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Abstract

Studies of the structural, electronic, and optical characteristics of the interfaces be-
tween graphene and ZnO polar surfaces is carried out using first-principles simulations.
At the interface, a strong van der Waals force is present, and because of the different
work functions of graphene and ZnO, charge transfer takes place. Graphene’s superior
conductivity is not impacted by its interaction with ZnO, since its Dirac point is unaf-
fected despite its adsorption on ZnO. In hybrid systems, excited electrons with energies
between 0 and 3 eV (above Fermi energy) are primarily accumulated on graphene. The
calculations offer a theoretical justification for the successful operation of graphene/ZnO
hybrid materials as photocatalysts and solar cells. ZnO semiconductor is found to be a
suitable material with modest band gap, (~ 3 €V), having high transparency in visible

region and a high optical conductivity.
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Chapter

Introduction

The ultimate spintronics device can be thought of as the interface between materials
since it allows for new design possibilities and physical features that are not possible in
the individual bulk materials [1]. Rashba-Edelstein spin-to-charge conversion and spin-
momentum locking at the surface of topological insulators are two emerging interfacial
phenomena caused by spin-orbit coupling (SOC"). Interfaces naturally break spatial in-
version symmetry, which causes an electronic band Rashba SO splitting that is often
higher than in bulk. In particular, SO effects at oxide interfaces are crucial for low-power
spintronics applications due to the expected long carrier lifetime and high Rashba coeffi-
cient [2]. Carbon-based nanomaterials are prime candidates for spin-based devices, due
to their long spin coherence length (up to 10* ps) and high Fermi velocity [3]. Since the
successful exploitation of single-layer graphene in 2004 by Geim and his co-workers [4],
the investigations on the interaction of graphene and other nanomaterials have become
a growing trend due to the extraordinary properties of graphene, such as the Dirac elec-
trons near the K point, room-temperature quantum Hall effect, and high mobility of
carrier electrons [5]. Research on the interaction of graphene with BN [6], SiC [7], met-
als [8], or metal oxides [9] has been done both experimentally and computationally thus
far. The study of graphene-based interfaces is of great importance in materials produc-
tion [10], device fabrication [11], and electrical measurement [12], because the contact
of other materials with graphene may modify the physical and chemical properties of
graphene and then influence its performance in devices.

In recent years, zinc oxide (ZnO) has attracted great attention in the field of nanodevices
as an important semiconductor because of its unique optical, electronic, and magnetic
properties, including large excitation binding energy (60 meV), wide band gap (3.4 V),
and unique piezoelectric properties [13]. A review of the literature reveals that the wide
band gap, > 3 eV, ZnO semiconductor is a suitable material with great transparency in
the visible region and good optical conductivity. Some of ZnO properties are improved

when it is synthesized in the form of nanosized material and, for this reason, a wide range
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of ZnO nanostructures have been lately obtained [14] such as nanohelixies, nanobows,
nanorings, nanowires, and nanocages, which are promising candidates for gas sensors,
solar cells, field effect transistors, photocatalysts, and so on [15].

These materials display unique features such as greater photovoltaic properties than
graphene or bulk ZnO alone in solar cells [16] and photocatalysts [17]. Despite the
varied morphologies of graphene hybridizations with ZnO nanoparticles and vertical
nanostructures, it is generally accepted that graphene’s high specific surface area facili-
tates the loading of dyes in photocatalysis, and that charge transfer processes that involve
charge-hole separation and transfer from graphene to ZnO are facilitated by graphene’s
higher conductivity. With significant experimental advancement, a computational inves-
tigation of graphene-ZnO hybrid systems has also been carried out [18]. In this work, the
structural, interaction, and electronic properties of graphene-ZnO hybrid systems were
investigated through density functional theory (DFT) computations to better understand

the experimental results and hidden mechanisms.

1.1 Statement of the Problem

We need highly efficient, low-cost, and renewable energy sources. Solar cells which
directly convert sunlight into electricity are promising candidates for commercialization
on a large scale. Heterojunctions made up of two different types of donor and acceptor
semiconductors were suggested as a viable method for the design of extremely efficient
solar cells. But for a high-quality heterojunction solar cell, the donor and semiconductor
must both have a direct band gap to absorb solar radiation, a high carrier mobility to
encourage efficient electron transport, and a high stability in ambient conditions. The
dependency on donor and acceptor semiconductors makes it necessary to look for suit-
able materials with ideal band gap, high carrier mobility, and high stability.

For nano- and opto-electric applications, it is very desirable to engineer a material’s elec-
trical properties. Particularly, its band gap, and strain is one method for doing this. Due
to their ability to take substantially higher strain than bulk materials, 2D materials such
as mono- and few-layer transition Metal Dichalcogenides (TMDCs) are ideal for flexible
electrical and optoelectronic devices as well as strain-engineered materials. The idea of
strain engineering for increasing the carrier mobility of 2D TMDC:s is also quite intrigu-
ing. Effective electron-hole separation is required in solar cells, and this heavy charge
separation not only makes it easier for excitons to split into free electrons and holes but
also significantly reduces the rate at which electrons and holes recombine, potentially
lengthening the lifetime of the minority carrier. Within a solar cell, photo-generated
charging carriers must be divided. Two-dimensional (2D) materials have substantially
developed up to this point due to their extensive variety of applications in catalysis,

electrochemical energy storage, photocatalysis, optoelectronics, spintronics, and pho-

2



Chapter 1. Introduction 1.2. Significance of the Study

tonic nanodevices. Given their intriguing characteristics, TMDCs have drawn a lot of

interest from these.

1.2 Significance of the Study

The results of this study is expected to be useful in:

e solar cell manufacturing industries to design solar cell experimentally.

e be a preliminary base for future research works related to novel properties of

graphene-ZnO hetrojunction interfaces for a use in solar cell applications.

1.3 Objectives

1.3.1 General objectives

The main objective of this study is to systematically examine the novel properties of
Graphene/ZnO hetrojunction interface for solar cell application using DFT + U + D2,

as implemented within Gpaw code.

1.3.2 Specific objectives

The specific objectives of this research are:

e To perform the electronic property analysis for bulk ZnO and graphene/ZnO in-

terface heterostructures.

e To evaluate the stable and efficient heterostructure configurations for photovoltaic

applications.

e To investigate the prospect of photo-generated electron-hole pair recombination,

calculate density of states, projected density of states, and work functions.

1.4 Organization of the thesis

This thesis has five chapters. Chapter 1 presents some generalities and motivation
for studying of graphene-ZnO interface heterojunction. Chapter 2 presents a literature
review description of novel heterojunction systems, and density functional theory. Chap-
ter 3 describes details of numerical implementations and modeling. Chapter 4 describes
the results obtained from the calculations using DFT within the Gpaw code. Chapter 5

presents conclusion of the current work, and recommendations for future works.



Chapter 2

Literature Review

2.1 Density Functional Theory

2.1.1 Introduction

In condensed matter theory and materials science, first-principles techniques based
on density functional theory (DFT) [19-21] are powerful tools for predicting materi-
als properties. When compared to experimental data, DFT can produce trustworthy and
acceptable results for a number of materials properties. The ability of DFT to foresee
changes in materials characteristics, on the other hand, is also its strength. As a result,
DFT can assist production designers in predicting new materials with improved proper-
ties. DFT is extensively used as the basis theory in today’s computational material sci-
ence. This section briefly introduces the concept of DFT. The many-body Schrodinger
equation has the physical knowledge that we require, but its application is restricted by
our ability to discover a realistic description of the many-body effects contained in the
exchange-correlation functional. It will be a precise theory if we have a comprehensive
comprehension of this functional of DFT. In recent years, various exchange-correlation
functional have been developed and successfully used in simulation calculations [22].

More details will be given in the following discussions.

2.1.2 Hamiltonian of Electronic system

The foundation of first-principles method relies on quantum mechanics that describes
the behavior of electrons and atomic nuclei in any situation [23]. The Schrodinger equa-
tion serves as the basic equation in this topic, which can be expressed as follows, in
Eq. (2.1),

HV = EV 2.1)
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where H is the Hamiltonian operator, W is the wavefunction, and £ represents the energy
of the system. The Hamiltonian operator consists of kinetic and potential energies due

to the Coulombic interaction between electrons and nuclei as follows, Eq. (2.2),

~ h2 hQ 1 Z[ZJ€2 1 Z]€2
H=——>) Vi —) V! —
QMIZI: ! 2mizi: Z+8mo; |R; — Ryl 47T€OZ |R; — 7]

where £ is the Planck’s constant, e is the electron charge, Z; is the charge of the nu-
clei, M; is the mass of I*" nuclei, and m; is the mass of i*" electron. Therefore, the
contributions to the Hamiltonian comes from the kinetic energy T of nuclei and elec-
trons (the first and second terms) and the potential energy due to the Coulomb inter-
actions of nuclei-nuclei (namely V7;), nuclei-electron (namely external potential V),
and electron-electron (namely V,_.), respectively. Apparently, the Schrodinger equation
is too complex to be solved and would lead to uncontrollable computation in a system
containing more than one electron. This is largely due to the nature of electrons that
strongly interact which each other, which leads to many-body problem [23,24]. Several
approximations are then developed to solve the Schrodinger equation, of which the first

useful one is the well-known Born Oppenheimer approximation [25].

2.1.3 Born-Oppenheimer Approximation

The idea in Born-Oppenheimer approximation is that the electron motion and nuclear
motion are separated. This is due to the fact that the mass of the nucleus is way larger
than that of the electron, and the nuclei are principally fixed particles. By having this
approximation in mind, the problem of interacting electron, ions, and nuclei vanishes
and eventually enables the possible application of the Schrodinger equation in a complex

system. The Hamiltonian of the simplified (just electronic) system thus becomes

. K2 1 7> 1 e?
H=— Vi — 2.3
szz ! 47T80;|R[—7”i| +87T€0;’Ti—Tj’ ( )

2.1.4 Hartree-Fock Method

In order to find the ground state wave function one basically has to minimize the
functional £V with respect to all allowed N-electron wave functions. The Hartree-Fock
(HF) approximation is a fundamental concept in quantum chemistry [26] that makes
use of the variational principle. Instead of searching through all possible N-electron
wave functions (which is impossible), it considers only a subset of wave functions. The

total N-electron wave function is approximated as an anti-symmetrized product of N

5



Chapter 2. Literature Review 2.1. Density Functional Theory

one-electron wave functions. As a result, the wave functions of the system with multi-
electrons can be described as product of wavefunctions of single electron. This wave
function of exchange potential is expressed by Hartree-Fock equation in Eq. (2.4) and
this equation determines the set of (spin) orbitals with minimum energy and give us the

best single determinant.

\111(171) \1]2(7’1) \I/N<T1)

1 ‘1’1(7’2) ‘112(7’2) ‘I’N(Tz)
\I/HF(Tl,TQ,...,TN) :W (24)

\I/1<TN> \I/N<TN)

The HF hamiltonian in atomic units is:
1 1

H=-2) Vit+V, =T + Vot + Vs + Vi 2.5
2; P+ t+;j|n-—rjl + Veat + Voo + (2.5)

V..t is called the external potential or electron-nuclei potential. Recall that the major
expense in the HF approach is the calculation of exchange (and even more so is corre-
lation). Instead of calculating using explicit exchange, DFT uses an additional function
of the density, V.., where the = stands for exchange and the ¢ stands for correlation. In
1964, Hohenberg and Kohn [19] have developed a theorem that defined the electron den-
sity as a unique function for ground state energy of a system of electrons. Later, a set of
independent-electron equation has been established by Kohn and Sham [20]. They have
introduced a Schrodinger-like equation with a modified effective potential that is much

easier to calculate than the original Schrodinger equation.

2.1.5 The Hohenberg-Kohn theorems

There are two theorems formulated by Hohenberg and Kohn which served as the
basis for modern DFT. The first theorem stated that in a system with N interacting elec-
trons, the many-body ground state wavefunction, W(ry,rs, - -+, 7,), of all electrons is a
unique functional of the electron density, p(r). It could be expressed in terms of position

vector of electron, r, as follows, Eq. (2.6),

n(r)—/-~~/|\If(7“1,7"2,~-~,7‘n)|2dr1d7“2~~-drn (2.6)

As the Hamiltonian equation is comprised of the sum of electronic kinetic energy 7', at-
tractive electron-nuclear Vy., and electron-electron repulsions V.., the molecular prop-

erty based on these average variables are determined by ground state electronic wave-
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function py(r). The total energy is calculated as follows, Eq. (2.7),
Ey = Ey[po] = T(po] + Ve + Vee|po] 2.7

where overbars denote the average variables. By considering V' (7) as a function of r for
nuclear potential energy for an electron at point r, the Hohenberg-Kohn equation can be

expressed as follows (Eq. (2.8)):

%ZEMd=ﬂM+ﬁwm+/m®Wmh 2.8)

The first theorem focuses on the wavefunctions and energy functional. The second Hohenberg-
Kohn theorem allocates a minimum principle for the density. It stated that the ground
state energy of any trial electron density cannot be smaller than the true ground state
system, Eq. (2.9),

Elp)= E > Ey = Eolpo] (2.9)

2.1.6 Kohn-Sham method

The Kohn-Sham method introduced a fictitious supporting system to resemble the
true many-electron system. This approach gives a set of independent electron equations

that are numerically solvable. The total energy is now calculated as follows, Eq. (2.10),

B = [otrvinar+ T+ [ [ 29, 1 mg) o

E,. is known as the exchange-correlation energy that contains the correlation energy,
exchange energy, Coulombic correlation energy, and self-interaction correction. So far,
no exact expression for this exchange and correlation (X C') potential is known [27]. An
approximation is thus embodied in the formalism to ensure the accuracy of DFT calcu-
lation approximations conveys different definitions and approaches, and is thus suitable
for specific materials. Among them, the LDA and GGA are the ones widely used in DFT
calculation of ZnO system [5, 19,23,25,28-31].

2.1.7 Exchange-Correlation functional

We will look at numerous exchange-correlation approximations in this section, in-
cluding Local Density Approximation (LDA), Generalized Gradient Approximations
(GGA), and PBE. The spin-unpolarized instances are the focus of the following discus-

sion.
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Local Density Approximation (LDA)

The idea of LDA is that for a given region of material with a slow varying in charge
density, the X C' energy at point r is only dependent on the particle density n(r) at that
point [32]. This X C energy must be similar to homogeneous electron gas (¢'°™) of the

same charge density. The LDA formalism is presented as follows, Eq. (2.11),

EgCLCDA[n(T)] = /n(r)eggm[n(r)]dr (2.11)

To date, the LDA has successfully calculated the properties of metal, insulator, and semi-
conductor of materials with predictive accuracy [33]. LDA was also found to be very
efficient in the extended system, such as calculation in solids and large molecules [27].
However, the localized characteristic in LDA has enabled the incorrect treatment of elec-
tronic structure of certain materials, especially in a system with strongly correlated struc-
ture [28,32,34]. ZnO is an example of a strongly correlated structure owing to the full
electrons at Zn-3d state which make the electrons to behave more like a core and have a

strong correlation with atomic nuclei.

Generalized Gradient Approximation (GGA)

The extension to improve the accuracy of LDA is provided by second approximation
known as GGA. This formalism uses two variables instead of one variable as in LDA
(the density), which are the electron density and its gradient, as given by the following

equation, Eq. (2.12),

E)Cng[n(T)] = /n(r)e]}("g‘[n(r), Vn(r)|dr (2.12)

In addition, several corrected functionals are developed in GGA formalism to include the
contribution of exchange and correlation part. These functionals are PBE, PBESol [35],
and Perdew-Wang (PW91).

PBE

The PBE exchange-correlation functional can be expressed as
EYBE — /n(r)s&%A[n}F)I;gE(rs, s)dr (2.13)

Where FYEE=FEPBE(s) + FEBE(r,, s) denotes the PBE enhancement factor. PBE func-
tional satisfies some conditions of the inhomogeneous electron gas. Theoretically, GGA

PBE provides more accurate features than LDA. For PBE exchange functional, the en-
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hancement factor is given by

FEPE(s) =14+ K — (2.14)

1+ £s2

2.1.8 Hubbard scheme (DFT+U)

The remedy for shortcoming calculation error of LDA and GGA in ZnO system
has long been discussed and proposed. There is a method known as scissor operator
incorporated in computer code to increase the band gap [36], self-interaction correction
(SIC) [30,33], and Hubbard-U correction [37]. Among them, Hubbard-U method is
widely used as its calculation procedure is simple, the calculated results are reliable,
and it is practically economical. On this basis, the Hubbard-U method pioneered by
Anisimov et al. [38] introduced an orbital-dependent term known as on-site Coulomb
repulsion energy, U, into the X C' term of LDA and GGA. They are now referred to as
LDA + U or GGA + U and expressed as follows, Eq. (2.15),

ELDAJFUI:?/I/(T)] = ELDA[H(T')] + EU[TL(?”)] — Edc (215)

Here, n(r) is the electron density, Ep4 is the energy from conventional LDA functional,
Ey is the Hubbard type energy, and F,. is the double-counting correction energy. De-
pending on the computer program, the Coulomb energy U and the exchange energy J are
combined into a single parameter known as on-site Coulomb repulsion U, which been
used in Cambridge Serial Total Energy Package (CASTEP) computer code [36]. The
on-site Coulomb interactions are particularly strong for localized d + f electrons but
can also be important for p localized orbit [32,39]. Hence, LDA + U or GGA + U had
potentially improved the insufficient description of strongly localized electrons, such as

those in Zn-3d state, which is previously not correctly described in LDA and GGA.

2.1.9 The Bloch Theorem

To do DFT calculations on infinite systems, one must first assume that the system’s
structure is homogeneous in all directions and then apply periodic boundary conditions
(pbc). We introduce a supercell for the set of coordinates of atomic nuclei, which involves
a periodically repeating pattern of atoms fulfilling translational symmetry criteria. The

Bloch theorem [40] states, that the eigenvalues in a periodic solid have the form

Ui (1) = ey (1) (2.16)
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where n is the ”"band index” and k is a wave vector confined to the first Brillouin zone

of the reciprocal lattice. uy is translationally invariant, i.e.,
un,k(r + T) = un,k(r) (217)

where T is a translational vector of the crystal lattice. Eigenstates of this form are called

Bloch functions. Wave functions ¥,,;, and their eigenvalues are periodic in k-space,

\I[n,k—l-G (I) = \I}n,k(r)7 and En,k+G (1") = En’k(r) (218)

where G is an arbitrary reciprocal lattice vector. Hence it is sufficient to consider them
and their eigenvalues only in the first Brillouin-zone. Deriving the Schrodinger equation
with Bloch functions yields an equation for a periodic function Wy (r). Using periodic
boundary conditions leads to a Hermitian eigenvalue equation over the Wigner-Seitz cell
in the crystal. For a fixed k, there is an infinite number of solutions with rising energy

values.

2.1.10 Plane waves and Pseudo-potentials

The electron orbitals used to express the single particle states may be expanded in-

terms of any convenient basis set. In practice, a plane wave basis set

Tp(r) =) Cglettralr (2.19)
G

based on the Bloch theorem is used with a following benefits.

e A plane wave basis set is unbiased, it does not assume any preconceptions on the

form of the problem.

e Due to Bloch theorem, plane waves are the natural choice for the representation

of electron orbitals in a periodic system.

o The kinetic energy operator is diagonal in a plane wave representation. Similarly,
the potential is diagonal in real space. The use of Fast Fourier Transforms (FFT) in
changing between these representations provides a large saving in computational

cost.

The number of plane wave basis functions needed to adequately characterize atomic
wave functions near a nucleus would be massive. This problem is solved by using pseu-
dopotentials [41], which represent the ionic cores potential. This approximation is based

on the premise that the physical and chemical properties of the system are influenced only

10
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by the valence electrons. The pseudopotential represents the nuclie’s and core electrons’

potentials under the following conditions.

e The valence wavefunction remains unchanged outside the core region (beyond .

boundary).

e The pseudo wavefunction, as well its first derivative, must be continuous at the
boundary (see Eq. (2.20)).

W), = W) and G ), = G, (220)

The indices PS and AE stand for pseudo and all-electron energies, respectively.
e The pseudo wavefunction is nodeless within the core region.

Figure 2.1, taken from reference [42] shows a graphical representation of the behavior

of a wave function and potential. For the pseudo-potential to be useful, all of the above

I Fe r
L4 "P o
-

"pseudo

Figure 2.1: Comparison of a wavefunction in the Coulomb potential of the nucleus (blue)
to the one in the pseudo-potential (red). The real and the pseudo wavefunction and po-
tentials match above a certain cutoff radius (core radius) r.. The cut-off vector is G,z
in this case.

mentioned basic criteria must be meet. For the construction of other types of pseudo-
potentials, such as ultra-soft (or Vanderbilt) pseudo-potentials (USPP), norm conserving
pseudopotentials (NCPP), and so on, additional criteria must be included. P.Bloch [40]
created the so called projector augmented wave method (PAW) [43] as an enhancement

on the pseudo-potential technique approach. It is based on the all-electron wavefunction

11
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being transformed from the pseudo-wavefunction. The ¥ all electron wavefunction is

made up of three parts:

N N
U =0+ Zc@i — Zc@i (2.21)

where U is the pseudo-wavefunction, W; are the all-electron partial waves and <i>i are
the pseudo partial waves. A tilde is used to distinguish between the all electron (AE)
quantities and the pseudo (PS) quantities. The PS wave function is represented by plane
waves that are a decent representation of the wave function far away from the nuclei, but
deviates greatly from the AE wave function near the nucleus. To address this discrepancy,
the AE partial waves ®; are introduced. These AE partial waves are calculated once as
isolated atom solutions to the radial component of the Schrodinger equation. They differ
from the PS wave function inside the so-called augmented (core) region, but they match
outside this region. The AE partial waves verify that the wave function’s nodal structure
around the nucleus is physically proper. Because this region is already included in the
AE partial waves, the contribution of the PS partial waves, <i>i, which are located near
the atomic nuclei, is subtracted from the PS wave function. The (fi partial waves are
built similarly to the AE partial waves as solutions of the radial Schrodinger’s equation

for isolated atoms fitted to the PS wave function.

2.1.11 Plane wave cut-off energy and K-points

In the unit cell, the Hamiltonian of Kohn-Sham is periodic. The wave functions might

be of the plane wave type (Bloch wave function), which looks like,
W (1) = ™y (1) (2.22)

where k represents the wave vector and n represents the energy band. A sum over recip-

rocal lattice vector G with £ belonging to the first Brillouin Zone (BZ) is given as:

Gmax
Up = Z cppe G (2.23)
G

The more accurate the representation of the wave function is when the plane wave
basis is larger and the norm of vector G is increased. As a result, increasing G is used
to order the expansion. It reaches a finite number of reciprocal lattice vectors before
truncating. For a given k, the G satisfies;

h2
%Ug + G2 < Eew (2.24)

12
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where E.,; is the plane wave cut-off energy which is given by:

h2

2m

Eeut = 5 Gy (225)
With an acceptable cut-off energy for the plane wave basis set, the plane wave calculation
was carried out. The energy cut-off and the number of k-points in the Brillouin zone are
two key factors that must be carefully chosen in electronic structure computations of
bulk ZnO. Prior to running production runs, best practices in this industry often require
a convergence analysis of the amount of interest in relation to these factors. As a result,
the total energy has been verified for convergence with regard to the energy cut-oft and
the number of k-points. In this work, the energy cut-off value of 400 eV is chosen, while
an 8 x8x 8 k-mesh were used to sample k-points of the Brillouin zone. The k-points are

generated based on Monkhorst-Pack scheme.

2.1.12 Analysis of the Electronic Properties

Computational materials science gives researchers a powerful tools for examining
electronic structure and properties. A couple of these will be discussed below, particu-

larly the density of states and charge density analysis.

Density of States (DOS) and projected density of states (PDOS)

The density of states (DOS) describes number of states per unit of energy E (and per

unit of volume in extended matter) is an essential property for many applications [44],

1 Wee
n(E) = E;;“% -5 =, / 5(esn — E)dk (2.26)

BZ

In the case of independent-particle states, n(F) from Eq. (2.26) is the number of inde-
pendent particle states per unit energy, whereas, ¢; ;, represents the energy of an electron
(or phonon). In theory, calculating the integral in Eq. (2.24) is not a simple operation. The
linear tetrahedron technique (LTM) by Jepsen and Andersen [45], the modified tetrahe-
dron approach (MTM) by Bloch et al [46], and the Gaussian broadening method (GBM)
by Methfessel and Paxton [47] are three common types of methods for this Brillouin

zone integration. The projected density of states (PDOS) is defined by
n(o, B) =Y 3 | < Wap(r)[Wik(r) > *6(ei s, — E) (2.27)
ik

where W, denotes orthonormal states to W;,. The PDOS is a DOS projection onto
atomic orbitals, in principle. At absolute zero temperature, the Fermi Energy Er is the

energy of the highest occupied quantum state in a system of fermions. Because the Fermi

13
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energy Er appears in all DOS / PDOS spectra, it is often intentionally made to coincide
with the zero energy level by shifting the energy levels from E to £/ — E.

2.1.13 Charge Density

The charge density p(r) is an important physical quantity obtained from first-principles
calculations based on density functional theory (DFT). Much useful information about
the investigated materials can be extracted from it, such as chemical bonding, charge
transfer, and orbital hybridization. Charge density depends on the position vector r and
is a spatial charge distribution over the volume of a molecule or a unit cell of a periodic

solid. The electronic charge density is thus given by the equation

occ

p(r) =€ [Wu(r)]® = en(r) (2.28)

where e is the electron’s charge (e = 1.6021733 x 10~ Coulomb), VU,,,(r) is the n'"
band’s wave function, and the sum extends to over all occupied electronic states. The

electron density, given by,
occ

n(r) =Y [ Wu(r)]” (2.29)

can be visualized by plotting 3D isosurfaces (a surface for a discrete isovalue) or 2D

contour plots (a set of isocontours).

2.1.14 Geometry Optimization

Finding the system’s electronic ground state, the precise configuration of atoms that
corresponds to the lowest potential energy is essential in performing ab-initio calcula-
tions. When searching for the ideal arrangement of atoms, the quantum-mechanical code
undertakes several ionic relaxation steps, which involves moving all of the nuclei in the
proper direction (along energy gradients) such that each nucleus has a lower potential
energy. After each ionic step, a self-consistent cycle of electronic relaxation stages must
be employed to calculate the ground state energy. When the energy gradients (or forces
on atoms) are smaller than pre-defined tolerance values, the geometry optimization pro-
cess stops & a final self-consistent cycle of the electronic relaxation must be employed
to calculate the ground state energy of the final atomic arrangement. The numerical al-
gorithms listed below are commonly employed in ab-initio codes to find the ground state

energies based on energy and gradients.
e Conjugate-gradient (CG) method.

e Residual minimization method (RMM)

14
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e Quasi-Newton method

e Variable metric method (BFGS)

2.2 Structural, electronic, and optical properties of graphene

2.2.1 Structural properties of graphene

Graphene is a single atomic layer of carbon atoms. The carbon atoms are sp>-hybridized
and therefore are arranged in a hexagonal crystal lattice. This schematically structure is
shown in Fig. 2.2. The atomic structure of graphene can be compared with chicken wire
or a honeycomb. This structure was confirmed, for example, by scanning tunneling mi-
croscopy (STM) [48]. The bond length between two carbon atoms in graphene is about
0.142 nm. Although considered as a flat sheet, graphene is actually rippled. Experimen-
tal observation [49] and theoretical calculations [50] show an out-of-plane deformation
of about 1 nm. The lateral size distribution of these ripples is 50-100 nm. These rip-
ples may be the reason that relatively large graphene sheets are stable at all. They can be
seen as a mechanism to lower the thermal vibrations that threaten the stability of all two-
dimensional layers. Graphene can be considered as the base material from which other
sp* carbon allotropes can be folded. The interlayer spacing in stacks of multiple layers
is 0.335 nm. The layers in few-layer graphene (FLG) and graphite are held together by

weak van der Waals forces.

Figure 2.2: Structural properties of graphene.
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2.2.2 Electronic properties of graphene

The electronic properties of graphene have opened new doors in physics and they
are often described as exotic and unique. Charge carriers in graphene cannot be de-
scribed with regular nonrelativistic quantum mechanics and the Schrodinger equation.
They obey the rules of relativistic quantum mechanics also called quantum electrody-
namics (QED). Charge carriers in graphene are described as massless Dirac fermions.
This type of physics could be observed only in cosmology and high-energy particle
accelerators. With the discovery of graphene, however, these phenomena of quantum
electrodynamics can be studied in the laboratory. For now, graphene is the only solid
known to exhibit these quantum electrodynamics [51]. This is partly due to the fact that
graphene can be produced or isolated with exceptional crystalline quality. Other existing
2D materials lack this electronic quality. A single graphene layer is a zero-gap semi-
conductor. The electronic band structure of graphene is determined by its orbitals. The
valence and conduction bands touch each other at the K points, also called Dirac points.
These K points are the corners of a two-dimensional hexagonal Brillouin zone. There
are actually three K points and three K points linked to the two sublattices of graphene.
The low energy band structure around these K points resembles two touching cones with
a linear energy-momentum (E-k) dispersion relation. The dispersion relation is given by
the following equation:

E = |h.k|vy (2.30)

where .k is momentum and vy is the Fermi velocity. The Fermi velocity in this case
is 105 ms~!, which is 300 times slower than the speed of light. A consequence of this

linear dispersion relation is that the charge carriers behave as massless particles [52-54].

2.2.3 Optical properties of graphene

Free standing graphene has an optical transmittance of 97.7% and a reflection of less
than 0.1%. Furthermore, the optical transmittance is independent of wavelength [28].
Graphene has an absorption coefficient of 301.66 ¢m ™! [30] and a complex refractive
index of n = 2.0 — ¢ 1.1 in the visible range [31]. The opacity or absorption of 2.3 %
of white light is relatively high for a single atomic sheet. This is the result of graphene’s

unique electronic properties.
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2.3 Crystal Structure, electronic and optical properties
of ZnO

2.3.1 Crystal structure of ZnO

The crystal structures showed by ZnO are hexagonal wurtzite (B4), cubic zinc-blende (B3),

and cubic rocksalt (or Rochelle salt) (B1) depending on the applied pressure.

Cubic Zinc-blende structure of ZnO

Only heteroepitaxial development on cubic substrates like ZnS can sustain the metastable
cubic zinc-blende ZnO structure. Based on current ab-initio techniques, it is projected
that the computed lattice constants for the zinc blende poly-type of ZnO will be 4.60 A
and 4.62 A. The cubic zinc-blende structure is made up of two interpenetrating face-
centered cubic (fcc) sublattices that are moved by one-fourth of the body diagonal and
has symmetry determined by space group F43m in the Hermann-Mauguin notation, and
Td2 in the Schoenflies notation [26]. The wurtzite and zinc blende structures differ only in
the bond angle of the second-nearest neighbors and therefore, in the stacking sequence

of close-packed diatomic planes.

Rock salt structure of ZnO

The lattice constant decreases to a range of 4.27-4.29 A during the high-pressure
phase transition from the wurtzite to the rocksalt structure. The rocksalt type of structure
has a sixfold coordinated space group symmetry of Fm3m in the Hermann-Mauguin
notation, and O} in the Schoenflies notation. However, epitaxial growth is unable to

maintain the rocksalt structure [55].

Waurtzite structure of ZnO

Under ambient conditions, the thermodynamically stable phase is that of wurtzite
symmetry. The wurtzite structure has a hexagonal unit cell with two lattice parameters a
and c. These lattice constants mostly range from 3.25 to 3.25 A for the a-parameter and
from 5.20 to 5.21 A for the ¢ parameter. It belongs to the space group C4§, in the Schoen
flies notation, and P63,,. in the Hermann-Mauguin notation. In this case, each anion
is tetrahedrally surrounded by four cations and vice versa. The schematically wurtzite

structure of ZnO is shown in Fig. 2.3.
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Figure 2.3: Wurtzite structure of ZnO.

2.3.2 Electrical properties of bulk wurtzite ZnO

ZnO has a relatively large direct band gap of ~3.4 eV at room temperature. Ad-
vantages associated with a large band gap include higher breakdown voltages, ability
to sustain large electric fields, lower electronic noise, and high-temperature and high-
power operation. The band gap of ZnO can further be tuned to ~ 3 — 4 eV by its alloying
with magnesium oxide or cadmium oxide [56]. Most ZnO has n-type character, even in

the absence of intentional doping.

Band structures and band gap of bulk wurtzite ZnO

Band structures are a representation of the allowed electronic energy levels of solid
materials and are used to inform their electrical properties [57]. Band structure is the
plot of the energies of electrons, eigenvalue energies (k) against the k points. A band
gap is a range of energy level in a material in which electrons cannot exist. The absence
as well as its size can help us understand the electronic behavior of a material and dis-
tinguish electrical insulators, conductors, and semiconductors. The valence band and
the conduction band are the two distinct areas of the band structure. If the band gap is
"wide", materials are classified as insulators. The distinction between these two types of
materials is arbitrary, however, band gaps greater than 3 eV are commonly referred to be
wide band gaps. Metals are materials possessing a non-zero band structure at the Fermi

level.
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2.3.3 Optical properties of bulk wurtzite ZnO

Zinc oxide is noted for its strongly nonlinear optical properties, especially in bulk.
The nonlinearity of ZnO nanoparticles can be fine-tuned according to their size [58].
The optical properties of a material can be described by means of the dielectric function
g(w) = e1(w) + iez(w). The imaginary part e5(w) of the dielectric function is calculated
using the following expression [59].

2e’m

= 0o > | < phlurlen > P6(Ef — By - w) (2.31)

where e is the electronic charge; €2 is the unit cell volume; u is the vector defining the
polarization of the incident electric field; w is the light frequency; ¢} and j, are the wave
functions of the conduction and valence band, respectively. The real part of the dielec-
tric function € (w) can be calculated from the imaginary part £2(w) using the Kramers-
Kronig relation. The absorption coefficient o(w) can be obtained from ¢ (w) and 2 (w).
The relationship among the absorption coefficient, thin film thickness, and transmittance

is calculated using the following expression
T=(1-R)* (2.32)

where T is transmittance; R is reflectivity; « is the absorption coefficient; and d is the

thickness of the thin film, which was set at 250 nm.

The absorption coefficient o(w)

The inter-band absorption coefficient a(w) characterizes the part of energy absorbed
by the solid. It determines how far light, of a particular wavelength, can penetrate a
material before it is absorbed. In a material with a low absorption coefficient, the light
is only weakly absorbed, and, if the material is thin enough, it appears transparent for
this wavelength. The absorption coefficient depends on the material and also on the
wavelength of the light that is absorbed. It can be defined according to the extinction

coeflicient K (w) by the following relation:

alw) = 2TWK(W) (2.33)

Where ) represents the wavelength of light in the vacuum. The absorption coefficient

can be calculated via the dielectric function by the following relationship:

alw) = ﬁ% \/ VR (W) + e3(w) — 1(w) (2.34)
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In the light of £ (w) and e2(w) the electron energy-loss function defined as

82(&))

L) = Byt 2w

(2.35)

The electron energy loss function L(w) is another useful tool to investigate the behav-
ior of a material with the light. This property of a medium or a material measures the

propagation loss of energy inside the medium or material.

The optical conductivity o(w)

The occupied states are excited towards the unoccupied states above the Fermi level
by the absorption of photons. This inter-band transition is called "optical conduction"
and photon absorption is called "inter-band absorption". The term "optical conduction”
means electrical conduction in the presence of the electric field from the light. The real

part of the optical conductivity is calculated according to the following relation:

Reo(w) = %]m e(w) (2.36)

The optical constants n(w) and K(w)

The refraction causes the propagation of light waves with a velocity smaller than that
in a free space (for example: air). The reduction in velocity leads to bending of the light
rays at the interfaces, described by Snell’s law of refraction. Refraction, in itself, does
not affect the intensity of light during its propagation. The propagation of a light beam
through a translucent medium is described by the refractive index n. The latter is defined
by the relationship between the velocity of light in free space ¢ and that in the medium
v according to the relationship:

n=-— (2.37)
v

The refractive index depends on the frequency of the light beam. This effect is called

dispersion. The refractive index n(w) is calculated by the following relation:

n(w) = %\/ S22 (W) + e3(w) + e1(w) (2.38)

The extinction coefficient represents the energy loss (due to absorption and diffusion)

in the medium, in the magnitude of the complex refractive index (2 = n + ¢K), which
characterizes any medium. So, it is linked to the absorption coeflicient by the relationship

described above. The extinction coefficient K (w) is given by the following relation:

K(w) = ' + (2.39)
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At low frequencies, (w = 0), the relations of n and K becomes: n(0) = 5(0)%, K(0) =

0. The refractive index represents the dispersion behavior of the material.

The reflection coefficient R(w)

The reflection phenomenon that occurs at the front and rear surfaces is described by
the reflection coefficient which represents the ratio between the energy reflected and the

energy incident on the surface. The reflection coefficient R(w) is given by the following

B Vew) —1
Rlw) = Vew) +1

The modulus of the complex function R(w) is also given by the following relation:

relation: )

(2.40)

_ (n—1P2+K

2.4 Surface properties of clean wurtzite ZnO

For WZ structures, it is possible to calculate surface energies of symmetric non-
polar surfaces, such as (1010) and (1120) surfaces by standard slab methods based on
density functional theory approaches. However, it is impossible to apply this method to
polar or semi-polar surfaces because of the absence of symmetry. Several attempts were
made to calculate the polar surface energies of WZ ZnO [60] and GaN [61], based on
a zinc blende (ZB)/WZ hetero-junction scheme. ZB based (111) or (111) surfaces are
adopted as reasonable approximation to simulate the ¢ and -c planes of WZ structure in
the literature [60, 61]. This is because: (1) the formation enthalpies of ZB and WZ ZnO
(or GaN) are similar; (2) the surface atoms on the ZB (111)/(111) planes have the same
coordination and structures up to the 2" nearest neighbors of the surface atoms as the
WZ (0001)/(0001) polar planes [61]. ZB-(111) and WZ-(0001) means cation-terminated
surfaces and ZB-(111) and WZ-(0001) denote anion-terminated ones. To improve the
accuracies of the WZ calculations, it’s important to have a highly accurate ZB results.

The polar and non-polar surfaces of wurtzite ZnO is given in Fig. 2.4.

2.4.1 Surface energy of clean wurtzite ZnO

Due to the inability to decouple the two inequivalent (0001)-Zn and (0001)-O sur-
faces, it is challenging to calculate the precise surface energies for (0001) surfaces of
wurtzite ZnO. We have approximated the surface energies to a high degree of accuracy
by converting the uncertainty of the surface energies into that of the interface energies,

which is substantially smaller than the former. Within the primary temperature and oxy-
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Figure 2.4: Geometric structure of wurtzite ZnO. The nonpolar (1010), (0001)-O polar
and (0001)-Zn polar surfaces are indicated. The direction of the c-axis is perpendicular
to the polar surfaces.

gen partial pressure range available for experimentation, it is discovered that the oxygen
terminated (0001)-O face of the wurtzite phase and (111)-O of the zinc blende phase are

more stable than their Zn-terminated counterparts.

2.4.2 Work Function of clean wurtzite ZnO

The work function is the minimum energy needed to remove an electron from the
bulk of a material through a surface to a point outside the material, and can be written
as,

® = Voo — E; (2.42)

where V. is the potential in the vacuum region and F is the Fermi energy. In practice,
this is the energy required at 0 K to remove an electron from the Fermi level of the oxide
to the vacuum level [62]. Calculations of work function using DFT employ this definition
and determine the Fermi energy and vacuum potential from calculations of the metals in
slab supercell geometries. However, work functions calculated with slab approximations
are known to have a dependency on the thickness of the slab, thus further analysis is
required to extract bulk metal work functions from slab approximation. This dependency
is well documented in some cases and is attributed to finite size effects arising from
classical electrostatic interactions or from quantum size effects [63,64]. Methodology to
lessen such effects is available in the literature [65]. It appears also necessary to analyze
prospect of bulk vacancy formations. The vacancy formation energy F,,,. [eV] is defined

as
N -1

N

Evac - Ev - Ebulk (243)
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Adsorption by Ab-Initio Modeling

In nature, crystals are three-dimensional (3D) objects that end in surfaces [66]. Many
phenomena and processes, including adsorption, can take place at the interface between
a condensed phase and the environment. Surface modeling is of great theoretical and
practical relevance. A surface can be created by cutting a crystal along a crystalline
plane. As a result, surfaces have limitless two-dimensional atom configurations (2D).
A slab model has been suggested while studying on surfaces in order to apply Bloch’s

theorem, which necessitates periodicity in all three directions.

2.4.3 Spin polarization

An essential characteristic of electron-electron interactions in electronic systems is
spin polarization. An open-shell atom has unpaired electrons in its ground state, which
allows it to carry a magnetic moment via spin polarization in valence orbitals. According
to a nave theory, in order to maximize the decrease of the electron-election repulsion by
making use of the Pauli exclusion principle, the magnetic moments would be aligned in
parallel among neighboring atoms.

However, the double electron occupancy of bonding (delocalized) orbitals is favored
by energy reduction through the creation of chemical bonds or electron delocalization,
which results in an antiparallel spin alignment or even a spin unpolarized electronic
structure. No one of two conflicting effects is consistently dominant in molecules and
solids, according to observations of different magnetic behaviors. Understanding the
competition and its effects, particularly in solid-state molecules, is difficult on two differ-
ent levels. First, multiple magnetic compounds exist, and understanding their properties
seems to require distinct conceptual foundations for each one. Second, various models
for various forms of magnetism have been constructed with varying degrees of approx-
imations and sophistications. A unified conceptual model known as "spin polarization
perturbational orbital theory (SPPOT)" is presented in this chapter as an analysis of the

conventional models [67].
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Methodology

3.1 Implementation of DFT

All calculations in this work were carried out using the GPAW code, where the detail
of the capabilities is described in a literature [68]. The exchange-correlation energy of
the interacting electrons is expressed using the frozen-core full potential projector aug-
mented wave (PAW) approach [46] and the Perdew-Burke-Ernzerhof (PBE) form [35].
The electronic ground state was determined using the plane waves basis with a cut-off
energy of 550 €V and the conjugate gradient algorithm, with the convergence threshold
set at 5x10~* eV for energy and 0.01 eV/A for force. The Brillouin zone integrations
were carried out using Monkhorst-Pack grids [69].

We used k-point meshes of 6x6x6 for a wurtzite ZnO primitive cell, 6x6x1 for a
graphene primitive cell, ZnO (1x 1) polar surfaces, and the supercells of the interface.
A dipole correction [70] was applied to make the computations converge more quickly

and to eliminate the artificial electrostatic field between periodic supercells.

3.1.1 Hubbard U scheme (DFT+U)

Since DFT—GGA severely underestimates the band gap of ZnO by giving a wrong
energy position of the Zn 3d orbital, we adopted the GGA + U method [37] to par-
tially correct this issue, where the effective on-site Coulomb interaction parameter U
and exchange interaction parameter J are 9.5 and 0.0 eV, respectively. Although adopt-
ing hybrid functionals, where the Hartree-Fock exchange is partially combined with the
DFT exchange would be a more accurate strategy, it would be prohibitively expensive
from a computing standpoint because this material has too many orbitals for Hartree-
Fock to handle. Traditional density functionals are unable to give a correct description
of van der Waals (vdW) interactions because of dynamical correlations between fluctu-

ating charge distributions. In the models of the interface, vdW interactions are expected
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to be significant and thus the DFT-D2 method of Grimme [71], which is successful for
graphene/SiC interface structures [72] was adopted in this work. The total energy ( Ejotq1)

is represented as:
Eiotal = Exs—prr + Evaw (3.1

where Exs_ppr is the conventional Kohn-Sham DFT energy and E, 4y is the disper-
sion correction. Note that Vanin et al [73] reported that the vdW-DF method proposed by
Dion et al [74] failed to reproduce the experimental observations of the metal-graphene
interface. When doing a spin polarized computation, a magnetic moment on each atom
is allowed to relax to its optimum value.

In this work, the ZnO wurtzite structure with unit cells of 6 atoms in P63, is taken into
consideration. After these frameworks were set up, literature resources [75], were care-
fully followed. The number of states that are occupied at a given level of energy is used
to compute the density of states (DOS). Tetrahedron approach was used to do Brillouin
zone integration, and it has been shown to be effective, particularly for calculations of

excited states and dielectric functions [76].

3.1.2 Technical Detail of Convergence Test
Plane Wave Basis Sets and K-Point Sampling

The plane wave basis set is used for the expansion of electron wavefunctions, see
Egs. 2.16-2.25. The k-points & cut-oft energies chosen would impact on total energy of
the system. Our calculations show that k-mesh of 6 x6x6 can be optimum in the bulk

calculation of this structure as shown in Fig. 3.1. With a fixed k-mesh of 6x6x6, a

—14.80

—14.85

—14.90 -

Energy (eV)

—14.954

—15.00 4

2 4 6 8 10 12
k

Figure 3.1: Convergence test of the total energy with respect to k-point sampling.

convergence test of the total energy with respect to energy cut-off is shown in Fig. 3.2.

Thus, for the band structure calculation, a cut-off energy of E.,; =400 eV and a k-point
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Figure 3.2: Convergence test of the total energy with respect to cut-off energy.

mesh of 6x6x6 points were chosen.

3.1.3 GPAW capabilities

GPAW is a density-functional theory (DFT) based on the projector-augmented wave

(PAW) method and the atomic simulation environment (ASE). The wave functions can
be described with

e Plane-waves (pw).

e Real-space uniform grids, multigrid methods and the finite-difference approxima-
tion (fd).

e Atom-centered basis-functions (Icao).

In this work, the pw basis has been applied.

Projector-augmented wave (PAWs) pseudopotential

The projector augmented wave method (PAW) is a technique used in ab-initio elec-
tronic structure calculations. It is a generalization of the pseudopotential and linear
augmented-plane-wave methods, and allows for density functional theory calculations

to be performed with greater computational efficiency [43,77].
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Chapter I

Results and Discussion

4.1 Structural, electronic and optical properties of bulk
Zn0O

4.1.1 Bulk properties of ZnO
Cohesive energy of bulk ZnO

The cohesive energy [eV/atom] is defined as the energy required to dissociate the

alloy compound into free (neutral) atoms. It is calculated according to:

1
BEeoh = — 1 (Ebulk - ZEamm> “.1)

atom

where FE.,, is the cohesive energy, N is the number of atoms in the unit cell of the
zinc-oxygen alloy. F,., is the atomic energy of a ground state zinc and oxygen atoms.
Accordingly, as shown in Table 4.1, the cohesive energy of bulk ZnO structure in WZ
(B4) > 7ZB (B3) > RS (B;). That means ZnO is more stable in wurtzite (B,) structure.
From energy per atom calculation, WZ (B;) > ZB (B3) > RS (B;). Furthermore, the
degree of covalency is shown from charge values to be according to WZ (B4) > ZB (B3)
> RS (B;). It appears also necessary to analyze prospect of bulk vacancy formations.

The vacancy formation energy F... [eV] is defined as:

N-1
N

Evac = EV - Ebulk (42)

FEhuk is the energy of an N-atom bulk cell without any vacancy and the FE is the bulk
potential energy of the same unit cell with a vacancy in it. The vacancy formation energy
is the amount of cohesive energy required to create a vacancy. If this value is negative,

it signifies that when a vacancy is formed, energy is released.
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Table 4.1: Cohesive energy [eV], formation energy [eV], band gap [eV], bulk modu-
lus [GPa] and lattice constant [A] of bulk ZnO.

Quantity Source Structure
WZ (By,) 7B (B3) RS (By)
B This work 2.84 1.10 0.94
o Expt value 1.93 [78] 0.96 [78] 0.93 [78]
E This work -1.25 2.70 2.86
d Expt value -3.70 [78] - -
Thi k 189.5 131.3 169.9
Bulk modulus 1o wor
Expt value 142.4 - -
This work 3.23 3.18 3.99
Band gap
Expt value -
) This work 34 4.4 4.1
Lattice const (a)
Expt value 3.25 - -
i This work 5.14 - -
Lattice const (¢)
Expt value 5.2 - -
This work -3.32 -1.58 -1.41
Energy per atom
Expt value - - -
This work +0.23 +0.25 +0.41
AQJe] on Zn
Expt value - - -
This work -0.23 -0.25 -0.41
AQl[e] on O
Expt value - - -

Formation energy of bulk ZnO

The energy necessary to form the alloy compound from its separate elemental bulk

structures is represented by energy formation, E; [eV/atom], which is given by
Ei= -E > L (4.3)
£ hulk N, b .

where N is number of atoms in the unit cell of the alloy compound, F},y is total energy
of the bulk alloy compound, E; is total energy of bulk of element 7, & N; is number
of atoms in the unit cell of the elemental bulk form. In terms of formation energy in
reference to Table 4.1, thus, E' of bulk ZnO structure in WZ (B,) < ZB (B3) < RS (B,).
This means ZnO alloy is more favorable to be formed in wurtzite (B,) structure. Fur-
thermore, based on the bulk modulus values of ZnO structures presented in Table 4.1,
WZ (B,) >7ZB (B3) > RS (B;). This means, ZnO alloy is more resistant to extreme pres-

sure conditions in wurtzite structure. Negative values of E; in Eq. (4.3) means exother-
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mic process while positive values mean endothermic process.

Equation of state (EOS) of bulk wurtzite ZnO

We first determine the equilibrium lattice constant and bulk modulus (material’s re-
sistance to external pressure), using the equation of state (EOS) for bulk ZnO structures
before we proceed to the results obtained in graphene/ZnO hetrostructures. The EOS
is obtained by a curve fits (Murnaghan [79] approach) to an energy versus volume cal-
culation data, which also additionally outputs various other important bulk structural
parameters, such as minimum volume and minimum energy. The quality of the fits can

be seen in Fig. 4.1. Accordingly, the output parameters of lattice constants (a), (c), and

murnaghan: E: -11.694 eV, V: 69.247 A3, B: 169.902 GPa murnaghan: E: -13.118 eV, V: 87.034 A%, B: 131.274 GPa

energy [ev]
boe
n o n
/
/
N
N
N
N\
energy [eV]
» 5 =}

40 60 80 100 120 140 160 40 60 80 100 120 140 160
volume [A%] volume [A%]

sj: E: -14.780 eV, V: 50.147 A%, B: 189.457 GPa

Total energy (eV)

N

35 40 45 50 55 60
Volume (A)**3

Figure 4.1: Energy versus volume graph of rocksalt, zinc blende, and wurtzite structures
(from left to right).

bulk modulus (B) for B, structure in this work are 3.4 A, 5.14 A, and 137.59 GPa re-
spectively. But the experimental results of lattice constants (a), (¢), and bulk modulus (B)
are 3.25 A [80], 5.2 A [80], and 142.4 GPa [81], respectively. The results presented in
Table 4.1 show that even if there is small difference in between the computational and

the experimental results, the two are essentially in agreement with each other.
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4.1.2 Electronic Properties of bulk wurtzite ZnO

The electronic properties are among the most studied features in ZnO. In general,
the energy band structure and density of states (DOS) are computed to represent the

electronic behavior of ZnO, which are useful in the device design.

DOS and PDOS of bulk wurtzite ZnO

The DOS and PDOS curves for bulk ZnO in wurtzite structure is presented in Figs. 4.2
& 4.3. The lower part of the valence band at an energy ~ -7 €V to ~ -4 ¢V shows narrow
sharp peaks in DOS, see Fig. 4.2(a)&(b). The projected/partial density of states (PDOS)
is the relative contribution of a particular atom/orbital to the DOS. As shown in Fig. 4.3,
the p and s orbitals contribute to the occupation states of DOS. The p orbital has most
states for occupation followed by s orbital. The p states dominate near the Fermi level,

while the s states contributes in the deepest energy level.

Band structure of bulk wurtzite ZnO

From Fig. 4.4, it can be seen that the valence band maxima and conduction band
minima lie on the same image point, I', indicating direct band. The band structure in the
figure for wurtzite bulk ZnO, point I' — I' showed the lowest energy band gap, which
is ~ 3.23 eV. The excitation of electrons (from the highest valence band to the lowest
conduction band) will occur at the lowest energy band gap. Thus, point (I' — I') is the
point where electron excitation most probably occurred. The computed band gap is in
agreement with the experimental value 3.37 eV. ZnO is classed as being between an

ionic and covalent compound [82].

Charge and charge density of bulk wurtzite ZnO

Atoms within bulk materials or molecules have a net charge. An elegant method that
is applicable within plane-wave calculations is the Bader decomposition, which uses
stationary points in the three-dimensional electron density to partition electrons among
different atoms. Tables 4.2 shows the DFT outputs of atomic charge form (ACF) of bulk
Zn0O. Table 4.2 revealing that 2.448 electrons have been transferred from zinc atoms
to the oxygen atoms. This shows zinc atom become p-type and oxygen atom n-type

material.

Electronic charge distribution of bulk wurtzite ZnO

The electron density contours denotes the charge distribution in an atom, which in
turn also establish the nature of the bond among different atoms. In addition, electronic

charge density map serves as a complementary tool for achieving a proper understanding
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Figure 4.2: DOS for bulk wurtzite ZnO without and with correction.
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Figure 4.3: PDOS for bulk wurtzite ZnO without and with correction.
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Figure 4.4: Wurtzite bulk ZnO.
Table 4.2: ACF DFT output of wurtzite bulk ZnO.
atom X y z charge MIN DIST ATOMIC VOL
O 0.000000  0.000000 -0.022019  9.223563 1.793307 89.626100
Zn 0.000000  0.000000  3.792645 28.776254  1.665610 79.632197
O 3.118048 1.800206  5.004675  9.224450 1.782926 89.674536

Zn 3.118048 1.800206  8.819317  28.777073  1.661071 79.657383

of the electronic structure of the system being studied, as shown in Fig. 4.5. The ionic
and covalent character of material can be related to charge transfer and sharing between

the cation and anion.

4.1.3 Optical properties of bulk wurtzite ZnO

The imaginary part, €2, of dielectric function measures the energy absorption as a
result of charge excitation, whereas the real part, £;, measures the strength of dynamical
screening and the polarization effects [83]. Hence, a typical plot of imaginary part, <5,
is sufficient to explain the transition phenomena. As shown in Fig. 4.6, the real and the
imaginary parts of complex dielectric function completly describes the optical properties
of a medium for different photon energies. The peak value of real (the dispersive part)
part of the dielectric constant is related the electron excitation. For the real part, £, (w), of
the dielectric function in Fig. 4.6 (yellow color line), the highest peak for ZnO appears
around 0.59 eV and the £;(w) at this photon energy is 25.66. On the other hand, the
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Figure 4.5: Electronic charge density graph of B4, B3, and B, structures of bulk ZnO
(from left to right, respectively).

Ree(w)
— lme(w)

£(w)

w/[eV]

Figure 4.6: The real (yellow color line) and imaginary (black color line) parts of
frequency-dependent complex dielectric function of wurtzite bulk ZnO with local field
effects.

imaginary part 5 (w) (absorptive part) of the dielectric function in Fig. 4.6 (black color
line) illustrates the optical transition mechanism. Each peak in the imaginary part of
the dielectric function corresponds to an electronic transition. The major £4(w) peak for
ZnO is located at 0.61 eV, and the value of £,5(w) at this photon energy is 36.69, and

corresponds to the transition of electrons from occupied VB to unoccupied CB.
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Figure 4.7: Electron energy loss spectrum for bulk wurtzite ZnO.

Electron energy loss spectrum

The EELS function is an important factor that describes the energy loss of a fast
electron passing through the material. In this case, we represent the EELS function for
an energy interval [0-4] eV. The variation of the EELS function of bulk wurtzite ZnO
is shown in the Fig. 4.7 below. The peaks correspond to the plasma resonance and the
corresponding frequency is called the plasma frequency w,. The resonant energy loss

occurs at an energy of about 2.1 eV for all directions.

The absorption coefficient o(w)

The absorption coefficient depends on the material and also on the wavelength of the
light that is absorbed. As can be seen from Fig. 4.8, the absorption coefficient o(w) of
bulk ZnO increases as the photon energy increases. Peak of absorption coefficient value,
~ 0.031, is reached at a photon energy of ~ 6.9 eV. Absorption will not take place when
the photon energy is less than the energy of the optical gap.

Index of refraction n(w)

The propagation of a light beam through a translucent medium is described by the
refractive index n. As shown in Fig. 4.9, the peak value of refractive index of bulk ZnO
is around 4 eV. The value of the refractive index decreases as the photon energy, that is
incident on the surface of bulk ZnO, increases from 0-6.6 €V, and then increases up to
10 eV.
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Figure 4.8: Absorption coefficient of bulk wurtzite ZnO as a function of energy.

Reflectivity R(w)

The reflectivity represents the amount of energy reflected in relation to the incident
energy. As can be seen, Fig. 4.9 and 4.10 are inversely related. The static values of the
reflection coefficient, R(0), is 0.4.

4.2 Surface properties of clean wurtzite ZnO

4.2.1 Surface energy of clean wurtzite ZnO

Surfaces are technologically important in many fields, including catalysis, interfaces,
membranes for gas separations, and semiconductor fabrication. Understanding the ge-
ometry and electronic structure of surfaces is important. For example, it has been estab-
lished that there is often a correlation between the structure of a surface and its catalytic
activity. The surface energy, Fq,¢, of a material is the energy per unit area required to
create a surface and is associated with the stability of the surfaces. A strong molecule
attraction is indicated by a high surface energy, whereas, a weak molecular attraction is
indicated by a low surface energy. A high surface energy would also indicate increased
reactivity with adsorbates, while low surface energy would indicate increased stability.

Surface characteristics are extremely important, especially in catalysis. Generally, the
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Figure 4.9: Index of refraction of bulk ZnO as a function of energy.

Energy [eV]

0.40 A

0.35 A

0.30 A

0.25 A

0.20 A

R(w)

0.15 A

0.10 A

0.05 A

0.00 A

Zn0O

6

Energy [eV]

10

10

Figure 4.10: The evolution of the reflection coefficient R(w) as a function of energy.

surface energy o [eV/A?] is defined as

g =

1

24

Eslab -

37

Nslab

Npuik

Ebulk

4.4)



Chapter 4. Results and Discussion 4.2. Surface properties of clean wurtzite ZnO

where L., denotes the total energy of a slab unit cell, Ng,,, means number of atoms
in the slab unit cell, NV}, means number of atoms in the bulk unit cell, and E},, is the
total energy of a bulk unit cell, A is the surface area of a slab unit cell, and the factor half

accounts for the top and bottom surfaces. As shown from Table 4.3, the surface energies

Table 4.3: Surface energy values of wurtzite ZnO surfaces of (001), (100), (110), &
(111) facets with their corresponding bulk energy.

Parameter Surface

(001) (100) (110) (111)
Surface energy o[eV/A?] -21.18 -11.40 -6.61 -6.29
Surface energy [eV] -443.87 -444.8 -446.05 -444.94

for the surface facets increase according to (001) < (100) < (110) < (111) for all the
structures. This means (001) surfaces offer a relatively more stable geometries, while
(111) facets would likely be expected to be more reactive to impurities / adsorbates. The
most stable surfaces of simple materials are typically those with the highest density of

surface atoms.

4.2.2 Electronic properties of the clean ZnQO surface

DOS and PDOS of clean ZnO surface

es/eV]

DOS [stat

04

-0 9 -8 -7 -6 5 4 3 2 -1 0
E-Er [eV]

1 2 3 4 5 6 7 8 9 10

Figure 4.11: DOS of clean ZnO (001).

As shown from Fig. 4.11, the DOS value of the clean surface of ZnO is maximum in
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between ~-8 eV to ~-6.5 eV. The DOS value is nonzero at the Fermi level and no band

gap exists. As shown in Fig. 4.12, the p and s orbitals contribute to the occupation states

— forbital

d orbital
2.0 —— p orbital
s orbital

-

0

PDOS [states/eV]

E-Er [eV]

Figure 4.12: PDOS of clean ZnO (001).

of DOS. The p orbital has most states for occupation followed by s orbital. The p states
dominate near the Fermi level (around -1.5 eV to 1 €V), while the s states contributes in

the deepest energy level.

4.2.3 Work Function of clean wurtzite ZnO

We used DFT method with GGA-PBE to investigate the workfunction of ZnO and
graphene. We investigated the workfunction values on graphene and different ZnO sur-
faces. We calculated workfunctions of the surfaces in ZnO (0001). This orientation is
characterized by two polar surfaces, Zn terminated and O terminated. By surface recon-
struction of ZnO polar surfaces (0001) and (0001) using Miller indices on the surface
of ZB (fcc) structure as (001), (100), (110), and (111), the values of the work function
on each surfaces is presented in Table 4.4. The experimental work function value of
graphene is 4.6 eV [84]. For the clean ZnO (0001)-Zn surface, we obtain a work func-
tion value of 4.3 to 6.8 €V, and the literature values for ZnO surfaces vary between 3.7
and 6.0 eV [85]. Even if there is a small difference in between the two results, they are
essentially in agreement with each other.

As can be shown in Table 4.4, there is a difference in the calculated work function of
graphene and the polar surface of ZnO (001) at the interfaces. The difference in between

the work function of graphene and polar surface of ZnO(001), shows the charge transfer
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Table 4.4: The calculated work function [eV] of ZnO and graphene with GGA + U
correction on different surfaces.

Quantity Source Structure
(001) (100) (110) (111)
. This work 6.8 4.48 4.27 4.94
Work function [eV]
Expt value - - - -

between the interfaces. Since the work function of ZnO(001) polar surface is greater

than graphene, then ZnO(001) polar surface is able to be doped with graphene.

4.3 Structural and electronic properties of graphene/ZnO

heterojunction

4.3.1 Structural properties of graphene/ZnO hetrojunction

We considered the adsorption of graphene on ZnO polar surfaces. The adsorption

energy of graphene layer is defined by

Eads = Lvinter face — Egraphene - EZnO (45)
while,
Cods = Einterface - EgT:aphene - EZnO (46)

where e,4s [€V/atom] is the adsorption energy per C atom; Finterfaces Fgraphenes and £z,0
is the total energies of the interface, graphene, and ZnO surface, respectively; n is the
total number of carbon atoms in the interface. Figure 4.13 shows that the adsorption
behaviors of the three configurations for ZnO(0001) and (0001) surfaces are almost the
same.

More importantly, the long range vdW interaction plays an important role in the
adsorption. Both physical and chemical adsorptions take place when graphene adheres
to bare SiC [86], S70, [87], and metals [88] surfaces. However, no chemical adsorption
is seen when graphene adheres to ZnO surfaces. For use in photocatalysts and solar cells,
the intimate but nondestructive contact between graphene and ZnO may be unique. The
shortest separation distance between an atom of the adsorbed ZnO and the closest C
atom of the graphene monolayer in the graphene/ZnO is 2.52 A, which is in agreement
with a literature result [89]. It looks that some sort of charge transfer from graphene
layer to the underlying ZnO surface takes place at such optimum separation distance,
while also the corresponding energy per atom and cohesive energies show stabilities of

the structure. The geometries of interface structures of the heterojunction is given in
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Figure 4.13: Graphene/ZnO heterojunction structure. Color Online. Colors: C-yellow,
Zn-pink, O-red.

i — i i — i — e — e e — i e e —

3333

Figure 4.14: ZnO-001-clean-T-graphene at different equlibrium distance. Top to bottom,
d=1.02A,d=152A,d=212A,d =252 A, respectively. Color Online. Colors:

C-yellow, Zn-pink, O-red.
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Table 4.5: Adsorption energy per atom, cohesive energy, and AQ (charge transfer from
graphene to the interface) as a function of %=¢. Color Online. Colors: purple color
solid circle for cohesive energy; blue color ﬁlled square for charge.

Quantity do—d

do
0.99 0.79 0.59 | 039 | 0.27 | 0.00 | 0.15 | -0.19
Energy per atom [eV] | -18.31 | -14.19 | -9.92 | -8.60 | -8.43 | -8.39 | -8.38 | -8.36
Cohesive Energy [eV] 1.25 2.9 461 | 5.13 | 521 | 522 | 522 5.23
AQ [e] +0.63 | +0.19 | -0.38 | -0.33 | -0.23 | -0.13 | +0.05 | +0.11
6 : : : : ‘ 0.8
@-@® Cohesive energy “ Charge AQ
0.6
5,
[y T 0|4
>
2 al =
3 d
E 0.2 g
2 =
23 5
<]
v 10.0
2,
1—0.2
2 o0 02 04 o6 o8 10>

(d,-d)/d,

Figure 4.15: Cohesive energy and charge transfer AQ as a function of %=¢. Color On-
line. Purple color: Cohesive energy, and blue color: AQ.

Fig. 4.14, while the corresponding graphic plots of the cohesive and adsorption energies
trends are given in Figs. 4.15 & 4.16, respectively. Table 4.5 give quantitative values of
the adsorption and cohesive energies.
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4.3.2 Electronic properties of graphene/ZnO heterojunction
DOS for graphene/ZnO heterojunction

As shown in Fig. 4.17, the graphene/ZnO heterojunction shows a narrow sharp peak
in the DOS at ~-8 eV to ~-4.5 eV which is associated with a large quantity of gener-
ated states in the valence band and nonzero DOS at the Fermi energy, indicating that

graphene/ZnO has a metalic character.

PDOS of graphene/ZnO heterojunction

As PDOS is the relative contribution of a particular atom/orbital to the DOS, as
shown in Fig. 4.18, the p and s orbitals contribute to the occupation states of DOS. The
p orbital has a major contribution and the s orbital has a minor contribution to the DOS
in both the conduction and valence bands. As shown in Table 4.6, 0.05 electrons have
been transferred from graphene atom to the Zinc Oxide. This shows that at the junction,
graphene become p-type and ZnO is n-type material. A summary of the charge trans-
fers for different layer separation distances is given in Table 4.5 & Fig. 4.15. While it
seems that the heterojunction increases the electrical property, (see Figs. 4.17 & 4.18),
it remains to be further verified what impact do such effects have on the optical prop-

erties. Figure 4.19 shows the 3D counterpart of the 2D layer interface presentations of
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Figure 4.17: DOS of graphene/ZnO heterojunction.
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Figure 4.18: PDOS of graphene/ZnO heterojunction.
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Figure 4.19: 3D view of heterojunction structure. The Corresponding charge calculation
is given in Table 4.6. Color Online. Colors: C-yellow, Zn-pink, and O-red.

Table 4.6: Charge calculation output of graphene/ZnO heterojunction.

atom X y z charge MIN DIST ATOMIC VOL
C 0.232573  -0.078379  24.974008  5.863199 1.185250 101.683473
C 2.569241  1.267469  24.973982  6.094329 1.187775 109.959239
O 3.095713  5.359861 8.022798 8.263996 1.695413 168.785384
Zn 3.420928 5.683199  11.475598 29.212156  1.659611 58.948476
O 5.743529  7.010239  14.018855  8.640630 1.750181 58.016523

Zn 5.671568  6.962197 17912892  29.924967  1.930877 108.737901

VACUUM CHARGE: 0.0000
VACUUM VOLUME: 0.0000
NUMBER OF ELECTRONS: 87.9993

Fig. 4.14. It looks from Figs. 4.15 & 4.16 that the cohesive energies and adsorption en-
ergies per atom show saturated values beginning from optimum separation distance of
dy = 2.52 A.
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Conclusion and Recommendation

5.1 Conclusion

We performed a first principle study of the graphene/ZnO interface. These inves-
tigations have been carried out using the Density Functional Theory in the GGA-PBE
approximations with Hubbard correction (U) and van der Waals correction. The calcula-
tion of the bulk structural, electronic and optical properties of graphene and ZnO reveals
various characterstics. The structure, including equilibrium lattice constants, bulk mod-
ulus, cohesive, and formation energies are in good agreement with other experimental
results. The electronic properties including band gap and band structures, DOS, and
PDOS, electronic charge, and charge densities are in a good agreement with the exper-
imental results. The optical properties including the absorption coeflicient, the optical
conductivity, the refractive index, the reflection coefficient, and the extniction coeffi-
cients have revealed interesting characterstics of the system. Surface properties of clean
wurtzite ZnO polar surfaces were analysed by calculating the surface energy and work

functions.

The surface energies for the surface facets increase according to (001) < (100) <
(110) < (111) for all the structures. Based on the outcomes, we suggest that (001)
surfaces offer a relatively more stable geometries, while (111) facets would likely be ex-
pected to be more reactive to impurities/adsorbates. As a result, we have chosen the po-
lar (001) surface to be suitable for forming the graphene/ZnO heterostructure. The elec-
tronic properties of graphene/ZnO heterostructure is revealed in bader charge, DOS, and
PDOS analysis. The results show that there is a charge transfer in between graphene and
Zn0 and the combination/junction seems to show zero band gap. Furthermore, our find-
ings seem to offer compelling justifications for the enhanced photocatalytic efficiency

of graphene/ZnO hybrid materials.
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5.2 Recommendation for future works

A continual close analysis of the impact of vdW forces between graphene and ZnO,
and the allowing for a quick passage of photosensitized electrons between ZnO and
graphene requires immediate attention. Whether the intact Dirac point of graphene at
the K point indicates a possibility of being a superior electrical conductivity needs to be
verified. Further additional studies can also be conducted by increasing the number of
adsorbed graphene layers to two and three, and thereby investigate whether doing this

results to a reduction or an increase in the possibility of electron-hole recombination.
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