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Abstract
The wide range of extreme properties of
diamond are making diamond-based materials ideal to build nanoengineered devices with wide applicability in nanophotonic, optomechanics, photovoltaics and
electronics. In such applications, it is crucial to understand how to tune the width
and the character of the band gap. In the
present work, this task is tackled by means
of quantum mechanical simulations.
We show that the width of the band
gap is determined by the specific local
charge distributions in the ion environment around the dopant; in order to control it, we propose how to select suitable dopant atomic types, their concentration and how to impose convenient axial
strains on the structure. Moreover, we
suggest different ways of acting on the lattice parameters with the aim of changing
the character of the band gap.
Due to the generality of our investigation protocol, the presented outcomes can
be used to study optical and electronic
properties of any material irrespective of
their chemical composition or atomic arrangement.
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Abstrakt
Široká škála extrémnych vlastností diamantu robí na ňom založené materiály
ideálnymi na výrobu nanorozmerných zariadení so širokou aplikovateľnosťou v nanofotonike, optomechanike, fotovoltaike
a elektronike. Pre takéto aplikácie je kľúčové pochopiť ako ladiť šírku a charakter zakázaného pásu. V tejto práci sa
na to snažíme prísť pomocou kvantovomechanických simulácií.

V práci ukazujeme, že šírka zakázaného
pásu je určená špecifickou lokálnou distribúciou náboja v prostredí okolo dopantu.
S cieľom navrhnutia konkrétnej šírky zakázaného pásu navrhujeme ako vybrať
vhodný atom dopantu, jeho koncentráciu
a ako zaťažiť štruktúru axiálnym napätím.
Okrem toho navrhujeme rôzne spôsoby
pôsobenia na parametre mriežky s cieľom
zmeniť charakter zakázaného pásu.

Vďaka všeobecnosti uplatneného
výskumného protokolu môžu byť prezentované výsledky použité na štúdium
optických a elektronických vlastností
akéhokoľvek materiálu bez ohľadu na
chemickú kompozíciu alebo usporiadanie
atómov.

Klíčová slova: diamant, doping, ladenie
zakázaného pásu, šírka zakázaného pásu,
charakter zakázaného pásu

Překlad názvu: Strukturní ladění
zakázaného pásu v nanostrukturovaných
diamantech
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Chapter

1

Introduction

The performance demand for semiconductors is growing, as fast unceasing
technological advance leads to a continuous decrease in the size of the devices
while increasing their power consumption. [18] Standard semiconductors
(e.g., silicon) face many problems such as the inability to work under higher
temperatures due to their relatively narrow band gap [14] or under high
frequencies due to slow carrier mobility. Many of these problems can be
eliminated by using wide band gap semiconductors among which diamond is
one of the most exceptional. [18, 75]

Pure diamond is an ultrawide band gap semiconductor with band gap
width of 5.47 eV and a wide range of extreme physical properties such as
large thermal conductivity (> 2000 Wm−1 K−1 ), electron and hole mobility
(> 3000 cmV−1 s−1 ), and high breakdown field strength (10 MVcm−1 ) [75,
34, 55]. These properties provide tremendous potential for applications
in harsh working conditions such as in high-frequency FETs and power
electronics, including high-power Schottky diodes [21] and switches [55].
Diamond’s qualities seem to be crucial for high-power high-frequency radio
signal amplification where travelling-wave tubes are mostly used today, as
well as for the high-voltage switches which are predicted to be of particular
importance for renewable energy power systems [75]. Furthermore, diamondbased semiconductors are capable of operating at high temperatures while
maintaining low conduction and switching losses [55]. Moreover, recent studies
are indicating that suitably doped diamond can be essential in the further
development of quantum computers, single-photon emitters, high-precision
magnetic field sensing devices, and photovoltaics [68, 74, 13, 57].
1
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As each technological application requires a specific band gap size, preferably with direct character so as to improve the efficiency of the device,[52]
the gap features of the pristine diamond structure must be modified in order
to meet such requirements. The most common method to achieve such desired requirements is by introducing impurities into the diamond structure,
mostly by atomic substitution (i.e., doping). Impurities of many types are
naturally occurring in diamonds, while nitrogen defects are the most common
[36]. Artificial p-type doping of diamond with boron has been experimentally
proved as possible and efficient [77, 30], while n-type doped diamond has
been experimentally achieved with nitrogen [59] and phosphorus [7]. Some
recent theoretical studies were dedicated to halogen (F, Cl, Br, I ) [78],
oxygen[72], lithium [20] and arsenic [69] doping. Other studies investigated
on current transport and self-heating effect[44], single-photon emission [46],
electron spin-phonon coupling [2] or thermal conductivity [15]. However, the
available information is focused on specific aspects of the material preparation
and response, while a general understanding of the entangled geometric and
electronic properties determining the features of the band gap is missing.

To this aim, in this thesis, we try to uncover the physical phenomena
occurring at the nanoscale which determine the width of the band gap and its
direct/indirect character (directness). In order to identify these phenomena, a
quantum mechanical investigation on diamond-based materials with different
types of doping atoms (creating both p- and n-type doped structures) and
their concentrations is performed. The study is also expanded by imposing
axial tensile strains on the lattice structures. The foundation of this study
was laid in my bachelor thesis, which included the computational quantum
models of fifteen systems and a preliminary analysis.

At the beginning of the thesis, we describe the basics of the theory behind
the quantum mechanical description and the methodology used for the investigation of the electronic structure of many-body systems. Subsequently, we
explain the methods and descriptors which we use to analyse the influences
of different dopants at varying concentrations. Finally, we propose guidelines
on how to select proper dopant atomic types and concentrations to engineer
the desired band gap width and character in diamond-based materials, and
how to act on the geometric features to finely tune their optical and electronic properties. We believe that the presented investigation protocol can
be promptly applied to the study of optical and electronic materials with any
chemical composition and atom arrangement beyond those characteristic of
the diamond structure.

2

Chapter

2

Theory and Methodology

In this chapter, we will look into the physical theory underlying the quantum
mechanical simulations. We will begin by introducing the iconic Schrödinger
equation and the numerical methods for solving it, in order to get a physical
description of the crystal structures. We will then briefly introduce the direct
and the reciprocal lattice; finally, we will discuss the descriptors which we
use to analyse the results of the calculations.

2.1 The Schrödinger Equation and the Quantum
Numbers

Ab initio (i.e., from first principles) methods rely on solving the Schrödinger
equation [62] to obtain the properties of the system. The most general form
of the equation is its time-dependent form
iℏ

∂Ψ(r, t)
= H(r, t)Ψ(r, t)
∂t

(2.1)

where t is the time, r is the position vector in Cartesian coordinates, H
is the Hamiltonian operator representing the total energy of the system,
and Ψ is the function solution of the equation carrying the information on
the status of the system. If the Hamiltonian does not explicitly depend on
the time, the wavefunction can be written as a product of a time- and a
space-dependent part; hence, in this case, we seek a solution in the form of
Ψ(r, t) = ψ(r)θ(t). It can be easily shown that it will yield a solution in the
3
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form of a standing wave, i.e., the dependence of the wavefunction on the time
is only the modulation of its phase. In fact, even if the wavefunction oscillates
in time, the probability density |Ψ|2 = Ψ∗ Ψ remains the same (the symbol “∗ ”
represents the operation of complex conjugation). Therefore, every observable
variable remains unchanged throughout time. This will be the case of all the
simulations discussed in this work.
The spatial part ψ(r) satisfies the following eigenvalue-eigenvector equation
known as the time-independent Schrödinger equation:
H(r)ψ(r) = Eψ(r)

(2.2)

where ψ(r) is the eigenfunction of the Hamiltonian with corresponding energy
eigenvalue E. A typical example of the Equation 2.2 is the solution for the
hydrogen atom. The hydrogen atom is an example of a symmetric spherical
Coulombic potential problem; in this case, it is convenient to express the
Schrödinger equation in spherical polar coordinates. The wavefunction is
then separable into a radial and an angular component, hence the solution is
their product:
ψnlm (r, θ, φ) = Rnl (r)Ylml (θ, φ)
(2.3)
where r represents the radial distance from the origin of the reference frame,
while θ and φ are the zenithal and the azimuthal angle, respectively. Rnl (r) is
the radial part of the wavefuction and is related to the Laguerre polynomials,
while Ylml (θ, φ) is the spherical harmonic representing the angular part. The
labels n, l, ml are called quantum numbers and uniquely specify the spatial
wavefunction, thus the state of the electron. These quantum numbers are a
label for the eigenvalues of three commuting operators, i.e., observables that
can be measured simultaneously with unlimited precision; such operators are
said to form a complete set of commuting observables. The quantum numbers
and their corresponding operators are defined in Table 2.1.
Quantum number
Principal n
Azimuthal l
Magnetic ml

Operator
Hamiltonian H
Magnitude of the angular
momentum L2
Projection of the angular
momentum along z-axis Lz

Eigenvalue
1
En = E
n2
L2 = ℏ2 l(l + 1)
Lz = ℏml

Table 2.1: Table expressing relations between quantum numbers and eigenvalues
of the operators forming the complete set of commuting observables. The E1
corresponds to the negative value of the ionization energy of the hydrogen
E1 = −13.6 eV.

The wavefunctions ψnlm (r, θ, φ) representing individual electrons in the atoms
4
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are called atomic orbitals; orbitals with azimuthal quantum number l =
1, 2, 3, 4 are also named s, p, d, f orbitals, respectively.

We will study systems at the equilibrium; this implies that the Hamiltonian
operator does not depend on the time. Therefore, we will seek the solution of
the time-independent Schrödinger equation (Equation 2.2). Unfortunately,
only in the case of the hydrogen atom it is possible to find an analytical
solution; instead, we will need to solve the Schrödinger equation numerically,
by also introducing approximations in the form of the solution and the
Hamiltonian. For a better illustration of the complexity of the problem, we
here report the generalized Hamiltonian of a system containing n electrons
and N nuclei:
n X
n
N
N
X
X
ℏ2 X
e2
ℏ2 2
ZI
H=−
∇I +
−
∇2i −
2me i=1
2MI
4πϵ0
|r − RI |
i=1 I=1 i
i=1

"

+

1X
2

i̸=j



1
ZI Zj 
+
|ri − rj | 2 I̸=J |RI − RJ |
1X

(2.4)

where the electron variables are denoted by lower case subscripts, while the
nuclei variables with mass MI and charge ZI by uppercase subscripts; ri and
RI are the electronic and nuclear coordinates, respectively. The Hamiltonian
in Equation 2.4 is the sum of five terms: the first two terms correspond to
the kinetic energy of the electrons and nuclei, respectively, the third term
represents the interactions between electrons and nuclei, the fourth term
accounts for electron-electron interaction while the last term stands for nucleinuclei interaction. Many methods have been developed to tackle the task
of solving the many-body Schrödinger equation; we will briefly describe the
most significant ones in the following sections.

2.2

The Hartree-Fock Method

The first applied approximation on the path to solving the time-independent
Schrödinger equation is the Born-Oppenheimer approximation [8]. The BornOppenheimer approximation takes advantage of the great difference in the
masses of nuclei and electrons; in fact, even in the case of hydrogen, the ratio
is of the order of 1 : 103 . Based on this observation, we can assume that
the velocities of the electrons are much larger than the ones of the nuclei.
Therefore, we can consider as fixed the position of the nuclei and solve the
Schrödinger equation for the electrons and nuclei separately, hence with a
solution of the form:
Ψ(r, R) = ψ(r, R)χ(R)
(2.5)
5
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where ψ(r, R) is the electronic wavefunction and χ(R) is the nuclear wavefunction, while r and R are the coordinates of the electrons and nuclei,
respectively. As a result, the main objective in finding the properties of the
system is to solve the electronic Schrödinger equation:
He (r, R)ψ(r, R) = ϵ(R)ψ(r, R)

(2.6)

where R serves as a parameter and He is the electronic Hamiltonian for
system with n electrons and N nuclei (for description of the individual terms
see Equation 2.4):




n X
n
N
ℏ2 X
e2  X
ZI
1X
1
.
−
∇2i +
+
He (r, R) = −
2me i=1
4πϵ0
|r
−
R
|
2
|r
−
r
|
i
i
j
I
i=1 I=1
i̸=j

(2.7)

Now, equipped with the Born-Oppenheimer approximation, we can move
to the historically first approach to the many-electron problem in the form
of Equation 2.6 proposed by Douglas Hartree in 1928 [28]. The Hartree
approximation relies on two assumptions:

..

1. The whole n-electron wavefunction can be constructed by multiplication
of the n one-electron wavefunctions (i.e., orbitals), thus we can solve
them separately.
2. Electrons in an atom are affected by the electrostatic field created by
the central potential of the nucleus and the field created by the other
electrons.

However, the Hartree approximation treats electrons as distinguishable
particles and not as Fermions, i.e., particles with non-integer spin, which have
to obey Pauli’s exclusion principle [53]. According to Pauli’s principle, when
two Fermions are exchanged, the wavefunction must change sign, i.e., it has
to be antisymmetric. To tackle this problem, Vladimir Fock [23] and John
Slater [65] introduced the antisymmetrized n-electron wavefunction in the
form of Slater determinant:
ψ1 (x1 ) ψ2 (x1 )
1 ψ1 (x2 ) ψ2 (x2 )
Ψ(x1 , x2 , ..., xN ) = √
..
..
N!
.
.
ψ1 (xN ) ψ2 (xN )

...
...
..
.

ψN (x1 )
ψN (x2 )
..
.

(2.8)

. . . ψN (xN )

where ψi is the i-th one-electron spin-orbital and xi corresponds to a merged
variable for spin and space coordinates xi = (ri , ms,i ). In the section 2.1 we
labeled an atomic orbital by means of the three quantum numbers n, l, ml ;
6
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however, these quantum numbers define only the spatial part of the orbital.
In order to obtain the complete electron wavefunction, we have to include the
spin quantum number ms defined as an eigenvalue of the operator Sz , that is
the spin angular momentum projected along the Cartesian z-axis. Then, the
spin-orbital is the product of a spatial and a spin wavefunction of the form
ms
ψnlm
= ψnlml αms . The approximation which assumes a solution wavefunction
l
in the form of Equation 2.8 is called Hartree-Fock (HF) approximation.

2.2.1

The Self-Consistent Field

In the Hartree-Fock approximation, the electronic Schrödinger equation
Equation 2.6 for one electron assigned to a spatial orbital ψi (r1 ) is written
as:
f1 ψi (r1 ) = ϵi ψi (r1 )
(2.9)
where ϵi is the i-th one-electron orbital energy and f1 is the Fock operator
formed by the core Hamiltonian h, and the Coulomb J and exchange K
operators:
X
f1 = h1 +
[2Ju (r1 ) + Ku (r1 )]
(2.10)
u

where the sum runs over all the occupied orbitals u. The Coulomb operator
represents the Coulombic repulsion between the electrons, the exchange
operator accounts for the corrections of the energy caused by spin correlation
and the core Hamiltonian is the one-electron Hamiltonian for the assigned
electron. Each orbital ψi is obtained by solving Equation 2.9 with the
corresponding Fock operator. However, the Fock operator depends on the
exchange and Coulomb operators which in turn depend on all the orbitals of
the system, unknown at the beginning of the calculation. Therefore, they are
calculated by means of an iterative scheme called Self-Consistent Field (SCF).
At the beginning of the SCF, a trial set of the ψi orbitals is framed and used
to create the initial Fock operators, then the HF equations (Equation 2.9) are
solved for all the electrons to obtain a new set of orbitals which are the input
for the next iteration. The procedure stops when some convergence criterion
is reached, e.g., the total energy difference between the two subsequent SCF
iterations is lower than a tolerance value specified as an input of the scheme.
The next step to find a reasonable approximation of the solution is to
introduce the basis set. The basis set is a set of functions used to represent
the spatial one-electron orbitals. The i-th one-electron wavefunction ψi is
then represented as a linear combination of such basis functions:
ψi =

M
X
j=1

7
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where θj is the j-th basis function from the set containing M functions and
cji is a set of currently unknown coefficients calculated as a result of the SCF.
The overall precision of the approximation is dependent on the number of
the chosen basis functions and their suitability. Theoretically, a set with an
infinite number of bases is needed to achieve the best possible result within
the HF method. The suitability of the type of the set depends on the kind
of the studied system; [38, 3] in general, the periodic systems would benefit
from the plane waves, while molecular systems from atom-centred basis sets
as Gaussian- or Slater-type orbitals [38, 3].

The introduction of a basis set, independently suggested by Clemens
Roothaan and George Hall (in 1951),[60] paved the way for solving the HF
equations as a generalized eigenvalue problem. At the beginning of the
procedure, two matrices are formed. The first is the Fock matrix F , the
elements of which are created by integration over the Fock operators fi :
Z

Fij =

θi∗ (r1 )f1 θj (r1 )dr1

(2.12)

where θi are the basis functions. The Fock matrix is the iteratively changed
with the change of the fock operators during the SCF procedure. The second
matrix to create is the overlap matrix S, and its elements are created by the
overlap integrals of the basis functions θi :
Z

Sij =

θi∗ (r1 )θj (r1 )dr1 .

(2.13)

As the set of basis functions is chosen as an input of the calculation and does
not change during the iterations, the overlap matrix is calculated only once.
The Fock and overlap matrices form the eigenvalue-eigenvector equations
known as Roothaan equations in the matrix form:
F C = SCε

(2.14)

where F is the Fock matrix, S the overlap matrix, C is the matrix of the
basis coefficients in Equation 2.11 and ε is the diagonal matrix containing
the energy eigenvalues. The Roothaan equations have a non-trivial solution
only if
det |F − εi S| = 0

(2.15)

where εi is the energy of the i orbital. The solution of Equation 2.15 is
the set of the basis coefficients cji and orbital energies ϵi , while the inputs
are the Fock and the overlap matrix. These coefficients are used to obtain
a new set of orbitals as shown in Equation 2.11 and subsequently, a new
matrix F used in Equation 2.15. The iterative procedure again continues
until the demanded stopping criterion is reached. This iterative procedure
is summarized in the schematic shown in Figure 2.1. As mentioned above,
when the SCF convergence is reached, we obtain the converged HF orbital
8
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energies ϵi . Then, we can get the total energy of the electronic system by
summing the individual orbital energies:
E=

X

εi .

(2.16)

i

However, this energy represents solely the electronic energy and does not
include the contribution emerging from the repulsion between the atomic
nuclei. The converged energies together with the coefficients of the basis
expansion form the solution of the time-independent Schrödinger equation
(Equation 2.2); the solution can then be used to calculate any observable of
the system.

Figure 2.1: A schematic representing iterative procedure of the SCF.

2.2.2

Limitations of the Hartree-Fock Method

However, even if the Hartree-Fock method considers most of the total energy,
including the exchange energy, it does not account for the correlation energy.
The correlation energy is a summary term describing the instantaneous
interaction between the electrons and its subsequent quantum mechanical
effect on their distributions. [3] Alternatively, within the Hartree-Fock method,
we can define it as a difference between the total energy and the energy
calculated by the Hartree-Fock method with the highest possible precision:
[38, 45]
Ec = Etot − EHF
(2.17)
9
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where Etot is the total energy of the system without relativistic effects and
within the Born-Oppenheimer approximation.

The correlation energy is indeed crucial for a great number of systems; in
fact, it has been shown that it plays a fundamental role in the determination
of the band gap in diamond-based systems [66]. As the exact expression of
the correlation energy is not known, several methods have been developed to
improve the HF approach and add the electron correlation into its framework.
In general, the methods are based on the expansion of the single Slater
determinant into a linear combination of determinants. Such methods are
called post-Hartree-Fock methods; among the most common ones we can
mention the following:

..
..

1. Configuration Interaction (CI) [19]
2. Møller–Plesset Perturbation Theory (MP)[47]
3. The Coupled-Cluster Method [43]
4. Multiconfiguration Methods (MCSCF, CASSCF etc.) [70]

These methods add additional accuracy to the solution of the Schrödinger
equation; however, they are computationally very demanding and are commonly used only for small systems. To study large structures, which is indeed
necessary in our case, we need to look for an alternative approach to solve
the many-body Schrödinger equation.

2.3

The Density Functional Theory

In parallel with the HF methods, a completely different approach has been
developed to solve the Schrödinger equation. In 1927, Llewellyn Thomas and
Enrico Fermi independently proposed a way to express the total energy of
the electronic system solely in terms of the spatially dependent probability
of the electronic density ρ(r). They did not provide any proof at that time,
although this idea became a precursor for the method now known as density
functional theory (DFT). The functional is a type of function which takes a
function as an input and yields a value as an output. Nearly forty years later,
10
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in 1964, Pierre Hohenberg and Walter Kohn [39] proved that the total energy
of the system is a functional of the electron density; in other words, the
electron density determines the system wavefunction and all the properties of
the system. However, the Hohenberg-Kohn theorem only proves that such
a functional exists but, unfortunately, it does not provide any information
about its formulation. One year later, Kohn and Lu Jeu Sham presented a
set of equations to obtain one-electron wavefunctions (i.e., the Kohn-Sham
orbitals). The sum over all the occupied squared Kohn-Sham orbitals can
then be used to reproduce the ground-state electronic density:
ρ(r) =

n
X

|ψi (r)|2 ;

(2.18)

i=1

where ψi (r) are Kohn-Sham orbitals and ρ(r) is the electronic density.
The energy functional E[ρ] of the n-electron system is then written as:
E[ρ] = −

n Z
N
X
ZI
ℏ2 X
ρ(r 1 )dr 1
ψi∗ (r 1 )∇21 ψi (r 1 )dr 1 − j0
2me i=1
r
I=1 I1

1
+ j0
2

Z

ρ(r 1 )ρ(r 2 )
dr 1 dr 2 + EXC [ρ]
r12

(2.19)

where the first term represents the kinetic energy of the electrons, the second
term corresponds to the attraction between the nuclei and the electrons in
the system with N nuclei, and the third term corresponds to the Coulombic
interaction among the total charge distribution. The fourth term represents
the exchange-correlation energy EXC which deserves the following discussion.
As previously mentioned, to obtain the electronic density it is necessary to
find a solution to a system of one-electron Schrödinger equations known as
Kohn-Sham (KS) equations. The KS equations for one-electron wavefunction
ψ1 (r1 ) are written as:
N
X
ℏ2 2
ZI
−
∇1 − j0
+ j0
2me
r
I=1 I1

Z

!

ρ(r 2 )
dr 2 + VXC (r1 ) ψi (r1 ) = ϵi ψi (r1 )
r12
(2.20)

where ϵi are the energies of the KS orbitals and the VXC is the exchangecorrelation potential calculated as the functional derivative of the exchangecorrelation energy:
VXC [ρ] =

δEXC [ρ]
.
δρ(r1 )

(2.21)

We can notice that the solutions and references for the equations above are
entangled. The solution of the Equation 2.20, the KS orbitals ψi , is the
11
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reference for the calculation of the electronic densityρ in Equation 2.18, in
turn ρ is the reference for the Equation 2.18, the solution of which, VXC ,
is again input for the KS equations Equation 2.20. Therefore, as in the
Hartree-Fock method, we are forced to use SCF iterative schemes to solve
the many-body Schrödinger equation within the Density Functional Theory.

At the beginning of the calculation, the pilot electron density is chosen,
usually by superposition of atomic densities, together with the formulation
of the exchange-correlation energy. The initial density and EXC are then
used to calculate VXC (Equation 2.21) and subsequently the KS orbitals from
Equation 2.20. Then the set of orbitals is used to calculate the new electronic
density (Equation 2.18) and the total energy (Equation 2.19) which marks
the beginning of the following iteration. The iterations are stopped when
the convergence criterion is met. The KS orbitals are usually expressed as
linear combinations of basis functions, similarly to the HF method; with this
choice, the problem transforms into the search for the coefficients of the linear
expansion. [38, 3]

The Density functional theory represents a viable alternative to the HF
based methods; it takes into account exchange and correlation energy while
being less computationally demanding. In fact, with respect to the number
of atoms N , the DFT formally scales with O(N 3 ), HF methods with O(N 4 )
while post-HF methods can scale up to O(N 7 ). Therefore the DFT represents
a viable solution for simulations involving hundreds of atoms. [3]

Finally, we would like to make some remarks on the DFT:

.
.

1. It is noteworthy that the first and the third term in Equation 2.20 do not
depend on the system, therefore the kinetic T and the electron-electron
interaction parts of the Hamiltonian are the same for every system
with the same number of the electrons. For this reason they are called
universal operators. Analogously, we call the first T [ρ] and the third
term in the Equation 2.19 universal functionals. The remaining terms
are non-universal, as they depend on the system under study.

2. The Kohn-Sham orbitals and their energies are mathematical concepts
and their physical meaning has been subject matter for discussion. [45]
12
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Exchange-Correlation Functionals

The largest source of error in the DFT calculations comes from the fact
that the exchange-correlation energy EXC cannot be obtained exactly and
it must be approximated. Several approaches to obtain these functionals
have been developed, while historically the first and the most simple is the
local density approximation (LDA).[38, 3] The local density approximation
relies on two assumptions: firstly, it treats a general inhomogeneous system
as locally homogeneous, by assuming the spatial changes of the electron
density to be slow; and secondly, it assumes that the exchange-correlation
energy per electron ϵXC is the same as in the homogeneuos electron gas.
The homogeneous electron gas (HEG), [3] i.e., jellium, is a model in which
electrons travel through an infinite region of space with a uniform distribution
of positive charge to retain overall charge neutrality. The energy in the LDA
formulation is then:
LDA
EXC
[ρ] =

Z

ρ(r)εLDA
XC [ρ(r)]dr.

(2.22)

Many approaches split the exchange-correlation energy into exchange and
correlation parts (ϵXC = ϵC + ϵX ) and compute them separately. Indeed,
the LDA proceeds in this manner and the exchange energy is expressed
exactly by the formula derived by Paul Dirac for the HEG,[38] while the
correlation energy has been parametrised in many forms, mostly with the
use of quantum Monte Carlo simulations.[38] Although the LDA is very
simple and based on a strong approximation, in most cases, e.g., systems with
strong bonds, it yields very accurate results. However, it starts to produce
errors if the electron density significantly varies throughout the system as in
some molecules [38, 3]. In these cases, the gradient correction is introduced
into the Equation 2.22 in order to account for the inhomogeneities in the
electron density. The simplest of the gradient methods is the generalized
gradient approximation (GGA). The search for new more accurate exchangecorrelation functionals is one of the main goals of today’s research efforts
regarding the density functional theory. Other more advanced functionals
include the meta-generalied gradient approximation (m-GGA) [54], which
introduces the second derivative (the Laplacian) of the electron density and/or
the gradient of the kinetic energy density, and hybrid functionals. Hybrid
functionals combine the exact exchange energy from the Hartree-Fock method
with the exchange-correlation energy from other sources such as GGA, LDA
or empirical data. Examples of the most common hybrid functional include
PBE0 [1], HSE [29] and B3LYP [4].
In practice, the suitability of the functional formulation depends on the type
of the studied system; therefore, the first step before starting the calculation
is to check the available literature for suitable candidates. Then, a series of
benchmarks must be performed on the system in order to select the energy
13
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functional that best reproduces most of the known properties (if any) of
the system of interest. When experimental data on the studied structure is
available, the most common benchmark is done by comparing the simulated
ground state geometry and the geometry data available from the experiments.
The final choice of the formulation is based on the best agreement with
the experimental data and it is set as an input for the ab initio simulation
software.

2.4

Crystal Structure

The focus of our investigation is diamond-derived compounds in the form
of a crystal structure. A crystal is an ordered state of the matter which is
constructed by infinite repetitions of a group of atoms in the space. This
group of atoms and their atomic arrangement are called basis or motif. The
crystal lattice is a set of mathematical discrete points {r} that are defined by
the following linear combination:
r = u1 a + u2 b + u3 c

(2.23)

where a, b and c are the translation vectors or lattice vectors, and u1 , u2 and
u3 are arbitrary integer numbers. The crystal structure is then formed by
adding the basis to every point of the space lattice.[37]

2.4.1

Bravais Lattice

The volume which includes the atoms in the basis and fills the entire space
by replicating itself along the three spatial directions is called unit cell. This
volume is then defined by the lattice vectors a, b and c in Equation 2.23 as
V = |a · b × c|.

(2.24)

The choice of the cell basis vectors, and therefore the unit cell, is arbitrary.
The unit cell defined by the smallest possible volume is called primitive unit
cell and it contains only one lattice point. The vectors a, b and c are in this
case called primitive translation vectors. If the volume enclosed in the unit
cell is not the smallest possible, the cell is said to be conventional. Similarly to
the unit cell, the choice of the primitive cell is not unique and many different
algorithms to calculate them exist. The most common primitive unit cell is
the Wigner-Seitz cell, an example of which is shown in Figure 2.2.
14
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Figure 2.2: A simple example of the Wigner-Seitz cell in 2D. The cell is defined
by the smallest volume enclosed by bisectors of the line segments connecting the
lattice points.

In general, the unit cell may remain invariant under translations or other
symmetry operations. The set of symmetries that leaves at least one point
unchanged is called point group, and may include symmetry operations such
as rotations, reflections, rotoinversions, rototranslations (screw axis) etc. [25]
In three dimensions, there are 32 different crystallographic point groups; when
they are combined with the operation of translation, they form 230 space
groups, which uniquely define all the possible symmetries of a crystal system.

The lattices may be divided into distinct types, according to their invariance
under the translation operation; each of such types is termed Bravais lattice,
after Auguste Bravais who in 1850 showed that in three dimensions only 14
different lattice types exist, and may be grouped into 7 lattice systems. The
Bravais lattice of the diamond-based structures, which are the focus of the
present study, is the face-centered cubic one with space group F d3̄m (no.
227); a schematic of the structure is reported in Figure 2.3.

2.4.2

Reciprocal Lattice

As previously mentioned, crystals are periodic systems; therefore, any function
representing their physical properties, such as the electron density, is also
periodic. It is then convenient to represent such a periodic function by
means of the Fourier transform. For this purpose, we introduce the reciprocal
lattice in the reciprocal space as the Fourier transform of the Bravais lattice
in the Cartesian space. We sometimes refer to the latter as direct or real
lattice. Analogously to the definition of the direct lattice (Equation 2.23),
15
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Figure 2.3: Schematic representation of the face centered cubic (FCC) Bravais
lattice (created by means of the vesta software [48]).

the reciprocal lattice is defined by:
g = v1 a′ + v2 b′ + v3 c′

(2.25)

where where v1 , v2 , v3 are integer numbers and a′ , b′ , c′ are the reciprocal
translation vectors defined as
a′ = 2π

b×c
b×c
= 2π
V
|a · b × c|

b′ = 2π

c×a
V

c′ = 2π

a×b
.
V

(2.26)

If the vectors a, b and c define a primitive direct lattice then the a′ , b′ , c′
vectors are also primitive vectors of the reciprocal lattice; thus if the unit cell
is primitive in the real space, it is then also primitive in the reciprocal space
and is called first Brillouin zone (BZ). The reciprocal lattice owns the same
symmetries (i.e., space group) as the direct lattice. The Brillouin zone of the
FCC lattice, i.e., the lattice of our interest, is reported in Figure 2.4.

Figure 2.4: Schematic representation of the Brillouin zone of the FCC lattice.
The red points represent the high-symmetry points and the cell enclosed in red
is the irreducible Brillouin zone (see section 2.5). Reproduced from Ref. [63].
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The Bloch’s Theorem

Felix Bloch proved that the solution of the Schrödinger equation for periodic
potentials, such as in crystals, is in the form:
ψk (r) = uk (r)eik·r

(2.27)

where r is the position vector in the Cartesian space, k is a vector of the
reciprocal lattice, ψk (r) is the one-electron Bloch function or Bloch wave,
which is an eigenfunction of the Hamiltonian, and uk (r) is a periodic function
with the same periodicity of the crystal lattice. The Equation 2.27 shows
that the Bloch function is the product of a periodic function uk (r) and a
phase factor eik·r . Since the phase factor eik·r does not necessary have the
same periodicity as the lattice, neither does the wavefunction ψk (r). However,
the product representing the probability density ψk∗ (r)ψk (r) preserves the
periodicity, hence all the observable properties of the system.
As the Bloch functions are eigenfunctions of the Hamiltonian, by inserting
Equation 2.27 into the time-independend Schrödinger equation we obtain:
H(r)eik·r ui,k (r) = ϵi,k eik·r ui,k (r)

(2.28)

e−ik·r H(r)eik·r ui,k (r) = ϵi,k ui,k (r)

(2.29)

H(r, k)ui,k (r) = ϵi,k ui,k (r)

(2.30)

Therefore, we can find the energy eigenvalues of the Hamiltonian for each
point k in the Brillouin zone separately. In the confined systems, such as
ours, for each k there is a discrete set of energies (labelled by i). These sets of
energies ϵi,k for distinct k form what is called the electronic band structure [45].
The band structure is elementary for determining the electronic properties of
the crystal and we will take a closer look into it later on (section 2.6).
As we are solving the Schrödinger equation in the reciprocal space, we recall
that the Brillouin zone owns the same set of symmetries as the direct lattice.
The presence of such symmetry operations can be exploited in the search
for the solution of the equation. Since the Hamiltonian is invariant under
the space group operations, the solution of the Schrödinger equation must
be also invariant. First, each Brillouin zone (BZ) contains points to which
multiple symmetry operations correspond; we call them high-symmetry points.
Secondly, it is possible to define the irreducible Brillouin zone (IBZ, see
Figure 2.4). The IBZ is the smallest possible volume from which it is possible
to build the full Brillouin zone after applying the symmetry operations of the
crystal. As a result, it is enough to consider only the IBZ when solving the
Schödinger equation, as the solution in the full unit cell is obtained by means
of the symmetries operations. In fact, the IBZ is always smaller than the BZ
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at least by a factor of 2, and in the highest symmetry crystal up to a factor
of 48 [45]. The further reduction in the computational load rises from the
possibility to consider only a small set of points to sample the BZ. We call
these points the k-points and one of the most common methods of choosing
them is the Monkhorst-Pack method [49].

2.6

The Electronic Structure

In this section, we will describe the basic quantities that we use to identify
the general electronic properties of the system. The first important quantity
is the Fermi level. The Fermi level is defined as the energy level, if it exists,
that has 50 % probability to be occupied at any finite temperature. According
to the location of the Fermi level relative to the energy bands, it is possible
to determine the electric properties of the material. The material is showing
conductive (i.e., metallic) properties when the Fermi level is crossing a nearly
continuous set of bands. Indeed, the sets of energy values are discrete,
therefore they can be separated by energy regions where no solution in the
form of Bloch function exists; these regions are called band gaps or energy
gaps. Then, when the Fermi level lies within such a band gap, or on its lower
edge, the material has insulating properties. Depending on the size of the
band gap, we may have semiconductor or insulator materials. The two most
important bands determining the electronic properties are the bands closest to
the Fermi level, i.e., the valence and the conduction band. The term valence
band indicates the uppermost set of energies fully occupied by electrons at
absolute zero temperature, while the term conduction band represents the set
of energies corresponding to eigenstates for which the electrons are free to
move across the material.
The band gap around the Fermi level is the most commonly studied band
gap in solid-state physics; its width is defined as the energy difference between
the conduction band minimum (CBM) and the valence band maximum (VBM)
ϵCBM − ϵV BM . In a conductive system, when the Fermi level lies within the
band, the band gap is null. However, in this work, we expand the definition
of band gap to conductive systems, for reasons which will be clear later on.
As we will see in the following chapter, the Fermi level is located at the
highest occupied energy level in all our systems. Furthermore, even in the
case of the conductive systems, we will observe the presence of an energy gap
between the valence and the conduction band. This allows us to introduce
the generalised band gap ∆ definition as:
∆ = ϵCBM − ϵF

(2.31)

where ϵF is the Fermi level. With this definition, the band gap assumes
18
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negative values for conductive systems and indicates how deep the Fermi level
is in the conduction band. In the case of the systems for which the Fermi
level is located at the VBM (ϵF = ϵV BM ), Equation 2.31 corresponds to the
standard definition of band gap. The schematic of our definition can be seen
in the Figure 2.5. Apart from its width, another relevant property of the
band gap is its directness: we say that the bandgap is direct when the CBM
and VBM are located at the same vector k, otherwise, we will refer to it as
indirect.

Another important quantity based on the band structure is the density
of states (DOS). It is defined as the number of electronic states existing per
infinitesimal energy interval [E, E + δE]. As there are no allowed states in
the band gap, the latter can be easily calculated from the DOS. We can then
define the total and the projected DOS: the former represents the allowed
electronic states of the whole system while the latter corresponds to the
contribution of a particular atom or an orbital to the total DOS. The latter
is particularly useful for the analysis of the influence of the dopant on the
electronic structure, as we can immediately see if the dopant adds states
to the top of the valence band or the bottom of the conduction band, thus
altering the band gap and the overall properties of the material.

Figure 2.5: Schematic representation of the generalised band gap definition.
The plot in (a) shows an example of positive band gap, while in (b) we show an
example of negative band gap for a conductive system. The green line indicates
the conduction band minimum, while the blue line shows the position of the
Fermi level.
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Calculations

To solve the time-independent Schrödinger equation, we make use of the
abinit software package [26]. abinit is a suite which utilizes the density
functional theory to calculate the physical properties of the system. Electron
wavefunctions are expanded by means of plane waves basis set. The plane
waves (eik·r ) represent a natural and computationally efficient choice to
represent the Bloch functions. Moreover, the plane wave expansion, therefore
the accuracy of the solution, can be easily controlled by a single parameter,
which is the plane wave energy cutoff. However, the suitable value of this
parameter is not known beforehand, hence it must be determined by means
of convergence tests. Furthermore, abinit takes advantage of the use of
pseudopotentials.[67] Since the wave function around the nucleus is very steep
as a result of strong ionic potential, its representation requires a huge number
of plane wave components which would increase the computational load. Based
on the assumption that the core electrons are not essential in determining the
physical properties of the system, we introduce the pseudopotentials which
effectively substitute the core electrons and the nucleus. Therefore the number
of plane wave components is reduced and limited to the representation of
the wavefunctions of the valence electrons. As we consider a large number of
structures, some of them containing hundreds of atoms, we perform most of
the simulations at the high performance computing centre IT4Innovations,
where I have already successfully applied and been granted computational
resources for a total of about 1.5 MCPUh (proejct ID: OPEN-21-16).

2.7.1

Ground-State Geometry Calculation

The first step on our path to determine the physical properties governing
the band gap is to obtain the geometry configuration (i.e., lattice parameters
and atomic positions) which realizes the minimum of the energy, that is,
the ground-state geometry of our systems. The procedure to obtain such a
geometry by minimizing the total energy of the system is called geometry
optimization. During the geometry optimization, we make use of the Hellmann–Feynman theorem [22]. The theorem tackles the task by considering
how the total energy of the system varies with the change of a parameter P :
δE(P )
δH(P )
= ψ
ψ .
δP
δP




(2.32)

The equation can be rewritten to calculate the force acting on the nucleus by
choosing its position as a parameter:
F = −∇E = − ⟨ψ|∇H|ψ⟩ .
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Now, we have all the ingredients to calculate the ground-state geometry.
Firstly, we will choose the initial geometry according to the experimental
data or, in the case that the system does not exist, by choosing the most
similar expected geometry. This geometry, together with the choice of the
Hamiltonian and other parameters, is provided as an input into the calculation.
Then, the total electronic energy is calculated by means of the SCF procedure
described in subsection 2.2.1; subsequently, the forces acting on the atoms
are calculated via Equation 2.33. The maximum value of the force among
all the components is then compared with the convergence criterion. If the
maximum is smaller than this criterion then the optimization stops and we
declare that the geometry is in its ground-state. However, if the maximum is
above the threshold, the positions of the nuclei are altered along the opposite
direction of the energy gradient. Afterwards, the total energy of the system is
calculated for the new positions of the nuclei and the procedure continues until
the convergence is reached. The iteration cycles are sketched in Figure 2.6.

Figure 2.6: A schematic representing the geometry relaxation.

2.8

Descriptors

Once we obtain the ground-state geometry and the relative quantities of
our interest (i.e., geometric features, electronic density, band structure and
density of states), we can proceed with the data analysis. As previously
mentioned, our goal is to identify the physical phenomena which determine
the width and character of the band gap; to do so, we will make use of several
physical descriptors. In the following subsections, we will briefly introduce
some of them, while the generalised band gap has already been introduced in
section 2.6.
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Covalency

Two atoms form a bond with covalent character when they share their electrons
in the interatomic region; therefore, we can characterize the covalent character
of the bond by analysing the electronic charge distribution along the axis of
the bond. To this aim, it is enough to measure the atomic participation to
the orbital hybridization generating the electronic density forming the bond.
One way to identify such an overlap is to exploit the projected density of
states [12]. The centre of mass of an orbital is calculated as:
R ϵ1
ϵ

A

A
ϵg|n,l,m
(ϵ)dϵ
l ,ms ⟩

CM (n, l, ml , ms ) = R 0ϵ1 A
g
ϵ0

|n,l,ml ,ms ⟩ (ϵ)dϵ

(2.34)

A
where g|n,l,m
(ϵ) is the atomic contribution of the atomic orbital |n, l, ml , ms ⟩
l ,ms ⟩
of the atom A to the total density of states, the orbital being defined by the
quantum numbers n, l, ml and ms (section 2.1). We recall here that the
total density of states g(ϵ) is the sum of the orbital contributions over all the
atoms:
XX X
A
g(ϵ) =
g|n,l,m
(ϵ).
(2.35)
l ,ms ⟩
A

n,l ml ,ms

The choice of the energy interval [ϵ0 , ϵ1 ] for the integration should include
all the bands responsible for the bond creation. The relative position of the
centre of mass of the bands corresponding to orbitals of the atoms A and B
is then calculated as
CA,B = −|CM A − CM B |
(2.36)
which we call the covalency of the A–B bond. According to this formulation,
the larger this value, the larger the overlap of the bands of the selected
orbitals. The greatest possible value of the covalency is zero, which represents
the ideal covalent bond.

2.8.2

Orbital Polarization

To study the local distribution of the electronic density, we exploit the orbital
polarization descriptor [27, 11, 9, 10]. The orbital polarization Pi,j (A, B) is
defined as
ni (A) − nj (B)
Pi,j (A, B) =
(2.37)
ni (A) + nj (B)
where ni (A) and nj (B) are the occupancies of the i and j set of atomic orbitals
centered on the atoms A and B, respectively. Thanks to this definition,
Pi,j (A, B) is an effective and convenient way to measure the excess of charge
in the i-th orbital relative to the j-th orbital.
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Hirshfeld Charge Analysis

The net atomic charge analyses are commonly divided into two categories
[73]. The first category is based on the population analysis of wavefunctions
of the system and is dependent on the basis functions; the most notable
example from this category is the Mulliken population analysis [50]. The
second category is based on the partition of the charge density into what is
called atomic fragments. The atomic fragments can be overlapping, as in
the Hirshfeld’s analysis which we use in this study, or non-overlapping as in
Bader’s approach. The Hirshfeld method [31] partition the charge density at
each point among the atoms of the structure according to their contribution
to the promolecule (i.e., the reference molecule) density at that point; thus
the name “stockholders method”. In this manner, the charge dentity of the
promolecule ρpro (r) is constructed as a sum of the spherically averaged charge
densities of the free atom ρat (r).
ρpro (r) =

X

ρat
i (r).

(2.38)

i

The (pro)molecule in our case is represented by the atoms in the primitive
unit cell. Then the sharing function wi is constructed for each atom i, which
determines the relative contribution:
wi (r) =

ρat
i (r)
.
ρpro (r)

(2.39)

Once the sharing function is calculated, we can find the density of the bonded
mol (r), obtained
atom ρb.a.
i (r) from the charge density of the real molecule ρ
for example by ab initio calculations:
mol
ρb.a.
(r).
i (r) = wi ρ

(2.40)

The difference between the density of the bonded atom and the free atom is
defined as atomic deformation density δρi (r), which, when integrated with
respect to volume v, yields the net atomic charge qi .
at
δρi (r) = ρb.a.
i (r) − ρi (r)

qi = −

(2.41)

Z
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δρi (r)dv.

(2.42)
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3

Results and Discussion

In this chapter, we will investigate a variety of doped diamond-based compounds. In the beginning, we report the computational parameters of our
simulations which are immediately followed by the analysis of the dopant’s
influence on the geometry and the electronic structure. Finally, we formulate
guidelines on how to tune the width and the character of the band gap. The
results reported in this chapter are contained in a scientific article submitted
to an impacted journal; at the moment of the thesis composition, the article
is under review.

3.1

Computation Details

The starting point of our simulations is the pristine bulk structure of the
diamond obtained by X-ray diffraction [6]. To identify an optimal set of input
parameters we conduct a series of preliminary benchmarks. To this aim, we
firstly use a double-loop approach: we calculate the system’s energy with
different plane wave cutoff values in an inner loop, while the k-mesh sampling
is changing in the outer loop. Based on the results, we choose the values of
parameters for which the energy has an asymptotic trend within 10−12 eV. In
this way, we set the plane wave energy cutoff to 1633 eV and the energy cutoff
for the projected augmented wave double grid to 3265 eV. The sampling of
the Brillouin zone is done within the Monkhorst-Pack scheme [49] and differs
with the size of the unit cell; the optimal values are reported in Table 3.1.
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Multiplicity of the supercell
1×1×1
2×2×2
3×3×3
4×4×4
5×5×5

k-mesh
21 × 21 × 21
11 × 11 × 11
7×7×7
5×5×5
5×5×5

Table 3.1: k-mesh for different sizes of the supercells.

Then, we optimize the experimental structure with different energy functionals
and choose the optimal one as explained in subsection 2.3.1. For all our
simulations, we choose the GGA WC [76] functional, as it reproduces the
lattice parameters and the band gap with the highest accuracy. The stopping
criterion for the SCF cycles is set by means of the energy difference between
two subsequent iterations to 10−11 eV. For our analysis, we need to obtain
the geometries which realize the ground state energy; therefore the geometry
optimization is stopped only after the maximum component of the forces
acting on the atoms is smaller than 5 × 10−6 eV/Å. The length of the lattice
parameter of the optimized diamond structure is 3.5612 Å, which is consistent
with the experimental value of 3.567 Å [6] and has the symmetries of the
face-centred cubic spacegroup F d3̄m (no. 227). The calculated band gap
size is 4.14 eV, in agreement with already reported DFT calculations [24];
nonetheless, it is narrower than the experimental value of 5.47 eV [75, 34]. In
fact, it is well-known that the DFT calculations tend to underestimate the
size of the band gap in periodic systems [5]; however, we are interested in
relative variations of the physical features which are not affected by shifts of
the band energy.
To be able to identify the features governing the band gap we introduced
nine different dopants into the pristine diamond structure, one at a time.
Initially, we considered five p-block dopants, namely Al, B, N, P and Si;
subsequently, we expanded the study by considering four transitional metal
atoms, specifically Cr, Sc, Ti and V, in order to verify our hypotheses. With
such a variety of dopants, we are able to create both n- and p-type diamond,
and identify the suitable doping candidates throughout the periodic table far
beyond those considered in our study. The aluminium, boron and scandium
atoms are electron acceptors as their valence shell contains fewer electrons
than that of carbon, thus creating a p-type diamond structure. On the
other hand, n-type diamond is created by doping with nitrogen, phosphorus,
chromium and vanadium as they are electron donors, i.e., they have more
valence electrons than carbon. Silicon and titanium have the same number
of valence electrons as the carbon; however, they act as p-type dopants: in
the following sections, we will try to uncover why. The doped structures are
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modelled by three-dimensional replication of the pure diamond’s unit cell
and by substituting one carbon atom with a dopant. We consider 2 × 2 × 2,
3 × 3 × 3, 4 × 4 × 4, and 5 × 5 × 5 replicas (supercells); in this way, we consider
16, 54, 128 and 250 atoms in our models, respectively, and thus simulate
dopant concentrations at 6.25%, 1.85%, 0.78% and 0.4%. In the following
text, we will refer to a specific doped system as X-n, where X is the kind of
the doping atom and n is the three-dimensional multiplicity of the supercell.
As an example, when we mention the Al-2 model, we mean the supercell
created by 2 × 2 × 2 multiplication of the pristine diamond unit cell and doped
by one aluminium atom. Examples of the primitive and conventional unit
cells of the X-3 and X-4 systems are shown in the Figure 3.1.

Figure 3.1: Examples of the unit cells simulating X-3 (a) and X-4 (b) (concentration 1.85 % and 0.78 %) systems with corresponding lattice vectors. The figure
(a) represents the conventional unit cell corresponding to the face centred cubic
lattice, while the figure (b) shows the primitive unit cell, used in calculations.
Blue and brown spheres represent dopant and carbon atoms, respectively. The
grey line denotes the boundaries of the unit cell.
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3.2

Geometry Analysis

The first step of our analysis is to investigate the influence of the dopant on
the pristine structure. We observe that, regardless of the size of the dopant
and irrespective of its doping concentration, each dopant is surrounded by
four first neighbours forming a regular tetrahedron. As a result, this kind
of substitutional doping preserves the face centred cubic Bravais lattice of
the pristine diamond (Figure 3.1); all the considered doped models own the
symmetries of the same space group F 4̄3m (no. 216), which is different from
the pristine structure as a consequence of the introduction of the dopant
atom.

Figure 3.2: Interatomic distance between the dopant and the neighbouring
carbons as a function of the atomic radius of the dopant. Figure (a) contains
the p-block dopants while figure (b) the transition metals. The “pure” label
represents the C-C distance in the pristine structure.

In order to analyse the changes in the initial geometry induced by the
presence of the dopant, we compare the X-C bond length as a function of
the atomic radius, i.e., the dopant type (Figure 3.2). We can clearly notice
that the dopants with larger radii induce larger lattice distortions in their
immediate vicinity (Figure 3.2a); such a trend is clearly visible in the case of
the transition metals (Figure 3.2b). The largest distortions are then found in
the cases of aluminium and scandium, the latter being the dopant with the
largest radius in our study. The concentration has minor effects on the X-C
distance; the largest difference between the concentrations is observed between
the X-2 and the other systems. In the case of 6.25 % (X-2) concentration,
the coordination shells of the doping atoms are close enough to experience
the influence of each other on their local environments; this causes a slightly
smaller X-C distance when compared to other concentrations. As expected,
such a difference in the distance is then proportional to the atomic radius
of the dopant. On the other hand, the lattice is capable to attenuate such
distortions over longer distances, that is, at concentrations below 1.85 % (X-3
models). Therefore, in these cases the dopants behave as isolated defects,
thus realizing the same X-C distance. To sum up, we can conclude that the
only effect which the atomic type of the dopant has on the system geometry
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is to determine the magnitude of the distortions in its first neighbouring shell,
i.e., the X-C interatomic distance. We then expect that this will determine
the degree of hybridization between the orbitals participating in the X-C
bond, thus the features of the band gap.

3.3

Electronic Structure Analysis

We will now proceed with the analysis of the electronic structure. To this aim,
we will compare the band structure, the band gap and the density of states of
the doped and pristine structures. We then deduce the effects of the atomic
types of the dopants and their concentration on the electronic properties of
the system. We point out that, in this section, we will distinguish between
the terms band and energy gap for the clarity of the analysis. With the term
energy gap, we will refer to any region where no bands exist, while with the
band gap we refer specifically to the energy gap about the Fermi level.

The first step of our analysis is to compare the electronic band structures
calculated along the standard piece-wise linear path joining the high-symmetry
points in the irreducible Brillouin zone [63]. As the band structures at different
concentrations with the same atomic type share very similar features, we
report only the band structures of the highest and lowest concentrations for
comparison. This corresponds to the X-2 and X-5 systems doped with p-block
dopants (Figure 3.12) and to X-2 and X-4 systems doped with transition
metals (Figure 3.13) since the X-5 models where X is a transition metal have
not been considered.

Firstly, we analyse the p-type structures; we remind that these are formed
by Al, B, Si, Sc and Ti doping. We observe that the concentration has a
major influence on the size of the band gap; with lowering concentrations the
band gap size increases (Figure 3.3). We then analyse the differences between
the p- and d-block dopants. The p-block dopants contribute to the band gap
with states lying at the edges of the band gap (Figure 3.12); on the other
hand, states of the d-block dopants are found within the gap including the
Fermi level (Figure 3.13). Moreover, after doping, the valence band maximum
is no longer located at the Γ point as it is in the pristine structure and in the
structures doped by p-block dopants.

To obtain an understanding of the origin of such phenomena, we need
to analyse the projected density of states. The p-type dopants are electron
acceptors, therefore the electron occupying the top of the valence band of
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Figure 3.3: Band gap width as a function of the dopant concentration in p-doped
systems.

the pure structure is shifted to the dopant states. Interestingly, the Al-5
system is already showing the separation of the acceptor states from the main
bulk of the valence band, which can be seen as a minor energy gap in the
valence band close to the Fermi level (Figure 3.14b). We see that, indeed,
irrespective of the atomic type and concentration, the dopants are adding
states to the top of the valence band (Figure 3.14). In the structures doped
by the transition metals, we find that the band in the middle of the band
gap is formed purely by the d-states of the doping metals (Figure 3.15). The
introduction of the acceptor states gives rise to the alteration of the whole
energy spectrum with the effect of narrowing the band gap via a shift of the
Fermi level. Moreover, as expected, we observe that the contribution of the
dopant to the total density of states near the Fermi level diminishes with
lowering concentration.

We proceed by investigating the n-type systems, i.e., doped by electron
donors (N, P, V, Cr). We can immediately notice that the Fermi level is now
located in a region of the DOS which can be identified as the conduction band
of the pristine diamond (Figure 3.12); this phenomenon is caused by the excess
electron introduced into the structure by the dopant atom. Such excess of the
electrons needs to be accommodated in the pristine band structure. However,
the unoccupied states with the lowest energy lie already in the conduction
band; thus the electrons have no choice but to occupy these states. The Fermi
level is shifted according to the position of the uppermost occupied state.
As the Fermi level is crossing the set of the bands, the thermal excitation is
enough to promote the electron to the conduction band, thus the systems are
conductive (i.e., metallic). As we mentioned in the theory part section 2.6,
the energy gap below the Fermi level is still existent. In the structures doped
by p-block dopants, the band dispersion enclosing the energy gap is similar
to the pristine structure or the p-doped structures. Interestingly, in the cases
doped by transition metals (TM) the n-doped systems have the former band
gap split into three separate energy gaps (Figure 3.13). As we did for the
p-doped case, in order to understand the origin of the conductivity of the
n-doped models we analyse the projected density of states. Analogously to
the p-doped structures, we find that the bottom of the conduction band is
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mainly formed by the states introduced by the donor atom (i.e., donor states)
(Figure 3.14). This is in good agreement with both our discussions: the effect
of doping with a donor is to add electrons to the bottom of the conduction
band of pristine structure, while leaving the band dispersion nearly unaltered.
Again, similarly to the p-type systems, the decreasing concentration has the
effect of reducing the donor contribution to the formation of the states in the
vicinity of the Fermi level. It is worth noticing that the donor states of the
N-5 system are already separated from the conduction band by a minor band
gap. In TM-doped structures, we find that both set of bands introduced into
the former band gap (i.e., located between the main bulks of the valence and
conduction bands) are formed by d-states of the metal. Then, the Fermi level
crosses the set of bands with the higher energy of these two.

To dive even into more details, we study the individual orbital contributions
by considering the resolved projected density of states (Figure 3.16 and
Figure 3.15). We observe that, irrespective of the kind of the dopants, both
p- and n-type structures show the following common features. The px and py
orbital projection centred at the atomic site of the dopant as well as at the
atomic site of the neighbouring carbons are degenerate in both p-block-doped
structures. We can clearly distinguish that the px and py orbitals of the
dopant contribute predominantly to the top of the valence band, while the pz
orbital is predominant in the conduction band in the p-block-doped systems.
As expected, all the tree p-orbitals fully hybridise with the orbitals of the
neighbouring carbons. In the TM-doped systems, we observe two pairs of
degenerate d-orbitals centred at the atomic site of the dopant, namely dxy ,
dyz and dxz , dx2 −y2 . Similarly to the p-block doped structures, we find that
the pair dxy , dyz contributes mostly to the top of the valence band, while dz 2
is predominant in the conduction band, and the dxz , dx2 −y2 pair is present in
both bands.

To sum up, the results presented in this section show that the pristine
structure is capable of accomodating the variation of the electrons in a way
that the dopant’s presence does not dramatically alter the features of the
electronic band dispersion nor the general profile of the density of states. The
main effect is the change of the position of the Fermi level relative to the
conduction band minimum; the electron acceptors reduce the width of the
band gap, while electron donors make it disappear or at least reduce it to
a negligible size as in the N-5 system. Such behaviour is present in all the
systems irrespective of the dopant concentration; however, the concentration
indeed modulates the effect of the atomic type on the position of the Fermi
level. Finally, we notice that the atomic orbitals of the dopant mainly oriented
along the z-axis in our settings are predominant in the conduction band; the
consequences of this fact will be discussed in the following section.
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Figure 3.4: Generalized band gap width as a function of (a, b) the atomic radius
and (c, d) the dopant-carbon distance. The green triangle indicates the pure
diamond. The plots on the left represent structures doped by p-block dopants
while the the plots on the right by the transition metals. The legend is common
to all the plots.

3.4

How to Engineer the Width of the Band Gap

We here recall the definition of the generalised band gap ∆ that can be found
in section 2.6: ∆ = ϵCBM − ϵF . From now on, when we mention the band
gap we refer to this definition. This descriptor will guide us in the study of
the details of the local electronic distribution in the vicinity of the dopant
and its first neighbouring carbon atoms. The local electronic distribution
is determined by the degree of orbital hybridization between the two atoms
contributing to the bond. In turn, the hybridization is regulated by the orbital
overlap, which goes hand in hand with the interatomic distance between the
atoms, the latter mainly governed by the atomic radii. For this reason, we
will firstly take a closer look at the last two mentioned features.

We notice that when we fix the dopant concentration, the positive (negative)
band gap size increases (decreases) with the increasing interatomic distance
X-C, thus with the increasing atomic radius (Figure 3.4). On the other hand,
when we fix the atomic radius (i.e., atomic type) or the X-C distance, we
observe that the sizes of the bad gap are spread around their average, while
such a spread is determined by the concentration and is of the order of 1.3
eV (Figure 3.4c). As a consequence, this implies that the spatial extension
of the dopant electron distribution (atomic size) and the orbital overlap
(X-C distance) subtly determine the electronic structure near the Fermi level,
while the concentration finely tunes such an overlap. In order to study these
features in a more detailed way, we calculate the Hirshfeld charges and the
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Figure 3.5: Generalized band gap as a function of the Hirshfeld charges on the
(a) carbon atoms in the first coordination shell of the p-block dopant and (b) on
the dopant atom.

Figure 3.6: Generalized band gap as a function of the X–C bond covalency
at the different p-block dopant concentrations. By definition, the maximum
covalency value is 0 eV, while the lower the value, the more ionic the bond.

bond covalency CX,C defined in quantum mechanical terms of the projected
density of states; the complete definition of both descriptors can be found in
section 2.8.

As previously mentioned, the dopant atom is surrounded by four neighbouring carbon atoms with equal bond X-C distances, thus forming a regular
tetrahedron. In such a symmetric environment these four carbons are electronically equivalent; this can be noticed by investigating their atom-projected
density of states, which overlaps across the whole energy spectrum of the
Hamiltonian. As a result, it is enough to analyse the Hirshfeld charge and
covalency of only one of the dopant’s neighbouring carbons. We do not find
any regular trend for the band gap size as a function of the Hirshfeld charges
on the dopant or its first neighbours (Figure 3.5). This result was expected,
as the band gap size is determined by the subtle details of the local charge
density distribution; however, such details are lost when we consider the
atomic charge obtained by partial integrations of the total charge density
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(subsection 2.8.3). Nonetheless, the bond covalency shows promising results:
it seems that, when the covalency exceeds a certain threshold, the band gap
becomes negative irrespective of the concentration (Figure 3.6). The only
exception is presented by the pure diamond structure where the covalency is
equal to zero CC,C = 0, thus representing the perfect covalent bond. As a consequence, we can conclude that the X-C covalency is a promising parameter
to engineer the value of the band gap.

These results imply that the degree of overlap between the orbitals of the
dopant and the neighbouring carbons plays a fundamental role in determining
the width of the band gap. To analyse such an overlap more in detail we
make use of the orbital polarization descriptor Pi,j (A, B) (subsection 2.8.2).
We here recall that i and j represent the sets of atomic orbitals centred at
the site of the atom A and B, respectively. To simplify the notation, we
will use the symbol Pi,j (A) when comparing the charge in the orbitals of the
same atom (A = B). We adopt atom-centred hydrogen-like wavefunctions
to calculate the orbital polarizations centred at the site of the substituent
and the neighbouring carbon atoms. With this approach, we partition the
electronic density according to the spatial character of the orbital and examine
the possible preferential charge distributions in the local environment of the
dopant. We begin this analysis by considering the orbital polarizations of
the p-block dopants and their first neighbours among their own orbitals. As
we discussed, the px and py orbitals are degenerate, hence Ppx ,py (C) = 0,
Ppx ,py (X) = 0, Ppx ,pz (C) = Ppy ,pz (C) and Ppx ,pz (X) = Ppy ,pz (X) in all our
models. We do not find any regular trend of the band gap size as the function
of Ppx ,pz (C) (Figure 3.7a). On the other hand, it seems that a positive value
of Ppx ,pz (X) (= Ppy ,pz (X)) at the dopant site determines a positive value
of the band gap, with an exception found for the N-4 system (Figure 3.7b).
We now proceed with the comparison of the relative occupation of the px
(= py ) orbital of the dopant and the surrounding carbon (C) atoms. In this
way, we obtain details about the spatial distribution of the charge along the
bond axis. We observe that irrespective of the concentration, the positive
(negative) band gap size seems to increase (decrease) with Ppx ,px (X, C), with
a maximum positive value found for the undoped case (Figure 3.7c). By
conducting the same investigation on the pz orbital we find that band gap
seems to increase when Ppz ,pz (X, C) approaches zero, while the negative band
gap values are found for positive values of the polarization (Figure 3.7d).

The three Pi,i (X, C) polarizations determine the covalency of the bond
since they are the consequence of the orbital overlap of the dopant electron
density and the densities of the neighbouring carbons. In fact, large negative
Pi,i (X, C) values indicate a depletion of the charge at the atomic site of the
dopant and a consequent accumulation at the bonding carbon site along the
bond axis, this being signature of a bond with ionic character (Figure 3.8).
We can then conclude that the lower (higher) the Pi,i (X, C) the more ionic
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Figure 3.7: Generalized band gap as a function of the (a) Ppx ,pz (C),(b)
Ppx ,pz (X), (c) Ppx ,px (X,C) and Ppz ,pz (X,C) orbital polarization.

Figure 3.8: Bond covalency as a function of the (a) Ppx ,px (X, C) and (b)
Ppz ,pz (X, C) orbital polarization. The points included in the shaded area correspond to the systems with positive band gap.

(covalent) the bond character. A possible way to control the ionic character,
thus the bang gap width, is by choosing a suitable dopant atomic type.

We can interpret these results in the following way. An ionic character
of the X-C bond favours the opening of the (positive) band gap around the
Fermi level, while the arrangement of the electron density at the dopant site
is responsible for the band gap width. It seems that in general, increasing the
amount of charge in the dopant’s pz orbital narrows the band gap width; while
increasing the unbalance in favour of the dopant’s px , py orbitals appears to
open the gap. Therefore, in order to have a positive band gap, the charge
accumulation has to be accommodated at the x, y plane around the dopant
site, whereas an excess of charge along the z-axis closes the band gap (∆ ≤ 0).
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Figure 3.9: Generalized band gap as a function of the (a) Pdxy ,dz2 (X), (b)
Pdxz ,dz2 (X), (c) Pdyz ,dz2 (X) and (d) Pdx2 −y2 ,dz2 (X) orbital polarization at the
selected dopant concentrations for X = Sc, Ti, V and Cr. The band gap is
positive for positive values of the polarization.

We now proceed with the polarization analysis of the structures doped by
transition metals in order to test our predictions. In these cases, we conduct
the analysis on the d orbitals of the dopant, since they are predominant in
the top of the valence band and the bottom of the conduction band. We
then consider four different polarizations, namely Pdxy ,dz2 (X), Pdxz ,dz2 (X),
Pdyz ,dz2 (X), Pdx2 −y2 ,dz2 (X). We recall that in the previous section we found
that two pairs of orbitals, dxy , dx2 −y2 and dxz , dyz , are degenerate, thus
Pdxy ,dz2 (X) = Pdx2 −y2 ,dz2 (X) and Pdxz ,dz2 (X) = Pdyz ,dz2 (X). We also recall
that the most contributing orbital in the bottom of the conduction band is
the dz 2 orbital, which is occupied in the systems doped by Cr and V, i.e., the
systems with the negative band gap. This is consistent with our previous
observations: a positive band gap exists in the systems in which the charge
is predominantly accommodated in the x, y plane. In fact, the band gap
is positive whenever Pdxy ,dz2 (X), Pdx2 −y2 ,dz2 (X), Pdxz ,dz2 (X), Pdyz ,dz2 (X)
are also positive (Figure 3.9). This is again in good agreement with our
observation: the excess of charge along the z-axis passing through the dopant
site is responsible for the negative band gap.

In some applications, we might need to use dopants which would promote
the metallic properties of the system, but we still want to have a positive
band gap. In the cases like this, the imposition of suitable axial strains may
encourage the redistribution of the charge to cause its excess in the x, y plane.
It has already been proved that lattice strains can induce charge transfer
among the orbitals and promote metal-insulator transitions [11, 32, 17, 16, 58].
To this aim, we consider the N-2 system as an example and apply a 15% axial
strain along all three crystallographic axes. By analysing the band structure
(Figure 3.10a), we observe that an indirect band gap (W → Γ) of about 0.6
eV emerges above the Fermi level. By inspecting the DOS projected on the
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Figure 3.10: (a) Electronic band dispersion and (b) N-projected density of states
of the N-doped system at 6.25%. The applied strain favours an accumulation of
charge in the x, y plane and, therefore, the opening of a band gap. The Fermi
level has been set to 0 eV.

atomic site of the dopant (Figure 3.10b), we indeed find the increase in the
contribution of the px and py orbitals at the top of the valence band when
compared to the non-strained case. In fact, the application of the strain
caused an increase of 2.2% of the Ppx ,pz (X) (= Ppy ,pz (X)) polarization, which
allowed the opening of the band gap.

3.5 How to Engineer the Character of the Band
Gap

In section 2.6, we discussed that another property of the band gap is its
character (directness), besides its width. We remind that the band gap is
called direct when the valence band maximum (VBM) and the conduction
band minimum (CBM) are located at the same k vector (kV BM = kCBM ).
On the other hand, when VBM and CBM are located at different k vectors
(kV BM ̸= kCBM ) the band gap is indirect. The band gap character plays
a fundamental role in the optical characteristics of photo-active materials,
especially in the efficiency of photovoltaic devices [52]. It is then worthy to
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identify the physical properties governing the bad gap character. To this
aim, in this section we will consider only the systems with positive band gap
(∆ ≥ 0), namely doped by Al, B, Si, Sc and Ti.

We observe that regardless of the atomic type of the p-block dopant, the
band gap is realised between the VBM located at Γ (kV BM = (0, 0, 0)) and the
CBM the location of which (kCBM ) depends solely on the size of the system,
thus on the concentration of the dopant. According to this observation, we
can assume that the character of the bandgap is determined by the geometry
of the system. At the moment, we are not successful in finding any published
theoretical description presenting a connection between the character of the
band gap, the geometry of the structure and the atomic types forming the
latter. Existing works taking into account electronegativity, the electronic
structure and systems’ symmetries are based on statistical observations or on
linear combinations of the atomic orbitals [56, 51]. However, in order to obtain
the information about the band gap character, the lack of unified theory
makes it mandatory to calculate the band structure of the individual systems.
In this section, we will try to formulate a general description which can be
applied to periodic systems with any chemical composition and structural
geometry.
X
Al
B
Si
Sc
Ti
Exp.

2 (6.25%)
≈ 1/4
≈ 1/4
≈ 1/4
1/2
1/2
1/4

3 (1.85%)
0
0
0
1/2
1/2
1/12

4 (0.78%)
1/2
1/2
1/2
0.3182
0
1/2

5 (0.4%)
0.1
0
0.1
·
·
0.05

Table 3.2: Calculated kCBM points which realize the band gap. The numeric
label of the columns indicates the multiplicity of the system, whereas the corresponding dopant concentration is reported in parentheses. The components of
such points are of the form kCBM = (ξ, 0, ξ); we here report only the ξ value
for simplicity. The row labelled as “Exp.” shows the expected values calculated
from the folding considerations. In the pure system, kCBM = k∗ = (3/8, 0, 3/8).

3.5.1

Band Folding

In all the considered doped systems, irrespective of the atomic type or
the concentration, we encounter the same space group F 4̄3m. Moreover,
we observe that the character of the band gap depends on the unit cell
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multiplicity. As a result, we do not expect the symmetries to play a role in
determining the directness of the gap, hence we can exclude them from our
search and focus on the dimensionality of the system. To this aim, we resort
to the concept of band folding and how the superlattice arrangement affects
the location of the VBM and CBM [41, 61].

The band folding is a concept emerging from the use of the supercells,
i.e., cells created by replication of the primitive cell. The supercells are
commonly used to simulate structures where the translation symmetry of
the underlying matrix is broken, such as in doped structures, structures
with lattice distortions or magnetic systems. However, when we increase the
size of the vectors of the direct lattice, we reduce the size of the reciprocal
vectors according to Equation 2.26 (subsection 2.4.2), thus the size of the
first Brillouin zone in the reciprocal space shrinks. In turn, the bands in
the first Brillouin zone of the primitive cell are remapped (“folded”) into the
smaller Brillouin zone of the supercell, resulting in a much more populated
band structure [42]. We indeed simulate different dopant concentrations by
replicating the undoped structure and substituting one carbon atom with a
dopant. In this way, the supercell becomes the primitive unit cell of the doped
system. However, as we substitute only one carbon atom, the band structure
of the supercell is very reminiscent of the pure structure. This results in the
folding of the pristine bands according to the number of replicas of the pure
structure in the supercell. In the pristine structure, the smallest band gap
about the Fermi level is realized between the VBM is located at Γ and the
CBM is located at kCBM = k∗ = (3/8, 0, 3/8). The Γ point (and therefore
the VBM) is left unvaried irrespective of the multiplicity of the supercell, as
it is always remapped onto itself. However, the location of the CBM (k∗ )
is always remapped onto the different kCBM depending on the multiplicity
of the system. We report the observed kCBM in the Table 3.2 alongside
the expected kexp , which we calculate by considering the band folding. The
process of calculating the expected location of the CBM can be explained on
the X-2 systems. We will here discuss only one of the non-null components of
the kexp vector, as it has the form kexp = (ξ, 0, ξ) (Table 3.2). Let’s consider
1/2 as the reference point in the pristine structure as it is remapped onto
the Γ in the X-2 system. In a primitive system, the distance between the
3/8 and the reference point 1/2 is 3/8-1/2=-1/8. By rescaling such distance by
1/2, which is the length of half of the BZ, the vector (3/8, 0, 3/8) is remapped
onto (−1/4, 0, −1/4), which is equivalent to (1/4, 0, 1/4). The calculation for the
other systems proceeds analogously.

If we examine the table, we find that the values expected from refolding
considerations are similar to those observed in the case of Al-, B- and Si-doped
structures. This suggests that a feasible way to control the character of the
band gap is to exploit the band folding via imposing the desired multiplicity
of the cell, in other words, by choosing a suitable concentration of the dopant.
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The calculated and observed values are in good agreement in the cases where
the orbitals with which the dopant contributes to the band structure around
the band gap the most are of p kind, thus the same kind of orbitals of the host
matrix (carbon atoms in our case). In the cases doped by transition metals,
the situation is complicated by the presence of the d orbitals, which hybridise
with the carbon’s p orbitals in a more complex way. Such a complexity
emerges from the interplay between the symmetries of the involved orbitals
and of the bands forming the band gap [80]. Consequently, the reference
vector k∗ which is remapped onto the supercell’s CBM is no longer the one
of the pristine structure and does not match the one predicted by the band
folding. Moreover, in these cases, not even the VBM is located at the Γ. As
the derivation of the reference vector k∗ is not trivial in this latter case, we
will not try to find a way to calculate it in this work; however, it will be the
subject of our future investigations.

We found out that we can modify and fix the character of the band gap
by choosing a suitable concentration of the dopant, as it dictates the lattice
parameters (size) of the primitive cell. Then we can guess that other options
modifying the lattice parameters, such as imposing suitable axial strains,
would do the same. To this aim, we consider the Al-2, B-2 and Si-2 models
and we apply tensile biaxial strains along the a and b crystallographic axes.
We then compare systems with 0%, 5% and 10% strain values. We observe
that, as the strain increases, the kCBM shifts towards the Γ point until it
reaches it (kCBM = Γ) and forms a direct band gap (Figure 3.11). We again
find that such behaviour does not depend on the atomic type of the dopant
but only on the lattice parameters of the primitive unit cell.

We would like to emphasize that we simulate different dopant concentrations by considering supercells always with one dopant atom. Since the
model systems are periodic, the position of the dopant is regularly replicated
along the spatial coordinates, thus we always consider ordered homogeneous
distributions of the dopant. Therefore, the results presented in this section
are relevant to guide the manufacture of energetically efficient photovoltaic
devices where a homogeneous dopant distribution has already been proved to
improve the material response [71, 33, 64, 40, 35, 79].
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Figure 3.11: Electronic band structure of the (a-c) Al-2, (d-f) B-2 and (g-i) Si-2
system at the considered axial strain. The strain value reported at the top of the
first three subfigures is common to all the subfigures in the respective columns.
As the strain increases, kCBM is shifted towards the origin of the Brillouin zone,
until a direct band gap is realized at kCBM = Γ. The Fermi level has been set
to 0 eV.
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Figure 3.12: Electronic band structure of the pure diamond (a), Al- (b, c), B(d, e), Si- (e, f), N-(g, h) and P-doped (i, j) structures. The plots on the left
corresponds to the X-2 systems while the plots on the right to the X-5. The
blue line represents the Fermi level set to 0.0 eV, while the red arrow shows the
electronic transition to overcome the band gap.
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Figure 3.13: Electronic band structure of the pure diamond (a), Sc (b, c) , Ti (d,
e), V (f, g) and Cr-doped (h, i) structures. The plots on the left correspond to
the X-2 systems while the plots on the right to the X-4. The blue line represents
the Fermi level set to 0.0 eV.
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Figure 3.14: Density of states of (a) Al-, (b) B-, (c) Si-, (d) N- and (e) P-doped
systems. The plots on the left correspond to the X-2 systems while the plots on
the right to the X-5. The ”pure” and ”total” labels indicate the total density of
states of the pure diamond and the doped system, respectively, while the ”X”
label indicates the density of states projected on the atomic site of the dopant
corresponding to the atomic symbol in the plot. For clarity of presentation, the
total DOS plots are normalized by the number of cell replicas while the projected
DOS are reported as calculated. The Fermi level is set at 0 eV and is indicated
by the vertical dashed lines.
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Figure 3.15: Density of states resolved for the d-orbitals centered at the dopant
site for the (a-b) Sc-, (c-d) Ti-, (e-f) V and Cr-doped (g-h) systems. The plots
on the left corresponds to the X-2 systems while the plots on the right to the
X-4. The blue line represents the Fermi level set to 0.0 eV. The pairs of orbitals
dxy , dyz and dxz , dx2 −y2 are degenerate, thus ther corresponding curves are
overlapping. The ”total” label refers to the total density of states which has
been normalized by the number of cell replicas.
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Figure 3.16: Density of states resolved for the px , py and pz orbitals centered at
the dopant site for the (a-b) Al-, (c-d) B-, (e-f) Si, (g-h) N- and (i-j) P-doped
systems. The plots on the left correspond to the X-2 systems while the plots on
the right to the X-5. The px and py orbitals are degenerate and the corresponding
curves overlap in each subplot. The ”total” label refers to the total density
of states which has been normalized by the number of cell replicas; the data
labelled as ”neig.” corresponds to the density of states projected onto any of the
four nearest neighbouring carbon atoms surrounding the substituent. The Fermi
level is set at 0.0 eV and is indicated by the vertical dashed lines.
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Conclusions

In the presented work, we studied how to tune the width and the character of
the band gap in diamond-based materials. To this aim, we conducted quantum
mechanical simulations of diamond-derived systems created by considering a
large variety of dopants at different concentrations.

The atomic type of the dopant does not determine the symmetries of the
system, as it forms a regular tetrahedron with the carbon atoms in its first
coordination shell; nonetheless, it governs the subtle features of electronic
distribution in its local environment. We found that the bond covalency
between the dopant and the surrounding carbon atoms seems to be a viable
parameter to regulate the size of the band gap. Increasing values of the bond
covalency narrow the band gap until a certain threshold is reached, then the
band gap disappears and the system becomes metallic. The bond covalency
is determined by the local distributions of the electronic density. We analysed
such distributions by means of the orbital polarization analysis. The analysis
showed that if the charge is preferentially accommodated in the x, y plane
then a band gap is present, while an increase of electronic charge along the
z-axis narrows its width. On the other hand, the band gap ceases to exist
when the charge along the z-axis becomes predominant with respect to the
that on the x, y plane. Therefore, it is possible to promote desired charge
redistributions by choosing suitable dopant atomic types or by imposing axial
strains with the aim of obtaining the desired band gap value. We proved these
findings also with the use of transition metal dopants; this indeed widens
the possible applications of diamond based materials where the transition
metals are required for their electron-correlation properties. Moreover, we
demonstrated that we can induce the presence of a band gap even in the case
of n-type doping.
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We found that the directness of the band gap is determined solely by the
dimensionality of the system, i.e., by the concentration of the dopant. The
concentration dictates the size of the primitive unit cell in terms of a precise
number of replicas of the undoped structure. This causes the reminiscence of
the band structure of the supercell and the pristine band structure. As a result,
the reciprocal vectors of the pristine structure realizing the smallest band gap
are remapped onto different vectors of superlattice structure. The ramapping
happens according to the unit cell multiplicity in the process known as band
folding. We, therefore, understood that the length of the lattice parameters
is crucial in determining the directness of the band gap. Then, we can induce
an indirect-to-direct transformation by modifying the lattice parameters of
the system. We demonstrated that such a modification can be obtained at a
fixed dopant type not only by choosing suitable concentrations but also by
applying proper biaxial strains.

The results presented in this thesis can serve as guidelines on how to choose
dopant atomic types and concentrations to engineer the band gap size, and
how to act on the lattice parameters to achieve a suitable band gap character
in diamond-based systems. Our theoretical results and used approach are
general and therefore can be applied to the design of materials far beyond
those based on diamond or containing the dopants considered in this study.
We would like to expand the presented study and continue the investigation
of the diamond-based materials in the future. Indeed, we already started to
work on a project which considers different geometric arrangements of the
dopants and vacancies in the diamond supercells.

The results of this work were presented at the American Physical Society
March Meeting 2022 (Chicago, IL, USA) as well as reported in the scientific
article which is under review at the time of the thesis composition.
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