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1. Introduction

1.1 Background and state of the research

The term "functional interfaces" may refer to many different cases, where

particular properties arise at the interface between two different mate-

rials [1, 2, 3]. This dissertation mainly focuses on oxide/semiconductor

interfaces, that are at the base of many electronic and photonic devices

[4, 5, 6]. Modeling of novel semiconductor/oxide interfaces is fundamen-

tal to develop future economical, efficient and reliable microelectronic de-

vices.

Complimentary Metal-Oxide-Semiconductor (CMOS) technology is used

in microprocessors, static RAM, and many other digital logic circuits. As

the scaling of the CMOS devices approaches its technological and fun-

damental limits, the replacement of silicon and its native oxide becomes

one of the key challenges to sustain the continuous improvement of inte-

grated circuit performance [7]. New semiconductors and dielectrics are

at the heart of development of emerging high performance nanoelectronic

devices. The key criteria for a successful implementation of a new gener-

ation of nanoelectronics products are: the cost per function reduction, the

energy consumption of the components, the environmental life cycle of the

materials, the reliability of the components over their lifetimes and the

variability of components produced in a batch. Due to the cost efficiency

of maintaining current production schemes, one of the main approaches to

compensating for the problems created by the aggressive scaling of CMOS

devices is to introduce new materials into conventional device design. For
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the gate oxide this means replacing silica with a higher dielectric constant

material. This has been done by leading semiconductor companies, start-

ing with Intel, which took hafnia into use in 2007 in the 45 nm technology

generation [8].

It is therefore important to be able to correctly model the interface be-

tween silica and hafnia, with the use of a suitable empirical potential.

Among other CMOS requirements, a high channel-mobility and injec-

tion velocity in the transistor channel material are of key importance.

From this perspective, SiGe, Ge and III-V semiconductors are attractive

alternatives for the channel material due to their high electron mobility

and low effective mass. However, a major drawback of these materials is

the poor quality of their interfaces with the gate dielectric and its intrinsic

quality. The corresponding semiconductor/oxide interfaces and dielectrics

typically suffer from a high density of defect states in the band gap, which

pins the Fermi level and impacts the electrical performance and reliability

of the devices. Unfortunately, despite the significant efforts deployed by

the scientific and engineering communities, crucial issues affecting par-

ticularly CMOS reliability remain unsolved [9].

A particularly challenging, but highly rewarding, task is the use of

graphene as the channel material in CMOS devices [10]. While graphene

possesses exceptional properties, ranging from elevated carrier mobility

to mechanical flexibility [11], it lacks an energy gap, giving rise to prob-

lems in graphene field-effect transistors, such as low on/off switching ra-

tios and difficulties in switching off the devices [4].

Other 2D materials are attractive candidates, thanks to their layer-

dependent properties that differ greatly from that of bulk materials [4],

like in the case of TMDCs (transition metal dichalcogenides). TMDCs

are structurally stable, don’t have dangling bonds and have mobility val-

ues comparable to that of Si [12]. Moreover, their sub-nanometer thick-

ness allows a more efficient control over switching and can reduce short-

channel effects and power dissipation, the main limiting factors to transis-

tor miniaturization. The TMDC monolayer MoS2 has particularly gained

significant attention as a channel material for next-generation transis-

tors [13, 14]. In order to develop logic circuits based on TMDCs, it is

necessary to fabricate both n- and p-type field effect transistors (FETs).

TMDC FETs based on a Schottky device architecture can contain either
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electrons (n-FET) or holes (p-FET) in the conducting channel, depend-

ing on whether the Schottky barrier height (SBH) is smaller relative to

the conduction or the valence band, respectively [15]. While monolayer

n-FETs have been widely reported, fabrication of p-FETs presents many

challenges [15], that need to be overcome. In fact, even using high work-

function metal contacts, the devices show n-character instead [15], be-

cause of the Fermi level pinning (FLP) [63, 64] phenomenon occuring be-

tween the TMD and the metal contact.

An accurate analysis of functional interfaces is therefore necessary in

order to find a solution to the current CMOS issues, contributing to the

understanding of the physical phenomena taking place at the semicon-

ductor/oxide interfaces.

1.2 Objectives and scope

In this dissertation, atomistic simulations have been used to model the

interfaces between different materials.

The research questions addressed in this dissertation are the following:

RQI How is it possible to provide an understanding of experimental re-

sults, through atomistic simulations?

RQII How good are empirical potentials in describing silica and hafnia?

RQIII Which materials allow to face the continuous miniaturization of

electronic devices?

RQIV How is it possible to obtain hole-transport transistors based on

MoS2?

Each research question is addressed in one or more journal article, as

shown in the table below:
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RQ Publ. I Publ. II Publ. III Publ. IV Publ. V

RQI X X

RQII X X

RQIII X X X

RQIV X X

A brief explanation about the foregoing terminology is given in the next

Methods section, where the theoretical foundation is discussed. Chapter 3

introduces the current state of the research in functional interfaces, with

related problems. The results present in this dissertation are shown in

section 4, with a discussion about their significance in Chapter 5.

12



2. Methods

Computer simulations are nowadays a fundamental part of scientific re-

search. They allow scientists to fill in the gap between theory and experi-

ment, when either experiments are too expensive or difficult, or when the

theory is too complicated. Computers are able to solve difficult mathemat-

ical equations in an iterative manner, in a limited time frame, allowing us

to get results that we can compare to experiments. Moreover simulations

also have a predictive power, guiding future experiments, based on their

findings. Concerning atomistic simulations, they can be divided in two

general classes, with different space and time scales [16]:

1. Quantum-mechanical methods:

• the most accurate and reliable methods;

• only applicable to small systems and short time scales;

• very computationally expensive.

2. Classical methods:

• applicable to large systems and long time scales;

• less accurate method, useful to get average properties.

13
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It should be noted that different methods are often needed in order to

obtain a full description of the system under investigation.

In the following sections the basics of the most common quantum-

mechanical method, DFT (density functional theory) and classical MD

(molecular dynamics) are presented, after a first chapter related to the

calculation of energies and forces.

2.1 Calculating energies and forces

The key point in deciding which method to use to compute the energy and

forces of a system is whether electrons should be included explicitly or

not. If the answer is yes, then DFT (or other quantum methods) should

be used, with a considerable computational cost; otherwise molecular me-

chanics (MM) is enough. Another category of methods, denominated semi-

empirical, retains quantum mechanics, but with certain parts simplified

and fitted, like in the tight-binding case [16].

These different levels of approximations are connected to each other, but

have different area of applicability.

2.1.1 Interatomic potentials

In MM the interactions between atoms are approximated by a variety of

potentials. The general formula of the potential includes the following

terms [17], taking a molecular system as an example :

U = Ubond + Uangle + Utorsion + Uoop + Unonbond (2.1)

where Ubond is the energy related to bond length, Uangle is associated with

changes in the bond angles, Utorsion include variations coming from the

rotation of two parts of the molecule with respect to each other, Uoop (out-

of-plane) is related to the planarity of the molecule, and finally Unonbond

includes ionic or the van der Waals terms which are not associated with

covalent bonding.

The first bond term describes covalent bonding depending on the bond

length variation from an ideal value. The angular term is typically mod-

eled with a harmonic function, while torsions are usually described by a
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Fourier series and out-of-plane terms are described by an harmonic po-

tential or by an improper torsion term. Non-bonding interactions act both

between atoms in the same molecule and those in other molecules, and

can be divided in electrostatic and van der Waals interactions.

All force-fields (FF) use parameters fitted either to experimental data

(for example heats of formation and vibrational frequencies) or theoreti-

cal data from quantum mechanical simulations. It is therefore important

to check the reliability and transferability of the FF parameters for the

system under study. The set of parameters generated by a fitting proce-

dure is called parameterization [17, 16].

Empirical potentials can be generally divided into:

1. Non-reactive empirical potentials

2. Bond-order potentials:

• Charge-free (Finnis-Sinclair, EAM, Stillinger-Weber);

• Fixed-charge (Tersoff, REBO);

• Variable-charge (ReaxFF, COMB): self-consistent charge-equilibration

approach (EEM, QEq);

Bond-order potentials, unlike the non-reactive ones, contain a bond-

order term, that can either not include any charge or include it. The

Tersoff potential [18] is a famous fixed-charge potential, where the bond

order term directly reflects the bond strength, depending on the local co-

ordination of an atom.

All these simple interatomic potentials cannot be used when the sys-

tem, during the simulation, has a change of local coordination, or elec-

trons rearrangement. Instead variable-charge potentials allow the atomic

charges to dynamically evolve during the simulation, so they can be

used to model actual chemical reactions, with bond breaking and forma-
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tion. Reactive Force Field [19] (ReaxFF) is an example of this class of

FF, parametrized and tested for hydrocarbon reactions, transition-metal-

catalyzed nanotube formation and high-energy materials. It involves a

large number of parameters, so it gets difficult to verify that the fit works

in all circumstances, and careful preliminary tests are required.

2.1.2 Electrostatics

Electrostatic interactions are long-ranged Coulombic forces that can be

computed with different schemes. If free boundary conditions are present,

the most efficient way is to use fast multipole methods (FMM) [20]. In-

sted in the case of periodic boundary conditions the most used schemes

are Ewald and particle-mesh.

In Ewald the Coulombic energy is summed over the cell itself as well as

all the periodic images [17]:

EEw
ij =

1

4πε0

∫
ρi(r)ρj(r

′)
|r− r′| d3rd3r′ (2.2)

where r is the position of the atomic centre and ρ is the charge den-

sity. In periodic systems, which extend to infinity, the sum converges only

conditionally. According to Ewald’s suggestion, the potential should be

written, instead of a single slowly and conditionally convergent series, as

a sum of two rapidly converging series plus a constant term:

EEw = Ur + Um + UO (2.3)

where Ur the real (direct) space sum (short-range), Um is the reciprocal

(imaginary, or Fourier) sum (long-range), and UO is the constant self-term,

that cancel out the interaction of the introduced counter-charge with it-

self. Basically the idea behind is that each point charge in the system

is viewed as being surrounded by a Gaussian charge distribution of equal

magnitude and opposite sign. This introduced charge distribution screens

the interaction between neighboring point-charges, limiting them to short

range, so that the sum converges rapidly. To counteract this Gaussian

distribution, a second Gaussian distribution of the same sign and mag-

nitude as the original distribution is added for each point charge (see

Fig. 2.1). The summation is carried out in reciprocal space using Fourier
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transforms.

Figure 2.1. The Ewald sum Gaussian components of a one-dimensional point-charge sys-
tem.

2.1.3 Energy minimization algorithms

To perform an energy minimization means to find the lowest energy ar-

rangement of atoms in a system, starting from an initial point on the

potential energy surface. This is done moving the atoms around, until the

forces that they feel are null [16]. The relationship between energy and

forces, for the atom i, is:

Fi = −∇iEtot (2.4)

Both the energy of the system and the forces on each atom have to be

computed, in order to perform a total energy minimization. The obtained

minimum can be either local or global, but it is not possible to know a

priori what kind of minimum has been found (see Fig. 2.2).

Figure 2.2. Global and local minimum in a 1D potential energy surface.

To successfully optimize a system, a good initial structure is fundamen-

tal. The energy landscape is multidimensional, so the energy minimum
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that will be found after the minimization process depends on the initial

starting point. A correctly optimized structure corresponding to a par-

ticular minimum will always have the same coordinates and energy, no

matter what the initial structure was or what optimizer has been used.

However the initial position on the potential energy surface will influence

in which minimum the structure will end up. The area of configurational

space that leads to the same energy minimum is called "basin". While

local energy minimization is carried out using traditional optimization

techniques, global optimization has been exploited during recent years,

with the introduction of evolutionary structure optimization algorithms.

In both cases, energy minimization is a surprisingly complicated task to

solve efficiently [17].

The forces on the atoms give the direction in which the energy decreases

the fastest. However, following the gradient is not very efficient for finding

the lowest energy structure. Many different algorithms and strategies

have been implemented in this regard [21]:

Binary search Line minimization methods define a search direction

where to seek the minimum value of the energy. The simplest method,

called binary search, consists in bracketing the minimum, taking steps

along the decreasing energy direction until the energy rises, indicating

that the minimum has been overcome. An improved line minimization

method is the parabolic interpolation, but both these methods are not

very efficient and depend by the step size dimension [16].

Steepest descent More reliable methods are based on the gradient min-

imization, where the gradient is used during the minimization process.

The steepest descent method uses the line minimization to find the min-

imum along a direction; then the gradient to that point is calculated and

used as a new direction for the search [17]. This method is inefficient, as

it doesn’t consider previous steps when choosing a new search direction,

but simply takes, by definition, the one at the 90◦ angle to the previous

one [16].

Conjugate gradient A more efficient method would allow following a
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new direction which is conjugate to the old gradient, and if possible, to

all previous directions. Methods of this class are referred to as conju-

gate gradient (CG), and they are the best ones for finding local minima

[17, 16].

The basic idea behind CG is that, given the gradient at a particular f

step, ∇f , then the new search direction at that step, g, must be orthog-

onal to ∇f (see Fig. 2.3):

∇f · g = 0 (2.5)

If this condition is met, then the directions f and g are said to be con-

jugated. Using conjugate directions, none of the directions needs to be

considered twice during the minimization process. Moreover the search

direction is conjugated to previous searches, solving the major problem

of steepest descents [22].

Due to the use of line minimization techniques, CG needs about 10 eval-

uations for every iteration step, with an overall memory requirement

O(N), where N is the number of degrees of freedom in the system. Usu-

ally in a system atoms are likely to be within 0.2 Å from the ground state

position. This means that as a first guess the minimizer can consider a

random point 0.2 Å away; if its energy is lower,then it can be accepted,

otherwise a new try is done, with a shorter step. This method, called

adaptive conjugate gradient (ACG) [22, 23], just needs one evaluation

for every iteration step, making the CG algorithm up to 3-5 times faster

for energy minimization.

Quasi-Newton or variable metric methods Another class of mini-

mization method includes the quasi-Newton or variable metric methods,

that build an approximation to the inverse of the Hessian matrix dur-

ing the minimization. These methods are more efficient than the CG

methods, but require more memory. The most popular quasi-Newtonian

algorithm is the BFGS, that scales quadratically with the number of

atoms and is generally a robust method [17].

All the minimization algorithms discussed until now are used for find-
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Figure 2.3. Steepest descent (green) compared to conjugate gradient (red).

ing the minimum in a certain basin, and are affected by general ill-

conditioning problems intrinsic to every minimization algorithm. First

of all, the minimum is difficult to find if the energy landscape has a wide

range of different curvatures. Moreover, problems may arise in case the

initial system has large forces, or if variations of the system give very

small changes in energy/forces, while others give large changes [17, 16].

For exploring the energy landscape in order to find the global minimum,

other methods are available. The random structure searching (RSS) al-

gorithm [24] works for small crystalline structures, while for amorphous

systems usually simulated annealing is the best method. In simulated an-

nealing the system is heated, allowed to evolve and then cooled down or

quenched. This cycle is repeated many times, decreasing the overall tem-

perature, in order to explore different zones of the configurational space.

The final structure that is obtained should be close to the global mini-

mum. Simulated annealing is a simple and robust method, commonly

used to refine structures obtained from experiments [16].
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2.2 Density Functional Theory

Electronic structure methods can generally be divided in wavefunction-

based methods (quantum-chemistry approach based on the Hartree-Fock

method) and DFT, a density-based method. Both classes are usually re-

ferred to as first principles or ab-initio methods, meaning that these meth-

ods are directly derived from quantum mechanics, without any fitting to

experimental data [16].

There is a fundamental approximation that is at the base of DFT, and

generally of all quantum chemistry and molecular physics. The Born-

Oppenheimer approximation states that, in a system, the motion of nu-

clei and electrons can be kept separated, greatly simplifying the solution

of the equations of motion of the system [25]. The intuitive explanation of

such a rigorous statement is that the change in velocity of the nuclei on

the timescale of the motion of electrons is negligible, because electrons,

being nearly 2000 times lighter than protons, are very fast - basically an

electron always sees the nucleus as immobile [16].

In mathematical terms, the Born-Oppenheimer approximation allows

to write a molecule’s wavefunction as formed by separate electronic and

nuclear (vibrational, rotational) components:

Ψ({ri}, {RI}) = Ψ({ri}; {RI})Φ{RI} (2.6)

where Ψ({ri}, {RI}) is in function of the electron positions {ri} and de-

pends parametrically on the nuclear positions {RI}. The second term

Φ{RI} is the nuclear wave function [25].

2.2.1 Previous approach

The method of Thomas and Fermi (1927) [26, 25] is an early mean-field

theory formulated in terms of the electronic density alone, that is correct

only in the limit of an infinite nuclear charge. It can therefore be viewed

as a precursor to modern DFT. The system under study is considered as

a non–interacting electron system in a homogeneous gas. The kinetic en-

ergy of this system is approximated as an explicit functional of the density.
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Surely, a great quality of DFT is the fact that one equation for the density

is remarkably simpler than the full many-body Scrödinger equation that

involves 3N degrees of freedom for N electrons [25]. Exchange and cor-

relation between electrons are not considered, although an exchange en-

ergy functional was added by Dirac in 1928 [26]. Thomas and Fermi used

statistical considerations to approximate the distribution of electrons in

an atom, based on the uniform electron distribution in a six-dimensional

phase space. It is possible to calculate the energy of an atom using this

kinetic energy functional combined with the classical expressions for the

nuclear-electron and electron-electron interactions [16].

Although this was an important first step, the Thomas–Fermi equation’s

accuracy is limited because the resulting kinetic energy functional is only

approximate. Hence, the Thomas–Fermi–Dirac theory remains rather in-

accurate for most applications, because it starts from approximations that

are too crude. The largest source of error is in the representation of the

kinetic energy, followed by the errors in the exchange energy, due to the

complete neglect of electron correlation [16].

Later, Hohenberg and Kohn formulated DFT as an exact theory of many-

body systems, that can be applied to any system of interacting particles

in an external potential V (r) .

DFT is based upon the Hohenberg and Kohn theorems [25, 26], that

state, respectively:

1. Theorem I: The external potential V (r) is determined, within a trivial

additive constant, by the ground state electron density n0(r).

2. Corollonary I: The many-body wavefunctions for all states are deter-

mined, since the Hamiltonian is fully known; therefore all the proper-

ties of the systems are totally determined, given only the ground state

electron density n0(r).

3. Theorem II: The universal energy functional E[n] can be defined in

terms of the density n(r), valid for any external potential V (r). For any

particular V (r), the exact ground state energy of the system is the global
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minimum value of this functional, and the density n(r) that minimizes

the functional is the exact ground state density n0(r).

4. Coronally II: The functional E[n], alone, is sufficient to determine the

exact ground state energy and density.

Hohenberg and Kohn theorems basically state that the external poten-

tial, and hence the energy of the system, depend on the ground state elec-

tron density n0(r). Secondly, the energy calculated for any given charge

density is always equal or greater than the ground state energy of the sys-

tem. Theorem II is also called energy variational principle, as the charge

density can be treated as a variational parameter in the search for the

ground state [26].

In other words, the key concept is that the density determines uniquely

the external potential, and, by consequence, also the Hamiltonian and all

the electronic properties of the system. It follows that the ground state

expectation value of any observable is a unique functional of the ground

state density n0(r) [16].

2.2.2 Kohn-Sham approach

Kohn and Sham, in 1965 [26, 25], proposed to replace the original many-

body problem by an auxiliary independent-particle problem, easier to

solve. As a self-consistent method, it involves independent particles but

an interacting density. In this way it is possible to have independent par-

ticle equations, for the non-interacting system, that are exactly soluble

with numerical means. Solving them, the ground state density and en-

ergy of the original interacting system can be obtained. Moreover all the

complex many-body terms are incorporated into an exchange-correlation

functional of the density [16].

In this way the total energy of the system becomes a unique functional

of the electronic density n(r) [16]:
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EDFT [n(r)] = T [n(r)] + EeI [n(r)] + EHar[n(r)] + Exc[n(r)] (2.7)

where T denotes the kinetic energy of the independent electrons, EeI is

the external potential energy, typically arising from interactions with the

nuclei, EHar is the Hartree energy (the electrostatic interaction energy

between electrons) and Exc is the exchange-correlation energy.

The exchange-correlation energy functional Exc incorporates the differ-

ence between the kinetic energy for the many-body system and the inde-

pendent particles. The problem is that the exact form of this functional is

unknown, so it must be approximated [16].

From the Kohn-Sham equations, it is possible to find the exact density

and energy of the ground state of a many-body electron problem, using

standard independent-particle methods. The Kohn-Sham equations are

iteratively solved, starting from an initial guess of the density, until self-

consistency is reached [25].

More specifically, the set of independent-particle equations must be

solved considering, as consistent, the effective potential Veff (r) and the

density n(r). The calculation uses a numerical procedure that succes-

sively changes the values of Veff (r) and n(r), in order to approach the

self-consistent solution [25] .

For every cycle, labeled i, the program takes as input the effective po-

tential Vi. Solving the Kohn–Sham equations permits to obtain the final

electron density ni. For every different step, the potentials and densities

do not agree, except at the exact solution, where V in = V out. An iterative

process is therefore necessary, where, in every step, a new potential Vi+1

is considered as the input potential for the (i+ 1) cycle.

The general scheme is (see Fig. 2.4):

Vi → ni → Vi+1 → ni+1 → ... (2.8)

The process is interrupted only when self-consistency is reached. Once

the energy is obtained, the forces on the ions are calculated as deriva-

tives of the energy with respect to ionic positions. The ions are afterwards
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Figure 2.4. Schematic representation of the self-consistent loop to solve the Kohn-Sham
equations [25].

moved according to these forces, after which a new set of electronic wave-

functions is generated for the new structure. This cycle is repeated until

the ground state is reached. The convergence criteria can be either the en-

ergy difference between two consecutive iteration steps or an upper limit

for the forces on each atom [16, 25].

2.2.3 Exchange-Correlation Functionals

In the exchange-correlation functional, the exchange part arises from the

Pauli principle, according to which two electrons cannot occupy the same

quantum-mechanical state. The correlation term instead encompasses

screening effects of electrons that collectively correlate to reduce the net

interaction among any couple of electrons [16].
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The simplest approximation for the exchange-correlation energy is the

local-density approximation (LDA). It assumes the energy to be entirely

local [16] , because the densities of solids usually resemble those of a ho-

mogeneous electron gas, where the range of the effects of exchange and

correlation is rather short. Therefore, Exc[n(r)] can be locally approxi-

mated as the energy of a homogeneous electron gas with the same density

n(r) [25].

Despite being a quite rough approximation, LDA is remarkably effective,

even if it tends to overbind and, being a mean-field approximation, is

not accurate for structures that do not resemble non-interacting electron

gases, such as strongly correlated materials. Error cancellation between

the exchange and correlation terms (that cancel each other out) has been

found responsible for the surprising accuracy of LDA [16]. More in par-

ticular, this approximation is expected to work best for solids close to a

homogeneous gas, like covalent and metallic systems, and worst for very

inhomogeneous cases. LDA gives great results also in the prediction of

molecular equilibrium distances and crystal lattice constants (within 5%

of experimental values), while instead it continues to fail in the evalu-

ation of the band gap, which are usually underestimated about 40-50%.

Also ionization potentials are underestimated, Van der Waals’s interac-

tions are predicted totally wrong, and bond strengths are overestimated

[27, 28, 26].

As LDA approximates the true density by a local constant density, it

fails in situations where the density undergoes rapid changes [16]. The

generalized gradient approximation (GGA) contains expansions that are

corrections to LDA in terms of the gradient of the electron density. Many

approximations for GGA exist [25]; the most common is PBE (Perdew-

Burke-Ernzerhof) [29], where well-defined limits are used to calculate the

values of certain parameters in the functional.

Other exchange-correlation functionals that include some fraction of the

exact exchange are called hybrid functionals. The exact exchange is given

by the Hartree-Fock expression for the exchange, that is computationally

very expensive, using plane waves as a basis set. 100% Hartree-Fock ex-

change gives unphysical results in most cases, so it is more convenient to
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choose a fraction of the exact exchange to be used in the hybrid functional.

The problem is to decide how much exact exchange should be included in

the calculation [16].

A hybrid exchange-correlation functional is formed by a part of the

Hartree-Fock exact exchange and by a portion of the correlation, usually

from a GGA-type PBE functional [30]:

Ehybrid
xc = αEHF

x + (1− α)EPBE−GGA
x + EPBE−GGA

c (2.9)

where x denotes exchange and c correlation. α is the fraction of exact

exchange that can be tuned, but usually its default value is 0.25 (derived

from perturbation theory). In a more efficient version of hybrid function-

als the non-local exchange is separated into long and short range parts, in-

cluding only the latter, to reduce the computational time. This functional,

proposed by Heyd, Scuseria and Ernzerhof (HSE) [31] has an exchange-

correlation energy of the form:

EHSE
xc =

1

4
Esr,HF

x +
3

4
Esr,PBE−GGA

x + Elr,PBE−GGA
x + EPBE−GGA

c (2.10)

where sr and lr denote short-range and long-range, respectively. A tun-

able screening parameter ω determines the cut-off distance beyond which

the short-range interaction becomes negligible. In the HSE06 functional

[31] this value is set to 0.11 bohr−1. Hybrid functionals have been shown

to better describe materials properties compared to (semi)local-density

approximations or Hartree-Fock [16].

2.2.4 Basis Sets

Wavefunctions and operators need a form of representation, that is fixed

by specifying the basis set, in an analogous way to choosing Cartesian or

spherical polar coordinates to represent a position in space [16]. Generally

a wavefunction ψ can be expressed as:

ψ =
∑
i

ciφi (2.11)

where φi are basis functions and ci are their coefficients.

A basis set for electronic structure calculations should ideally have these

characteristics:
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• well-adapted;

• systematic convergence;

• good computational scaling with the size of the basis;

• simple operations between basis functions;

• easy computation of forces;

• bias free.

Unfortunately a basis set satisfying all these properties does not exist.

Usually basis sets used in electronic structure calculations are not com-

plete, in the sense that they cannot exactly span the space of a certain

function [16]. The two most common types of basis sets are plane waves

and atom-centered functions (Gaussians, Slater-type orbitals or numeri-

cal atomic orbitals) [25, 26]. Considering that in this thesis the DFT code

VASP (Vienna Ab-initio Simulation Package) [32] has been mainly used,

I will focus on plane-waves, the basis set used by VASP.

Plane waves (PW) have the general form eik·r, where k is a wavevector

[27]. Physically, plane waves are the correct solution for free electrons, but

they work well for many types of materials and bonding, thanks also to

their computational efficiency [16]. The basis set is systematic, meaning

that the basis set can be made more complete simply by increasing the

maximum value of k included. Usually the number of PW included in a

calculation is determined by setting a cutoff energy to their kinetic energy,

so that the sum over i is truncated in order to consider only the plane

waves with a kinetic energy inferior to the chosen cutoff energy. It should

be noticed that large areas of vacuum are computationally expensive, as

PW fills all the space. On the other side, PW are reliable as the basis set

does not change when atoms move, so no Pulay forces are created [25, 16].
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2.2.5 Electron/Nuclear interaction

When solving for the ground state of a system, in principle all electrons

need to be considered. However, only valence electrons are normally in-

volved in bonding, so core electrons can be excluded, decreasing the over-

all computational time. The simplest way to avoid considering core elec-

trons is to freeze them in atomic states (frozen core approximation) [16].

A more elegant solution is based on the ascertainment that core electrons

mainly screen the valence electrons from the nuclear potential. The full

nuclear potential and the core electrons can therefore be replaced by a

new pseudo-potential. Pseudopotentials, first proposed by Fermi in 1934

and Hellmann in 1935 [25], allow the valence electrons to be thought of

moving in this effective ionic potential formed by the nucleus and core

electrons [25].

A generalization of the pseudopotential that allows for DFT calculations

to be performed with greater computational efficiency is the Projector-

augmented waves (PAWs) technique [33, 34]. Considering that valence

wavefunctions must be orthogonal to core states, they tend to have rapid

oscillations near ion cores; this situation is problematic because it re-

quires many Fourier components (or a very fine mesh) to describe the

wavefunctions accurately [25]. The PAW approach addresses this issue

by transforming these rapidly oscillating wavefunctions in the core region

into smooth wavefunctions which are more computationally convenient

[25]. It assumes the frozen-core approximation, but it is significantly

more transferable than pseudopotentials [16]. The PAW method is also

an exact all-electron method for a complete set of partial waves, and is

therefore extremely successful and widely used.

2.2.6 Electronic structure analysis

Electronic structure analysis is fundamental for understanding the prop-

erties of the system under investigation, in order to physically explain the

simulations results and compare them to experimental data [25].

When analyzing the results of an electronic structure calculation, it is

tempting to assign different properties to individual atoms. This can be a

delicate task, as there is no unambiguous way to assign regions of space
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to atoms. The simplest way would be to associate a sphere to each atom,

but in this case gaps would be left between spheres, meaning that the

electron density in the gaps would be lost. There are schemes, like those

of Hirshfeld and Becke [16], that allow dividing up the overlapping areas

between the spheres by giving them different weights. An alternative to

the use of spheres would be to use different shapes per every atom, in

such a way that the space could be filled unambiguously [16].

Atomic charge Concerning atomic charge, from a DFT calculation it is

possible to obtain the continuous electronic charge density. Different

schemes have been proposed to partition it among fragments of the sys-

tem such as atoms or molecules. There are approaches based on elec-

tronic orbitals, like the Mulliken population analysis and the density

matrix-based normal population analysis. Other schemes are only based

on the charge density, like the Hirshfeld and Bader analysis [16].

The Bader approach [35, 36] identifies the borders between atoms from

the topology of the charge density. The algorithm seeks the set of points

which are a minimum of the charge density along a bond and a maxi-

mum in the direction normal to the bond. Bader analysis can be compu-

tationally expensive, but it is widely used and powerful. An alternative

to Bader defines polyhedra (Voronoi polyhedra) using the planes that bi-

sect the vectors between pairs of atoms, then the space enclosed by the

planes is assigned to to central atom. A drawback of this method is that

different atomic sizes are not accounted for [16].

Density of States Apart from assigning charge to atoms, another prop-

erty that can be resolved onto an atom or a group of atoms is the density

of states (DOS). The DOS quantifies how many states (eigenstates in an

electronic structure calculation) are present at a particular energy, or

energy window [9]. It is important to get the DOS of the system under

analysis, because it can be directly related to data from experimental

techniques, like scanning tunneling spectroscopy. In a DFT calculation,

the DOS within an energy window can be simply evaluated by dividing

up the window into a set of bins, and counting the number of states in
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each bin. The discrete eigenvalues obtained are usually broadened, for

example with a Gaussian smearing or with the tetrahedron method. The

DOS can be local (LDOS), being the density of state at a particular site

of the system, or projected (PDOS), containing the information about

the contributions of the different orbitals per every atom. The problem

is always that in DFT the wavefunctions are delocalized, so there is no

unambiguous way to assign wavefunctions to particular atoms. Con-

cerning DOS, the most common approach is the simplest one, where a

sphere is defined around each atom. In this way, the DOS is projected

onto that sphere; it should be considered anyway that the resulting DOS

will depend on the sphere radius [16].

2.2.7 DFT issues

While in principle DFT could provide an exact description for the ground

state of the system, in practice it is not always reliable.

First of all its implementation is limited by the accuracy of the approxi-

mation used for the exchange-correlation functional [25]. Moreover, even

in the exact Kohn-Sham theory, the difference between the highest occu-

pied and lowest unoccupied eigenvalues does not equal the actual band

gap, at least in principle. This failure of DFT in calculating band gaps is

well known, though often it is possible to get good band structures. The

simplest solution to the band gap problem just consists in "cutting" the

bands apart in the gap and move them so that the band gap is correct.

More accurate methods than this scissor operator approach, such as GW,

are more computationally demanding and have their own limitations [16].

DFT is also affected by the self-interaction error: each electron moves

in the potential due to the total electron density, that includes itself (but

a single electron should not be repelled by itself). Hartree-Fock is not af-

fected by this problem despite also being a mean-field theory, because the

on-site exchange terms cancel out the self-interaction in the Hartree en-

ergy. The self-interaction error can be eluded in DFT either including an

expensive self-interaction correction, or including exact exchange though

the use of hybrid functionals [16].
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Van der Waals and dispersion interactions resulting from dynamical cor-

relations between fluctuating charge distributions are not captured by

standard DFT. This problem can be usually overcome using functionals

of the charge density. An other solution is to use the DFT-D2 semiem-

pirical method of Grimme [37, 38], which is optimized for several popular

DFT functionals, where van der Waals interactions are described via a

simple pairwise force field.

Finally, DFT does not work well when applied to strongly correlated

systems and transition metals. In the latter case, DFT+U methods can

be very effective, where a local potential is added to the d-states of the

transition metal [16].
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2.3 Molecular Dynamics

MD is a widely used computer simulation method that allows to get real-

time evolution of a dynamical process, ensembles’ averages and an opti-

mized ground state. Its applications space from materials science to as-

trophysics - from the infinitely small to the infinitely big. All systems that

obey Newtonian mechanics can be studied with MD. In classical MD the

Newtonian equations are solved at every time step, while in ab initio MD

the dynamic is described by the Scrödinger equation, providing a quan-

tum mechanical description of the system. Only classical MD (from now

on simply referred to as MD) is within the scope of this thesis. Limitations

of MD mainly concern time and length scales, computational cost and the

classical-nuclei approximation [17].

2.3.1 Solving the Equations of Motion

The history of MD started around 50 years ago [17], when Alder and Wain-

wright formulated a method to compute properties of a many-body sys-

tem.

However, MD’s fundamental equation is from the XVII century, thanks to

Sir Isaac Newton and the birth of classical mechanics [16]. MD is based

on numerically solving Newton’s equation of motion:

Fi = mir̈i = −∇iE (2.12)

for each particle i, where r is its position, F is the force acting on it and

E is the total energy of the system. It is interesting to point out that in

our case i runs over particles, but it could refer as well to molecules, plan-

ets or galaxies. Numerical methods are needed, since the N>3 problem

(where N indicates the number of particles) is not solvable analytically.

Computer simulations are therefore necessary to solve the 3N Newtonian

second order differential equations or the equivalent set of 6N Hamilto-

nian first order equations. Nowadays up to O(105) atoms [16] can be sim-

ulated in dynamical calculations for a few ns (with spatially parallelized

codes) [16].

It is very important to accurately calculate energies and forces, as the
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final result depends by these quantities. Newton’s equation must be inte-

grated with respect to time, in order to let the system evolve temporally

[17, 39]. A numerical integration method must therefore be used, being

accurate enough to conserve the total energy of the system. The equa-

tions are solved step-by-step, by small increments to the initial values,

using the positions r(t) and velocities v(t) to solve the state of the system

at a later time r(t + Δt), v(t + Δt). The time interval Δt used for the

numerical integration is called timestep. There are different MD algo-

rithms to perform the time integration, considering that exact solutions

are needed only for the time scales relevant to the correlation times of

interest [17]. Usually a predictor – corrector algorithm is used, for which

many alternatives exist. The idea behind is to use Taylor expansion over

the time-derivatives of r(t) and to correct the guesses made with correct

a(t) calculated from Fi(r, t) = miai(t), where a(t) is the acceleration [17].

An MD simulation algorithm must:

• satisfy conservation laws for energy, total linear momentum P and total

angular momentum L;

• allow the use of large Δt;

• give correct trajectories.

The natural time evolution of a system is computed numerically, and in

the end the quantity of interest is averaged over a sufficiently long time.

New atomic coordinates are evaluated and the state of the system is cal-

culated at every timestep, until the total time of the simulation is reached

[16].

The MD algorithm proceeds through the following steps:

• Setup the system, starting from initial (guessed) atomic positions;

• Start integrating in time;
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• Equilibrate until the system loses memory of its initial state;

• Get averages of the desired physical quantities.

Apart for the first step, the others are repeated until t equals the total

simulation time (see Fig. 2.5). The initial velocities are usually initialized

according to the Maxwell-Boltzmann distribution, followed by a thermal-

ization of the system [16].

Figure 2.5. Steps of the MD algorithm, where the equations of motion are solved at every
time step, until the total simulation time is reached.

2.3.2 Timescales

MD simulations on the atomistic scale can usually cover up to few

nanoseconds of a system’s dynamics. The timestep is very important for

the good outcome of the simulation: choosing a too small timestep leads

to very long and expensive calculations (but more accurate), while a large

timestep can lead to unphysical sudden variations in energy, apart for

problems related to energy conservation and time-reversibility [17]. Usu-

ally a timestep Δt ≤ 4 fs is needed for stability. Δt is generally limited by

the fastest process expected to happen during the simulation, with 10 fs
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as the absolute upper limit [40].

For every new system, new potential and new process, the suitability of a

certain Δt has to be tested carefully, remembering that there is always a

trade-off between accuracy and efficiency [16].

The simulation can be made more efficient limiting the atomic interac-

tions within a certain range from each particle, in other words setting up

a cut-off distance. This is done generating a neighbor list for each atom, to

reduce the computational effort from O(N2) up to O(N). An other way to

speed up the calculation is to use periodic boundary conditions, with the

system under study being inside a supercell, surrounded by its infinitely

replicated images [16].

2.3.3 Ensembles

To be able to relate the properties of atomistic, microscopic systems to

thermodynamic properties of a macroscopic system, certain system vari-

ables ("constraints") must be conserved. Depending on which variables

are kept fixed, different thermodynamic ensembles can be defined, where

"ensemble" indicates a set of states limited by constraints. The properties

of interest can be calculated from an ensemble average, following statisti-

cal physics [39].

The ensembles are denoted by the corresponding physical quantities

which serve as the constraints:

• Microcanonical ensemble (NVE)

• Canonical ensemble (NVT)

• Grand canonical ensemble (μVT)

• Isothermal-isobaric ensemble (NPT)

where N is number of particles, V volume, E energy, T temperature,

μ chemical potential and P pressure. The simplest constraints are the

ones characterizing the microcanonical ensemble: by default MD is a NVE

36



Methods

method. However, NVE hardly describes experimental conditions, so it is

just seldom used [39].

One of the most common set of contraints is to consider fixed particle num-

ber, volume and temperature: the canonical ensemble, also indicated as

NVT. In this ensemble the system is considered as closed and immersed in

a large heat bath (the system is anyway not heat-isolated). How can it be

possible to maintain a constant temperature through the MD simulation?

The simplest way would be to rescale the atoms’ velocities every few

timesteps, given that the temperature is measured from the kinetic en-

ergy of the atoms in the systems. Unfortunately this method does not

conserve energy and is not time-reversible. A more accurate approach

mimics experiments, where usually the sample is immersed in an heat

bath in order to get thermal equilibrium - thermostats are based on this

idea [16].

Generally, temperature-control methods are divided in:

• Constrained (Velocity rescaling)

• Stochastic (Andersen, Langevin, DPD)

One of the most commonly used thermostat is the Langevin one, where

at each timestep all particles receive a random force and have their ve-

locities rescaled using a constant friction. These frictional forces de-

pend on the kinetic energy error, so they are related to the difference

between the actual and desired temperature. A time constant describes

the strength of coupling to the heat bath [39].

• Extended system (Nose-Hoover method)

In the Nose-Hoover method, a thermodynamic friction coefficient is

introduced, allowing to get a canonical ensemble with smooth, time-

reversible atomic paths [39].

In an NPT simulation, a barostat is coupled to a thermostat, in order to

maintain constant also the pressure, allowing the volume of the system to

change.

The coupling between the thermostat and the barostat is an important

parameter to consider: a large coupling will perturb the atoms dynamics
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more, while a small coupling will instead lead to large oscillations around

the desired parameter [16].

It should be noted that, generally, different ensembles are better suited

for different problems.
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3. Background

After the theoretical introduction given in the previous section, the cur-

rent state of the research in functional interfaces is explained in the cur-

rent chapter.

3.1 CMOS devices

Complementary metal–oxide–semiconductor (CMOS) devices are funda-

mental in the construction of integrated circuits, widely used in all of

today’s electronic equipment, ranging from computers to mobile phones

[9]. Desirable transistor properties include high charge-carrier mobilities

for fast operation, a high on/off ratio for the effective switching, high con-

ductivity and low off-state conductance, in order to minimize the power

consumption during operation [4].

Unfortunately the defects already present in CMOS devices, activated

and multiplied by an applied bias during the device activity, give rise to

several issues that seriously affect the performances and durability of the

CMOS.

The main problems are the following:

• Gate oxide leakage and breakdown (SILC/SBD): Under device opera-

tion, new defects generated in the oxide result in “stress-induced leak-

age current” (SILC) that, together with the formation of conductive

percolation paths (or soft breakdowns, SBD), significantly increase the

power consumption;
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• Bias Temperature Instabilities (BTI): some parameters, like the thresh-

old voltage, can be significantly modified by the generation of charged

bulk and interface states. The gate oxide electric field and the tempera-

ture enhance this effect;

• Low-frequency noise (RTN): it is caused by the interaction of channel

carriers with oxide defects, in very scaled devices;

• Hot Carrier Degradation (HCD): with device scaling, the rapid increase

of the electric field in the channel generates hot carriers that create

oxide defects near the drain, leading to reliability problems.

According to the well-known Moore’s law [41], the atomistic fundamen-

tal limit to the miniaturization of the CMOS devices will soon be reached.

With the continuing size reduction of transistors, the gate dielectric thick-

ness approaches the atomistic limit, where quantum effects cannot be ne-

glected anymore.

The research of possible solutions to these problems starts from the

atomistic scale. In order to face the continuous miniaturization of the

CMOS devices, new materials have been introduced, like high-k di-

electrics (TiO2, Al2O3, HfO2) to replace silica as gate dielectric [9]. Silicon

dioxide is the conventional gate dielectric, but when its thickness is infe-

rior to 2 nm, leakage currents due to tunneling effects become very high,

causing high power consumption and low device reliability. The usage of

high-k dielectrics allows similar device performance, but with a thicker

gate insulator, that greatly reduces leakage current. Moreover, the use

of high-k dielectrics next to the conducting channel of a semiconductor

has been predicted to diminish the Coulomb scattering given by impuri-

ties, known as the principal cause of mobility reduction [42]. It should be

noted that even beyond the silicon horizon, a demise of CMOS technology

is unlikely [43].
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3.1.1 COMB potential

As the scale of CMOS devices is approaching the atomistic scale, the de-

vice reliability is greatly influenced by defects, that need to be analyzed

in order to understand how to control them. Individual defects present

in the interface could be analyzed with DFT [44] (as done in Publication

I), but more efficient and sufficiently reliable methods are needed in or-

der to dynamically simulate the formation of defects, as well as to sample

the phase space for stable defect structures [45]. The family of COMB

potentials is ideal in this regard, as it has been parameterized for both

hafnia and silica phases, and tested within our own atomistic simulator

in Publication II. In Publication III the COMB potential has been tested

for describing defects in silica and hafnia.

Hafnia is a very commonly used high-k dielectric in current microelec-

tronic devices [46]. The interface between hafnia and silica is therefore

one of the most studied one. It is important to have a potential able

to correctly model the charge transfer processes taking place at the in-

terface. Charge-dependent many-body potentials are optimal, allowing

to model situations where electrons are effectively transferred. To date,

one of the main variable-charge bond-order potentials is the Charge Opti-

mized Manybody Potential (COMB) [47].

COMB describes the atomic system in terms of atomic positions {r} and

effective atomic charges {q}, which are both allowed to evolve dynami-

cally. This means that charges are assumed to respond to changes in the

system much faster than atomic positions; in this way they are allowed to

find an equilibrium configuration after each change in the spatial coordi-

nates.

Three versions of COMB exist with slightly different formulations [48],

representing different materials. In Publication III, we used the second

generation of the COMB parameterization of silicon, silica, and hafnia

[49, 50], that includes 42 parameters fitted to reference data.

The COMB potential energy is given by:
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U =
∑
i

U self
i +

∑
(i,j)

Umb
ij +

∑
(i,j,k)

U bend
i,j,k (3.1)

where U self
i is the self-energy of atom i, Umb

ij contains pair and many-

body interaction involving the bond between atoms i and j, and U bend
i,j,k is

the bond-bending energy of the bonds between atoms i-j and j-k. The

summations go over all atoms i, all pairs (i, j) and all triplets (i, j, k), re-

spectively.

The self energy of an atom describes the energy associated with charging

an atomic site. In COMB, this is expressed as:

U self
i =

4∑
n=1

ci,nq
n
i + cminχqi<qmin(qmin− qi)

4+ cmaxχqi>qmax(q− qmax)
4 (3.2)

where c denotes parameters and χq<Q is the characteristic function,

which is 1 for q < Q and 0 otherwise. This simply means that an ex-

tra penalty term is applied if the charge q is not between the limits qmin

and qmax.

The bending term U bend
i,j,k describes the energies associated with bending

atomic bonds. For silica, the bond bending terms are applied for Si-O-Si

and O-Si-O bond angles, while Hf-Hf-Hf angles are the ones treated in

hafnia. The contribution is:

U bend
ijk = USi−O−Si

ijk + UO−Si−O
ijk + UHf−Hf−Hf

ijk (3.3)

where the different single terms are function of the angle between the

atoms of the triplets. The bending term also depends on a cutoff function

that ensures finite lengths for the bonds.

The last term of the COMB potential energy is Umb
ij , that contains pair

and manybody interactions:

Umb
ij = U repulsive

ij + Uattractive
ij + UCoulomb

ij + U correction
ij (3.4)

where the terms represent, in order, repulsive and attractive bonding

potentials, the electrostatic potential, and additional corrections, respec-

tively.

The repulsive potential formulation is:
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U repulsive
ij (rij , qi, qj) = fR

ijAij(qi, qj)e
−λijrij (3.5)

where A is related to a COMB parameter.

The attractive part is similar:

Uattractive
ij (rij , qi, qj) = fR

ij bijBij(qi, qj)e
−αijrij (3.6)

but it also includes an extra charge scaling function in Bij and a Tersoff-

type bond order factor bij [18], resulting in manybody interactions.

COMB treats the electrostatic interaction between charged atoms as a

screened Coulomb interaction calculated between s-type Slater orbitals.

In this way the atomic charges are represented by the charge densities:

ρi(r) = qi
ζ3i
π
e−2ζi|r−ri| (3.7)

where ζi is a decay constant and ri is the position of the atomic centre.

COMB is parameterized for a screened Coulomb interaction [51], where

the electrostatic potential has the form:

UCoulomb
ij =

1

4πε0

qiqj
rij

[
erfc

(
rij

σ
√
2

)
− u(ζi, ζj , rij)

]
− 1

4πε0

1

σ
√
2π

N∑
i

q2i (3.8)

Technically, this corresponds to an Ewald summation where the recip-

rocal space summation of long range interactions in a periodic system are

not included. This screening anyway makes the sum converge rapidly.

The parameter σ is the width of the gaussian charge densities screening

the atomic charges. In the LAMMPS version of COMB, the Coulomb sum

is truncated at a certain cutoff distance, to ensure a smooth termination

of the potential energy and forces.

Finally, corrections are introduced to bias certain configurations and

force the correct energetic order for the most common silica and hafnia

polymorphs. These are the field, over-coordination, and repulsion correc-

tions:

U correction
ij = Ufield

ij + UHfO−overcoordination
ij + UHfO−repulsion

ij (3.9)

where the field correction is applied to all atoms (and is called "penalty

function" in the Shan paper [49]), over-coordination correction to Hf-O
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bonds, and the repulsion correction modifies the repulsive interaction be-

tween Hf and O.

COMB potentials have been built primarily to reproduce bulk and inter-

face properties, so their reliability in describing defects is not well known.

In Publication III the COMB potential has been benchmarked against

DFT by analysing a group of small silica and hafnia clusters [52, 53, 54].

Moreover, the diffusion of oxygen interstitials in hafnia has been investi-

gated, to get a direct comparison between COMB and related literature

[55, 56, 57].

3.2 TMDCs and functionalized graphenes as new materials for
microelectronics

Recently, transition metal dichalcogenides (TMDCs) have become a par-

ticular promising class of two-dimensional materials for field-effect tran-

sistors [58, 59, 60, 61, 62]. These include for example MoS2, MoSe2 and

WSe2. The production processes of TMDs are currently well-established,

ranging from top-down exfoliation of the bulk material using the solution-

approach to the bottom-up synthesis method with chemical vapour depo-

sition [4]. TMDCs have distinct properties, like sizeable bandgaps around

1-2 eV [4] -close to the 1.1 eV silicon band gap- that vary from indirect

to direct in single layers. Moreover, TMDCs are structurally stable, don’t

have dangling bonds and have mobility values comparable to that of Si

[4]. The TMDC monolayer MoS2 has particularly gained significant at-

tention as a channel material for next-generation transistors.

While these properties are certainly encouraging, one major limitation

of MoS2-based FETs is that the fabrication of p-FETs is challenging [15].

TMDC FETs based on a Schottky device architecture can contain either

electrons (n-FET) or holes (p-FET) in the conducting channel, depending

on whether the Schottky barrier height (SBH) is smaller relative to the

conduction or valence band, respectively [15]. While researchers have

constantly tried employing high work-function metal contacts with the

aim of obtaining hole-based transport, the devices have widely shown n-

character instead [15]. This intrinsic behavior of the unmodified MoS2-
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metal interface hinders the construction of fully integrated circuits [4],

because of the difficulty in obtaining CMOS devices.

The fabrication of p-FETs based on monolayer MoS2 is challenging

[15] because of a particular interfacial phenomenon occuring between the

TMD and the metal contact, namely Fermi level pinning (FLP) [63, 64].

Even though its origin is not completely understood, it is commonly be-

lieved that the interfacial gap states between MoS2 and the metal con-

tacts are responsible for pinning the Fermi level close to the conduction

band, even when using a high work-function metal. These gap states may

be surface states (Bardeen’s theory), metal-induced gap states (MIGS) or

defect/disorder induced gap states (DIGS) [63, 64]. The MIGS theory is

currently considered the best candidate to explain the origin of the gap

states [65, 66].

One way to overcome this issue is to heavily dope the semiconductor

in the contact region, but it is well known that doping a 2D material

is a difficult task [67, 68]. An alternative solution would be to insert a

buffer layer between the semiconductor and the metal, thereby suppress-

ing the interface states and de-pinning the Fermi level. Such a buffer

layer has to be sufficiently thin in order to avoid forming a large barrier

for the charge carriers to tunnel across [67]. In this direction, different

oxides have been proposed as efficient hole-injection layers, such as sub-

stoichiometric molybdenum trioxide (MoOx, x < 3) [15] and NbS2 [67]. It

should be considered that depositing MoO3 requires high-vacuum cham-

bers for its production and is incompatible with the solution-based ap-

proach to making TMD-based FETs, while the production of monolayer

NbS2 is currently not well-established [69].

The idea proposed in Publication IV and Publication V is to use a

graphene derivative as a buffer layer (see Fig. 3.1), in order to obtain

p-type devices based on MoS2.

Graphene has received much attention in the past decade [70], due in

large part to its exceptional electronic properties such as ultrahigh carrier

mobility. However, the absence of a band gap has limited the progress of
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Figure 3.1. An hole-injection layer is sandwiched between the MoS2 active layer and the
metallic contacts.

graphene-based technologies. For example, graphene field-effect transis-

tors (FETs) cannot be turned off effectively, and even though small band

gaps have been successfully opened in graphene [71, 72, 73, 74], the de-

velopment of devices operating at room temperature with a low stand-by

power dissipation remains a challenge [58].

Graphene can be functionalized in many different ways, in order to open

up a band-gap. Graphene oxide (GO) can be defined as a sheet of graphene

with oxygen functional groups, predominantly in the form of epoxies and

hydroxyls, randomly attached to its basal plane (see Fig. 3.2a). The pres-

ence of oxygen groups disrupts the sp2 network in graphene, thereby mak-

ing it an insulator [75]. The utilization of GO in next-generation TMDC

devices has many advantages. Production of GO using the widely avail-

able Hummers’ method is simple and inexpensive [75]. Further, GO can

be processed in solution, allowing precise control over the number of de-

posited GO layers, down to a monolayer [75].

In Publication IV GO has been successfully proposed as an hole-injection

layer for MoS2-based devices.

Other functionalized graphene derivatives that could be used as hole-

injection layers are halogenated graphenes that, thanks to the halogens

attached to the graphene plane, exhibit a wide range of interesting prop-

erties [76]. Some of them have recently been synthesized, while others,

like chlorinated graphene, still have to be prepared. It is nowadays possi-

ble to produce Bromo-graphene and Iodine-graphene, but their stability is

an issue, with the latter spontaneously decomposing into its constituents
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Figure 3.2. Example of relaxed supercells (lateral view) formed by MoS2 in contact with
graphene oxide (a) and graphene fluoride (b). In (b), platinum is used as a
contact metal. Color code: Mo is violet, S is yellow, C is brown, O is red, F is
blue and Pt is grey.

[77]. The only graphene halide stable at ambient condition is graphene

fluoride (GF), also commonly denominated fluorographene.

Graphite fluoride (see Fig. 3.2b), the bulk counterpart of graphene fluo-

ride, is used as a cathode material in primary lithium batteries, and also

as an additive for lubricants and paints. GF as a monolayer has only been

synthesized in 2010 [76]. The easiest production method is mechanical ex-

foliation of pristine graphite fluoride, in a similar way to getting graphene

from graphite, but large-scale applications are difficult. GF can also be

prepared from graphene fluorination, either at high temperature (leading

to C2F and CF stoichiometry) or at room temperature, with a gaseous mix-

ture of fluorine and HF (resulting in CxF (x < 2) structures) [78] or xenon

difluoride [79]. In this last case the maximum fuorination can be 25%

for single-side exposure (C4F) or 100% for double-sided exposure (CF),

implying that the actual GF stoichiometry depends by the experimental

conditions. Overall GF is much more stable then graphane, has high ther-

mal and chemical stability [80] and a strong insulator behaviour, with an

experimental band gap around 3 eV [80]. Moreover its easy production

methods and mechanical strength comparable to graphene’s make it a

promising hole injection layer for TMDC-based electronic devices.
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4. Results

The main results from each publication are presented in this section, after

a general description of the computational details of the simulations.

4.1 Setup

Simulations of interface geometries and electronic structures have been

performed at the ab initio level [55, 81] using plane-wave density

functional theory (DFT), as implemented in the VASP package [32].

The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [29]

is used, while core electrons [33, 34] are described by the projector-

augmented-wave method. Van der Waals (vdW) corrections are consid-

ered through Grimme’s DFT-D2 method as implemented in VASP [37, 38].

Atomic positions are relaxed using the conjugate gradient method. A vac-

uum region normal to the surface is used to avoid interaction between

the slab images. For every different calculation, convergence has been

checked against cut-off energy and mesh sampling. The Bader algorithm

[35, 36] has been used for estimating the partial charges associated with

each atom from the calculated charge densities.

A new software called Pysic has been tested with the COMB potential

(see Publication II). This Python environment software has been devel-

oped for MD simulations of interfaces using different bond order poten-

tials. It is integrated by the Atomistic Simulation Environment (ASE)

tool, containing efficient dynamics and optimization routines, including

constrained algorithms and a choice of thermostats. Pysic allows to

use different potentials within the simulation, like the charge-optimized

many-body potential (COMB).
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The MD code LAMMPS [82] has been used to test the COMB potential.

4.2 Alumina films with a defective spinel structure

Atomistic simulations can be used to explain results from experimental

processes. In Publication I DFT calculations have been used to help un-

derstanding atomic-resolution non-contact atomic force microscopy (NC-

AFM) results regarding alumina. A perfectly crystalline (100)-oriented

transition alumina film with a defective spinel structure has been experi-

mentally realized on a spinel MgAl2O4(100) surface (see Fig. 4.1).

Figure 4.1. Sample structure of the MgAl2O4 surface. The pink spots indicate the loca-
tions of the vacancies.

To obtain a better understanding of the surface termination of the film

and the possible distribution of the Al vacancies in the film layers and

surface, the structure and energetics of uniform s-Al2O3/MgAl2O4(100)

systems were simulated by means of DFT calculations, computing the in-

terface energy of the most relevant γ-Al2O3 films with respect to the bulk

MgAl2O4 structure. This synergy between computational and experimen-

tal results has demonstrated that it is possible to synthesize smooth and

crystalline epitaxial thin films with surface characteristics of a spinel-type

transition alumina (100) surface. These new transition alumina films will

make it possible to experimentally address atomic-scale aspects of the

surface chemistry of transition aluminas and catalyst metal/support in-

teractions in a fundamental way.
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4.3 Silica and hafnia modeled with the COMB potential

In Publication II, the new software Pysic has been presented for evalua-

tions of classical atomistic force fields. A library of pair and many body po-

tentials are included in Pysic, and also tabulated potentials can be used.

Pysic’s flexibility makes it ideal for the testing of the COMB potential,

carried out in Publication III.

In Publication III, both the implementation in the Lammps package

[82], written by the original developers of the potential, and our own im-

plementation in the code Pysic [83] have been used. Several bugs were

found in the original Lammps implementation of the second-generation

COMB potential. Due to these Lammps issues, we have used our own

modified Lammps version in all calculations. We did not change the pa-

rameters file though, keeping on using the original COMB parameters.

As a test of the robustness of the energy hierarchy predicted by COMB,

we have reduced the Si–O attraction strength parameter by 10% (this

parameterization is called "COMB modified" in Fig. 4.2). The COMB po-

tential has been tested against silica and hafnia bulk phases and small

clusters. The results obtained with COMB have been compared to DFT,

as a benchmark.

DFT and COMB results for bulk silica and hafnia phases are in good

agreement, with fairly minor changes in both bond lengths and angles.

However, in order to accurately describe defects, where the local atomic

bonding configuration differs from the bulk phase substantially, the po-

tential also needs to replicate structures with low coordinated atoms, like

clusters.

4.3.1 Si3On (n = 1 . . . 6) clusters

Fig. 4.2 shows the relaxed Si3On structures. Small clusters like Si3O and

Si3O2 show charge instability and asymmetric configurations. In particu-

lar, COMB gives the minimum energy configuration for Si3O when charge

is accumulated at one of the Si atoms, leading to an asymmetric configu-

ration. According to COMB, the energy of this configuration is in fact 0.1

eV lower than that of the symmetric configuration, making it the ground

state configuration as predicted by COMB. A similar asymmetric COMB

ground state is found for the Si3O2 cluster, where the energy difference be-
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Figure 4.2. Comparison between Si3On (n = 1 . . . 6) clusters relaxed with DFT (left),
COMB (center) and the modified COMB version (right). All lengths are in
Å. Silicon atoms are blue, while oxygen ones are red.

tween the lowest energy symmetric and asymmetric structures is about

0.2 eV. With larger clusters, the lowest energy is always found in the sym-

metric configuration. All the asymmetric states are unstable in DFT. Us-

ing the analysis and scripting power of Pysic, it is fairly easy to search

for minimal changes in the potential that restore the expected symme-

tries. "COMB modified" finds a symmetric ground state for each cluster,

although there are still quantitative differences to DFT structures. A sim-

ilar comparison between DFT and COMB has been done for hafnia clus-

ters, and again considerable qualitative discrepancies between DFT and

COMB are found for the small clusters. COMB especially predicts wider

bond angles than DFT. Similarly to silica, larger clusters show a better

agreement. Both calculation methods predict asymmetric clusters.
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Figure 4.3. Interstitial oxygen as predicted by COMB and DFT at the beginning (a, b)
and the end (c, d) of the diffusion process. The defect oxygen atom is shown
in dashed yellow. All lengths are in Å.

4.3.2 Oxygen diffusion in hafnia

As a test case of a real defect in bulk material, the diffusion of oxygen in

hafnia has been investigated. This process has direct technological rele-

vance and it has been extensively studied, making it an ideal benchmark

system.

We have chosen to simulate diffusion in the monoclinic phase of hafnia

because it is the most stable phase at low temperatures [84], in fact it is

commonly used as a gate-dielectric film in transistors. Oxygen can dif-

fuse through hafnia either with an exchange or interstitial mechanism,

where generally the former is favored [81]. Therefore we analyze struc-

tures where an additional O atom is placed at two different interstitial

sites, corresponding to the initial and final configurations of the expected

rate-limiting exchange process (see Fig. 4.3). In both cases, when starting

from a configuration where the interstitial O atom is placed close to the

centre of the interstitial volume, DFT predicts substantial relaxation of

the structure, where several atoms are shifted by more than 0.5 Å. COMB

relaxation also leads to some atoms shifting by 0.2-0.3 Å, but the intersti-

tial O remains at the symmetric site, unlike in the DFT calculation.

To investigate the possibility of several local minima, the DFT-relaxed
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structures were recalculated with COMB. In both the initial and final

configurations, COMB predicts metastable states similar to the DFT-

structures, but these configurations are 1.2 eV and 2.1 eV higher in energy

(according to COMB) than the more symmetric configurations obtained by

starting the relaxation with the O atom at the centre of the interstitial vol-

ume. This means that the problem of multiple local energy minima seen

with the small clusters is observed also with the interstitial defect, but

this time DFT predicts an asymmetric ground state and COMB a sym-

metric one.

4.4 Silica under high pressure

In an on-going project, simulations are necessary to validate

experimentally-obtained amorphous silica structures under high pres-

sure. An initial configuration at 0, 30 and 109 GPa was generated by

reverse Monte Carlo (RMC) based on experimental data. Classical MD

has been used in order to enable relaxation of the initial structure without

completely erasing the memory of the starting structure. The simulations

have been carried out in LAMMPS, in a NPT ensemble, using a Nose-

Hoover thermostat (other ensembles and thermostats have been tested).

Different procedures regarding the simulated annealing procedure have

been tried out.

Figure 4.4. Simulated annealing process starting from the initial RMC structure. Tmax

is 2000 K for the 0 and 30 GPa samples, and 3000 K for the 109 GPa one.

As a first test (see Fig. 4.4), the initial RMC structure is equilibrated,

heated up, thermalized and finally cooled down to 300 K and again equi-
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librated.

Figure 4.5. Simulated annealing process where, starting from silica under ambient con-
ditions, the pressure is increased after each simulated annealing cycle.

Fig. 4.5 shows a slightly different procedure, where instead of starting

from the three RMC-based structures and do separated simulated anneal-

ing, the silica structure at ambient condition is used as the starting point,

increasing the pressure after each simulated annealing cycle. An other

possible scheme has been also tested, based on using as the starting con-

figuration for simulated annealing the initial RMC structure’s atomic co-

ordinates scaled to the experimental density of the higher-pressure phase.

In order to perform the MD simulations, a force-field able to give phys-

ical results is fundamental. I have tested different parameterisations of

ReaxFF [19], COMB [49] and finally the CHIK [85] and BKS potentials

[86].

In the end, physically meaningful structures have been obtained with

the BKS potential, to which a short-range strong repulsion Lennard-Jones

potential has been added to avoid the collapse of the sample at high tem-

peratures. This has only been possible for samples at 0 and 30 GPa, while

instead no realistic structures have been obtained in the silica sample at

109 GPa. Indeed, many potentials gave final silica structures with un-

physical bond distances below 1 Å and 3-coordinated Si atoms. The fol-

lowing step in the project is to run DFT-MD at constant temperature, in

order to produce reasonable results.
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This analysis highlights the intrinsic limitations present in the current

interatomic potentials. A careful testing of the chosen potential is funda-

mental in order to obtain meaningful results.

4.5 Hole injection layers

4.5.1 Graphene oxide

In Publication IV graphene oxide (GO) has been proposed as an efficient

hole-injection layer for MoS2-based FETs.

GO is non-stoichiometric and has a predominance of epoxy and hydroxyl

functional groups randomly attached to the graphene basal plane [87, 88].

In order to account for the heterogeneity, we have constructed different

interfaces, varying the epoxy to hydroxyl ratio (1:1, 2:3, 3:2, only epoxy

and only hydroxyl) and the oxygen concentration (4-25% [89]). We fur-

ther considered a statistical set of at least 20 structures for every oxygen

concentration and functional group ratio to obtain meaningful averages of

the computed properties. After having relaxed the GO/MoS2 structures,

the DOS and the band structure have been computed to obtain a value

for the MoS2 p-type SBH. n-type SBH is defined as the energy difference

between the Fermi level and the minimum of the conduction band, and

similarly the p-type SBH is given by the energy difference between the

valence band maximum and the Fermi energy.

Fig. 4.6 shows the correlation between the MoS2 p-type SBH and the

oxygen concentration in the GO monolayer, functionalized with different

ratios of epoxy to hydroxyl groups. Each data point is obtained by av-

eraging over 20 structures, and the error bars represent the standard

error of the mean. It can be easily noticed that the p-type SBHs con-

sistently decrease with increasing oxygen concentration for all functional

group composition values considered. Furthermore, the p-type SBH can

be decreased by increasing the proportion of epoxy functional groups with

respect to the hydroxyl groups, an effect that grows with oxygen content.

In particular, we obtained a significantly low p-type SBH value of 0.02 eV
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Figure 4.6. MoS2 p-type SBH values as a function of the oxygen concentration (atomic
%) in GO, using GO with different epoxy to hydroxyl ratios. The results are
obtained by averaging at least 20 structures, and the error bars represent
the standard deviation of the mean calculated for the same set of structures.

in the case of a GO sheet with ≈25% oxygen concentration, functionalized

with epoxy groups alone. In addition to obtaining low SBH values, our

calculations also show the possibility to tune the SBH (up to nearly 1 eV)

at the MoS2/GO interface by controlling the oxygen concentration and the

relative fraction of functional groups in GO.

In order to understand how the Fermi-level of the MoS2/GO interfaces

changes depending on the structural characteristics of GO, we have com-

puted the work function of hydroxyl- and epoxy-only GO (Fig. 4.7a). As

expected, the work function increases with higher oxygen concentration,

although while hydroxyl functionalized GO varies by only a small amount

(0.2 eV), the epoxy case changes by more than 1.2 eV, attributed to the

higher electron-withdrawing ability of the epoxy groups [90]. Fig. 4.7b

shows a plot of the Fermi-level shift of GO relative to the valence band

maximum of MoS2, upon formation of the interface, as a function of the

corresponding work function of GO. Linear fits give the slopes 0.36 (epoxy

case) and 0.47 (hydroxyl case), values considerably lower than the 0.71

fitted for monolayer MoS2 in contact with six different metals [63], indi-

cating that Fermi level pinning in the case of monolayer MoS2/GO is, by

comparison, weaker.
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Figure 4.7. (a) Effect of the oxygen concentration on the work function tunability of GO,
computed for GO with epoxy and hydroxyl functionalization. (b) The relative
Fermi level shift of GO structures upon forming a contact with MoS2, as a
function of the corresponding work function of GO. All results are obtained
by averaging over 10 structures, and the error bars represent the standard
deviation of the mean calculated for the same set of structures. The dashed
lines are linearly interpolated.

4.5.2 Graphene fluoride

Considering that it is experimentally difficult to produce GO with only

epoxy functional groups, an other functionalization of graphene, graphene

fluoride (GF), has been investigated.

While GF can be experimentally synthesized with many different stoi-

chiometries, we have decided to restrict our analysis to the two most re-

current values, i.e. with 50% fluorine coverage and full coverage, namely

C2F and CF.

Concerning the arrangement of the fluorine atoms on the carbon plane,

all related literature confirms that the chair configuration is most favor-

able, although it should be noted that the other configurations are un-

stable by only a small energy value [91, 92, 78]. Further, ab-initio calcu-

lations disagree with experiments on many fronts. These discrepancies

have been ascribed to possible different or mixed fluorine configurations
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on the graphene plane or to the intrinsic presence of defects in the GF

samples [91, 76]. Based on the reasons mentioned above, we have decided

to model GF by randomly attaching the fluorine atoms above and below

the graphene plane, as shown in Fig. 3.2 [93]. For each of the two fluorine

concentrations, we have considered a statistical set of 10 structures, in a

similar way to what has been done in the case of GO. We have also simu-

lated GF in its most favorable configuration, i.e. the chair configuration,

for coherence with the existing literature.

Differently than in Publication IV, now the metal contacts have also

been included in the simulation cell. We have chosen platinum as an

ideal p-type contact metal, given its high work function of approximately

6 eV [94] with the (111) surface facing the buffer layer. By analyzing

the surface energy vs. number of layers, we have found that six layers

are a good approximation to model the metal slab [95]. For each of the

relaxed metal-GF-semiconductor structure, we have computed the den-

sity of states (DOS) in order to obtain the hole Schottky Barrier Height

(p-SBH), defined as the energy difference between the maximum of the

valence band and the Fermi level [96, 63]. We have adopted the reference-

energy method to estimate the p-SBH (see refs. [67, 97, 65] ), by aligning

the semi-core levels of the adsorbed TMD with those of a free-standing

TMD layer.

Our results demonstrate that using C2F as a buffer layer between MoS2

and Pt yields nearly an ohmic contact (p-SBH value of 0.05 eV). Instead,

we obtain a larger value of p-SBH (0.51 eV), upon using CF as a buffer

layer. This result is interesting and counter-intuitive, because given the

higher concentration of flourine atoms of CF compared to C2F (and con-

sequently a higher work function value), one would expect an even lower

p-SBH value compared to the case of C2F. On the other hand, when WSe2
is employed as a channel material instead of MoS2, we observe ohmic con-

tacts in both the cases of C2F and CF.

In order to understand the physical basis behind the aforementioned re-

sults, we proceed to investigate the different interfaces in greater detail.

We quantified charge transfer at the interface, by computing the plane-

averaged electron density difference Δn(z) = nTMD|GF |metal − nTMD −
nGF −nmetal, where nTMD|GF |metal is the total electron density of the three-

layer interface, while nTMD, nGF and nmetal are those of the individual
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Figure 4.8. Plots of the plane-averaged electron density difference (Δn(z)) along the z di-
rection, for MoS2/GF/Pt interface with GF as C2F (a) and CF (b). Colourcode:
red indicates electron accumulation, while blue stands for electron depletion.
At the top of each figure the atomic plane positions are given for reference
(see Fig. 3.2 for the atoms legend).

TMD, GF and metal layers, respectively [96] (see Fig. 4.8). At the TMD-

GF interface, we observe that the charge transfer is weak compared to

the case without using GF as a buffer layer. This correlates to the fact

that TMD is only physisorbed onto the GF layer, and the TMD atomic

structures are unperturbed, thereby avoiding the formation of gap states

that are known pin the Fermi level close to the conduction band. Fur-

ther, we observe that the electron transfer at the metal-GF interface is

significantly smaller in the case of CF when compared to the case of C2F.

The weaker electron transfer results in a smaller value of the interface

dipole and consequently, a smaller overall work function of the Pt metal

in contact with CF. This result helps understand why we observe a higher

value of p-SBH in the case of MoS2-CF-Pt when compared to the case of

MoS2-C2F-Pt.

A further analysis reveals that the distance between the layers in-

creases as more fluorine atoms are present in GF. This behavior does not
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Figure 4.9. Partial density of states (PDOS) of MoS2/Pt interfaces (a), MoS2/C2F/Pt (b)
and MoS2/CF/Pt (c). The blue shaded zone in each figure indicates the con-
duction band and valence band edges, determined by the TMD’s transition
metal d-orbitals projection in the band structures. The red shaded area high-
lights instead the TMD’s chalcogen p-orbitals, while the yellow area denotes
the carbon p-orbitals.

depend on the semiconductor chosen, as it is observed both in MoS2 and

WSe2. This relationship between fluorine concentration and layers dis-

tance is reflected on the electronic properties of these interfaces.

To further understand the origin of the p-SBH values, we analyze the

electronic structure of different interfaces. Figure 4.9 shows the partial

density of states (PDOS) of the MoS2/GF/Pt interfaces, also including the

case without the GF buffer layer. First, we notice the presence of gap

states of the Mo d-orbital character at the MoS2/Pt interface that, as
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shown in Fig. 4.9a, is metallic, consistent with previous work. When

the buffer layer is introduced, the states of GF are visible in the band gap,

together with the metallic Pt states. These GF states are formed by the C

p and F p-orbitals. These states are delocalized across the entire band gap

in the case of C2F, while they are strongly localized for CF. Such strong lo-

calization can further lead to Fermi level pinning at these states and lead

to larger p-SBH values as seen for the case of CF. Therefore, we conclude

that, in addition to the charge transfer at the interface, the presence of

localized mid-gap states in CF can contribute to Fermi level pinning and

larger p-SBH values.
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5. Discussion

Molecular dynamics (MD) and density functional theory (DFT) simula-

tions have been used to investigate the oxide/semiconductor interface be-

tween different materials.

In general, atomistic potentials are typically characterized by a large

number of parameters which are fitted to reference data. This is a difficult

process, but, if correctly implemented, the resulting potential is able to

correctly describe the system at least in some part of the phase space.

The fitting procedure makes sure the potential reproduces the properties

that were included in the reference data, but care must be taken in using

the same potential on a different system.

The COMB potential, in particular, is an empirical potential parame-

terized for bulk phases, therefore it has been found to have substantial

shortcomings when describing small systems like defects, where the local

bonding environment is different compared to the bulk. Moreover, like

in all phenomenological potentials constructed from pair and many-body

interactions [98], COMB includes many spurious energy minima where

the structure optimization algorithm may end up in. These non-physical

metastable states are close to the actual minimum energy configuration,

as in the case of the silica clusters. This makes it challenging to evalu-

ate which configuration obtained with COMB, if any, corresponds to the

real ground state, as the structures calculated from COMB all seem plau-

sible. Simulated annealing done with COMB may anyway provide rea-

sonable starting points for more advanced methods, as overall the system

should behave realistically if the COMB structures do not differ signifi-

cantly from realistic ones.
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In short, COMB is likely suitable for calculating bulk properties and

possibly also finite temperature simulations such as annealing, but it

lacks predictive power. Hence results obtained with COMB should be fur-

ther verified with more advanced methods, if low coordinated structures

like defects are present in the system.

The reliability and validity of force fields also need to be carefully

checked. In the case of simulated annealing of silica under high pres-

sure, the heating/cooling rates [99] and the speed of the annealing play

an important role on the quality of the overall results. More importantly,

the domain of applicability of the force field has to be carefully tested, as

systems far from the fitting may not be properly described.

The DFT study of the interfaces between transition metal dichalco-

genides (TMDC) monolayers and functionalized graphenes highlights the

key role of hole-injection layers based on graphene oxide (GO) or graphene

fluoride (GF) to get efficient MoS2 devices based on hole transport, con-

tributing to the research in facing the continuous miniaturization of elec-

tronic devices.

GO leads to an almost-ohmic contact when it is fully functionalized with

epoxy groups. Recent experiments have confirmed our result, as GO has

been employed to induce hole injection in WSe2-based devices [100].

Our analysis has been improved in the case of GF, where the metallic

contacts have also been included in the simulation cell. As a safety check,

we also checked whether the fluorine arrangement on the graphene plane

would have had an effect on the p-SBH. This is not the case, as CF in the

chair configuration gives p-SBH values similar to the ones obtained with

a random attachement of the fluorine atoms. It should be pointed out that

earlier literature [91, 92, 78] reports the chair configuration as the most

stable GF structure.

Using GF, the p-SBH increases when the fluorine content in GF is higher

(CF, with 50 atomic % F concentration, yields a higher p-SBH than C2F,

with 33 atomic % F). This trend is opposite to what happens using GO as

a buffer layer, where the p-SBH decreases monotonically when the oxy-

gen content increases [93], for the oxygen range considered (between 4-25

atomic %). Taken together, for such functionalized graphene hole injection

layers, these studies suggest that an optimal functional group concentra-
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tion exists for obtaining zero p-SBH.

Overall, the results contained in this thesis highlight the importance

of atomistic simulations in helping providing an understanding of experi-

mental results and guiding new ones. Different functional interfaces have

been analyzed within the scope of this thesis, with a particular focus on

the interface between oxides and semiconductors, that is crucial for the

development of future economical, efficient and reliable microelectronic

devices.
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