included in the range for As-rich conditions

at the interface, which comparing with experimental results in Section 10.3, and the formation

energy in Section 9.5 are the most probable structures.
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Ge/AlAs

Ge/GaAs
75% of Ga 75% of As

50% of Ga 50% of As and and

25% of As 25% of Ga

0.81 to 1.32 -0.16 to 0.35 0.39 to 1.49 -0.33 to 0.75

50% of Al
2.35 to 3.47 1.38 to 2.50 1.89 to 3.47 1.12 to 2.7

1.54 to 2.15

50% of As
1.12 to 2.24 0.15 to 1.27 0.92 to 2.50 0.15 to 1.73

0.31 to 0.92

75% of Al and 25% of As
1.89 to 3.47 0.92 to 2.50 1.47 to 3.64 0.70 to 2.87

1.08 to 2.15

75% of As and 25% of Al
1.12 to 2.70 0.15 to 1.73 0.75 to 2.13 -0.02 to 2.13

0.31 to 1.38

Table 13: Combination of interval ranges of VBO values, in eV, for Ge/GaAs and Ge/AlAs to

produce the interval range of VBO for GaAs/AlAs system by transitivity rule.
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11 Koopman’s Theorem compliant approach

In this Section, I discuss a Koopman’s Theorem compliant method that is under development.

This approach attempts to overcome the following limitations of the ones outlined in Section 6.2:

the method (i) LDA 1/2, which calculates the self-energy potential by a hole produced when

an electron is removed from the system, is dependent on a cutoff parameter limiting the radial

spread of the hole potential used to remove atomic self-energy and that might not work for all

solids[162]; the approach (ii) from Marzari and Cococcioni, which builds an exchange-correlation

functional going beyond Perdew-Zunger self-interaction on-electron correction, is limited to

molecular systems; and method (iii) from Wang, which removes excess of energy by removing a

fraction of an electron by using Wannier Functions (WF), requires a large supercell to avoid

image effect. In Section 11.1, I discuss the theory behind this alternative approach, in Section

11.3 I specify the computational convergence and cost used to achieve results and in Section

11.4, I show the application and results together with the challenges still to overcome.

11.1 Theory

The lack of the KS total energy derivative discontinuity with the fractional electon number,

fi, is related to the non-constant value of the LDA eigenvalue of the ith state, εLDA
i , with fi.

This method intends to enforce a constant eigenvalue over the fractional number of electrons

between two integer numbers. To provide more clarity into the following steps, one can rewrite

the KS-LDA total energy as

ELDA [ρ] =

− 1

2

N∑
i

fi

∫
drψ∗i (r)∇2ψi (r) +

N∑
i

∫
dr (r)Vext (r) ρ (r)

+
1

2

∫
dr

∫
dr′

ρ (r) ρ (r′)

|r− r′|
+ ELDAXC [ρ (r)].

(56)

The connection between the LDA total energy and εLDA
i is made through Janak’s theorem. It

can be formulated for an arbitary orbital φi, not necessarily an eigenstate of HLDA, i. e., not

necessarily ψj , with an occupation s,

∂ELDA

∂fi

∣∣∣∣
fi=s

= εLDA
i (s), (57)

and its integration in f yields

∫ fi

0

εLDA
i (s)ds =

∫ fi

0

〈
φi

∣∣∣ĤLDA(s)
∣∣∣φi〉 ds = ELDA[ρ+ ρi(fi)]− ELDA[ρ], (58)

with ρi(fi) = fiφ
∗
i (r)φi (r) the density of the ith KS state.

The correction to the eigenvalue of state i is done by removing the fractional electron number

dependence of the eigenvalue and enforcing a constant value, ε̄i =
∫ 1

0
εLDA
i (s)ds, for all its range,
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0 ≤ fi ≤ 1,

∂Ẽi(fi)

∂fi

∣∣∣∣∣
fi=s

= −εLDAi (s) + ε̄i. (59)

Coupled with the eigenvalue correction, there is the total energy correction done over all the

states of the orbital-dependent total energies function of the occupancy fi,

E = ELDA +

N∑
i

Ẽi(fi) with 0 ≤ fi ≤ 1 (60)

Integrating (59) in f provides the formulation of the correction to the total energy in terms of

the integral of the KS ith state eigenvalue. Using Eq. (58), the total energy is written in relation

to the LDA total energy dependent on the total electronic density and the state-dependent

electronic density,

Ẽi(fi) = −
∫ fi

0

εLDAi (s)ds+ fiε̄i

= −
(
ELDA[ρ+ ρi(fi)]− ELDA[ρ]

)
+ fi

(
ELDA[ρ+ ρi(fi = 1)]− ELDA[ρ]

)
.

(61)

Figure 55: The change of total energy with the number of electrons. The line in (red) is the

LDA total energy; in (black) is the straight-line condition; and the area in (green) is the excess

energy of LDA to be removed.

The term ELDA [ρ+ ρi(fi)] can be seen as adding a fraction of electronic density, ρi(fi), to

the state i. In Figure 55, which is Figure 10 but repeated in this Section, the distance between

the LDA total energy curved line and the straight line at fi is the correction to the total energy,

Ẽi(fi), its sum over all states can be associated to the green area and Eq. (60) will enforce the
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LDA total energy to behave linearly. Replacing Eq. (56) into Eq. (61) and defining ρi(fi = 1)

as ni one obtains,

Ẽi(fi) =
1

2
fi (1− fi)

∫
dr

∫
r′
ni (r)ni (r′)

|r− r′|

+ fiE
LDA
XC [ρ− ni]− fiELDAXC [ρ]− ELDAXC [ρ− ρi(fi)] + ELDAXC [ρ]

(62)

Using Taylor expansion about ρ for ELDAXC one can rewrite the Eq.(62) as

Ẽi(fi) =
1

2
fi (1− fi)

∫
dr

∫
dr′

ni (r)ni (r′)

|r− r′|

+
1

2
fi(1− fi)

∫
dr

∫
dr′

δ2ELDAXC [ρ]

δρ (r) δρ (r′)
ni (r)ni (r′) .

(63)

For integer electron number, when fi is 0 or 1, the correction is zero and the LDA total energy

is not altered.

The variational minimisation of E in Eq. (60) with respect to ψj gives the equation of

motion, considering the occupation number given by [163–165]

fi =

N∑
j

fj

〈
ψj

∣∣∣P̂i∣∣∣ψj〉 =

N∑
j

fj 〈ψj |φi〉 〈φi|ψj〉 , (64)

where P̂i = |φi〉 〈φi| is the projection operator over φi,

∂E

∂ψ∗j
=
∂ELDA

∂ψ∗j
+

N∑
i

∂Ẽi(fi)

∂fi

∣∣∣∣∣
fi=fj

∂fi
∂ψ∗j

−
N∑
lm

Λlm
∂ (〈ψl | ψm〉 − δlm)

∂ψ∗j
(65)

resulting in

HLDAfj |ψj〉+

N∑
i

λi (|φi〉 〈φi|) fj |ψj〉 =

N∑
m

Λjm |ψm〉 (66)

with λi = ∂Ẽi(fi)
∂fi

∣∣∣
fi=fj

and Λ as the Lagrange multipliers matrix.

The total energy in equation (60) is not invariant under orbital transformation due to its

orbital-dependence in Ẽi(fi). The Pederson condition[166], shows that the orbitals in Ẽi(fi)

must be localised to be able to minimize Eq. (60). Thus I use the localised Wannier functions

(WFs) for the φi orbitals to determine the electronic orbital-density ni (r). Using localised

orbitals diagonalizes Λjm, providing the eigenvalues Λjj = fjεj ,

HLDA |ψj〉+

N∑
i

λi (|φi〉 〈φi|) |ψj〉 = εj |ψj〉 . (67)

In Section 11.2, I discuss the procedure to calculate the correction to the KS eigenvalues.

11.2 Procedure

In addition to Quantum Espresso (PWscf) to calculate the ground properties of Ge, Si, GaAs,

In0.50Ga0.50 and InAs and Yambo where this method was implemented. I also use Wannier90
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software, which takes the eigenvalues and eigenvectors to create localised basis states to replace

the plane-wave basis in PWscf. These localised basis states are known as Wannier Functions.

The workflow to calculate the corrected eigenvalue, εj , is schematically represented in

Figure 56. The ground state KS eigenvalues, εLDAj , and eigenstates, ψj , are calculated with

Quantum Espresso (PWscf). In Wannier90, the overlap of KS eigenstates and WF, 〈ψj | φi〉,

are determined by minimizing the spread of the KS eigenstate in real space.

Figure 56: The diagram of calculations procedure to determine the correction to LDA eigenvalue

by using Koopman’s compliant theorem. The correction involves the overlap between WF and

the LDA eigenfunctions determined in Wannier90. Together with the LDA eigenfunctons and

the LDA eigenvalues determined in Quantum Espresso. The corrected eigenvalues are calculated

in Yambo.

The corrected eigenvalues are calculated by self-consistently solving Eq. (67), where 〈ψj | φi〉

are kept frozen. Wang et al [33] determine λi by calculating directly the WF in a supercell to

avoid image effects. In this alternative approach, λi is determined analytically by calculating

the derivative of Eq. (63) with respect to fi,

λi =
1

2
(1− 2fi)

[
EXi + EKi

]∣∣∣∣
fi=fj

(68)

where EXi and EKi are the double integrals in the first and second term, respectively, of Eq.(63).

To determine the Coulomb-like contribution, EXi , and the contribuition containing the exchange-

correlation kernel, EKi , the electronic density of state i with fi = 1 is calculated by projecting

the WF onto the KS space,

ni (r) =
∑
jk

|ψk〉 〈ψk | φi〉 〈φi | ψj〉 〈ψj | . (69)

In this way, the supercell environment is avoided. Besides, the second derivative in EKi is

approximated within the adiabatic local density approximation[167].

The correction to the KS eigenvalues can be more easily observed by multypling 〈ψj | to Eq.
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(67),

εj = εLDAj +

N∑
i

λi 〈ψj | φi〉 〈φi | ψj〉 . (70)

The normalisation of 〈φi | φk〉 = δik over all space forces a convention of

〈ψj | ψn〉 =
(2π)3

V
δjn (71)

with V the volume of the unit cell. Since we work in the unit cell spanned by the KS eigenstates

and where 〈ψj | ψn〉 = δjn, the convention taken here is

〈φi | φk〉 =
V

(2π)3
δik. (72)

The use of explicit overlaps in Eq. (70) introduces the term V/(2π)3 and Eq. 70 becomes

εj = εLDAj +
V

(2π)3

N∑
i

λi 〈ψj | φi〉 〈φi | ψj〉 . (73)

In Section 11.4, I will discuss the results obtained for bulk semiconductors and alloys relevant

for this work.

11.3 Computational Details

After achieving results under KS calculations, an intermediate step is necessary before correcting

the KS eigenvalues. The wave functions from Quantum Espresso are expressed in Plane Wave

basis set, thus the basis states are non-localised in space. The localisation of the basis states,

to allow minimisation of the orbital-density term in the Hamiltonian Eq. (60), is achieved by

transforming the plane-wave basis into Wannier Functions (WFs). To obtain the WFs, I resort

to Wannier90 software. The localisation procedure implies the convergence with respect to

the number of WFs and the size of the K-point grid. For the following calculations, I used 4

WFs per atom, one with an S-character and the others with P-character and a Monkhorst-Pack

8× 8× 8 K-point grid which gives an error of 0.02eV, 0.04eV, 0.02, and 0.02eV on the band

gaps of Ge, Si, GaAs and InAs, respectively.

Though no systematic study on the performance of the method is attempted at this stage,

to give an idea of the computational cost of the method, for example a converged calculation

of Ge, 2 atoms in a fcc unit cell, took about 30 minutes on a single processor of the PC. For

comparison, within the GW approximation, calculating the band gap for Ge using converged

parameters took 2 hours using 20 processors. The bottleneck of this method is obtaining the

WFs using Wannier90. A possible way to overcome this bottleneck is to use a localisation

procedure different from the one used in Wannier90. Recently, a method based on selecting

columns of the density matrix was put forward in Ref [168]. This localisation method promises

to be more efficient than the minimisation of the basis state spread used in Wannier90. The

implementation of this different localisation method into the code and the assessment of its

performance would be an interesting avenue to explore in the future.
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11.4 Results

To examine this approach and its importance to this work, I calculate the corrections to the KS

bandgap and discuss the advantages and flaws of this approach for the semiconductors Ge, the

widely used and known Si, and for the alloy InxGa1−xAs.

First, I verified that the result is independent of the size of the cell, i.e., non interaction

between neighbouring cells. The independence of the band gaps with the supercell is shown for

the GaAs in Table 14, where the number of atoms is related to the size of the unit cell.

Number of atoms cell size Bandgap (eV)

2 1×1×1 1.41

8 2×2×1 1.43

16 2×2×2 1.42

Table 14: The variation of the bandgap of GaAs with the number of atoms and cell size.

The band gaps calculated within this approach for Ge, Si, GaAs, the SQS In0.50Ga0.50As

are shown in Figure 57. One can observe the correction achieved to the LDA band gaps gives

results in good agreement with the experimental values. The correction opens the LDA band

gap by pushing down the occupied bands, with fj = 1 and pulling up the unnoccupied bands,

with fj = 0, due to the contribution of the occupation number of those bands in λi, 1− 2fi. An

issue to overcome is when the material is a semiconductor but it is a metal within LDA, where

the bottom of the conduction band is below the top of the valence band. In a metal the bottom

of the conduction band is occupied and the top of the valence band is unocupied, so these bands

are corrected in the wrong direction. In the case of InAs, a metal in LDA, I chose manually

the overlaping valence and conduction bands to be corrected with a negative and positive λi,

respectively. However, this is an ad hoc procedure that requires a priori knowledge of the band

structure. A more automatic procedure is desirable.

The accuracy of the results compared with computational cost is a huge advantage of this

approach compared with GW approximation. To verify its generalisation more systems need to

be studied.
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Figure 57: The band gaps calculated with this approach (red) by correcting the LDA band gaps

(blue) and are in good agreement with the experimental values (black).
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Part III

Conclusion and Future Work
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12 Conclusion

Overcoming the limitations of ”Moore’s Law” led three groups of research, Virginia Tech,

University College Cork and Queen’s University Belfast (Section 1), to design a high-performance

transistor with low energy consumption, such as the tunnel field-effect transistor (TFET). This

device consists of a heterojunction of strained Ge semiconductor grown on top of a random

alloy InxGa1−xAs. The band alignments at the interface of a heterojunction, also known as the

valence (VBO) and conduction (CBO) band offsets, play an important role in the transport

mechanisms of the electronic carriers. They are determined by the potential line-up and bulk

material band gaps. The former is the sum of dipole shifts produced by atomic bonds at the

interface. In this work, I studied the behaviour of VBO and CBO with the diffusion of atoms

and stoichiometry composition at the interface.

The main observations that have guided the work in this thesis (Section 1) are:

• The knowledge that a Ge direct band gap semiconductor would significantly improve the

efficiency of such a device due to its high electron and hole mobility;

• An approach to model the InxGa1−xAs random alloy that provide an accurate band gap;

• The large variation of VBO and CBO experimental measurements in one case and the less

prominent variation in either Ga-rich or As-rich conditions in other case.

I organised the study into bulk and interface properties calculations to attempt answering

questions relevant to the above observations. For the bulk properties I investigated the band

gap of unstrained Ge and its transition from indirect to direct band gap. This transition occurs

with strain produced by increasing In content in the InxGa1−xAs alloy. For this reason, I

analysed the GaAs and InAs band gaps and the In0.50Ga0.50As alloy band gap by considering

different modelling approaches. These approaches involved the virtual crystal approximation

(VCA), using a virtual atom with the average potential of Ga and In atoms, and the special

quasirandom structure (SQS), based on correlation functions between neighbouring clusters.

Also, I verified the minimum of the total energy for distinct symmetric configurations. For the

interfacial properties, I researched the effects of atomic diffusion together with the stoichiometry

composition in the first three layers of the interface, the mixing layer region, on the VBO and

CBO of Ge/GaAs(001) and compared them with the experiment.

The results of this investigation led me to (Section 8.2) find a 0.76eV and 0.88eV Ge

unstrained indirect and direct band gaps, respectively. I also verified a transition of Ge from

indirect to direct band gap at 1.7% of applied biaxial strain at GW level. The results found

(Section 8.3) for GaAs and InAs band gaps at GW level are 1.35eV and 0.42eV, respectively.

These results produce an underestimation of the difference between Ge and GaAs band gaps by

0.16eV compared with the experimental value. Then, I demonstrated that the minimum total

energy of different symmetric configurations produced the best result for In0.5Ga0.5As, with a
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band gap of 0.76eV, following the fit between GaAs and InAs band gaps with the experimental

bowing coefficient.

The interfacial effects that affect VBO and CBO are shown in the discontinuity at the

interface through ∆V . Therefore, I examined (Section 9.1) the effects of diffusion of Ga, As and

Ge atoms within the mixing layer to ∆V in a supercell with ordered structures. The diffusion

of Ga into Ge or Ge into GaAs at the Ga layer tends to increase ∆V , while the diffusion of As

into Ge or Ge into GaAs at the As layer decreases ∆V . It was considered diffusion of 50% of

cation, anion or Ge in the abrupt mixing layer to the third mixing layer and the diffusion of

75% of cation/anion in the first mixing layer and 25% of anion/cation in the second mixing

layer throughout the mixing layer. Disorder at the interface for the 50% of atomic diffusion

(Section 9.2) shows a slight change of ∆V . Besides, VCA (Section 9.3) and LRT (Section

9.4) approaches provide good estimations of ∆V compared with ordered structures. This is

interesting as these approaches provide important cost-saving approximations. Specifically, the

VCA considers fewer atoms in the supercell, and in LRT model the dipole shift of the interface

is determined by a simplified calculation of the localised charge-density. The formation energy

(Section 9.5) establishes the abrupt interface structures as the most stable, setting the As atomic

stoichiometry as the most preferable at the mixing layer.

I added the band gap calculations with ∆V to determine the VBO and CBO of the

Ge/GaAs(001) heterojunction. The VBO and CBO results for the diffusion of 50% of Ga in

the mixing layer region into Ge (Section 10.1) are between 0.81eV and 1.32eV and from 0.22eV

to 0.73eV, respectively. These VBO and CBO limits increase when considering the diffusion

of Ge into GaAs at the Ga layer to 1.42eV and 0.83eV, respectively. The abrupt interface

results in a staggered heterojunction type, with the diffusion of Ga into Ge or Ge into GaAs at

the Ga layer the heterojunction becomes broken-gap when 25% of Ga is in the second mixing

layer and the other 25% is in the third mixing layer or when 50% of Ge is in the third mixing

layer. The diffusion of 50% of As from the abrupt mixing layer to Ge in the mixing layer region

causes the VBO and CBO to decrease from 0.35eV to −0.16eV and from −0.24eV to −0.75eV,

respectively. The diffusion of Ge into GaAs at the As layer decreases the lower VBO and CBO

limits to −0.28eV and −0.88eV, respectively. At the abrupt interface, the heterojunction shows

a straddling type and the diffusion of As into Ge or Ge into GaAs at the As layer a switch to

staggered gap occurs when at least 25% of As or 25% of Ge is present in the third mixing layer.

For the case with 75% of As and 25% of Ga in the mixing layer, the VBO and CBO decrease

from 0.75eV to −0.33eV and from 0.16eV to −0.92eV, respectively. The heterojunction with

75% of As in the first mixing layer and 25% of Ga in the third mixing layer has a staggered

type with Ge energetic levels higher than GaAs. The diffusion of Ga into the second mixing

layer, the heterojunction becomes straddling. A switch back to staggered heterojunction occurs

with the diffusion of 50% of As to the second mixing layer and 25% of As to the third mixing

layer, but with Ge energetic levels lower than GaAs. Considering 75% of Ga and 25% of As

in the mixing layer, the VBO and CBO range from 0.39eV to 1.49eV and from −0.20eV to
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0.90eV. The straddling heterojunction type is present at 75% of Ga in the first mixing layer and

25% of As in the third mixing layer. With the diffusion of 25% of Ga into the second layer, the

heterojunction type becomes staggered, and when 75% of Ga diffuses to the third mixing layer,

the heterojunction type changes to broken-gap.

The Ge/GaAs(001) VBO and CBO calculated results were compared with the experimental

data (Section 10.3) to provide a set of possible structures or average structures to represent

the real heterojunctions. One also finds a justification for similar VBO values to different

GaAs surface reconstructions. Most of the calculations derive a staggered type heterojunction,

which might lead to possible quantum wells structures. This can explain why there is a lack of

experimental literature of TFET devices made of Ge/GaAs(001). However, there are several

papers about modelling high quality devices when using TFET Ge/GaAs(001) [169–171]. It

is possible that the reason for no experimental literature is due to the lack of control on the

diffusion of atoms at the interface during heterojunction growth. Therefore, advanced procedures

that regulate atomic diffusion during heterojunction growth are desirable.

To continue the research into Ge/InxGa1−xAs heterojunction, a low computational cost

approach alternative to the GW method would be an advantage to calculate the band gap for

large alloys. To this end, I developed an approach based on Koopman’s theorem (Section 11)

that successfully corrected the LDA underestimated band gaps. The analytic calculation of the

overlap between LDA eigenfunctions and the localised Wannier Functions contributed to avoid

the supercell requirement that is necessary in the Wang approach [33].

This research allows detailed information about the variation of the VBO and CBO due to

effects occurring at the interface. The calculations of band offsets between materials enable

guidance for engineers to build more energetically efficient devices and to show the sensitivity of

these effects on the band alignments. Also, I showed the efficiency of methods and models with

a low processing power needed to produce considerable accurate results.

The alternative Koopman’s theorem compliant approach allows for the calculation of the

band gap for materials with a large number of atoms, such as alloys, at a low computational

cost. This approach is exempt from any fitting parameters and supercell requirement, which is

an improvement over the other approaches.
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13 Future Work

The continuation of this work for Ge/InxGa1−xAs heterojunction will help establish the effect

of elastic deformations in the form of biaxial strain on the band alignments. This will allow the

manufacturing of devices with improved performances due to the direct transition from VBM to

CBM of carriers in Ge.

Therefore, future work should involve calculations of the VBO and CBO for Ge/InxGa1−xAs

with different values of x, such as Ge/In0.50Ga0.50As, where the band gap of the alloy is al-

ready calculated, and Ge/In0.25Ga0.75As, where the number of atoms in the supercell of bulk

In0.25Ga0.75As might increase compared to In0.50Ga0.50As to provide an accurate band gap.

These calculations allow us to know the band offsets when Ge is a direct band gap semiconduc-

tor. There are some VBO experimental measurements, such as 0.5eV for Ge/In0.53Ga0.47As[155],

0.31eV for Ge/In0.16Ga0.84As, 0.35eV for Ge/In0.24Ga0.76As and 0.35eV for Ge/In0.29Ga0.71As[63]

that one can relate to the future calculations. Although transitivity cannot be applied without

knowing the structure at the interface, one still can predict the behaviour of the band alignments

of Ge/InxGa1−xAs due to the diffusion of group-III or group-IV atoms from the results in

Section 10. I expect, following the LRT results, an approximatelly linear increase ( or decrease)

of the band offsets with the diffusion of Ga and In ( or As ). Clavel et al [63] and Guo et al

[155] show an increase of the band offsets with the increment of In in the alloy. Thus, the results

obtained in Section 10 would be shifted to higher values by diffusion of the alloy.

Controlling the atomic diffusion at the interface is of great interest to design high-performance

devices. Further investigation over diffusion mechanisms at the interface of a heterojunction

could be made by using Monte Carlo methods [172–174]. Specifically, Kinetic Monte Carlo

(KMC) method [175] is well suited to describe the diffusion of atoms occuring at the interface

during the heterojunction growth. The stochastic algorithmic foundation of KMC permits

the study of non-equilibrium kinetic processes by exploring the transition of states by events

occuring at certain rates. These rates can be obtanied from experimental data or derived from

other methods, such as first-principles electronic structure calculations.

The shift of −0.25πe2/(2a0ε) in the Equations 48 and 49 to calculate Vhetero for the 75% of

Ga or As and 25% of As or Ga at the interface, should be studied in more detail and ratified.

Since the expressions of Vhetero for 50% of Ga or As provided good results without the shift,

I assume the shift comes from the concentrations of 3/4 of one species of atoms with 5 or 3

valence electrons and 1/4 for the other with 3 or 5 valence electrons. Thus the average between

both does not give 4 valence electrons, like the system used as reference ( Ge ).

Besides, the heterojunction Ge/InxGa1−xAs can attract attention as a material to develop

topological insulators (TI) by using a huge electric field of 12.5MV/cm crossing the interface

through strong piezoelectric effect[176] or charge accumulation[177] at the interface. Perhaps

the control of charge around the interface allows a generation of an electric field strong enough

to generate strong spin-orbit interaction and invert conduction and valence bands characteristic
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in a TI.

There are also improvements to be made to the Koopman’s theorem compliant approach

where metallic LDA behaviour complicates the ordering of the valence and conduction bands,

which in turn makes it unclear as to how to correct the band gap. Another future work is to

determine the localised Wannier Function based on the selected columns of the density matrix

(SCDM-k) method[168] without requiring to depend on the optimization procedure used in

Wannier90, the spread minimisation in real space, which might lead to local and not to the

global minimum.

After this, the limit rest on our imagination.
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A Expansion in a Plane-Wave basis set

In ideal crystalline solids, atoms are ordered on a periodic lattice described by the primitive

lattice vectors a1, a2 and a3. The primitive vectors define a parallepiped which is called the

primitive unit cell: it is the samllest portio from which we can generate the whole crystal. By

virtue of the Bloch theorem the solutions of the Kohn-Sham equations have the form of Bloch

wave-fuctions,

ψnk (r) = eir·kunk (r) (74)

where n is the band index, k is the wave-vector and u a periodic function with the same

periodicity as the crystal. The periodic function can be expanded as a linear combination of

plane waves φG (r) = eiG·r,

unk (r) =
∑
G

ckGφG (r) . (75)

The reciprocal lattice vectors G are defined as G = mb1+nb2+lb3, where m, n and l are integer

numbers and b1, b2 and b3 are the primitive vectors of the reciprocal lattice bi · aj = 2πδij .

The calculations of the energy components, the electronic density are carried out as a sum

over the occupied bands and an integral over the Brillouin zone, that is, the volume containing

k vectors whose distance from G = 0 is smaller than the distance from any G vectors [178].

The Brillouin zone, and in general the reciprocal space, is sampled using a grid of k-points. In

this thesis, we use the sampling from Monkhorst-Pack [122] which is implemented in Quantum

Espresso [88].
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[45] M. D. Gonçalves, P. S. Maram, R. Muccillo, and A. Navrotsky. Enthalpy of formation

and thermodynamic insights into yttrium doped BaZrO3 . Journal of Materials Chemistry

A, 2:17840, 2014.

[46] S. S. Vishnubhatla, B. Eyglunent, and J. C. Woolley. Electroreflectance measurements in

mixed III-V alloys . Canadian Journal of Physics, 47:1661, 1969.

[47] J. M. Sanchez. Cluster expansions and the configurational energy of alloys . Physical

Review B, 48(18), 1993.

[48] J. M. Sanchez. Cluster expansion and the configurational theory of alloys . Physical

Review B, 81(224202), 210.

[49] M. Peressi and A. Baldereschi. Chapter 2 - Ab initio Studies of Structural and Elec-

tronic Properties, Characterization of Semiconductor Heterostructures and Nanostructures

(Second Edition). Elsevier, 2013.

[50] G. Margaritondo. Electronic Structure of Semiconductor Heterojunctions. Kluwer

Academic Publishers, 1988.

[51] G. Margaritondo. Interface states at semiconductor junctions . Reports on Progress in

Physics, 62(765), 1999.

[52] L. Kleinman. Comment on the average potential of a Wigner solid . Physical Review B,

24(7412), 1981.

[53] R. L. Anderson. Experiments on Ge-GaAs heterojunctions . Solid-State Electronics, 5(5),

1962.

[54] D. Zhang, M. Yang, H. Gao, and S. Dong. Translating XPS Measurement Procedure

for Band Alignment into Reliable Ab Initio calculation Method. The Journal of Physical

Chemisty C, 121:7139, 2017.

[55] J. Tersoff. Theory of semiconductor heterojunctions: The role of quantum dipoles .

Physical Review B, 30(4874), 1984.

[56] C. Tejedor and F. Flores. A simple approach to heterojunctions . Journal of Physics C:

Solid State Physics, 11, 1978.

[57] M. Cardona and N. E. Christensen. Acoustic deformation potentials and heterostructure

band offsets in semiconductors . Physical Review B, 35(6182), 1987.

125



[58] R. Resta, S. Baroni, and A. Baldereschi. Theory of band offsets at semiconductor

heterojunctions: An ab-initio linear response approach . Superlattices and Microstructures

0, 6, 1989.

[59] M. Peressi and A. Baldereschi. Characterization of Semiconductor Heterostructures and

Nanostructures: Second Edition. Elsevier B.V., 2013.

[60] M. Bosi and et al. Effect of temperature on the mutual diffusion of Ge/GaAs and

GaAs/Ge . Journal of Crystal Growth, 318:367, 2015.

[61] P. J. Sophia and et al. Influence of Surface Roughness on Interdiffusion Processes in

InGaP/Ge Heteroepitaxial Thin Films . ECS Journal of Solid State Science and Technology,

4(3), 2015.

[62] M. Uomoto, Y. Yamada, T. Hoshi, M. Nada, and T. Shimatsu. Interface structure of

InGaAs wafers bonded using thin amorphous Ge films in vacuum . Japanese Journal of

Applied Physics, 57(02BA03), 2018.

[63] M. Clavel, P. Goley, N. Jain, Y. Zhu, and M. K. Hudait. Strain-Engineered Biaxial Tensile

Epitaxial Germanium for High-Performance Ge/InGaAs Tunnel Field-Effect Transistors .

Journal of the Electron Devices Society, 3(3), 2015.

[64] M. K. Hudait, Y. Zhu, M. Jain, and J. L. Hunter Jr. Structural, morphological, and band

alignment properties of GaAs/Ge/GaAs heterostructures on (100), (110), and (111)A

GaAs substrates. Journal of Vacuum Science & Technology B, 31(011206), 2013.

[65] L. J. Brillson. Surfaces and Interfaces of Electronic Materials. Wiley-VCH Verlag

GmbH&Co. KGaA, Winheim, 2010.

[66] Q. Xue, T. Hashizume, and T. Sakurai. Scanning tunneling microscopy study of GaAs(001)

surfaces . Applied Surface Science, 141:244, 1999.

[67] V. P. LaBella, M. R. Krause, Z. Ding, and P. M. Thibado. Arsenic-rich GaAs(001) surface

structure . Surface Science Reports, 60:1, 2005.

[68] A. Baldereschi, S. Baroni, and R. Resta. Band Offsets in Lattice-Matched Heterojunctions:

A Model and First-Principles Calculations for GaAs/AlAs . Physical Review Letters,

61(734), 1988.

[69] R. Resta, S. Baroni, and A. Baldereschi. Theory of band offsets at semiconductor

heterojunctions: An ab-initio linear response approachs . Superlattices and Microstructures,

6(1), 1989.

[70] Y. Zhang, J. Zhang, K. Tse, L. Wong, C. Chan, B. Deng, and J. Zhu. Pseudo-

Hydrogen Passivation: A Novel Way to calculate Absolute Surface Energy of Zinc Blende

(111)/((1)(1)(1)) Surface. Scientific Reports, 6(20055), 2016.

126



[71] C. E. Dreyer, A. Janotti, and C. G. Van de Walle. Absolute surface energies of polar and

nonpolar planes of GaN. Physical Review B, 89(081305(R)), 2014.

[72] S. B. Zhang and S.-H. Wei. Surface Energy and the Common Dangling Bond Rule for

Semiconductors. Physical Review Letters, 92(8), 2004.

[73] O. Romanyuk, O. Supplie, T. Susi, M. M. May, and T. Hannappel. Ab initio density func-

tional theory study on the atomic and electronic structure of GaP/Si(001) heterointerfaces

. Physical Review B, 94(155309), 2016.

[74] M. D. Pashley. Electron counting model and its application to island structures on

molecular-beam epitaxy grown GaAs(001) and ZnSe(001). Physical Review B, 40(15),

1989.

[75] W. A. Harrison. Theory of polar semiconductor surfaces. Journal of Vacuum Science &

Technology, 16(1492), 1979.

[76] J. Kohanoff. Electronic structure calculations for solids and molecules: Theory and

computational methods. Cambridge University Press, 2006.

[77] P. Hohenberg and W. Kohn. Inhomogeneous Electron Gas. Physical Review, 136, 1964.

[78] R. O. Jones. Density functional theory: Its origins,rise to prominence, and future. Reviews

of Modern Physics, 87(897), 2015.

[79] K. Burke. Perspective on density functional theory. The Journal of Chemical Physics,

136(150901), 2012.

[80] A. D. Becke. Perspective on density functional theory. The Journal of Chemical Physics,

140(18A301), 2014.

[81] W. Kohn and L. J. Sham. Self-Consistent Equations Including Exchange and Correlation

Effects. Physical Review, 140, 1965.

[82] J. P. Perdew and K. Schmidt. Jacob’s Ladder of Density Functional Approximations for

the Exchange-Correlation Energy. AIP Conference Proceedings, 577(1), 2001.

[83] J. P. Perdew and A. Zunger. Self-interaction correction to density-functional approxima-

tions for many-electron systems. Physical Review B, 23, 1981.

[84] J. P. Perdew and Y. Wang. Accurate and simple analytic representation of the electron-gas

correlation energy. Physical Review B, 45, 1992.

[85] S. Lehtola, C. Steigemann, M. J.T. Oliveira, and M. A.L. Marques. Recent developments

in Libxc - A comprehensive library of functionals for density functional theory. Software

X, 7:1, 2018.

127



[86] N. Troullier and J. L. Martins. Efficient pseudopotentials for plane-wave calculations .

Physical Review B, 43(1993), 1991.

[87] D. R. Hamann. Generalized norm-conserving pseudopotentials. Physical Review B, 40:2980,

1989.

[88] P. Giannozzi and et al. Quantum Espresso: a modular and open-source software project

for quantum simulations of materials. J.Phys: Condens. Matter, 21, 2009.

[89] J. P. Perdew. Density functional theory and the band gap problem. International Journal

of Quantum Chemistry, 30:451, 1986.

[90] A. D. Becke. A new mixing of Hartree–Fock and local density-functional theories . Journal

of Chemical Physics, 98(1372), 1993.

[91] J. P. Perdew and M. Ernzerhof. Rationale for mixing exact exchange with density

functional approximations. Journal of Chemical Physics, 105(9982), 1996.

[92] S. A. Tolba, K. M. Gameel, B. A. Ali, H. A. Almossalami, and N. K. Allam. The

DFT+U: Approaches, Accuracy, and Applications, Density Functional Calculations -

Recent Progresses of Theory and Application . IntechOpen, 2018.

[93] A. I. Liechtenstein, V. I. Anisimov, and J. Zaanen. Density-functional theory and strong

interactions: Orbital ordering in Mott-Hubbard insulators . Physical Review B, 52(R5467),

1995.

[94] P. Duffy, D. P. Chong, M. E. Casida, and D. R. Salahub. Assessment of Kohn-Sham

density-functional orbitals as approximate Dyson orbitals scattering for the calculation of

electron-momentum-spectroscopy cross sections . Physical Review A, 50(6):4707, 1994.

[95] A. Marini et al. Yambo: an ab initio tool for excited state calculations. Comp. Phys.

Comm., 180, 2009.

[96] J. P. Perdew. Density Functional Theory and the Band Gap Problem . International

Journal of Quantum Chemistry Quantum Chemistry Symposium, 19:497, 1986.

[97] S. Lany and A. Zunger. Generalized Koopmans density functional calculations reveal the

deep acceptor state of N0 in ZnO. Physical Review B, 81(205209), 2010.

[98] T. Stein, J. Autschbach, N. Govind, L. Kronik, and R. Baer. Curvature and Frontier

Orbital Energies in Density Functional Theory. The Journal of Physical Chemistry Letters,

3:3740, 2012.

[99] U. Salzner and R. Baer. Koopmans’ springs to life. The Journal of Physical Chemistry

Letters, 131:231101, 2009.

[100] W. Mönch. Semiconducotr Surfaces and Interfaces . Springer - Verlag Berlin Heidelberg

GmbH, 2001.

128



[101] M. A. Van Hove, W. H. Weinberg, and C. M. Chan. Low-Energy Electron Diffraction:

Experiment, Theory and Surface Structure Determination. Springer Series in Surface

Sciences, 1986.

[102] A. Ichimiya and P. I. Cohen. Reflection High Energy Electron Diffraction. Cambridge

University Press, 2004.

[103] C. C. Chang. Auger electron spectroscopy . Surface Science, 25(53), 1971.

[104] P. Drathen, W. Ranke, and K. Jacobi. Composition and structure of differently prepared

GaAs(100) surfaces studied by LEED and AES. Surface Science, 77(L162), 1978.

[105] B. A. Joyce, J. H. Neave, P. J. Dobson, and P. K. Larsen. Analysis of reflection high-energy

electron-diffraction data from reconstructed semiconductor surfaces. Physical Review B,

29(2):814, 1984.

[106] H.Konno. Chapter 8 - X-ray Photoelectron Spectroscopy. In Michio Inagaki and Feiyu

Kang, editors, Materials Science and Engineering of Carbon, pages 153 – 171. Butterworth-

Heinemann, 2016.

[107] I. T. McGovern. Soft X-ray photoelectron spectroscopy of compound semiconductoor

surfaces and interfaces. Applied Surface Science, 50:34, 1991.

[108] D. N. Mirlin and V. I. Perel. Spectroscopy of Nonequilibrium Electrons and Phonons,

Chapter 7. Elsevier Science Publishers B. V., 1992.

[109] L. J. Brillson. Surfaces and Interfaces of Electronic Materials. WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim, 2010.

[110] J. R. Waldrop, E. A. Kraut, S. P. Kowalczyk, and R. W. Grant. Valence-band discon-

tinuities for abrupt (110), (100), and (111) oriented Ge-GaAs heterojunctions. Surface

Science, 132(513), 1983.

[111] A. D. Katnani, P. Chiaradia, H. W. Sang Jr., and R. S. Bauer. Fermi level position

and valence band discontinuity at GaAs/Ge interfaces. Journal of Vacuum Science &

Technology B, 2(471), 1984.

[112] A. D. Katnani, P. Chiaradia, H. W. Sang Jr., P. Zurcher, and R. S. Bauer. Micro-

scopic effects at GaAs/Ge(100) molecular-beam-epitaxy interfaces: Synchrotron-radiation

photoemission study. Physical Review B, 31(4), 1985.

[113] S. A. Chambers and T. J. Irwin. Epitaxial growth and band bending of n- and p-type Ge

on GaAs(001). Physical Review B, 38(11), 1988.
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[152] G. Greene-Diniz and M. Grüning. First-Principles Calculations of Band Offsets at

Heterovalent ε-Ge/InxAl1-xAs Interfaces . Physical Review Applied, 10:044052, 2018.

[153] G.-X. Qian, R. M. Martin, and D. J. Chadi. First-principles study of the atomic recon-

structions and energies of Ga- and As-stabilized GaAs(100) surfaces. Physical Review B,

38:7649, 1988.

[154] J. A. Dean. Lange’s Handbook of Chemistry. McGraw-Hill, Inc, 15 edition, 1998.

[155] P. Guo, Y. Yang, Y. Cheng, G. Han, J. Pan, I. Z. Zhang, H. Hu, Z. X. Shen, C. K. Chia,

and Y.-C. Yeo. Tunneling field-effect transistor with Ge/In0.53Ga0.47As heterostructure

as tunneling junction . Journal of Applied Physics, 113:094502, 2013.

132



[156] X.S. Wang, K. Self, D. Leonard, V. BresslerHill, R. Maboudian aand P. M. Petroff, and

W. H. Weinberg. Scanning tunneling microscopy studies of Ge/GaAs(100) interface

formation. Journal of Vacuum Science & Technology, 11:1477, 1993.

[157] A. Baranov and E. Tournie. Semiconductor lasers: Fundamentals and applications.

Woodhead Publishing Limited, 2013.

[158] S. Strangio, P. Palestri, D. Esseni, L. Selmi, F. Crupi, S. Richter, Q. Zhao, and S. Mantl.

Impact of TFET Unidirectionality and Ambipolarity on the Performance of 6T SRAM

Cells. IEEE Journal of the Electron Devices Society, 3(3):223, 2015.

[159] X. Yang and K. Mohanram. Robust 6T Si tunneling transistor SRAM design. In 2011

Design, Automation Test in Europe, pages 1–6, 2011.

[160] M. K. Hudait, M. Clavel, P. Goley, N. Jain, and Y. Zhu. Heterogeneous integration of

epitaxial Ge on Si using AlAs/GaAs buffer architecture: Suitability for low-power fin

field-effect transistors . Scientific Reports, 4:6964, 2014.

[161] H. Ehrenreich and D. Turbull. Solid State Physics, volume 46. Academic Press, INC.,

1992.

[162] I. Guilhon. Personal communication.

[163] A. B. Shick, A. I. Liechtenstein, and W. E. Pickett. Implementatioon of the LDA+U

method using the full-potential linearized augmented plane-wave basis. Physical Review

B, 60(15):10763, 1999.
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