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1. Introduction

Boron (B), carbon (C), and nitrogen (N) are three neighbors in the second

row of the Periodic Table of chemical elements. Elemental boron is a

scarce element that appears in our planet mostly in different forms of

compound materials. Carbon, in contrast, is a highly abundant element

that serves as one of the key components of life on Earth. Similarly,

nitrogen in the form of a diatomic gas, is a very abundant element in

the Earth’s atmosphere. B, C, and N have, respectively, 3, 4, and 5 outer-

shell electrons to form covalent bonds. Looking at materials made from

these elements, one can notice that two of them have very similar lattice

structures and, at the same time, completely different electrical proper-

ties. They are: graphite, the most stable form of carbon; and hexago-

nal boron-nitride (h-BN), which is sometimes called white graphite. Both

of these structures are layered materials with similar crystal lattices,

strong covalent interactions within layers, and weak couplings between

layers. Graphite consists of graphene layers and, likewise, bulk h-BN in-

corporates h-BN sheets. In graphene, as well as in 2D h-BN, atoms are

arranged in hexagons and have so-called honeycomb lattice structures.

Graphene’s hexagonal structure is bipartite, where the neighboring C

atoms belong to different sublattices. B and N atoms in h-BN sheets

are also located in different sublattices. Regardless of this structural

similarity, graphene and 2D h-BN have completely different electronic

properties. Graphene is a zero-bandgap semiconductor or semimetal, while

h-BN is a wide band gap semiconductor.

1.1 Graphene

Graphene was manufactured for the first time by a simple mechanical ex-

foliation technique in 2004 by K. S. Novoselov and A. K. Geim [1]. Since
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Introduction

then, it has attracted the attention of many experimental and theoretical

research groups all over the world. It was found that, despite being

only one atom thick, graphene has very good mechanical properties. Its

breaking strength is 125 GPa, and its elastic modulus is about 1.1 TPa

[2, 3]. Also, it was observed that the strength and toughness distribution

in polycrystalline graphene is affected by the grain size. Such dependence

weakens toward large grain sizes [4]. Mechanical exfoliation produces

high-quality, but rather small flakes. After graphene was originally manu-

factured by the scotch-tape method, other techniques, such as liquid ex-

foliation [5], have been widely used to produce graphene in macroscopic

quantities. Graphene monolayers obtained in this way were often dam-

aged during the exfoliation process. Alternatively, graphene can be pro-

duced by chemical-vapor-deposition (CVD) on top of substrates (usually

metal) [6–8]. However, following the imperfections of the substrate, the

produced graphene normally consists of small grains, and this strongly

affects its mechanical and electrical properties. Many reported in the

literature characteristics of graphene were obtained after the metal sub-

strate was removed (dissolved), and the graphene was deposited on a

semiconductor substrate (normally Si/SiO2), which also influenced its prop-

erties. For example, the electron mobility was measured to be high, but

still modest [1]. When, eventually, suspended graphene was studied, the

obtained carrier mobility was an order of magnitude higher than those

reported for supported systems [9]. Thermal conductivity has been ex-

tensively investigated as well. Its values vary a lot depending on the

experimental setup and conditions [10]. Generally, the thermal conduc-

tivity of graphene is higher than that for copper, which is considered to be

a good thermal conductor. It has also been shown that graphene serves as

a flexible conductive transparent material [11].

1.2 Free-standing hexagonal boron-nitride (h-BN)

An h-BN monolayer can be produced by the same techniques as graphene.

The electronic structure of h-BN was shown to be almost independent of

the substrate utilized, pointing to a physisorption of the h-BN film on

the substrate [12]. Similar to graphene, the mechanical and electronic

properties of h-BN were found to be strongly affected by the defects [13].

An interesting finding was made in theoretical research related to me-

chanical properties of carbon and h-BN nanoribbons. It was observed that

12



Introduction

electronic structures of nanoribbons are modified under elastic stretching

and, at the same time, the band gap width also varies in response to the

applied strain [14]. Investigation of mechanical properties showed that

h-BN has a large Young’s modulus of 0.86 TPa and a relatively high break-

ing strength of about 70.5 GPa. These values are close, but still lower than

those for graphene [3, 15, 16]. The toughness and strength of h-BN was

shown to be anisotropic and temperature dependent [17]. The thermal

conductivity was also found to be lower than that of graphene, but higher

than that of most ceramics and metals. Consequently, h-BN is a promis-

ing reinforcing material due to its excellent mechanical properties. It has

been found that tensile strengths of polymers were improved when boron

nitride nanotubes (BNNTs) were incorporated into their structures [18].

2D h-BN is a nonmagnetic semiconductor. However, it was shown that

BNNTs can exhibit spontaneous magnetization when C atoms are substi-

tuted for B or N atoms [19].

1.3 h-BN and graphene heterostructures and free-standing BCN
composites

Given the similarities in the lattice structures of graphene and h-BN,

but also given their drastically different electronic properties, it appeared

tempting to combine them into a single hybrid structure, for example,

vertical or lateral heterostructures, and BCN alloys.

In addition to different metallic substrates used to grow graphene and

h-BN monolayers [7, 12, 20], bulk h-BN has proven to be a suitable sub-

strate to grow graphene and, vice versa, graphite is also used as a sub-

strate to grow h-BN [21, 22]. Lots of research has been conducted in this

field in order to obtain graphene or h-BN with as few structural defects as

possible [21–23]. In addition, vertical heterostructures with alternating

graphene and h-BN layers have attracted attention as well [24–26] aim-

ing to create fast operating devices and structures with desired electronic

properties.

As mentioned above, graphene is a zero-bandgap semiconductor or semi-

metal, while h-BN is a wide band gap semiconductor. In most applications

in electronics, a material with a certain band gap of the order of few eVs

or even with a variable band gap would be beneficial over (semi)metallic

or wide band gap materials. Since graphene and h-BN represent two

extreme cases – zero and wide band gap – it is expected to be feasible
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Introduction

to join them or mix them together. A frequently used method to create

materials exhibiting intermediate properties or even new properties is

alloying. Embedding foreign chemical elements into the host material

may give rise to novel and unique electrical and mechanical properties.

In the case of graphene and 2D h-BN, alloying may result in the forma-

tion of a band gap and an increase in conductivity, respectively. The B-N

bond length in h-BN and the C-C bond length in graphene differs by less

than 2 percent, which makes these elements a suitable combination for

alloying. Based on the above considerations, BCN structures may have

many potential applications through the realization of a semiconductor

with a controllable band gap, where band gap is controlled by varying

the concentrations of B, N, and C atoms in the crystal structure. Exten-

sive work, both on synthesis of, and characterization of the properties of,

hybrid BCN systems has been performed by various research groups over

the last two decades. For example, BCN and BC3N materials were synthe-

sized already in 1996 by M. Kawaguchi et al. [27], and it was shown that

their structures result in different conductivities: BC3N is more conduc-

tive than BCN. However, it was experimentally and theoretically proven

that h-BN and graphene have a tendency to separate and form islands in

so-called phase-segregated alloys [28–34]. Theoretical simulations have

been mostly concentrated on ordered BN-graphene structures [32,35–38].

This means that the comparison between the results of computer simula-

tions and experiments with real materials is not trivial.

1.4 Motivation and goals of dissertation

Despite of the great body of existing work, there are still many open ques-

tions in this field. The results presented in this dissertation deepen the

knowledge related to the properties of BCN materials. Many important

topics are considered in this dissertation:

• Postsynthesis doping process of h-BN as an alternative way to get

triangular substitutional carbon defects in the h-BN monolayer;

• Creation of the magnetic moment by substitutional carbon defects

in the non-magnetic h-BN material;

• Assessment of the electronic properties of BCN systems obtained by

different methods;
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• Estimation of finite-size supercell errors for charged defects in h-BN;

• Evaluation of the electronic and mechanical properties of BCN al-

loys;

• The possibility to improve the strength of aluminum-BN composite

materials by enhancing adhesion at the interface between aluminum

and h-BN;

• The possibility to produce the mixed, disordered BCN monolayer on

top of the ruthenium substrate.

The goal of the present thesis is to broaden the available knowledge and

understanding about BCN structures and their functionalities by investi-

gating the following key topics:

1. Studying the energetics of incorporation of C atoms into the 2D h-BN

host material;

2. Searching for energetically favorable carbon substitutional defect

configurations, and studying their electronic and magnetic proper-

ties;

3. Tailoring the mechanical properties of metals, such as Al, by insert-

ing h-BN;

4. Creating BCN structures with varying band gap widths.

1.5 Structure of dissertation

The research topics in this dissertation are combined into two groups:

(i) free-standing 2D structures (pristine and defective h-BN systems and

BCN composites); and (ii) supported 2D systems and composites. The

first chapter of the thesis gives an introduction to the studied materials

and provides the research motivation. The second chapter explains the

computational methods used to conduct computer simulations. The third

chapter contains all the research results obtained here: defect formation

energies of substitutional carbon defects; electronic structures obtained

by different methods for the pristine h-BN and for defective h-BN sys-

tems with substitutional carbon defects; as well as the mechanical and

electronic properties of BCN composites. In addition, the third chapter
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includes results related to supported systems, i.e., interfaces between alu-

minum or ruthenium and pristine or defective h-BN. The fourth chapter

is a summary of the work.
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2. Computational methods and details
of simulations

The results presented in this thesis were obtained by carrying out atom-

istic computer simulations. Generally, computer simulations are con-

ducted for various purposes such as predicting materials properties, inter-

preting and understanding experimental results, defining most interesting

range of parameters in the experiments, as well as for calculating various

characteristics, especially when obtaining them directly from the experi-

ments is not feasible.

Computer simulations utilize a mathematical expression or a set of ex-

pressions that describe physical phenomena with a certain level of accu-

racy. Normally, there is a trade-off between the resources required for the

calculations and the accuracy. Highly accurate atomistic calculations are

computationally demanding and can be done only for relatively small sys-

tems. The simulation of large systems implies applying approximate, less

accurate computational methods.

There are numerous computational approaches and setups for perform-

ing simulations of materials. In the case of electronic structure calcula-

tions, methods utilizing density functional theory (DFT) are widely used

as a good compromise between computational cost and accuracy. The

main goals of the DFT methods are: (i) optimizing the atomic structures

and reaching the positions of the atoms in the systems corresponding to

the global or local energy minima; (ii) calculating total energies of the sys-

tems and other characteristics, such as their bulk moduli and vibrational

properties; and (iii) obtaining their electronic band structures. Results

achieved within DFT calculations can be further improved by utilizing

Green’s functions theory: the GW approximation in particular. In this

thesis, simulations were conducted within the framework of the DFT and

using the GW approximation as implemented in the VASP program pack-

age [39–41].
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2.1 Density functional theory

The complexity of simulations in materials science is due to the fact that

there are many constituent elements in the system interacting via vari-

ous forces of the quantum-mechanical nature. To make the simulations

computationally feasible, various approximations can be made, but the

main features of the many-body interactions in the system should still be

preserved. In material science and in computational condensed matter

physics, methods based on DFT are broadly used. The physical properties

of a many-electron system are defined via the electron density in DFT.

The main aspects of DFT and DFT methods are discussed in this section.

The basic study case in computational condensed matter physics is find-

ing the solution of the stationary Schrödinger equation (SE) describing

a system of many interacting electrons and nuclei. The corresponding

mathematical expression is as follows

ĤΨ(ri,Ri) = EΨ(ri,Ri), (2.1)

where ri and Ri are the positions of electrons and nuclei, respectively; Ψ is

the many-body wavefunction; and E is the energy eigenvalue. The Hamil-

tonian operator Ĥ for a system of many interacting nuclei and electrons

consists of many parts contributing to the total energy

Ĥ = T̂n + T̂e + Ve,e + Vn,n + Vn,e, (2.2)

where T̂n and T̂e are the kinetic energy operators of nuclei and electrons,

respectively; and Ve,e, Vn,n, and Vn,e are terms representing electron-elec-

tron, nucleus-nucleus, and nucleus-electron interactions, respectively. It

is only possible to solve Eq. (2.1) exactly for very simple systems of a very

few quantum-mechanical particles (e.g. for hydrogen atom or H+
2 ion). For

multi-electron systems the exact solution (analytical or numerical) cannot

be found.

Nuclei have much larger masses than electrons and move much slower

(putting aside extreme conditions like high-energy ion irradiation) than

electrons. Consequently, electrons respond essentially instantaneously to

the changes in the positions of the nuclei. Therefore, it is possible to

treat nuclei as static particles when calculating the electronic structure

of a nuclei-electron systems. Based on this consideration, M. Born and

J. R. Oppenheimer showed that wave functions of atomic nuclei and elec-

trons can be decoupled and treated separately, which allows to split the

Hamiltonian operator into electronic and nuclear terms [42]. This means
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that Schrödinger equation should be solved only for electrons at a static

configuration of the nuclei, which reduces the number of variables in the

system.

Further simplification of the problem is allowed by introduction of the

electronic density n(r). The electronic density is the probability density

to find any Nth electron in a position r. It is normalized to the number

of electrons in the system
∫
n(r)d3r = N . Consequently, utilizing the elec-

tronic density simplifies the problem that should be solved, since n(r) de-

pends on three spatial coordinates only. P. Hohenberg and W. Kohn [43]

proved that the total energy of the system is a unique functional of the

electronic density n(r). True ground state electronic density is the one

that minimizes the energy of the system. An energy functional can be

written for the system as

E[n(r)] = Ts[n(r)] + Eext[n(r)] + EH [n(r)] + Exc[n(r)], (2.3)

where Ts represents the kinetic energy of the electrons; Eext relates to the

external potential (generally caused by static nuclei); EH is the Hartree

energy (describing Coulomb interactions between electrons); Exc is the

exchange-correlation (XC) energy giving the remaining energy contribu-

tion; and n(r) is the electron density, which depends on the three spatial

variables r = (x, y, z).

A method developed by W. Kohn and L. J. Sham [44] opened a way for

practical calculations. Based on it, a comprehensive many-body system

of interacting electrons can be converted into a system of non-interacting

electrons moving in an effective potential. Consequently, it becomes pos-

sible to solve the many-body problem of interacting particles iteratively

by solving an equivalent set of one-particle Schrödinger equations named

Kohn-Sham equations. The energy contributions in Eq. (2.3) are denoted

with respect to single-particle orbitals ψk(r). The one-particle Kohn-Sham

equation is written as⎡
⎢⎣−1

2
∇2 + Vext(r) + VH(r) + Vxc(r)︸ ︷︷ ︸

Veff(r)

⎤
⎥⎦ψk(r) = εkψk(r), (2.4)

where ψk stands for the Kohn-Sham (KS) wavefunction of a single-particle

electronic state k; εk is its KS energy eigenvalue; Veff is the effective po-

tential. Kohn-Sham equation should be solved self-consistently and after

that the density could be calculated. The electron density is defined as

n(r) =

N∑
k=1

|ψk(r)|2, (2.5)
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where the summation is over occupied states.

The XC term (Eq. (2.3)) includes all the many-body effects [45], making

the definition of the expression for its representation quite problematic.

The XC term combines two components, exchange and correlation. The

contribution of the exchange component is based on the Pauli exclusion

principle: two (or more) identical electrons cannot be located at the same

quantum state at the same time [46]. The correlation part is related to the

way the movement of an electron is affected by the presence of other elec-

trons in the system since their behavior is correlated. As the exchange-

correlation functional is not known exactly and should be approximated,

the accuracy of the ground state description of the system depends on the

accuracy of the approximation.

2.2 PBE and HSE exchange correlation functionals

If the exchange-correlation functional were known, it would be possible

to find the exact ground state energy and density. However, the exact

exchange-correlation functional is not known, and thus there is a need

to find approximation for XC functionals. The two widely used approxi-

mations are the Local-Density Approximation (LDA) and the Generalized

Gradient Approximation (GGA) [47,48].

LDA treats the electron density of a system as it were a homogeneous

electron gas. Accordingly, Exc is locally approximated as the energy per

particle in a homogeneous electron gas of the same density.

ELDA
xc [n(r)] =

∫
F (n(r))dr, (2.6)

where the F should be an analytic function of n.

Although LDA is exact for systems with uniform electron densities and

rather accurate for the systems with slowly varying electron densities, it

also shows good results when calculating and predicting properties of sys-

tems with non-uniform densities. Generally, LDA describes well the bulk

metallic systems and bulk group-IV semiconductors. However, strongly

correlated materials cannot be simulated within the DFT-LDA frame-

work. Moreover, LDA suffers from several problems. It overestimates

binding between atoms [48] and underestimates bond lengths.

GGA complements LDA by also taking into account, besides the local

density value, the spatial alteration (gradient) of density and thus density
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inhomogeneity [45]. Generally, the functional can be presented as

EGGA
xc [n(r)] =

∫
F (n(r),∇n(r))dr, (2.7)

where the F should be an analytic function. GGA generally provides bet-

ter results than LDA. However, it does not get over all deficiencies of LDA.

Specifically, it underestimates binding between atoms and overestimates

bond lengths. In this thesis, the simulations were conducted by utilizing

GGA introduced by Perdew, Burke, and Ernzerhof (PBE) [47].

The approach of considering electronic density on the basis of a homo-

geneous electron gas contains an unphysical interaction: the interaction

of an electron with itself through the effective potential [49], which leads

to the self-interaction error. In consequence of all these, electron energy

band gaps calculated with LDA and GGA are underestimated.

Self-interaction problem is avoided in other method called Hartree-Fock

(HF) where electrons feel only the potential created by other electrons.

However, the correlation effects are ignored in this method. The electronic

band gaps obtained by this method are normally overestimated.

The calculation results can be further improved by utilizing hybrid den-

sity functionals [50]. In the hybrid density functionals, the exchange-

correlation functional consists of an exact exchange part from the HF

method and a correlation part from DFT within GGA-PBE. Electron ener-

gy band gaps obtained by HF are usually overestimated whereas the band

gaps obtained by DFT are underestimated. Since hybrid functionals are

combinations of HF and DFT, the band gap values calculated by them

lie in between and closer to the experimental values. Such a functional

generally can be described by the expression

Ehybrid
xc = αEHF

x + (1− α)EPBE
x + EPBE

c , (2.8)

where α is a mixing coefficient (equals to 1/4 for HSE and PBE0).

The hybrid density functional developed by J. Heyd, G. E. Scuseria,

and M. Ernzerhof (HSE) [51] was used in the simulations presented in

this thesis. HSE maintains screening of the long-range part of the HF

exchange and, at the same time, includes exact exchange only for short-

range interactions (in both the HF and DFT parts). The HSE exchange-

correlation energy is represented by the formula

EHSE
xc =

1

4
EHF,SR

x (w) +
3

4
EPBE,SR

x (w) + EPBE,LR
x (w) + EPBE

c , (2.9)

where w is an adjustable parameter defining the cut-off distance where
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the interaction becomes negligible, standard value is equal to 0.2 1/Å for

HSE. SR and LR denote short and long ranges, accordingly.

Hybrid functionals improve lattice constants, charge localization, and

energy band gap widths in comparison to semi(local)-density approxima-

tions and Hartree-Fock. However, calculations with hybrid functionals

are computationally more expensive.

In this dissertation, the PBE and HSE electron energy band gap widths

were calculated along with the electronic band structures for the pristine

and defective materials to determine the positions of impurity levels. The

defect formation energies for neutral and changed systems were calcu-

lated as well (discussed in more detail in Sec. 3.1.4).

2.3 Practical implementation of DFT simulations

To make the reliable DFT calculations, certain aspects influencing the

accuracy of the calculations should be considered. They are described in

this section.

2.3.1 Pseudopotentials and the PAW method

In this dissertation, the approach to represent electronic wave functions

as plane waves is utilized. Electrons in an atom can be separated into core

(inner-shell) and valence (outer-shell) electrons. Valence electrons are

chemically active and play an important role in determining the electronic

properties of materials. In solids, they are also responsible for the inter-

action with other atoms to a much greater extent than the core electrons.

In an atom, the inner-shell electrons interact strongly with the nucleus

and can also be considered as static (’frozen’). Consequently, the number

of electrons that are taken into account in calculations is reduced to the

number of valence electrons. The potential that covers the behavior of core

electrons is represented by an effective potential called the pseudopoten-

tial [52]. The pseudopotential is introduced to the Schrödinger equation

by substituting the Coulomb potential term due to the nucleus and the

core electrons. The pseudopotential is an effective potential which both

produces valence electron wave functions with fewer oscillations close to

the nucleus, and, at the same time, retains the features of the real all-

electron wave functions outside of the core electron region. The radial

distance from the nucleus separating the core and valence regions is de-
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fined as the cut-off radius. Using the pseudopotential with a finite cut-off

radius makes it possible to reduce the plane waves basis set size used in

the calculations.

One of the methods that was developed to describe the interaction be-

tween electrons and ion cores is the projector-augmented-wave (PAW) ap-

proach [52]. The PAW method realizes the idea of non-local pseudopoten-

tials by using projections of the pseudo-valence electron states. The real

all-electron states are taken into account within the frozen core approxi-

mation. PAW retains orthogonality between valence and core wavefunc-

tions. Wavefunctions are reconstructed in the core region preserving full

charge and spin densities.

2.3.2 Corrections to DFT to describe van der Waals interaction

Different types of interactions take place between constituent parts of the

material. Along with the short-ranged chemical bonding, the long-ranged

forces between electrically neutral atoms or molecules play a very impor-

tant role. Dipoles can be formed because of electron density gradients

inside molecules or atoms. The attractive forces that appear between in-

stantaneously induced dipoles are called Van der Waals forces (vdW).

Van der Waals forces of different magnitudes make a remarkable im-

pact on binding. The strength of the interaction strongly depends on the

distance between the dipoles and also on the orientation of the dipoles

with respect to each other. Even though such dispersion interaction is

very weak, it becomes strong when there are many interacting atoms, as

in the case of a molecule on a solid surface, for example. Generally, these

forces are important for describing binding between different parts of ma-

terial systems. Taking them into account improves simulation results and

makes models more realistic.

LDA and GGA functionals used to describe the DFT correlation energy

do not correctly include the long-range van der Waals correlation [53,54].

Consequently, an improved treatment of correlation effects should be in-

troduced, which can be a semi-empirical formulation [55] or Van der Waals

augmented DFT functionals. The calculations in this thesis employ the

VV10 functional presented in Ref. [54]. It was further corrected for 2D

materials and implemented to VASP by Björkman [56]. It provides good

results for layered systems and was benchmarked for h-BN.
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2.3.3 Periodic supercells

Fist-principles simulations of extended solids are normally conducted for

finite size systems employing periodic boundary conditions, which means

that the simulated supercell is periodically repeated in the x, y, and z di-

rections. The size of the simulated supercell becomes particularly impor-

tant when defects are introduced into the system. When the defect concen-

tration increases, and especially in the presence of charged defects, such

periodic simulation setups stimulate the appearance of spurious interac-

tions between a defect and its periodic images. This can lead to incorrect

simulation results and especially to errors in defect formation energies

of charged defects. The effect of this spurious interaction should be ex-

cluded. One way to mitigate this problem is to use the finite-supercell-

size extrapolation [57–59], where the convergence of different parameters

is considered in relation to the increasing supercell size. This type of con-

vergence scheme makes it possible to capture the characteristics of an

isolated defect. However, the computational limit is reached quickly for

large supercells. Another approach is to introduce certain corrections. In

this case, the defect formation energy of an isolated defect can be pre-

sented as Ef∞ = Ef +Ecorr. In this dissertation, the correction that takes

into account the dielectric constant profile of the system is investigated

for 2D h-BN structures [60], Publication III. The ensuing results for de-

fect formation energies of isolated defects agree well with those obtained

via extrapolation using systems increased linearly in size along the x, y,

and z directions (finite-supercell-size extrapolation).

2.3.4 Molecular dynamics simulations

The dynamic behaviour of the investigated system could be described by

kinetic processes modelled by ab-initio (DFT) molecular dynamics (MD)

simulations. The type of experiment that is investigated in this disserta-

tion corresponds to the case when target sample is bombarded by the elec-

tron beam in TEM. The results of the simulation help to understand defect

formation process under impact of energetic electrons. Usually, the inves-

tigated target material in TEM experiments is positioned perpendicular-

ly to the incident electron beam, which maximizes the energy transfer to

target atoms in the out-of-plane direction. The atom can leave the sam-

ple when its energy exceeds the bonding energy. If electrons have enough

energy they start to knock- out atoms from the bombarded material and,
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eventually, those atoms gain enough energy to leave the sample without

recombination. The minimum kinetic energy transferred to an atom al-

lowing such a process to happen is called the displacement threshold (Td).

To reconstruct the experiment described above, the molecular dynamics

simulations have been carried out within the framework of the density-

functional theory. Conduction of MD simulations includes several steps.

When the sampling of the system (initial positions and velocities of atoms)

is defined, the velocity is assigned to one of the atoms ejection of which is

studied. It is assumed that atom gets energy from the incident electron.

The energy of the system and the forces acting on constituent particles are

calculated. The new positions of atoms are identified by integrating the

Newton’s equation of motion. Then the steps are repeated updating the

positions after each iteration. By repeating these steps, the trajectory of

each particle in the system is calculated. In the series of computer experi-

ments the initial kinetic energy was gradually increased until it achieved

the value allowing for the atom to leave the sample without immediate

recombination.

2.3.5 The DFT codes and parameters used

There are a number of computer programs, which are used to determine

the ground state of the simulated systems and their properties. The

Vienna Ab-initio Simulation Package (VASP) [39, 41, 61] is one of them.

It is a complex tool for quantum mechanical modelling of a broad range

of materials, which allows to compute electronic structures of materials

as well as to execute quantum-mechanical molecular dynamics. Simula-

tions are done within the framework of DFT. VASP was used to obtain the

results presented in this dissertation.

VASP employs plane waves representation of electronic wave functions

as a basis for solving the Kosh-Sham equations. The wave functions

are defined at the certain k points set in reciprocal space. The number

of plane-waves involved in simulations can be tuned by setting up the

highest limit of their kinetic energy (cut-off energy). The convergence of

eigenvalues and total energies with respect to cut-off energy defines the

size of the basis. The interactions between ions and electrons are de-

scribed by the projector-augmented wave (PAW) method [40,52].

To simulate the electron-electron interaction, the exchange-correlation

functional should be chosen. The results presented in this dissertation

are obtained by using semi-local PBE-GGA and hybrid HSE06 functionals

25



Computational methods and details of simulations

(more details are in Sec. 2.2).

VASP automatically detects the symmetry of the provided atomic struc-

ture. VASP utilizes the self-consistency cycle starting from the defined ini-

tial electronic ground-state of the atoms, re-evaluating it at each iteration.

Forces on atoms and the stress tensor are calculated as well. Their values

are important for reaching the lowest energy or a local energy minimum

configuration for the atomic structure. At the end of each cycle, when ion’s

positions are changed with accordance to the obtained values of forces, a

new set of wave-functions should be generated for the new atomic struc-

ture. This process continues till the lowest-energy state of the system

is reached which corresponds to equilibrium geometry, when forces are

vanishing.

2.4 Beyond DFT, the GW approximation

DFT works well in evaluating the ground-state energy. However, it is

not sufficient in describing all the experimental results. For example, in

spectroscopy experiments, the studied system is in an excited state due to

photon- or electron beam-irradiation. Characterizing the processes taking

place in a sample is a many-body problem, which is complicated due to a

complex quantum-mechanical interactions of the involved particles (elec-

trons, nuclei, and photons).

Electron energy band gaps are normally determined from photoemission

spectra of the material. DFT cannot describe excited states, and it is

not accurate in estimating the width of the band gap. Accordingly, more

accurate methods are needed, and the most popular of them is based on

the single-electron Green’s function.

Within Green’s functions theory, the GW approximation normally gives

accurate results for weakly or moderately correlated systems such as semi-

conductors [62–64]. This method improves the results of the PBE and

HSE calculations. Namely, it gives band gaps which are in better agree-

ment with the experiments (although the value of the gap is sometimes

overestimated) and provides a better description of the states in the band

gap, making it possible to study excitation effects.

The Green’s function describes the probability amplitude of finding an

electron at the time t and at the point r with the spin σ if the electron was

initially introduced to the system at the time t′ and at the point r′ with
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spin σ′ [65,66]. The single-electron Green’s function is defined as

G(r, σ, t, r′, σ′, t′) = −i
〈
Ψ

(0)
N

∣∣∣T̂{ψ(r, σ, t)ψ†(r′, σ′, t′)
}∣∣∣Ψ(0)

N

〉
, (2.10)

where Ψ
(0)
N is the ground-state of the system; ψ(r, σ, t) and ψ†(r′, σ′, t′) are

the creation and annihilation operators, respectively, and T̂ is the time

ordering operator.

Taking into account the screening of the Coulomb interaction, the com-

plex network of interacting particles can be described as a system of weak-

ly interacting quasiparticles [67]. A quasiparticle is composed of an elec-

tron and its surrounding volume with a deficiency in negative charge.

This depleted volume is formed due to the Coulomb repulsion between

electrons and it behaves as a hole. Thereby, GW describes excitations de-

fined as quasiparticles. The exchange and correlation terms are included

in the difference between the bare particle and the quasiparticle, which is

called the self energy Σ. In this case, Eq. (2.4) becomes the quasiparticle

equation[
−1

2
∇2 + Vext(r) + VH(r)

]
Ψi(r) +

∫
Σ(r, r′;Ei)Ψi(r

′)dr′ = EiΨi(r), (2.11)

where Ei and Ψi(r) are the quasiparticle energy and wave function, re-

spectively. The self energy and the quasiparticle energy in the G0W0 ap-

proximation are defined, respectively, as:

ΣGW = iGW (2.12)

and

EQP
i = EDFT/KS

i +
〈
ΨKS

i

∣∣Σ(EQP
i )− Vxc

∣∣ΨKS
i

〉
, (2.13)

where W is screened Coulomb interaction and Vxc is the exchange-correla-

tion potential. Both terms - the self energy and the exchange-correlation

potential - describe the exchange-correlation effects. In order to avoid

double counting, Vxc should be subtracted from Σ.

The electronic correlations within GW can be long-ranged. Therefore,

the problem of the spurious interactions described in Sec. 2.3.3 is impor-

tant in GW calculations as well. To minimize the spurious interactions

between the periodic images, the simulation supercell should be chosen

carefully, or an artificial cut-off value for Coulomb interactions should be

introduced.

To find the value of the electron energy band gap closest to the experi-

mental results, different levels of self-consistency, in the GW calculations

were considered in this dissertation. Starting from the PBE set used to
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produce the starting charge densities, simulations were continued on the

G0W0, GW0, and GW levels.

In G0W0, the bare Coulomb interaction between quasiparticles is screened

by other interacting quasiparticles. The dielectric matrix and eigenvalues

in the Green’s functions are not updated within the G0W0 approximation,

rather, those obtained by DFT are directly used. G0W0 improves the re-

sults obtained by LDA and HSE.

GW corresponds to fully self-consistent calculations, i.e., re-evaluation

of G and W takes place at each iteration until self-consistency is reached.

In comparison to G0W0 and GW0, GW usually provides a worse agree-

ment with experiment [68] overestimating experimentally obtained band

gaps. In GW0, only the dielectric matrix is kept fixed. GW0 gives a good

agreement with experiment [69].
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3. Results

3.1 Free-standing pristine h-BN and defective BCN systems

Chemical vapor deposition (CVD) is a method widely used for the fab-

rication of thin films, as well as 2D structures such as graphene, h-BN

[8, 70–74], and even BCN. In this process, material supplied by gaseous

precursors is deposited onto a substrate. However, CVD does not allow the

development of complicated lateral heterostructures with sub-nanometer

spatial resolution with predefined concentrations of elements.

Another method to create 2D BCN structures is the post-synthesis sub-

stitutional carbon doping of h-BN sheets [75] and nanotubes [76]. The

technique utilizes a substitution reaction, where B and N atoms of the

honeycomb BN lattice are replaced by C atoms. The reaction takes place

when BN nanosheets, nanotubes, or nanoribbons are irradiated by elec-

tron beams, e.g., in a transmission electron microscope (TEM) in the pres-

ence of a carbon source.

The post-synthesis process transforms BN nanostructures from electri-

cal insulators into conductors via two stages. The first stage comprises

knock-out ejections of B and N atoms from h-BN. An interesting finding

was made during experiments: the application of the electron beam ir-

radiation was shown to cause the appearance of triangular holes in 2D

h-BN [77, 78]. The second stage is filling of emerged vacancies with C

atoms [75].

This section presents an investigation of the substitution process based

on the energetics of the system. In particular, the work considers phenom-

ena in which quantum dots are created by filling up holes remaining after

electron irradiation. The chapter also discusses the possibility of creating

BCN alloys and describes their electrical and mechanical properties.
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3.1.1 Defect formation: Substitutional carbon defects

N- and B-terminated triangular carbon substitutional defects of differ-

ent sizes are described in Publication I. Examples of such structures are

shown in Fig. 3.1, e.g., CB represents a single B atom substituted by a C

atom, 16C6B10N stands for a triangular island formed by six B and ten N

atoms substituted by sixteen C atoms, etc.

B

N

C

C
N C

3B1N

C
1B3N

C
6B10N

C
15B10N

C
B

Figure 3.1. Thematic illustration of several studied geometries of substitutional car-
bon defects in h-BN sheets: N- and B-terminated single and triangu-
lar C-substitutions of various sizes. Reprinted with permission from
Publication I. Copyright ©2011 American Physical Society

The analysis of the electron-beam-mediated substitution process was

performed by employing calculated defect formation energies (Ef ) for sub-

stitutional carbon defects enclosed in the h-BN matrix. Ef is an important

parameter that helps to estimate whether a substitution is feasible or not.

It is defined as:

Ef (K
q
C) = Etot(K

q
C)− Etot(BN) +KBμB

+KNμN −KCμC + q(μe − EV ), (3.1)

where Etot(BN) and Etot(K
q
C) are the total energies of the pristine h-BN

and an h-BN structure with substitutional carbon defects, respectively; q

is the charge state of the system; and μe is the electron chemical potential

defined within the electron energy band gap (EV < μe < EC , where EV is

the valence band maximum and EC is the conduction band minimum). KB

and KN are, respectively, the number of B and N atoms replaced by KC C

atoms (KB +KN = KC). μB, μN , and μC are the chemical potentials of the

elements forming the system, which are defined from total energies. μC

corresponds to the chemical potential of C atom in graphene. The values

for the chemical potentials of B and N atoms depend on the environment
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conditions, at which the material is grown. Assuming the nitrogen-rich

growth environment in experiment chamber, μN is equal to the chemical

potential of N atom in the molecule of nitrogen gas, μN = Etot(N2)/2.

The total energy per BN pair in the h-BN sheet μBN in thermodynamic

equilibrium is calculated as:

μBN = μB + μN . (3.2)

Thus, μB is determined from Eq. (3.2). Temperature dependence of chemi-

cal potentials was not considered in this thesis, as all calculations were

carried out at zero temperature.

Investigation of BCN material characteristics in this thesis started from

single substitutional carbon defects (CB and CN ) in the h-BN host matrix

using the PBE functional. In the neutral state, as seen in Fig. 3.2 (a,b),

the formation energy of CB is lower than that of CN (the calculation de-

tails are presented in Publication I). Upon electron-beam irradiation,

the target material becomes charged and triangular defects are formed.

Consequently, different sizes and compositions of triangular defects were

studied.
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Figure 3.2. Lowest formation energies (Ef ) of substitutional defects in different charge
states as functions of electron chemical potential μe. μe is calculated using
the PBE and HSE functionals and normalized to the corresponding value of
the band gap. Defects with (a) N nitrogen termination and (b) B termination
are considered. The numbers adjacent to the lines indicate the lowest-energy
charge states for the given μe. Reprinted with permission from Publication I.
Copyright ©2011 American Physical Society

In addition, simulations were repeated for charged systems. The fol-

lowing terminology is used throughout the thesis: the "+1" charge state

means that one electron is missing and "-1" means that there is one ex-

tra electron in the system. Fig. 3.2 (a, b) shows the dependences of the

formation energies of the CB, CN , C1B3N , and C3B1N defects on μe in the
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neutral and charged states. The shown values are the lowest ones among

the possible charge states of the considered system’s configurations (more

discussion can be found in Publication II and in the Reply [79]). The re-

sults obtained for the defects with B atom dominant substitution, such as

CB and 4C3B1N , indicate that Ef decreases when the system becomes pos-

itively charged. This can be explained by changes in the total electronic

charge of the system. By substituting a B atom by a C atom, the system

gets one extra electron which resides in the conduction band. Therefore,

for the electron chemical potential levels in the band gap, the total en-

ergy will be reduced by moving one electron to the energy reservoir at

the chemical potential level. In contrast, using a similar argument when

the N atom substitution is dominant (for example, in the case of CN and

4C1B3N ), the defect formation energy decreases when the system becomes

negatively charged. Obtained results for the CB and CN defects agree

well with those for BN nanotubes [80].

Based on the obtained data, it is possible to conclude that defects with

prevalent B substitution have lower formation energies and are accord-

ingly more likely to appear during the described substitution process.

In order to obtain more precise band gap widths, simulations were also

repeated using the HSE functional. Different charge states were consid-

ered in the same way as was done in the case of the PBE calculations. Al-

though PBE underestimates band gap values (for pure h-BN, PBE gives

a value of 4.56 eV, whereas HSE brings a value of 5.56 eV), the results for

defect formation energies match well (see Fig. 3.2 (a, b)). This indicates

that the results obtained using the PBE approach in calculations of defect

formation energies for substitutional carbon defects in 2D h-BN systems

are qualitatively correct.

3.1.2 Defect formation: Systems with adatoms

C atoms that emerge from dissociated hydrocarbon molecules during elec-

tron-beam-mediated substitution processes may not only occupy a vacant

position appearing under the irradiation of h-BN, but they may also end

up as adatoms on the h-BN sheet. In order to investigate such a process,

the total energy of a system containing a substitutional CB/CN defect as

well as a B/N adatom was compared with the total energy of a system

with one C adatom. The comparison was also performed for charged sys-

tems (more detailed information is given in Publication II). Overall, the

positive charge state makes the swap of a B atom with a C adatom more
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preferable than that of an N atom. In contrast, a negative charge state

changes the situation and makes the swap of an N atom with a C adatom

more preferable than that of a B atom. In other words, a positive (or nega-

tive) charge lowers the energy required to exchange a B (or N) atom with

a C adatom. This is consistent with the results described in Sec. 3.1.1.

3.1.3 Kinetics: Displacement thresholds

In order to control the size and termination of triangular substitutional

carbon defects in the h-BN matrix, it is necessary to understand the elec-

tron-beam-mediated substitution process and to estimate the role of ki-

netics. To attain this, the molecular dynamics simulations were carried

out as described in Sec. 2.3.4.

In simulations, the electron beam energy was assumed to be transferred

only to one atom, either to a CN/CB impurity or to a B/N atom next to a C

impurity. Similar experiments have been performed for bulk graphene in

research by J. C. Meyer et al. [81].

Once displacement threshold (minimum kinetic energy transferred to

atom allowing it to leave the material) is known, an estimation of the cor-

responding displacement rate (σ) becomes attainable via the McKinley-

Feshbach formalism for the Coulomb scattering of relativistic electrons

[82–85]. The obtained dependencies of σ on the electron beam energy for

different C atom positions are shown in Fig. 3.3. It was found that the

displacement threshold values for substitutional carbon defects in either

the N or B position (CN and CB) are roughly the same. At the same time,

the displacement threshold values for the CN and CB atoms and for the

N and B atoms neighboring the substitutional carbon defects are smaller

than those for the N and B atoms in the pristine h-BN at the electron

beam energy of 300 keV used in experiments.

The obtained results related to the displacement threshold illustrate

that there are various processes taking place simultaneously in the TEM

column. Experimental observations by J. C. Meyer [81] showed that, in

many cases, the formation of triangular vacancies starts from contam-

inated areas, after which vacancies start to grow in size and join with

other vacancies. This is because it is easier to knock-out atoms at the

edge of a vacancy. In addition, the vibration of atoms in the target mate-

rial can influence the effectiveness of the knock-out process, supporting it

when the direction of the atom movement coincides with the direction of

the electron beam.
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Figure 3.3. Displacement rates for different types and configurations of atoms in a free-
standing h-BN system (B/N atoms in pristine systems, CB /CN impurities,
B/N atoms nearest to a single carbon impurity) as functions of acceleration
voltage (electron-beam energy). The black vertical dashed line indicates an
electron-beam energy of 300 keV used in the experiments. All the calcula-
tions are for an electron beam current of 10.0 A/cm2. Reprinted with permis-
sion from Publication II. Copyright ©2013 American Physical Society

The important conclusion obtained from the calculations presented in

this paragraph is that the post-synthesis process allows the creation of

triangular defects embedded in the host h-BN material.

3.1.4 Electronic structures: PBE, HSE, G0W0, GW0, and GW

Bulk BN materials have attracted the attention of many research groups

for a long time and a comprehensive knowledge of system properties has

been accumulated [86–93]. In 2008, a few layers thick h-BN samples were

successfully fabricated [94]. Since then, extensive theoretical and experi-

mental research has been conducted with the aim of accessing the electron

energy band gap value of 2D h-BN [69, 95–97]. The obtained band gap

size has varied significantly between 4.6 and 7.1 eV, depending on the

experimental setup or the utilized simulation approach.

The electronic structure of a system should be studied, in order to iden-

tify and describe its electronic properties. Before conducting band struc-

ture analysis of defective systems, it is necessary to investigate that of

the pristine material. Calculations conducted in this thesis showed that

the band structures of pristine 2D h-BN obtained with the PBE and HSE
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functionals, as well as with the G0W0 method (with PBE as a basis) ex-

hibit band gap values of 4.56 eV, 5.56 eV, and 6.60 eV, respectively.

The results obtained for the h-BN system with single and triangular

substitutional carbon defects justify similarities between the defect for-

mation energies calculated with the PBE and HSE functionals (Sec. 3.1.1).

The existence of the substitutional carbon defects leads to the appearance

of the associated impurity levels in the band gap. These levels are easily

identified in the electronic structure. The larger the defect size, the larger

is the number of emerged levels which appeared in the electronic band

structure. Depending on the substitution configuration, either occupied or

empty impurity states appear in the band gap. The ones that bring extra

charge (N-terminated) to the pristine system introduce occupied levels.

In contrast, those that create electron deficiency (B-terminated) produce

empty states.

In addition, G0W0 electronic quasiparticle structures were computed for

h-BN with single substitutional CB and CN defects (Fig. 3.4). The re-

sults indicate that there is a qualitative agreement in the arrangements

of the impurity states between PBE, HSE, and G0W0. Changes in the

electronic structure were studied consistently for systems with various

vacuum thicknesses (more details are given in Publication II). The simu-

lations showed that with growing interlayer separation, the states associ-

ated with impurities rise towards the conduction band edge.

Knowledge about electronic structures and charge density distributions

is important for studying the magnetic properties of h-BN with embedded

triangular carbon islands.

Generally, a magnetic moment is present in the system when the oc-

cupancies of the spin-up and spin-down levels in the electronic spectrum

are different. In the h-BN material, this condition is realized by introduc-

ing defects into the system. Theoretical studies have predicted promising

magnetic properties of free-standing triangular graphene flakes of finite

size [98–100]. However, the experimental realization of such structures

has been challenging due to the lack of tools for cutting and stabilizing the

flakes. These facts make the investigation of BCN systems’ magnetism

very engaging.

C atoms in graphene belong to two different sublattices. Therefore,

there is a mismatch between the atom numbers for the two graphene sub-

lattices in a triangular graphene flake. Accordingly, when substitutional

carbon islands are embedded in the h-BN matrix, it is possible to correlate
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Figure 3.4. Band structures of an 18-atom h-BN supercell (10 Å vacuum separation)
where a B or N atom is substituted by a C atom. The green dotted lines show
the impurity levels. Spin-up and spin-down cases are considered. The top of
the PBE valence band is taken as energy zero. The edges of the PBE band
gap are indicated by the black dashed horizontal lines. The Greek letters
stand for the high-symmetry k-points in the Brillouin zone of the supercell.
Reprinted with permission from Publication II. Copyright ©2013 American
Physical Society

the C atoms with the removed B or N atoms. In this thesis, different sizes

of triangular substitutional carbon defects were quantitatively studied.

The analysis of their electronic structures and charge densities demon-

strates that the magnetism originates from spin-polarized defect-induced

states located in the band gap and the electrons of the impurity levels are

spatially localized on the substitutional atoms.

The calculations have shown that difference in the numbers of atoms in

the two sublattices designates the total magnetic moment of such a sys-

tem (in the neutral charge state) (Fig. 3.5). Accordingly, the value of the

magnetic moment increases with increasing the size of the carbon island.

The result agrees with Lieb’s theorem [101]. These specific properties of

the considered systems could be utilized, e.g., for the development of spin-

tronic devices containing quantum dots.
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from Publication I. Copyright ©2011 American Physical Society

3.1.5 Convergence of band gap width with respect to interlayer
vacuum spacing

As described already in Sec. 2.3.3, in the case of 2D materials, the choice

of the simulation supercell size is very important to prevent spurious

interlayer interactions. In this section, the convergence of the band gap

with respect to the interlayer vacuum spacing was investigated by all the

methods used in this dissertation, i.e., by PBE, HSE, G0W0, GW0, and

GW. Particular focus was set to the GW approach with different levels of

self-consistency.

The GW quasi-particle method was applied to pristine 2D h-BN in or-

der to obtain a reliable value for the electron energy band gap. Results

of this type of calculations are already available elsewhere (for example,

in work by M. Shishkin and G. Kresse [69]). However, the influence of

the vacuum spacing between two adjacent image layers in the periodic

boundary conditions and the number of empty conduction states used in

the GW calculations are not properly addressed for 2D h-BN. The works

by Friedrich et al. [102] and Shih et al. [103] showed that the quasiparti-

cle band gap of ZnO varies depending on the number of empty conduction

states. In the case of the h-BN system, no similar study has been reported

to date. These motivate to make thorough investigation and to consider

various aspects affecting the results.

In addition to single shot G0W0 calculations, partially self-consistent

GW0 and self-consistent GW simulations [69,104,105] were done to assess

the convergence and the role of the self-consistency level.
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For a proper analysis, the number of empty bands was varied as well

as the energy cut-off used in the G0W0 simulations. Such a strategy

enables the extrapolation of the band gap energies to the complete-basis

limit. Consequently, the quasiparticle band gap significantly depends

on the number of empty conduction states used in simulations. When

simulations involve a smaller number of unoccupied bands they natu-

rally become computationally lighter. However, they significantly under-

estimate band gaps and do not produce reliable results. A comprehen-

sive research on the convergence methodology is provided in the work by

A. Gulans [106].

As the next step, the influence of the level of self-consistency was in-

vestigated for bulk h-BN with the AB stacking and 2D h-BN (with the

10 Å vacuum interlayer separation). G0W0, GW0, and GW simulations

were performed using all empty conduction bands corresponding to the

plane-wave cut-off energy. The results obtained for bulk h-BN provide

band gaps of 6.07 eV, 6.41 eV, and 6.90 eV, respectively, and for 2D h-BN

6.60 eV, 7.00 eV, and 7.60 eV (see Fig. 3.6), respectively. An increase in

the self-consistency level leads to an increase of the band gap width. It

was also shown that in most cases, simulations using the GW0 approach

return results that are closest to the experimental ones. The results agree

well with the observations provided by M. Shishkin et al. [69,105] and H.

Şahin et al. [107].
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Figure 3.6. Electron energy band gap as a function of the inverse vacuum spacing be-
tween the adjacent sheet images. The dots show the results of the PBE,
HSE, G0W0, GW0, and GW calculations. The lines extrapolate to the infinite
vacuum thickness. Reprinted with permission from Publication II.
Copyright ©2013 American Physical Society

The results presented in Fig. 3.6 show the behaviours of the band gap

values obtained by PBE, HSE, G0W0, GW0, and GW calculations. The

band gap curves for the PBE and HSE methods exhibit a smaller de-
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pendence on the interlayer distance and they eventually saturate to the

values corresponding to the infinite vacuum thickness. For the G0W0,

GW0, and GW simulations, the dependence of the band gap on the inter-

layer distance is larger and no saturation is obtained. Thus, when the

G0W0, GW0, and GW methods are used, extrapolation of the band gap

value to the infinite vacuum thickness should be done.

3.1.6 Defect formation energy: Finite-size supercell errors

This section addresses issues related to the convergence of the charged

defect formation energy with respect to the supercell size. A method that

allows to obtain accurate results without excessive computational costs is

benchmarked.

In systems with periodic boundary conditions, the studied structure is

repeated in the x, y, and z directions. This leads to the appearance of

images of the studied defect. Accordingly, a charged defect interacts not

only with the other defects in the simulation unit cell, but also with its

periodic images. In order to reduce spurious interactions of a defect with

its images, a uniform expansion of the simulated supercell in the x, y,

and z directions should be done. However, such calculations become com-

putationally demanding, especially when the defects are charged, as the

Coulomb-like interactions are long ranged.

In this chapter, the results from the investigation of spurious interaction

effects are highlighted, with example of the C+1
B defect in the h-BN sheet.

Some of the results are shown in Fig. 3.7 (b). It is seen that the conver-

gence of the formation energy to a finite value Ef∞ is reached only in one

case: when the system is uniformly expanded in the x, y, and z directions.

The other cases presented in Fig. 3.7(b) show diverging behaviors.

A scheme for correcting the spurious electrostatic interactions between

a charged defect and its periodic images, as well as that between the

charged defect and the uniform neutralizing background charge used in

calculations was presented in Ref. [108]. However, the dielectric constant

profile was constructed based on the bulk values of 3D materials. 2D sys-

tems differ from 3D bulk material in the sense that its dielectric constant

varies rapidly within the simulation supercell: it exhibits a certain value

within the sheet and is equal to another value in the surrounding vacuum.

Consequently, the dielectric constant profile should be chosen very care-

fully. A modified scheme to overcome the identification problem for the

dielectric constant profile of monolayers was suggested in Publication III.
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sions extended proportionally at the same time (Lx = Ly ∼ Lz). The dashed
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Publication III shows that by applying the proposed scheme, a conver-

gence of formation energies was obtained. Ef values are almost indepen-

dent of the system size, and they agree well with the extrapolated value

obtained by scaling the system uniformly. The article also predicts the

existence of specific values of the vacuum spacing in the z-direction (’spe-

cial’ vacuums) for each system of a certain lateral size. In the case of the

special vacuum thickness, the correction is zero and thus not needed. In

other words, computational simulations give correct results for defect for-

mation energies when a specific vacuum spacing is used in the simulation

supercell (Fig. 3.7(b)).

In order to check the reliability of the method, calculations with ’spe-

cial’ vacuums were performed for several types of substitutional defects

in h-BN and for systems with adatoms with the +1/-1 charge (more de-

tails are available in Publication III).

In summary, with the use of the method introduced in Publication III,

it is possible to achieve accurate results in formation energy calculations

for charged defect with a small computational load.
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3.2 Free-standing BCN material

3.2.1 Electronic properties

The process to produce a BCN hybrid structure on top of the Ru substrate

is described in Sec. 3.3.2. Once the BCN monolayer is fabricated, the sub-

strate can be removed and properties of the created sheet can be studied.

As indicated in Sec. 3.3.2, substitution by C atom pairs is energetically

more favorable than that by non-paired C atoms. In addition, it is shown

in Publication V that the band gap of the BCN material closes when the

substitution is done randomly by non-paired C atoms even at small con-

centrations.

Based on these findings, the research described in this chapter was done

for free-standing BCN sheets with different concentrations of randomly

distributed C atom pairs. The method utilized to construct such struc-

tures is explained in details in Publication V.

The electron energy band gap was computed as a function of the concen-

trations of the constitute elements in the system. The initial structures

were pure h-BN, which has the largest band gap among the considered

configurations, and pure graphene with the zero band gap (see Fig. 3.8).
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Figure 3.8. Influence of the carbon concentration to the electron energy band gap in
BCN alloys. The values for the graph are obtained from DFT calculations.
Publication V. ©2017 IOP Publishing. Reproduced with permission. All
rights reserved

The values of the band gaps obtained for other structures with the varied

B, N, and C concentrations were between those for h-BN and graphene.

Fig. 3.8 illustrates the calculated results as a function of the carbon con-
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centration in the system. The obtained data suggests that it is possible to

control the band gap in the BCN alloys by altering the concentrations of

the constituent elements.

3.2.2 Mechanical properties

In addition to the electronic properties, the durability of the BCN mono-

layers is of prime importance for their successful use in electronic devices.

Accordingly, their mechanical properties were investigated by evaluating

structural behavior under an applied tensile stress.

Three types of free-standing sheets were considered: pristine h-BN, pris-

tine graphene, and a BCN structure with 50% of substitutional carbon im-

purities. For these structures, three major cases were investigated when

a tensile stress was applied in a zig-zag direction (along the x axes), in

an arm-chair direction (along the y axes), and biaxially (along both the

x and y axes). The calculated stress-strain curves show that, with in-

creased strain, the BCN composite accumulates damages (more broken

bonds appear) and eventually becomes less durable in comparison to the

pure h-BN and graphene structures (see Fig. 3.9). More details can be

found in Publication V.

Figure 3.9. Strain-stress curves for the pure graphene, pure h-BN, and BCN alloy with
50% C and 50% BN (BN0.5C0.5). Solid, dashed, and dotted curves represent
system behavior when a tensile strain is applied, accordingly, only in x (arm-
chair) and only in y (zig-zag) directions, as well as simultaneously in x and
y directions (biaxial). The stress is measured in the same direction as the
strain is applied. Arrows indicate that breakage occurs in the structures.
Publication V ©2017 IOP Publishing. Reproduced with permission. All rights
reserved
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3.3 Supported 2D systems and composites

All the calculations presented so far in this dissertation were conducted

for free-standing h-BN sheets. Moreover, a system where the h-BN sheet

is located on top of a substrate can lead to the appearance of additional

interesting phenomena. In particular, the arrangement of h-BN on top of

a substrate may improve certain characteristics of the substrate material.

In turn, the presence of the substrate affects the growth mechanism of

h-BN in the production stage. Both of these scenarios are considered in

this thesis by examples in which h-BN is located on top of Al and Ru

substrates.

The first example addresses the improvement of the mechanical char-

acteristics of material with embeded BN sheets. There is a high demand

for lightweight and robust materials that could be utilized in different de-

vices. Aluminum is one of such materials, however, its tensile strength

is still rather modest, being lower than the one for steel and copper, for

example. One of the ways to make aluminum more robust is to combine

it with another material with better mechanical properties. h-BN is a

good candidate because of its thermal and chemical stability [109–111],

and excellent mechanical characteristics. Another option would be adding

boron-nitride nanotubes (BNNTs) [112], which also have a very high elas-

tic modulus [113,114] (see Fig. 3.10). BNNTs are also torsionally resilient

and have a high torsional stiffness [115], which helps to withstand an ap-

plied load.

(a) (b)

Figure 3.10. Schematic representation of (a) a multi-walled BN nanotube embedded into
Al matrix; and (b) the atomistic picture of the BN-Al interface. Gray
balls stand for aluminum atoms, blue for nitrogen, and green for boron.
Reprinted with permission from Publication IV. Copyright ©2014 Ameri-
can Chemical Society

Experimentally obtained tensile strengths of BNNT-Al composite nano-

hybrids are higher than that of pure Al [116–118]. However, Al with em-
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bedded BNNTs can potentially exhibit even better mechanical behavior.

Non-optimal mechanical characteristics are caused by the low adhesion of

the Al/BNNT interface [119]. In order to improve the interaction between

Al and h-BN, it is necessary to understand the bonding at the interface

at the atomic level. In Publication IV, the curved shape of the BNNT-Al

interface was simplified by a planar Al-h-BN slab system taking into ac-

count a relatively large diameter and polygonization of BNNTs (see Fig.

3.10).

The second example addresses the influence of the substrate on the

growth mechanism of h-BN. This study is driven by the high demand

for materials with electronic properties that can be varied through the

concentrations of its constituents. The 2D BCN composite material is a

promising candidate for tuning electronic properties by varying the con-

centration of B, C, and N atoms, as discussed previously. For example,

based on research reported by P. Sutter el al. [120], it is possible to grow

BCN-mixed areas by using Ru as the substrate material.

The lattice constants of the substrate metals Al and Ru do not general-

ly match that of h-BN. This induces internal strain in the h-BN sheet lo-

cated on top of the substrate and gives rise to the development of a moiré

pattern. In order to account for this effect, the simulated supercells have

certain sizes (more details are provided in Publication IV and Publica-

tion V). For both the Al/h-BN and Ru/h-BN structures, relaxation of the

systems leads to the formation of moiré patterns (Fig. 3.11) as in the

experiment.

Generally, an overlayer can be located on top of a substrate in various

unequal configurations. This thesis covers high-symmetry configurations

(Fig. 3.11 (b), (d)). Throughout this chapter, the notation used for defining

the considered atom arrangement is as follows. B-top (N-top) means that

a B (N) atom is located on top of a substrate atom in the first layer (nearest

to the overlayer). The B-hcp (N-hcp) configuration indicates that a B (N)

atom is located on top of a substrate atom in the second layer. In the B-fcc

(N-fcc) arrangement, a B (N) atom is located on top of a substrate atom in

the third (bottom) layer in the Al/BN system or a B (N) atom is placed on

top of a hollow position between substrate atoms in the Ru/BN composite

(Fig. 3.11).

In order to estimate the strength of the interaction between the sub-

strate and the h-BN overlayer, the binding energy of the overlayer was

calculated as
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B-top

N-fcc

B-hcp

(d)
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(a)
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Al

Ru N
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N
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Figure 3.11. Slab supercell configurations with a h-BN overlayer placed on top of (a) an
Al(111); and (c) a Ru(0001) substrate. Substrate atoms are displayed as
balls. The overlayers are illustrated by honeycomb structures colored ac-
cording to their elevation above the metal’s upper layer (valleys (low areas)
are shown with red and hills (high regions) are colored with blue). (b) and
(d) show detailed atomic structures of slab systems with possible defect lo-
cations. High-symmetry positions of B and N atoms (top, hcp, fcc) are high-
lighted by triangles. They are further transformed to either (b) vacancies
and single substitutional C defects in Al/BN; or to (d) different combinations
of C defects in Ru/BN: single C substitutions (represented by all triangles),
in-pair substitutions (pairs of triangles within circles), and selected sub-
stitutional non-pair C defects (triangles marked by the same dotted styles
from different circles).
(a) and (b) are reprinted with permission from Publication IV. Copyright
©2014 American Chemical Society
(c) and (d) are from Publication V ©2017 IOP Publishing. Reproduced with
permission. All rights reserved

Etot
bind = Etot(MeBN)− [Etot(Me) + Etot(BN)], (3.3)

where Etot(MeBN) is the total energy of the relaxed slab system (Me/BN)

(Me stands for Al or Ru). Etot(Me) and Etot(BN) are the total energies

of the Me substrate and the BN overlayer, respectively, when the atomic

coordinates coincide with those of the Me/BN relaxed system. Calcula-

tions show that the binding energy for the Al/BN system is weaker than

that for the Ru/BN composite. More results for the Al/BN and Ru/BCN

interfaces are provided below in this chapter.
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3.3.1 Defects at the Al/h-BN interface

Since low adhesion is a potential reason for non-optimal mechanical prop-

erties of the Al/BNNT system, it is important to investigate different ways

to improve the binding between Al and the h-BN. As adhesion at the in-

terface between pristine materials is governed by vdW forces, creation

of vacancies in the overlayer may improve the binding at the interface

due to the reactivity of dangling bonds. However, in such a complex sys-

tem, the interaction of atoms surrounding the vacancy with the substrate

may have significantly different character depending on the position of

the defect with respect to the atoms underneath. Thus, in order to make

a holistic conclusion about the influence of the vacancy on the mechanical

properties of the system, various vacancy positions should be studied.

The energy change introduced by the defect can be assessed via the

energy difference parameter Ediff defined as:

Ediff = Etot(MeBNX)− (Etot(Me) + (Etot(BNX))− Etot
bind, (3.4)

where Etot(MeBNX) is the total energy of an Al/BN relaxed system with

a defect, i.e., either a B/N vacancy or a carbon substitutional defect, in

the overlayear. Etot
bind is obtained by Eq. (3.3). Etot(Me) and Etot(BNX)

are calculated in the same way as for Eq. (3.3). Numerical values are

available in Table 1 of Publication IV.

High symmetry positions of the defects, including, vacancies and substi-

tutional C impurities, were considered. These defects show three types of

different behavior:

(i) no interaction, e.g. CB, N-hcp vacancy (Fig. 3.12(a)), and 1B3N;

(ii) creation of covalent bonds with substrate atom(s), e.g. CN and B-hcp

(Fig. 3.12(b));

(iii) creation of bonds with substrate atom(s) and dragging it/them to fill

the vacancy, e.g. B-top (Fig. 3.12(c)) and 3B1N.

All these cases are discussed in detail in Publication IV.

In addition, for the systems considered here the critical shear stresses

(τc) were evaluated as a function of the defect concentration. Their values

turned out to be much higher for systems where bonds between the over-

layer and the substrate were formed (a table with values is in Publication IV).
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B-hcp

B-top

(a)

(b)

(c)

Figure 3.12. Al/BN slab structure with (a) N and (b, c) B monovacancies. Al substrate
atoms are coloured based on their distance from the interface. Reprinted
with permission from Publication IV. Copyright ©2014 American Chemical
Society

3.3.2 BN overlayer on the Ru substrate

Numerous studies have demonstrated that the electron energy band gap

of the BCN material can vary depending on the concentrations of the con-

stituent atoms. At the same time, however, BCN has a tendency to seg-

regate into BN and graphene areas. A study carried out by P. Sutter et

al. [120] showed that Ru may affect the BCN overlayer growth. Different

arrangements of substitutional carbon impurities in the BN overlayer

were studied in order to investigate the influence of the substrate on the

formation of the overlayer and on the substitutional defects within it.

The results for the free-standing BCN sheet were compared with the

results obtained for the Ru/BCN structures with the same patterns of C

atoms. The investigated single, in-pair, and non-pair substitutional car-

bon arrangements are presented in Fig. 3.11 (d), where the marked B and

N atoms located in high symmetry positions are substituted by C atoms

in different combinations.

In order to identify which defects are energetically most favorable, the

formation energies of the neutral substitutional carbon atom configura-

tions were determined. For the free-standing BN layer, the formation

energies were calculated using Eq. (3.1) in Sec. 3.1.1. As discussed in

Sec. 3.1.1, the formation energy of the single CB impurity is smaller than

that of CN . The study of two carbon atoms incorporated into the system

indicated that formation of a C pair is more favorable than two separated

substitutional C atoms. In order to interpret the obtained results and

identify the influence of the substrate, the calculated values should be
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compared to the corresponding ones in the overlayer systems. This can be

done by generalizing Eq. (3.1) for the free-standing material sheet to the

case of the overlayer on the substrate. i.e.:

Ef = Etot(BCN/Ru)− Etot(BN/Ru)

+nBμB + nNμN − nCμC (3.5)

As discussed in Sec. 3.3, a moiré pattern is formed in the case of the

considered overlayer system. Consequently, the position of the substi-

tutional C atom in a "hill" or in a "valley" area has an influence on the

formation energy. The results of calculations and the comparison of the

formation energies for the different defect combinations and positions for

the free-standing BN layer and the overlayer structures are presented in

Publication V.

In the case of the supported systems, the same trend in defect formation

energies is observed as for the free-standing BN sheets. In particular,

creation of the single CB impurity is energetically more favorable than

that of CN and the in-pair substitutional C arrangements are energeti-

cally more favorable than non-pair configurations. Based on the obtained

results, it is possible to conclude that, generally, single and non-pair atom

substitutions are easier to form in the overlayer system than in the free-

standing BN sheet. Moreover, the energies required to create a C pair in

the free-standing and supported systems are very close to each other.

The binding energy between the Ru substrate and the BN/BCN over-

layer was evaluated as:

Ebind = Etot(BCN/Ru)− (Etot(Ru) + Etot(BCN)), (3.6)

The binding energies obtained for the pure overlayer system were com-

pared to those for the structures with substitutional carbon impurities.

The obtained data indicate that generally the Ru substrate interacts more

strongly with the BCN overlayer with single and non-paired C impurities

than with the pure BN sheet. The interactions between the Ru substrate

and the pristine h-BN sheets and with BCN sheets with C pairs are al-

most the same.
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The drastic differences in the electronic properties of h-BN and graphene –

despite their very close crystal lattice parameters – have been motivated

many experimental groups to manufacture a BCN material with adjustable

characteristics, which should be defined by the relative concentrations

and arrangements of the constituent elements. This thesis addresses in

part the challenges in the efficient production of such BCN alloys and po-

tentially opens up new promising applications of hybrid BCN structures.

It also sheds light on several crucial parameters, which should be taken

into account while doing first-principles simulations of the BCN systems.

This dissertation study covers a large variety of systems: (i) free-standing

2D structures: C substitutional impurities embedded into h-BN; (ii) sup-

ported 2D structures: interfaces between metals and h-BN sheets which

are either pristine or defective due to vacancies or substitutional carbon

defects.

It was previously shown that the band gap of BCN materials depends on

the concentrations of their constituent elements. The majority of the theo-

retical results have been obtained for ordered systems (where defects form

certain patterns). At the same time, experimentally produced BCN struc-

tures can look like disordered mixture of B, C, and N atoms, or, conversely,

can consist of randomly located graphene and h-BN flakes because of the

segregation of graphene and h-BN phases. This inconsistency creates dif-

ficulties in direct comparison of the experimental and theoretical results.

In this thesis, the properties of BCN structures where the atoms are ran-

domly distributed were investigated. It was shown that variations in B,

C, and N concentrations cause a continuous change in the gap in the elec-

tronic band structure, and strongly affect mechanical properties of the

material. Computations presented in this thesis along with experimental

results demonstrated that using a Ru substrate facilitates the growth of
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a BCN overlayer, and that the segregation can be overcome in this case,

which is a point of interest here. This occurs because the interaction with

the substrate lowers the formation energy of substitutional C impurities

in the BN matrix.

Magnetic properties are crucial for modern electronics, e.g., in memory

devices. h-BN is a non-magnetic material, however, an h-BN sheet was

shown to have a localized magnetic moment when it contains carbon sub-

stitutional defects. In order to further elucidate its magnetic properties,

defect configurations of a special shape - triangular carbon islands em-

bedded into h-BN were studied. It was found that such structures possess

magnetic moments. Moreover, this thesis shows that by electrically charg-

ing the system its magnetic moment can be tuned, which can be used in

applications requiring magnetic properties, but the system remains over-

all semiconducting. Based on the analysis of the substitution processes

of B and N atoms with C atoms, it was demonstrated that production of

such defects is possible via the electron-beam-mediated displacement of B

atoms from h-BN sheets followed by deposition of C atoms.

In addition to the magnetic properties, the electronic properties of h-BN

structures with carbon substitutional defects were also investigated in

this thesis. The band gaps were calculated by employing different ap-

proaches, including more precise and computationally expensive ones, in

order to go beyond the conventional DFT and to facilitate a comparison

with the experimental results. It was demonstrated that, although the

band gap values obtained by different methods are different, the posi-

tions of impurity levels inside the band gap agree qualitatively between

the methods.

Materials used in electronic devices should not only have the desirable

electronic and magnetic properties, but they should also be mechanically

robust. Hence, the mechanical properties are also very important, and

the mechanical characteristics of BCN alloys were studied as well in this

thesis. Besides, as h-BN sheets have excellent mechanical properties and

have been used as reinforcing agents in bulk metals, such composite sys-

tems were investigated as well. Although developing composite materials

is a popular method to improve the mechanical properties of a host mate-

rial, sometimes it is difficult to achieve good results because of poor adhe-

sion at the interface between the host matrix and the reinforcing agents.

A way to improve the strength of the metal (using the example of alu-

minum) by reinforcing it with defective BN nanotubes was proposed in
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this thesis. For this purpose, simulations indicated that point defects, va-

cancies and substitutional carbon defects, should be introduced in h-BN

at the interface. It was shown that some of them facilitate strong bonding

at the interface and, as a consequence, increase the tensile strength of the

composite material.

First-principles calculation setup normally utilizes periodic boundary

conditions, which cause appearance of spurious intralayer and interlayer

interaction between the images of defects when they are present. There-

fore, the supercell size should be carefully chosen and convergence of

the results with respect to the simulation parameters should be checked.

Such spurious interaction becomes crucial in 2D systems, especially when

dealing with high defect concentration or with charged defects. It brings a

considerable error to the calculations of defect formation energy. Accord-

ingly, errors should be eliminated in the calculations. A straightforward

scheme was proposed to deal with the spurious long-range Coulomb in-

teraction between charged defects, which does not require complicated

calculations and works well for 2D materials.

In summary, the thesis represents a collection of studies focused on the

changes in the properties of h-BN occurring when carbon impurities are

introduced in the host material. The results support experimental phe-

nomena, e.g. they elucidate the mechanism of h-BN doping under an elec-

tron beam by substituting B atoms with carbon. Also, the obtained results

suggest a way to grow the BCN material with the desirable properties or

to improve the mechanical characteristics of h-BN-metal composites. The

thesis further addresses computational challenges relevant to 2D materi-

als, e.g. the problem of accurate calculations of defect formation energies

when extra electron charge is present. To this end, the results should be

beneficial for progress in the simulations of 2D materials with impurities

and defects.

Although this thesis is mostly focused on h-BN and graphene, as well as

mixed systems constructed from B, C, and N atoms, many aspects of this

work (e.g., the computational scheme of charged defects calculations) are

also relevant to other members of the 2D materials family [121]. These

materials have unique properties and they are promising for a wide range

of applications, so they are actively investigated at the moment by the

scientific community. Thus, the results presented in this thesis should

facilitate the further progress in this topical area of research.
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Errata

Publication III

The original article describes a method for correction of errors in

defect formation energy calculations, and in calculations of charge transi-

tion levels caused by spurious interactions between defect images in the

system. In order to find the defect formation energy for isolated defects,

extrapolation of defect formation energies for systems of different sizes

was done with respect to the system size. The supercells considered in the

original paper were not sufficiently large to guarantee reliable extrapola-

tion to the dilute limit, thereby causing underestimation of the corrected

values.

In the Erratum, larger systems were computed, and different extrapola-

tion formulas were applied. As a result, accurate values of defect forma-

tion energies and charge transition levels corresponding to isolated de-

fects were obtained. Also, revised vacuum sizes were calculated for the

“special vacuum” supercells.

Overall, the magnitudes of errors in comparison to the original article

are as follows : (i) 0,185 eV in the case of CB (and C, B, and N adatoms

at +1 and -1 charge states via the special vacuum construction) in h-BN;

(ii) 0,177 eV in the case of CN in h-BN; (iii) 0,101 eV in the case of MnMo

in MoS2 ; (iv) 0,099 eV in the case of FS in MoS2 . Consequently, Table 1

and Table 2 of the original publication are provided in the Erratum with

updated numbers.

H.-P. Komsa and N. Berseneva and A.V. Krasheninnikov and

R.M. Nieminen, Phys. Rev. X 8, 3, 039902 (2018).
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