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Abstract

In this thesis, optical and electronic properties of WO3 and Zn related alloys are
analyzed by means of density functional theory (DFT). Beyond-DFT methods such
as the GW approximation and hybrid functional are employed in order to minimize
the error generated by the low band gap obtained with conventional DFT function-
als. WO3 has six different thermodynamic stable phases in different temperature
regions. A triclinic to monoclinic transition occurs near room temperature, and
therefore experimental samples often contain both phases. Calculations of these
two structures show similarities in absorption and band structure, with a small dif-
ference of 0.1 eV between the absorption onset. This value is related to the band gap
difference between the two phases. The low temperature monoclinic phase presents
a different band dispersion and a wider band gap, affecting mainly the absorption
onset. In the three cases, the joint density of states have onsets in a lower energy
when compared to the absorption due to forbidden transitions at low photon ener-
gies. Modeling tungsten vacancies in supercells of WO3 reveals magnetic moments
in some the crystalline phases, with the effect being stronger in the low symmetry
structures, triclinic and monoclinic. The magnetic moment arises from the unpaired
electrons of oxygen atoms adjacent to the vacancy. This effect, however, is localized
and does not generate a hole-mediated ferromagnetic phase in the material. The
study of zinc alloys is performed with supercells to reach the desired mixing of ele-
ments. For Zn(O,S) and Zn(O,Se) alloys, substantial reductions in the band gap by
∼1 eV are found for concentrations close to 50%. To describe the band gap behavior
of these alloys, an approach combining two different methodologies was suggested,
where the region close to the binaries is described by the band anti-crossing model,
while the intermediate region is represented by the alloy band bowing model. ZnO-
GaN alloys also display a band gap bowing and the results obtained by the cal-
culations are in good agreement with experimental observations. ZnTe exhibits an
intermediate band when doped with a III-nitrides compound, such as GaN, AlN
and InN. This effect is believed to be the result of the resonance between the ZnTe
states and the states originated from the dopants.
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Sammanfattning

I denna avhandling analyseras optiska och elektroniska egenskaper hos WO3

och Zn-relaterade legeringar med hjälp av täthetsfunktionalteori (DFT). Metoder
som går utöver DFT, såsom GW-approximationen och hybridfunktionaler, används
för att minimera det fel som genereras av det smala bandgapet som erhålls med kon-
ventionella DFT-funktionaler. WO3 har sex olika stabila termodynamiska faser i olika
temperaturintervall. En triklinisk till monoklinisk fasövergång sker nära rumstem-
peratur, och därför innehåller experimentprover ofta båda faserna. Beräkningar av
dessa två strukturer visar likheter i absorption och bandstruktur, med en liten skill-
nad på 0,1 eV vid påbörjan av absorption. Detta värde är relaterat till skillnaden i
bandgap mellan de två faserna. Den monokliniska fasen vid låg temperatur uppvi-
sar en annan banddispersion och ett bredare bandgap som påverkar huvudsakligen
absorptionsstarten. Modellering av volframvakanser i superceller av WO3 uppvi-
sar magnetiska moment i vissa kristallfaser, varvid effekten är starkare i strukturer
med låg symmetri, nämligen de trikliniska och monokliniska. Det magnetiska mo-
mentet uppstår från de oparade elektronerna från syreatomer i anslutning till va-
kansen. Denna effekt är emellertid lokaliserad och genererar inte en hålmedierad
ferromagnetisk fas i materialet. Studien av zinklegeringar utförs med superceller för
att nå en önskad mix av grundämnen. För Zn(O,S)- och Zn(O,Se)-legeringar sker
väsentliga minskningar av bandgapet med ∼1 eV vid koncentrationer nära 50%.
För att beskriva beteendet hos bandgapet hos dessa legeringar föreslogs ett tillvä-
gagångssätt som kombinerar två olika metodologier, där regionen nära binärerna
beskrivs av bandets antikorsningsmodell, medan mellanregionen representerar lege-
ringsbandets böjningsmodell. ZnO-GaN-legeringar visar också en bandgapsböjning
och resultaten som erhållits genom beräkningarna är i god överensstämmelse med
experimentella observationer. ZnTe uppvisar ett mellanband när det är dopat med
en III-nitridförening, såsom GaN, AlN och InN. Denna effekt tros vara resultatet av
resonansen mellan ZnTe-tillstånden och tillstånden härstammande från dopningse-
lementen.
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Chapter 1

Overview

The main focus of this thesis is to better understand some fundamental physics of
wide gap semiconductors for optoelectronic devices. The studies includes analyses of
the electronic structure of the material, as well as how that is related to the dielectric
function and absorption of light. As these materials are intended to be used in devices,
beyond having suitable optical and electrical characteristics, it is important that they
shall be non-toxic, low cost, and of easy supply, handling and recycling. This work
considers fundamental material physics of the materials, with a preference towards
environmentally-friendly materials. Device design, manufacturing, and life-cycle as-
sessment are, however, beyond the scope of this thesis. Two of the main material’s
characteristics examined are the the band-gap energy and the high-frequency dielec-
tric constant ε∞; existing experimental data relevant for this thesis are combined and
presented in figure 1.1. To illustrate the energy range relevant to optoelectronic appli-
cations, the solar spectrum is plotted in the right graph along with the visible colors.

The three main technologies to transform the energy of the light to usable energy:
solar electrical, solar chemical and solar thermal. Solar-electrical devices directly con-
vert the light to electricity, as in a solar cell. Solar to chemical applications use the light to
cause a chemical reaction, as the photosynthesis process or in a photocatalytic device,
which uses the absorbed light to break down other molecules as water in H2 and O2.
Solar to electrical and chemical technologies are relevant in this thesis. Solar-thermal
techniques consist of using the solar energy to heat materials, as water or coolants, and
use this either directly (e.g., a shower) or indirectly (e.g., house or pool heating with heat
exchanger). In addition to the energy conversions presented above, the light-matter in-
teraction can also be used in other ways. A selective layer can reflect or absorb photons
of an unwanted energy, as UV or IR. Comfortable climate of a closed place as a house

3



1. Overview
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Figure 1.1. Left: Experimental band gap energies and high-frequency dielectric constants ε∞
of the materials explored in this thesis, data are from references [1, 2]. Right: Solar
spectrum filtered by the atmosphere [3], intensity uses arbitrary units. As a guideline,
the visible colors are plotted in their respective energy ranges.

or car can benefit from controlling the absorption processes in smart windows, which
thereby adjusts the amount of light passing through the windows.

The simplest way to analyze a device which converts light to electricity is to start
with a p-n junction. In this scenario, the conduction and valence bands of the solar cell
have a potential barrier/step from the n-type side to the p-type side. A schematic illus-
tration is found in figure 1.2. The absorption of light can occur in the whole cell, and
the absorbed photon promotes an electron from the valence band (VB) to the conduc-
tion band (CB). This creates a (almost) free electron in the CB and a (almost) free hole.
Both hole and electron are responsible for the conductivity in the semiconductor of the
solar cell. The generated electron have energy to travel through the junction, and if the
electrodes of the p and n-type sides are connected (or with a small load), the holes in
the p-type side will attract the electrons in the n-type generating a current. In reality,
many processes are occurring at an p-n junction. This schematic is, however, useful for
explaining the mechanism of working of a solar cell. In the ideal case, all charges cre-
ated by the absorbed photon will be collected by the electrodes. For this simple set-up,
a solar cell with a band gap of ∼1.3 eV can have a maximum efficiency of ∼33% for
energy conversion. This is known as the Shockley-Queisser (SQ) limit [4] which was

4



1. Overview

Figure 1.2. Schematic view of the energy levels in a p-n junction solar cell. The absorbed photon
energy promotes an electron from the VB to the CB. The generated charge can move
to the electrodes and generate current. The figure displays a p-n junction under low
illumination and no applied bias.

derived by them in the 1960’s. This limit is almost reached for today’s single junction
solar cells, with a thin-film GaAs crystal cell reaching 29.1% [5]. More information about
this subject can be found in references [6–8] and references therein.

As a single band gap is one of the factors which limits the solar cell efficiency,
other types of construction can be used to improve the energy output of the solar cells.
The most common is the multi-junction cell together with solar concentrators. Multi-
junction solar cells are basically several solar cells sandwiched together, each of them
absorbing light in different wavelength ranges which increases the overall efficiency.
Concentrator is a technique for solar cells (either normal or multi-junction) that uses
lenses and/or curved mirrors to focus the light of a large area into a small device, which
operates more efficiently at higher light intensities. A different idea to improve the
efficiency of solar cells involves a material with an intermediate band (IB). This idea is
discussed in section 5.5.

Crystalline silicon is currently the dominant material in the market of solar cells,
however, thin film and multi-junction devices have also had a considerable increase of
sales. For multi-junction cells, there is a large improvement in efficiency over the single-
junction counterpart, however several different materials must be compatible to be used
together. Another problem with some types of cells, is the use of materials which are
toxic or of low availability, leading to a quest for substitutes of such materials.

In a different set-up, some of the materials discussed in this thesis could in princi-
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1. Overview

ple be used not only to absorb light, but also to emit light. The process of light emission
by a semiconductor is in principle the inverse of a solar cell. An electrical current is
applied over a p-n junction and the carriers recombine across the band gap, releasing
energy as light in this process. Light emitting diodes (LED) have a widespread usage
and caused a substantial change in the lightning as they are lightweight, energy efficient
and low cost1.

1.1 Sustainability aspects

Current world energy demands and the need to decrease carbon emissions put a
constraint on which technologies and methods that can be used to convert energy. In
2015, the General Assembly of the United Nations adopted the document Transforming
our world: the 2030 Agenda for Sustainable Development, which includes 17 Sustainable
Development Goals (SDGs) [9]. Theses goals can be seen in figure 1.3 and in the United
Nations website for sustainable development [10]. The goal number 7 is affordable and
clean energy. Among other targets, it aims to: “By 2030, enhance international cooper-
ation to facilitate access to clean energy research and technology, including renewable
energy, energy efficiency and advanced and cleaner fossil-fuel technology, and promote
investment in energy infrastructure and clean energy technology”. To achieve this goal,
solar energy devices that convert sunshine to other forms of energy play an essential
part. Also, to avoid risk of supply of raw material [11] and to reduce the material re-
cycling processes, a better understanding of the materials can increase their efficiency
and by that decreasing the material usage and reducing the environmental impact. The
materials studied in this thesis are developed for various optoelectronic applications,
with a special focus on solar energy technologies. The thesis aim is to use the density
functional theory (DFT) to describe and better understand the fundamental properties
of the pristine materials, as well as effects due to heavily defect/doping and alloying, in
order to support the experimentalists’ characterization and developments of materials
for today’s and future optoelectronic technology.

1The actual cost of LED lamp is higher than others, however when the energy consumption and
life-span are factored, it shines among the alternatives.
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1. Overview

Figure 1.3. All 17 United Nations sustainability goals for 2030.
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1. Overview

1.2 Materials

Tungsten(VI) oxide is a semiconductor widely used in electrochromic devices that
can control light intensity passing through the device using an electrical field. The ma-
terial has also the capacity to be utilized in photoelectrochemical devices, that can split
water molecules hydrogens and oxygens. Both these applications are of great impor-
tance, the former for directly controlling the light intake, as a smart window, and the
latter one for creating eco-friendly fuel. Depending on the temperature, WO3 is ther-
modynamically stable in different crystalline phases. In this thesis, the absorption of
light by the stable structures near room temperature structures are discussed. Magnetic
properties generated by tungsten vacancies are studied as well.

Zinc chalcogenides ZnX (X = O, S, Se and Te) are interesting materials for opto-
electronics. The wide band gap of ZnO causes it to be transparent in the visible light
range, and together with its conductivity allows the use as a transparent conductive
material for solar cells. When alloyed with other materials such as ZnS, ZnSe and GaN,
the new material presents a band gap narrowing depending on the atomic composition.
In optoelectronic devices, such alloy can, in principle, be used as an active layer (e.g., a
blue light emitting diode) or as a passive layer (for example, Zn(O,S) is being studied
as CdS substitute in a type of thin film solar cell). In this work, the light absorptions
and the electronic structures of Zn(O,S) and Zn(O,Se), as well as (ZnO)1-x(GaN)x are
discussed. ZnTe doped with different nitride compounds are similarly analyzed in this
thesis. The doping of host ZnTe generates an intermediate band within the host origi-
nal band gap region, allowing the light to be absorbed assisted by electron transitions
to and from this band.

1.3 Methodology

To explore materials theoretically one has to calculate the electronic structure and
the total energy of the material by first-principle atomistic methods. A solid material
has a concentration of electrons in the order of 1023/cm3; it is not possible to solve such
complex quantum mechanical system without approximations. A special attention in
this introduction is directed to Hartree-Fock, density functional theory (DFT) and GW.

In Hartree-Fock approaches, the total wavefunction is expanded in different basis
set to better describe the electrons’ wavefunctions and their interactions. This is accurate
and a straightforward technique in its nature, but it is computationally demanding for

8



1. Overview

large systems. Methods based on this procedure are extensively adopted in quantum
chemistry in the calculation of molecules.

DFT has been proven to be an important tool in materials science, as it allows the
easy prediction of material properties within a certain accuracy with a low computa-
tional cost. Due to this, it has been extensively used by research groups in universities
and companies alike. It uses a system of non-interacting electrons wavefunctions to de-
scribe a solid. As a recognition of its importance by the scientific community, Walter
Kohn and John A. Pople shared the 1998 Nobel prize in Chemistry due to their contri-
butions on DFT and computational quantum chemistry, respectively.

As the density in DFT is a ground-state property, results depending on excited
states are difficult to predict by DFT. As an example, the optical properties which re-
quire transitions between states are often troublesome with standard DFT. Beyond-DFT
approaches can help in such type of calculations. A solution is the use of hybrid func-
tionals, which combines part of DFT with Hartree-Fock and has a substantial increase
in the band gap of the material. Another beyond-DFT method is the quasi-particle GW
approximation. This uses a Green’s function approach and puts a self-energy term
in the Schrödinger-like equation of non-interacting electrons, reducing the system to
particles-in-a-field problem. The band gap energies determined from the eigenstates
are improved significantly with the GW approach.

1.4 Thesis structure

This dissertation is divided in three main parts.
Part I is the introduction. The first chapter contains a brief overview, motivation,

and discussion of the thesis. Chapter 2 has the basics of DFT and other relevant meth-
ods. Since the understanding of optical properties of materials is a part of this thesis,
chapter 3 is devoted to the dielectric function and absorption of light.

The second part presents the materials together with a brief discussion of the pa-
pers written on the subjects. Chapter 4 is focused on WO3, with the basic overview of
the papers I, II and III. Zn chalcogenides and their alloys are reviewed in chapter 5, con-
taining a brief introduction to papers IV, V and VI. A summary of all papers is found in
chapter 6, along thesis’ conclusions and future perspectives.

The papers introduced in second part are appended in the part III.
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Chapter 2

A brief introduction to DFT and beyond

The theoretical analysis in this thesis is based on results obtained from first-principles
atomistic calculations by means of the Kohn-Sham (KS) equation (KS-eq) within density
functional theory (DFT). Here its basic concepts and main approximations are briefly
described.

2.1 Many-particle equation

A simple starting point to analyze a system with Nn number of atoms and Ne

number of electrons relies on the Schrödinger equation within the quantum mechanics.
This equation was introduced in 1926 [12]. It uses the Hamiltonian operator Ĥ of the
system. The time-independent Schrödinger equation is given by

ĤFullΨFull(r,R) = EFullΨFull(r,R), (2.1)

where ΨFull(r,R) is the total wavefunction of the system, which depends on the Ne

electron positions r = {r1, r2, ..., rNe} and the Nn nucleus positions R = {R1,R2, ...,RNn}.
EFull is the total energy of the many-particle system. The Hamiltonian operator ĤFull,
describes the interactions between nuclei and electrons as a sum over kinetic energies of
the single particles and the pair-wise interactions between particles. It can be outlined
as:

ĤFull = T̂e + V̂e−n + V̂e−e + T̂n + V̂n−n. (2.2)

11



2.1. Many-particle equation

In an explicit form, these operators respectively are

ĤFull = −1
2
∑
i

∇2
i −

∑
i,I

ZI
|ri − RI |

+ 1
2
∑
i 6=j

1
|ri − rj|

− 1
2MI

∑
I

∇2
I + 1

2
∑
I 6=J

ZIZJ
|RI − RJ |

.

(2.3)

The first term describes the kinetic energy of the electrons, the second term is the
electrostatic interaction between nuclei and electrons, and the third term is the Coulomb
interactions between the electrons. The last two terms are the kinetic energy of the nu-
clei and the nucleus-nucleus Coulomb interaction, respectively. Furthermore, M is the
nucleus mass, Z is the atomic number. Capital indexes (I, J) and positions (R) refer to
the nuclei, while lowercase indexes (i, j) and positions (r) refer to the electrons. Hartree
atomic units are used throughout this thesis, meaning that

} = e = me = 1. (2.4)

In this choice of units, the electron mass (me) and charge (e, the elementary charge) and
the reduced Planck constant (} = h/2π) take the value of 1. These units simplify the
physical expressions, as it reduce the number of constants and it does not give results
in powers of 10 in the numerical calculations.

One shall notice that equation 2.1 describes the non-relativistic form of the many-
particle equation. Relativistic Dirac equation can − in principle − also be used, how-
ever that implies a more complicated mathematical treatment. To avoid this problem,
DFT codes add a relativistic correction to the Hamiltonian of the Schrödinger equation
through the scalar relativistic approximation [13]. A full relativistic calculation can be
performed for core atoms, while the valence band electrons can be solved using simpler
means [14].

The number of atom and electrons in a solid is around 1023 per cubic centimeter.
As the Schrödinger equation depends on all the nuclei, electrons and all pair-wise inter-
actions between them, this leads to a problem that is not possible to solve. Even for a
system with few particles, the explicit form of ΨFull(r,R) in terms of the single-particle
wavefunctions is unknown due the mutual interaction of all the particles. The Kohn-
Sham equation is a method to solve the many-particle problem with reasonable high
accuracy, it will be presented in a later section. In principle the KS-eq can generate the
exact results for ground states. In practice, however, the final results depend on the
approximations employed.
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2.2. The Born-Oppenheimer approximation

2.2 The Born-Oppenheimer approximation

The first approach to simplify the many-particle Schrödinger equation is to sepa-
rate variables that are only weakly dependent on each other. As the nuclei have heavy
masses in comparison to the electrons, the wavefunction ΨFull(r,R) can be approxi-
mated by a variable separation

ΨFull(r,R) ≈ Ψ(r; R)Θ(R), (2.5)

with Ψ(r; R) being the function for the electrons and Θ(R) the function for the nuclear
part.

Despite R in equation 2.5 being a variable for the total equation, for the handling
of Ψ(r; R) its influence is taken implicitly as a parameter in the nuclei position, not ex-
plicitly as a variable as in the full wavefunction. This allows the many-particle equation
to be separated and leaving the electron-nucleus interaction to be determined for any
specific nuclear configuration of R. Equation 2.1 takes the form:

ĤΨFull(r,R) ≈ ĤΨ(r; R)Θ(R) = EΨ(r; R)Θ(R). (2.6)

Explicitly showing all operators and dividing the left-hand side into an electronic part
and a nuclear part,

(T̂e + V̂e−e + V̂e−n)Ψ(r; R)Θ(R) + (T̂n + V̂n−n)Ψ(r; R)Θ(R) = EΨ(r; R)Θ(R). (2.7)

To decouple the equations, it shall be multiplied by Ψ∗ and integrated in the r
space. In this step, the right hand brackets form a new Hamiltonian that depends on
the positions of the electrons in an external potential. This external potential arises from
the positions of the nuclei that are treated as an external parameter R. This gives the
equation for the electronic part as

(T̂e + V̂e−e + V̂e−n)Ψ = ĤeΨ = EeΨ. (2.8)

Together with the Laplacian properties and the approximation ∇IΘ � ∇IΨ, the
kinetic term is reduced to Ψ times a Laplacian on Θ. This allows the equation of the
total energy E be obtained by

(T̂n + V̂n−n + Ee)Θ = EΘ. (2.9)

Equations 2.8 and 2.9 are the electronic and nuclear Schrödinger equations, respec-
tively, and the approximation is based on the assumption that the electrons move much
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2.3. Hartree and Hartree-Fock approximations

faster than the heavy ions. Despite this simplification, the initial many-particle problem
remains since Ψ(r; R) contains all electrons. This approximation can only help to solve
problems with a couple of particles. It however is used together with all the approxima-
tions presented in the next sections, as a way to separate the electronic-nuclear interac-
tions. Using the approximations that will follow, the energy state of the many-particle
electron wavefunction can be solved, considering the influence of an external potential
Ve−n originating from the static nuclei. This will give a solution for every R coordinate.
Having Ee(R) the nuclear equation will have a solution for every R, generating poten-
tial energy surfaces (PES) for every energy state of Ψ. These potential surfaces will be
used to calculate the force on the atoms using the Hellmann-Feynman theorem [15].

Born and Oppenheimer initially devised this method, treating diatomic molecules
and using a similar approach in the separation of nuclear and electronic part. It was
however formulated using a series expansion over the Hamiltonian [16]. A common
approach when dealing with multiple atoms is to treat the kinetic operator in the matrix
form and to only consider its diagonal elements [14].

2.3 Hartree and Hartree-Fock approximations

The main contribution of Hartree work [17, 18] was a method to describe approx-
imated wavefunctions for atomic species. The same approximation is used for many-
particle calculations in DFT and in the GW approximation, described in a later section.
In this approach the electrons are all treated as independent particles and the total wave-
function is generated simply by multiplying the single electrons functions

Φ = φ1(r1)φ2(r2) . . . φNe(rNe), (2.10)

where Φ is the resultant wavefunction and φ are the independent electrons wavefunc-
tions.

The work of Hartree also obtains the charge density ρ(r) from the wavefunctions

ρ(r) =
∑
i

φ∗i (ri)φi(ri), (2.11)

and the charge density generates in turn the electrostatic potential VH as

VH = 1
2

∫ ρ(r)ρ(r′)
|r− r′|

dr′ . (2.12)
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2.3. Hartree and Hartree-Fock approximations

This approach was used in the calculations of atomic orbitals with several elec-
trons. The Hartree potential has the drawback that the total wavefunction cannot de-
scribe the complex interactions between the electrons. It also includes the self-interaction
of the electron density with its own charge density.

The proposed independent particle solution is not anti-symmetric. As electrons
follow the Pauli’s principle, the resultant wavefunction should be anti-symmetric. In
this case, an interchange of two arguments in the wavefunction should cause a change
of the sign of the wavefunction,

Ψ(r1, ..., ri, ..., rj, ..., rNe) = −Ψ(r1, ..., rj, ..., ri, ..., rNe). (2.13)

In order to include that property, Fock [19] and Slater [20] suggested the construc-
tion of the total wavefunction using a determinant of single wavefunctions, giving the
total wavefunction as

Φ = 1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣∣

φ1(r1) φ1(r2) · · · φ1(rNe)
φ2(r1) φ2(r2) · · · φ2(rNe)

...
... . . . ...

φNe(r1) φNe(r2) · · · φNe(rNe)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
. (2.14)

This approach includes the exchange interaction between the particles. When solving
the Hamiltonian of the single wavefunctions, one can use a direct exchange term [21],
which is declared using the wavefunctions:

Vx = −1
2
∑
j

∫ φ∗j(r)φk(r’)
|r− r’|

dr’. (2.15)

This approach is equivalent to the matrix formalism [22, 23]. The self-interaction is cor-
rectly not included in both cases.

The Slater determinant of the full wavefunction results in a single-electron equa-
tion called the Hartree-Fock (HF) equation. It is similar to 2.7, however it contains VH
and the exchange potential Vx substituting the electron-electron interaction term. To
solve it, the usual approach involves the guessing of the initial wavefunctions and a
self-consistent cycle, until convergence is reached.

HF gives good results for atoms and molecules where just a few electrons are
present, leading to an extensive adoption in quantum chemistry. Despite the Slater
determinant gives an appropriate anti-symmetrical wavefunction, it still does not ex-
hibit the correct wavefunction to describe the interaction between electrons in a solid.
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2.4. Density functional theory

Due to long-range Coulomb interaction [14] and the lack of correlation (correlation will
be discussed in the following sections), HF calculations fail for metals and also over-
estimate the band gap energy for semiconductors. The correlation can be expressed
in terms of an expansion of Slater determinants (as example, configuration interaction
methods [21]). These however are time-consuming calculations. DFT is an alternative
approach to include correlations.

2.4 Density functional theory

The use of the charge density to calculate the properties of materials was intro-
duced independently by Thomas [24] and Fermi [25]. The approach included the equa-
tion for the kinetic energy of the electrons depending directly on the charge density and
a constant C1,

ETF
K (ρ) = C1

∫
ρ(r)5/3dr. (2.16)

The total energy in this formalism also includes the terms with the electrostatic
electron-nucleus attraction and the electrostatic nucleus-nucleus repulsion (both simi-
lar to the terms in 2.3), and the electron-electron repulsive energy [26] – this being the
same as Hartree energy (equation 2.12). This new approach to describe the total energy
in terms of the charge density was attractive, however it failed to reproduce simple
properties of metals [27].

The approach of using the density was later derived theoretically more rigorously
with the work of Hohenberg and Kohn [27]. In their article, two theorems demonstrate
the uniqueness of the relation of the density with the total wavefunction and the relation
of the ground state energy with the variation of the density.

The first theorem proves that given a ground state charge density ρ0, the external
potential Vext(r) is unique. This is proved using the reductio ad absurdum with the sup-
position that there is another external potential V ′ext which satisfies the same conditions.
That gives the following relations:

ρ0(r) = 〈Ψ0(r)|Ψ0(r)〉 = |Ψ0(r)|2,
E[ρ0] = 〈Ψ0| Ĥ |Ψ0〉

= T [ρ0] + U [ρ0] + Vext[ρ0] = F [ρ0] +
∫
Vext(r)ρ0(r)dr,

(2.17)

where F [ρ0] is a universal functional.
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2.5. Kohn-Sham approach

The second theorem shows that the minimum energyE0 is obtained from an exter-
nal potential Vext given the proper charge density ρ0. The variational method is invoked
on this part. As the minimum energy is obtained using the ground state density ρ0, any
other density ρ different than the ground state will generate a larger energy.

E0 = F [ρ0] +
∫
Vextρ0(r)dr < E = F [ρ] +

∫
Vext(r)ρ(r)dr. (2.18)

These theorems where constructed for a system of electrons in a large box in the
ground state with non-degenerate states. It later was extended for degenerate systems
by the work of Levy [28], which also gave workarounds to the N- and v-representability
problem [21]. These two theorems work for time independent solutions. A similar
approach for a time dependent solution was devised by Runge and Gross [29].

2.5 Kohn-Sham approach

The Hohenberg and Kohn [27] theorems discussed above showed that one could
use the density rather than solving the Schrödinger equation. However, these theo-
rems did not provide the explicit version of the functional, leaving a open question
about the construction of such functional. The work of Kohn and Sham [30] provides
an approach to solve DFT. In their work, they propose to utilize an equivalent system
of non-interacting particles that will generate the same density (and thus the exact total
energy according to DFT) as the true particle-interacting system

ĤKSΨ = EΨ. (2.19)

This is called the Kohn-Sham ansatz1. In this, E is the exact energy of the full
interacting system, while Ψ is given by Hartree-like independent single-electron wave-
functions similar to equation 2.10. The Schrödinger equation for these single-electrons
is determined by a KS Hamiltonian

ĤKSψi(r) = εiψi(r), (2.20)

with density
ρ(r) =

∑
i

|ψi(r)|2. (2.21)

The Hamiltonian of the Kohn-Sham is a simple function of the kinetic and poten-
tial energy VKS ,

ĤKS(r) = −1
2∇

2 + VKS(r). (2.22)
1From the German: attempt, approach.
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2.5. Kohn-Sham approach

The potential VKS is obtained by

VKS(r) = Vext(r) + δEH
δρ(r) + δEXC

δρ(r)
= Vext(r) + VH(r) + VXC(r).

(2.23)

Similar to the Hartree equation, VH andEH are the Hartree potential and its energy
obtained using the approach of equation 2.12. Vext is the external potential to electrons
and it include the electrostatic potential from the electron-nucleus and nucleus-nucleus
interactions. This potential does not directly include the electron-electron interaction;
compare with Vext in equation 2.17. The wavefunctions ψi and their corresponding en-
ergies εi are not the true ones. As they are independent electrons, one should not expect
the same as the true interacting electrons in the material. Nevertheless, the total energy
E and total density ρ should still be correct if EXC is correct.

The variable VXC is the exchange-correlation potential and EXC is the correspond-
ing energy functional. In short, the exchange potential is due to the repulsion of elec-
trons with other electrons due the Pauli’s exclusion principle and the correlation poten-
tial is everything else that is missing. In the KS-eq, this can include possible errors due
to the kinetic energy as well as the wrong representation of the interactions between
the electrons and themselves or the nuclei. The exchange and correlation potentials are
normally combined in only one term and called exchange-correlation.

The energy of the Kohn-Sham system is, in principle, exact as the real system.
Therefore, one could express the terms as

EXC = (T − TH) + (U − UH)
E = TH + UH + EXC .

(2.24)

T and U are the true kinetic and potential energies of the system, respectively. This
shows clearly that the exchange-correlation has an upper limit as EXC ≤ 0. As it is
defined by the difference between the fully interacting electron and an independent
electron systems, it can only make the system more stable (lower energy). Also, if one
would have the proper expressions for correlation and exchange, there would be no
errors in the Kohn-Sham energy, despite the single-particle wavefunctions being just
auxiliary wavefunctions. The Hartree-Fock method allows the exact and explicit de-
termination of the exchange part, however it creates a direct dependence in the wave-
functions between single electrons. The dependence in the wavefunctions implies in
time consuming calculations. Further developments over the functionals are therefore
required [31].
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2.6. Local density approximation

A lower limit for the exchange-correlation term is given by

EXC [ρ] ≥ −CXC
∫
ρ

4/3(r)dr, (2.25)

with CXC value close to 1.68. This is extracted in reference [32] using several arguments
of the symmetry, materials and operators/function properties. It also shows that CXC
can be calculated using the variational principle. Despite CXC has been reevaluated
over time [33, 34], this value is the one used by the DFT code which the calculations
were performed.

Using the expressions in 2.20, 2.22 and 2.23, one finds the expressions for the
single-particles KS-eq as

ĤKSψi(r) =
(
− 1

2∇
2 + Vext(r) + VH(r) + VXC(r)

)
ψi(r) = εiψi(r). (2.26)

The total energy of the system is obtained using 2.24 together with the sum of the inde-
pendent equations 2.26 [35],

E[ρ] =
∑
i

εi −
∫
ρ(r)VXCdr− 1

2

∫ ρ(r)ρ(r’)
|r− r’|

drdr’ + EXC . (2.27)

The dependency of the exchange-correlation potential on the density is exempli-
fied in the next section. The Hartree potential also directly depends on the density. To
have the density one needs the wavefunctions, which depend on the potential, that in
turn depends on the density. In order to find a solution, this set of equations is solved
self-consistently. In this process, a guess is made for the initial density, generating a
new potential and solving the KS-eq that will generate a new density which will be
used for an updated potential. This process continues until the convergence desired by
the user/code is reached. The convergence is normally evaluated for the total energy of
the system and/or the forces acting on the individual atoms.

2.6 Local density approximation

The main problem with DFT is that the form of exchange and correlation func-
tional is unknown and therefore it requires an approximation. The first solution was
proposed by Kohn and Sham and was named the local density approximation (LDA),
where the energy for the exchange-correlation is

EXC [ρ(r)] =
∫
ρ(r)εXCdr. (2.28)
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2.7. Generalized gradient approximation

εXC , a commonly used exchange-correlation energy per particle [36], is given by

εXC = −3
4

(
3ρ(r)
π

)1/3

+

A ln rs +B + Crs ln rs +Drs if rs ≤ 1.
γ/1+β1r

1/2
s +β2rs if rs > 1 .

(2.29)

With A, B, C, D, γ and β being parameters and rs = (3/4πρ)1/3. This form of the potential
is valid for a spin-unpolarized system. Other parametrizations have been derived from
the same data [37,38], originally from quantum Monte Carlo simulations [39]. This was
derived from an homogeneous electron gas, considering a uniform density over the
material. To get the magnetic properties of the material, one should use the local spin
density approximation (LSDA). That approach corresponds directly to the regular LDA,
but considering two densities, one with spin up and another with the spin down.

2.7 Generalized gradient approximation

The next step in finding a better approximation in a KS-eq is to use a refined func-
tional for the exchange and correlation energies. This approach was suggested by Kohn
and Sham, however no practical implementations were shown at that time. This has a
general form of

EXC [ρ(r)] =
∫
ρ(r)εXC [ρ(r),∇ρ(r)]dr. (2.30)

This consists in the Taylor series expansion of the exchange-correlation functional,
involving locally the gradient of the density∇ρ(r). This improvement is therefore called
the generalized gradient approximation (GGA). As this expansion needs the input of
several other approximations and coefficients, there are numerous functionals currently
available in the literature. The one designed by Perdew, Burke and Ernzerhof, denoted
PBE, is today the most commonly used in solid state calculations [40].

2.8 Beyond DFT

In order to have more accurate calculations, comparable to experimental results,
methods beyond simple LDA or PBE are − sometimes − needed. For several materials,
especially semiconductors and insulators, the optical properties obtained with LDA or
PBE approach are inaccurate, mainly because the underestimation of the band gap en-
ergies. One possible way to approach this problem is the use of a hybrid functionals,
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which combines a GGA potential with a HF-like method. As Hartree-Fock overesti-
mates the band gap, a proper mixing of GGA with HF shall gave results closer the ex-
perimental. Another common method is the inclusion of an excitation in a quasi-particle
model, called GW. DFT is a ground state method while many results, especially optical,
are obtained with the excitation of the electrons in the sample, e.g., the absorption spec-
tra. A priori, one could use the Kohn-Sham results in for example PBE, but there is no
justification that the results are appropriated [41]. The basic ideas of both these methods
are discussed here.

2.8.1 Hybrid functionals

As Hartree-Fock (HF) calculations tend to generate an appropriate description for
molecular systems (despite the overestimation of the band gap energies, specially in
solids), it was initially used for this purpose. It however had problems where correlation
is more relevant, such as solids or bond dissociation energies [42,43]. To solve this issue,
some methods which include the DFT (typically GGA) correlation and a mixture of the
DFT and Hartree-Fock exchange were developed [44]. The distance together with an
external parameter are used to define where GGA or HF exchange will be used.

The main hybrid method used in this work is HSE06 which was developed by J.
Heyd, G.E. Scuseria and M. Ernzerhof2 [45, 47], in which the total exchange-correlation
energy is given by

EHSE
XC = 1

4E
SR
X (µ) + 3

4E
PBE,SR
X (µ) + EPBE,LR

X (µ) + EPBE
C . (2.31)

The EPBE
C is the correlation part calculated in the regular PBE approach. The super-

scripts SR and LR indicate short and long term interactions, respectively and µ =0.2
Å−1 is the parameter that is responsible for the range-separation in HSE06. The long
and short ranges are defined with the help of the error function erf(µ(r − r’)) and its
complementary

erfc(µ(r− r’)) = 1− erf(µ(r− r’)). (2.32)

These functions behavior can be seen in figure 2.1. ESR
X is given by the Fock exchange

[23] and EPBE,SR
X is the PBE exchange term. Both terms are multiplied with erfc(µr),

for them to gradually disappear and have the PBE exchange EPBE,LR
X in the long range.

2The original results published with this method in 2003 was actually obtained with a different set of
parameters published in a erratum [45] in 2006. This led to the different setups being called HSE03 and
HSE06 [46]. A reader interested in this topic can check [45] and authors mentioned therein, together with
related publications around that time.
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Figure 2.1. In the upper plot, the erf and erfc functions are plotted with two different co-
efficients µ. These functions are used hybrid calculations to make a smooth transition
between the Hartree-Fock and the PBE exchange potentials. In the lower graph, the
normalized local potentials for ZnO and ZnTe are plotted. The potentials were sam-
pled along the direction passing through both atoms, with Zn being at zero. The bond
lengths for both materials are plotted as vertical dotted lines for easy comparison. No-
tice the different shapes of the potentials of in O-Te region. In this graph, the exchange
and correlation potential was not included.

EPBE,LR
X is the PBE exchange term multiplied by erf(µ(r − r’)) to vanish in the short

range. The error functions are inside the integrals where the wavefunctions (in the case
of the Hartree-Fock) or the charge densities (for PBE part) are integrated in the exchange
energy calculations.

2.8.2 GW

The introduction of a self-energy operator Σ is done to describe the interaction
of every free particle in a potential affected by the interaction with all other electrons
[48]. A quasi-particle in the system is represented with Green’s functions formalism,
removing one electron from the valence band and placing it in the conduction band.
The eigenvalue of the quasi-particle [49] is given by(

T (r) + Vext(r) + VH(r)
)
Ψnk(r) +

∫
Σ(r, r′, EQP

nk )Ψnk(r′)dr′ = EQP
nk Ψnk(r). (2.33)

with Enk and Ψnk being respectively the quasi-particle energy and the wavefunction. k
and n indexes will be briefly described in the section (i.e., section 2.9).
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2.8. Beyond DFT

The self-energy is constructed to account the influence of an electron in the sur-
rounding charges. It is approximated by deploying the Green’s function of the system
(G), the screened Coulomb potential (W ) and the vertex function (Γ). The equations for
the self-energy Σ, G, W , (Γ), and the irreducible polarizability P are all coupled to each
other [50]:

W (1, 2) = v(1, 2) +
∫
v(1, 3)P (3, 4)W (4, 2)d(3, 4), (2.34)

P (1, 2) = −i
∫
G(1, 3)G(4, 1+)Γ(3, 4; 2)d(3, 4), (2.35)

Σ(1, 2) = i
∫
G(1, 3)Γ(3, 2; 4)W (4, 1+)d(3, 4), (2.36)

Γ(1, 2; 3) = δ(1, 2)δ(1, 3) +
∫ δΣ(1, 2)
δG(4, 5)G(4, 6)G(7, 5)Γ(6, 7; 3)d(4, 5, 6, 7); (2.37)

where v is the Coulomb interaction. Here, the bold numbers in brackets are the short for
the coordinates (r, σ, t) and in 1+ the time t is then defined as t+ δ, where δ is a positive
infinitesimal. σ is the spin state of the variable.

This method can be fully self-consistent, having an update of the eigenfunctions
and, therefore, the Green’s functions and the dielectric matrix (which in turn is respon-
sible for W ) are iterated until they reach convergence. However, there are also GW
approaches which are only partially self-consistent, where, normally only the Green’s
function is updated (GW0). This partial method is often used when one needs to de-
crease the high computational time of this procedure and the common overestimation
of the results in the fully self-consistent method.

In practical implementations, the GW calculation uses the DFT eigenvalues and
eigenfunctions as starting point for the quasi-particle wavefunctions. The several GW
functions above (2.34 to 2.37) are not solved to exact self-consistency, but rather trun-
cated including several approximations. First, the vertex function Γ is approximated
by

Γ(1, 2; 3) = δ(1, 2)δ(1, 3), (2.38)

leading to a polarizability

P (1, 2) = −iG(1, 2)G(2, 1+), (2.39)

and the self energy

Σ(1, 2) = iG(1, 2)W (2, 1+). (2.40)
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This is called the random-phase approximation (RPA). For this method, the self-
energy operator Σ is defined as [49]

Σ(r, r′, EQP
nk ) =

∫
eiE

′δG(r, r′, EQP
nk + E ′)dE ′. (2.41)

The letters G for the Green’s function and W for the screened Coulomb potential are
the source of the name of this method. The screened Coulomb potential is the standard
electrostatic interaction (here, no interactions are accounted for), but including the effect
of the particle with the surrounding neighbors as described by the dielectric function.
The definition in the reciprocal space is given by

Wq(G,G′, ω) = 1
|q + G|

εq(G,G′, ω) 1
|q + G′|

, (2.42)

with
εq(G,G′, ω) = δ(G,G′)− 1

|q + G||q + G′|
χ0
q(G,G′, ω) (2.43)

being the symmetric dielectric matrix. χ0
q is the polarizability matrix for the time ordered

independent particle. The polarizability is a response function given by

χ0
q(G,G′, ω) = 1

Ω
∑
nn′k

2wk(fn′k-q − fnk)

×

〈
ψn′k-q

∣∣∣e−i(q+G)r
∣∣∣ψnk

〉 〈
ψnk

∣∣∣e−i(q+G′)r′
∣∣∣ψn′k-q

〉
ω + εn′k-q − εn′k + iηsgn(εn′k-q − εn′k) ,

(2.44)

where Ω is the cell volume, wk the k-point weight, f the electron occupancies in their
respective states, and η is an infinitesimal complex shift, used to avoid divergence of the
fraction.

In the approach used in this thesis [49], together with the approximations men-
tioned above, the self-energy term is considered as a perturbation over the Hamiltonian.
Using that together with a Taylor expansion it is possible to obtain the quasi-particle en-
ergies. To obtain a result, the values of the quasi-particle EQP

nk are needed. In a first step,
the EDFT

nk are used for the first estimative of the correction. TheGW is then solved using
a Newton-Raphson algorithm to find the roots of the function

EQP
nk ← EQP

nk + ZnkRe[ 〈Ψnk|T (r) + Vext(r) + VH(r) + Σ(EQP
nk )|Ψnk〉 − EQP

nk ]. (2.45)

Znk is the normalization factor, and it is defined as

Znk = (1− Re 〈Ψnk|
∂Σ(ω)
∂ω

|Ψnk〉)−1. (2.46)

24



2.9. Periodicity

In this case, the approximation is used to converge values by only one single itera-
tion. Higher order of theGW approximation considers higher order of the convergence,
with several iterations using the obtained quasi-particles eigenvalues as input for all the
relevant equations.

2.9 Periodicity

In 1928, Bloch gave an insight about the symmetry of the electron wavefunctions
in solids, based on arguments for the crystalline translation symmetry [51]. In this theo-
rem, it was proved that it is possible to describe the bound electron trapped in a periodic
potential using a wavefunction of a free electron eik·r multiplied by a periodic function
unk(r) with the same periodicity of the crystalline potential [41, 52]. Considering this,
the wavefunction ψnk(r) of an electron is given by

ψnk(r) = eik·runk(r), (2.47)

where r is a vector in the real space and n is a band index. k is a reciprocal space
vector defined as a multiple of the reciprocal primitive vectors bi. These base vectors
are defined through:

b1 = 2π a2 × a3

a1 · (a2 × a3) ; b2 = 2π a3 × a1

a1 · (a2 × a3) ; b3 = 2π a1 × a2

a1 · (a2 × a3) ; (2.48)

ai are the primitive lattice vectors in the real space and they define the Bravais lattice. An
example of these vectors are shown in figure 2.2. The primitive cell in the real space, also
called Wigner–Seitz cell, is the minimum volume (for a 3D geometry) of a crystalline
structure where it has a single lattice point on it. With the capacity of translation from
the basis vector of the system it is possible to form the infinite lattice, which will fill up
the whole r-space.

The reciprocal lattice is of vital importance to solid state theory, since all the com-
putations of materials properties are performed in the primitive cell of the reciprocal
space, called first Brillouin zone − one example of this is displayed in figure 2.2b. This
is possible because all the eigenvectors are expressed in terms of k. In addition, the
Hamiltonian of the system can be expressed in the terms of the Fourier components
since the system is periodic [14].

Another important definition is the irreducible Brillouin zone. In this part, the
first Brillouin zone is reduced by all the symmetry operations with non-primitive trans-
lation, allowed for the given lattice. In this zone, some special points are represented by
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2.9. Periodicity

(a)

(b)

Figure 2.2. Primitive cell of the zinc oxide in the real space (a), and first Brillouin zone (recip-
rocal space) (b). The Wigner-Seitz cell in the real space is the greenish volume in the
figure (a), where the black frame defines the primitive cell containing four atoms.

specific symbols that depends on the crystal symmetry. A common point is the Γ point
which has coordinates (0, 0, 0).

In order to have a full description of a solid, one should have a k-point for every
electron in the large crystal in the real space. It is, of course, not feasible to account for
all k-points, i.e., all electrons. A great simplification arises on the use of some points and
interpolate the results to obtain the other k-points, as the variation of the wavefunction
from one k to a adjacent k should be small. In this work, the most used approximation to
deal with this issue is the tetrahedron method [53], that divides the reciprocal space into
tetrahedrons. If one wants to creates an evenly space k-grid over the reciprocal space,
the Monkhorst-Pack [54] method is often used. The symmetry of the crystal structure is
considered in these methods to further simplify the calculations, where often only the
irreducible Brillouin zone is considered.
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Chapter 3

Dielectric function

The absorption, emission and reflection of light in a solid are caused by interac-
tions of light with electrons and nuclei in the materials. The energy of these electronic
states, the symmetry of the wavefunction as well as the vibration of the nuclei defines
which wavelength of the light it will interact. Since photons have almost zero momen-
tum (q ∼ 0) in comparison to electrons with similar energy, the absorption of light im-
plies no change in crystal momentum for the optical transitions, and one describes that
a direct transition in the k-space. Electronic transitions are normally in the energy range
of ultra-violet (UV, between 3.3 to 124 eV), visible (1.7 to 3.3 eV) and near infrared light
(0.8 to 1.7 eV), while the mid-wavelength infrared (0.1 to 0.5 eV) and far-infrared (0.1 to
0.01 meV) absorption are normally due to local bond vibrations and phonons [55]. High
energy transitions in the x-ray range ( ∼100 eV up to 100 keV, depending on the mate-
rial) are also due to the electronic transitions, however the origin of those transitions are
the states closer to the nucleus [56].

To analyze the optoelectronic properties of a material, the most fundamental prop-
erty to calculate is the dielectric function and its dielectric constants.

3.1 Dielectric constant

The electric constant ε0 appears in the Gauss law, as a definition the strength be-
tween the divergence of the electric field (E) and the charge density (ρ) in the vacuum

∇ · E = ρ

ε0
. (3.1)

A common method of obtaining ε0 is the solution for the wave function formed
by Maxwell’s equations, setting no charge, no current and in vacuum, which result in a
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3.1. Dielectric constant

value for the vacuum dielectric constant as

ε0 = 1
µ0c2

0
, (3.2)

where µ0 is the magnetic constant (or vacuum permeability) and c0 is the speed of light
in vacuum.

In a media, an applied electric field causes a change in the materials charge distri-
bution inducing the so called electric displacement field D. It is defined by

D = εE = εrε0E = ε0E + P, (3.3)

where ε the permittivity of the medium and εr the relative static permittivity. P is the
polarization density of the media, which can be expressed as

P = ε0χE, (3.4)

with χ as the electric susceptibility. The polarization can be seen as a response of the
charge distribution to the applied electrical field, characterized by the strength of the
dipole created by the material. In the case of a static formulation, this dipole is al-
ready present in the medium. The higher this dipole strength, the lower the electric
displacement field will be inside the compound. The use of the susceptibility implies
the advantage of having a dimensionless quantity that is directly proportional to the
polarization.

From the relations between the electric field in media and the polarization, it is
possible to obtain the dielectric constant of the material

ε = εrε0 = (1 + χ)ε0. (3.5)

Until now, all the electric fields were assumed to be constant vector fields. These
quantities, however, can be time-dependent. Giving the incidence of an electric field
across the material it polarizes, the effect on the material is however not an instan-
taneous process. Due to this delay in the response, the material will have different
responses depending on how quick is the variation of the source field. For treating
the response from a time-dependent applied electric field, it is necessary to expand the
derivation above considering the frequency ω of the field. In such analysis, the dielec-
tric constant is no longer a constant, it instead becomes a function of the frequency and
consequently is called dielectric function.
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3.2. Dielectric function

3.2 Dielectric function

The dielectric function is a response effect to the incident light-wave and being
so it involves causality − a connection between cause and effect. Because of that, a
suitable approach is to treat the dielectric response as a complex function with a real
and an imaginary part together with the Kramers-Kronig relations [57]. The dielectric
function can thus be written as

ε(ω) = ε1(ω) + iε2(ω). (3.6)

In a rough description, the real part ε1 is related to the capacitance of the material
while the imaginary part ε2 is related to the absorption of energy in the material.

The relations between the real and imaginary parts are:

ε1(ω) = 1 + 2
π
P
∫ ∞

0

ε2(ω′)ω′
ω′2 − ω2dω

′ (3.7)

ε2(ω) = −2ω
π
P
∫ ∞

0

ε1(ω′)− 1
ω′2 − ω2 dω′, (3.8)

where P denotes the Cauchy principal value of the integral.
The Cauchy principal value can be understood as the value of the integral without

integrating the pole in the function [58], in this manner

P
∫ b

a
f(x) = lim

δ→0+

(∫ c−δ

a
f(x) +

∫ b

c+δ
f(x)

)
. (3.9)

The two separated integrals have the integration limits as [a, c − δ] and [c + δ, b] with
the interval [−δ, δ] around the divergent point c. If the function has many poles, the
procedure shall be applied for each pole.

The loss of energy of the light-wave to the material is commonly called absorption.
The relation between the dielectric function and the absorption coefficient α is given by

α(ω) =

√√√√2ω2

c2

(√
ε1(ω)2 + ε2(ω)2 − ε1(ω)

)
. (3.10)

This coefficient describes how much light the material absorbs per length unit. The
absorption can be caused by several types of effects in the material, in low frequencies
the absorption is due the match with the ionic movement energy. As an example, the
phonon frequencies for ZnO are between 0.01 and 0.07 eV (∼1012 Hz) [1]. For higher
frequencies, the electronic structure of the materials become responsible for the effect,
as the ions are too heavy to move at those frequencies in the optical spectra (∼1014 Hz,
∼2 eV) [55].
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3.3. Determining the dielectric function

3.3 Determining the dielectric function

3.3.1 Electronic transitions

A common way to obtain the imaginary part of the dielectric function is to use the
linear response theory for optical properties [14]. In this model, all the eigenstates are
evaluated inside the Brillouin zone pondered by their respective k-point weight and
summed [59]. A schematic band diagram that shows the relevant bands is presented
in figure 3.1 together with the equation which is used to compute the tensor of the
imaginary part of the dielectric function ε2

αβ(ω) with 3×3 components (α, β). In the ex-
pression, ω is the energy in which the dielectric function ε is being determined and Ω
is the volume of the primitive cell. The Dirac delta function δ is a function which only
have an output value different of zero when the argument is equal to zero. In this case,
it will only output a value different of zero when the evaluated energy ω is equal to the
difference of energies between the conduction εck and valence εvk band energies. uck and
uvk are the corresponding wavefunctions for the conduction and valence bands respec-
tively. These energies and wavefunctions are obtained from the Kohn-Sham (equation
2.26) or GW (equation 2.33) independent-particle equations. eα and eβ are unit vectors
in the Cartesian directions and wk is the weight of the allowed k-points in the k-space
summation over the irreducible part of the Brillouin zone. A proper k-mesh sampling
is fundamental for a good dielectric function and, consequently, also for the absorption
spectra. When more k-points are included the individual weight of the k-points wk

changes and the spectra have a finer depiction, as more states are better described by
the first-principles calculations. The dielectric function is derived from the polarizabil-
ity of the material, which is given by a similar formulation. This is obtained in the long
wavelength limit (q→ 0), that can be viewed as slow varying electric field [60].

The electronic transitions with a given energy will absorb the light with the re-
spective photon energy, promoting the electron from a ground state to an excited state.
Despite these transitions generate excited states, the approach described in figure 3.1
does not treat excitations. A treatment of excitations involves the complex treatment of
interactions between holes and electrons, and that can be taken into account through the
Bethe-Salpeter equation (BSE) [48]. A partial treatment is done in the GW, where one
electron is promoted from the valence band to the conduction band, but the induced
electron-hole pair is not coupled [61].
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3.3. Determining the dielectric function

ε2
αβ(ω) =

4π2e2

Ω lim
q→0

1
q2

∑
c,v,k

2wkδ(εck − εvk − ω)×
〈
uck+eαq

∣∣∣uvk

〉〈
uck+eβq

∣∣∣uvk

〉∗
.

Figure 3.1. On the left side a schematic band structure showing the energy bands and the band
gap; the transition energy ω is considered for every k-point and every conduction-
valence pair. On the right side, the equation which defines the dielectric function based
on possible photon-induced valence-to-conduction band transitions within a linear re-
sponse model. The variables are explained in the text. The color scheme matches the
schematic band dispersion on the left for easy identification.

3.3.2 Ionic contributions

The dielectric function can have a contribution not only from the electrons, but also
from the ions if the materials is polar. Due to this matter, a common approach is to define
the high-frequency ε∞ and the static ε0 dielectric constants. The high-frequency ε∞ is
determined close to the optical frequencies, with its origins in the electronic transitions.
It is often obtained extrapolating the dielectric function from visible/near-infrared op-
tical spectroscopy. The static ε0 is related to the ionic movement with a contribution
added over the high-frequency ε∞. Despite they are called constants, as one can see in
figure 3.2, they are limits (or plateaus) in the dielectric function. These approximations
are very useful and it different nomenclature is used to differentiate the origins and
frequencies in which they are relevant.

The ionic contribution to the dielectric constant is obtained through a second order
expansion of the energy, with respect to the static dielectric susceptibility tensor χαβ
[62, 63],

εαβ = ε0(δαβ + χαβ). (3.11)
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3.3. Determining the dielectric function

α and β are the crystalline directions, and χαβ is defined as

χαβ = − ∂2Ẽ

∂εα∂εβ

∣∣∣∣∣
η

. (3.12)

η denotes that the derivative was taken with a constant strain and εα,β is the homoge-
neous electric field applied, and Ẽ is the energy of the system. This energy is, however,
not simple the Kohn-Sham energy but the minimum of an extended energy which in-
cludes the polarization as perturbation. In the system utilized, the contribution is ob-
tained using density functional perturbation theory [62,64], in which several parameters
related to the displacements, compressions or electric fields are calculated, including
Born effective charges and piezoelectric constants.

Another possible way to obtain ε0 is to use the Lyddane-Sachs-Teller relation [57,
65], which states the relation between the longitudinal ωLO and transverse ωTO optical
phonon frequencies

ε0

ε∞
= ω2

LO

ω2
TO

. (3.13)

These frequencies can be derived from the forces arising from atomic displacements in
a cell, or experimentally, of course.

With the knowledge of the phonon vibrations frequencies, one can also model a
ω-dependent ionic contribution over the dielectric function [66]

ε(ω) = ε∞ + ε0 − ε∞
1− ω2/ω2

TO

. (3.14)

This modeling of phonon frequencies into the dielectric function is applied for ZnO in
figure 3.2. There it is possible to see the character of two different regions: for low en-
ergies (left part of the graph) the contribution from ionic movement is strong, while for
higher energies (right part) the electronic contribution dominates. A third contribution
can be important for very high energies (> 100 eV; not shown in the figure), arising from
electronic transitions from atomic-like core states to the valence band.

3.3.3 Drude model

This is a simple model in which a conductor, either a heavily doped semiconduc-
tor or a metal-like material, can have the influence of the free – or nearly-free, to be more
precise – electrons modeled into the dielectric function. That occurs as interband tran-
sition within a certain band, with almost free carriers in this band forming an electron
gas. The gas responds to an applied electric field, screening the effective potential of

32



3.3. Determining the dielectric function

0.1 1
Energy [eV]

-4

-2

0

2

4

6

8

D
ie

le
ct

ric
 fu

nc
tio

n

10 20 30 40 50

0

50

100

150

200

250

A
bs

or
pt

io
n 

[1
0

4
/c

m
]

Electronic transitions
Atomic

movement

Real
Imaginary
Absorption

0

Figure 3.2. Calculated dielectric function of ZnO. Due to the ionic contributions, logarithmic
scale is used in the low energy region (left part, 0.01 to 1 eV) to better display the
behavior. In both graphs one can observe the imaginary part of the dielectric function
and its relation to the real part. The calculated absorption coefficient (blue dotted line,
referred to the right side y-axis) is obtained directly from the dielectric function.

the host material, and thereby affecting the dielectric response. The contribution to the
dielectric function can be approximated as [67]

ε(ω) = 1−
ω2
p

ω2 . (3.15)

The plasma frequency ωp is defined as

ωp =
√

4πn
m

. (3.16)

with n the electron concentration andm the effective mass. This approximation uses the
fact that frequency is much bigger than the inverse of the τ , ω � 1/τ . τ is the mean free
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3.3. Determining the dielectric function

time between collisions of electrons in the gas with host ions, assuming classic ballistic
transport of the otherwise free electrons. It is given by

τ = mσ

n
(3.17)

with σ being the conductivity of the of the sample.
The plasma frequency is the frequency where the absorption of energy primar-

ily occurs and which the dielectric function crosses from the positive to the negative
quadrant. For lower frequencies than ωp, the material will interact with the incoming
photons, having absorption in this range. For energies above the plasma frequency, the
photons will no longer be absorbed by the material; the material will be transparent for
those frequencies.
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Chapter 4

WO3

Tungsten(VI) oxide is used extensively as an electrochromic material. Electrochro-
mism is the capacity of a material to change color when an external voltage is applied.
When controlling the intensity of light coming through a window, electrochromic de-
vices are often called smart windows. This can be found in some high end cars1 and
currently only one airplane model, the Boeing 787 Dreamliner. In WO3, the addition of
positive ions (usually Li+1 or Na+1) in a thin film will cause the change of color from an
almost transparent film to a deep blue film [70]. This process often requires the pres-
ence of water, as it will help the process of ion intercalation, which is responsible for the
change in the electronic properties and consequently also the change in color. Due to the
band gap energy, and its position w.r.t. vacuum energy, development of WO3 devices for
water splitting (photoelectrocatalysis) is a important research topic worldwide [71–74].

WO3 is stable in the monoclinic form at room temperature. This structure is shown
in figure 4.1. The crystal of WO3 is formed by octahedrons, wherein a W atom is posi-
tioned in the center and the corners are occupied by O atoms. Every O atom shares
bonds with 2 W atoms, while every W shares bonds with 6 O atoms. The deviation
of the alignment between the octahedrons as well as small distortions of the octahedra
shape lead to distinct crystalline structures. With this, WO3 has 6 different structures
that are stable at different temperatures. The same overall appearance is presented in
all structures, with the octahedrons forming similar channels as depicted in figure 4.1.

1In materials about electrochromism in science communication and marketing, several non-car-
specialized websites claim that this technology is used in several high end cars, however the only clear
reference found by the thesis’ author was for the Ferrari Superamerica [68] and the McLaren 720s Spi-
der [69]. In automotive industry however, electrochromic mirrors are commonly used to avoid high
intensity reflections from, e.g., high beams. These mirrors are often characterized by a dark blue hue over
the silver mirror color.
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The space group and transition temperatures for the several crystalline structures are
listed in table 4.1.

Name Space group Crystal system Transition temperature (K)

ε−WO3 P21/c Monoclinic 230
δ−WO3 P 1̄ Triclinic 300
γ−WO3 P21/n Monoclinic 623
β−WO3 Pnma Orthorhombic 1020
α−WO3 P4/ncc Tetragonal 1171
α−WO3 P4/nmm Tetragonal 1700

Table 4.1. Structures of WO3 and their transition temperatures. The two different tetragonal
phases are both called α-WO3. The last temperature value (i.e. 1700 K) is the melting
point. Data are from paper II in this thesis.

Hexagonal (P6/mmm) is a metastable phase often found in room temperature sam-
ples. Cubic (Pm3̄m) is not found as a pure compound, but is common if alloyed with Na
or similar elements [75]. This is a common structure for eletrochromic devices.

Triclinic has a transition temperature close to room temperature, and this phase
is often found coexisting with the monoclinic phase. As presented in paper II, both
phases exhibit similar band gaps and band structures. Experimentally, the band gap of
WO3 present a big variation, with values between 2.6 [74] and 3.3 eV [76]. This can
be attributed to several reasons, as difference in oxygen concentrations in the sam-
ples [76, 77], defects [78] or difficulties in the determination of direct/indirect band
gap [79]. The band gaps for the monoclinic and triclinic phases are always in the Γ-
B (or Γ-Z depending on the structure) region. In this direction, a rather flat dispersion
appears with the difference between the lowest conduction band and the topmost va-
lence band being almost constant, as shown in the band plot of the monoclinic structure
in figure 4.2, for which the most important regions also are presented in paper III (figure
9). The difference between a Γ-Γ to a Γ-B (Γ-Z) band gap is in the order 10 meV and is
discussed in a few references [77, 79, 80]. This picture becomes a bit more complex with
an analysis of the joint DOS performed in paper III, as more transitions are seen be-
low the optical absorption onset, indicating possible forbidden direct transitions. This
makes the determination of the direct/indirect band gap from optical measurements
troublesome, as the usual model (Tauc plots) is derived based on transitions between
band valleys with specific characters [81] and an indirect gap is the most common choice
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(a)

(b) (c)
(d)

Figure 4.1. γ monoclinic structure of WO3 (a) where the crystalline structure in different direc-
tions, side-view x-direction (b) and side-view y-direction (c), illustrates the misalign-
ment of the octahedrons in the primitive cell. In (d) the top-down view of the hexagonal
cell is shown to highlight the difference in arrangements of the octahedrons between the
hexagonal and the monoclinic phase. The other structures studied in this work have
similar shapes as the monoclinic one, differing by only small changes in the alignments
of octahedrons and their shape.
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for WO3. The DOS for the monoclinic structure is presented in the right part of figure
4.2. There it is possible to observe the strong contributions of the O-p states below and
the W-d states above the band gap energy region. It is worth mentioning that the reason
for the d states have higher values than the total DOS is because the total and partial
DOS are displayed per atom2.

In paper I, the band gap energy is determined experimentally by photoacoustic
spectroscopy, with a value Eg = 2.75 eV. This technique measures the heat variation in
a closed chamber using a microphone. The heat in this case is caused by non-radiative
decay in the measured sample, which was excited with modulated light of wavelength
close to the band gap. In addition, the absorption spectra of monoclinic, tetragonal and
cubic phases were calculated using GW and compared with the experimental data. Of
the three phases calculated, the best agreement was obtained for the cubic phase due to
a good match in absorption spectrum over the energy region close to the band gap (}ω
= 2.4 to 2.8 eV). The absorption onset presented a difference between the experimental
(2.75 eV) and theoretical (2.54 eV) data when both are obtained using a Tauc plot. The
GW direct band gap shows a better agreement, with Eg

GW = 2.63 eV. This can be an effect
of the limited k-sampling used. Moreover, it is expected that the GW approximation can
yield an inaccuracy in the gap energy by 0.1-0.2 eV (in some cases even larger errors).

For the optical studies for WO3 in paper II, experimental measures were performed
using spectrophotometry and spectroscopic ellipsometry. Moreover, the monoclinic
crystalline phases ε and γ were determined to be present in the samples by x-ray diffrac-
tion. The theoretical calculations were done with ε, γ and the triclinic δ phases. The gap
energies estimated from the Tauc plot of the calculated were found to be ∼1 eV higher
than the GW band gap. To understand this difference, an analysis of the Tauc plot for
the joint DOS of the same calculation generated a substantial lower onset energy, closer
to the band gap of each phase. The joint DOS is calculated in the same way as the di-
electric function, shown in figure 3.1, but neglecting the optical matrix elements which
describe the probability for transitions. The calculation was performed with a rather
small sampling of k-points, but that is less critical for joint DOS where calculations in-
volve band energies and not explicitly the wavefunctions. These analyses thus further
illustrate that optical properties of the WO3 phases are governed by forbidden transi-
tions for low photon energies.

2As each cell contains – for this material – 8 tungsten and 24 oxygen atoms, when the main contribu-
tion of a state is generated by one of the atomic species (as the conduction band W-d states), its partial
density of states become greater than the total DOS per atom. This is often found in states with energies
< −10 eV, taking the reference of the valence band maximum as EV BM = 0, as they have the character of
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Figure 4.2. Band structure (left) and density of states (right) of the WO3. The DOS was obtained
using GW, while the band structure was calculated with the simple PBE approximation.
The conduction bands, however, were shifted upward in energy to match the GW band
gap.

A study on the magnetic properties of W-vacancy in WO3 is presented in paper III.
WO3 samples are commonly found to be oxygen deficient, however, advanced growth
techniques that allow different ratios and non-equilibrium samples [82] may be able to
yield (almost) perfect stoichiometric samples. The main structures of WO3, along with
the hexagonal and the cubic forms, were analyzed with and without a tungsten vacancy
VW. It was found that these vacancies generate a local magnetic moment in some struc-
tures. Part of the magnetic moments generated by the vacancy can be localized in the
oxygens adjacent to the vacancy. The crystalline structure plays a major role for the ac-
tual character of the spin dependent charge density, as less symmetrical structures have
more delocalized distribution of the magnetic moment. When electrons are added to the
structures with vacancies, they influence the total magnetic behavior, as the addition al-
lows the extra electrons to balance the impaired electrons at the O atoms around the

being nearly sole atom-like orbitals.
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vacancy. Furthermore, high symmetrical hexagonal and cubic phases presented indi-
rect band gaps, and this might be the cause of them having no magnetic moments. The
difference seems to arise in the valence band region, as the high crystalline structures
present less localized states when comparing with other structures, which all present
flat regions in the VB. This can be seen in figure 2 of paper III.

The unpaired electrons in WO3:VW could be introduced by n-type donor incorpo-
ration. N substituting O, i.e. NO, is a reasonable candidate since WO3 is oxygen defi-
cient. A test with N-on-O substitution was realized, and the localized magnetic moment
at the N atom was found as expected, with M(NO) ∼1.0µB/NO. This WO3:NO structure
is unlikely to be obtained however. When inside the WO3 structure, N has a tendency
to form N2 pairs, which are more stable than the separated N atoms bonded to W. These
N2 pairs cancel the magnetic effect.
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Chapter 5

Zn chalcogenides

Zinc is a metal1 with valence 3d104s2 which has a preferred oxidation state Zn+2 in
compounds. Since the valence of the elements in the oxygen family is s2p4, the oxidation
states in compounds are normally −2 and therefore they have a great attraction to Zn+2

ions. This section describes briefly the ZnO, ZnS, ZnSe and ZnTe binaries which are
referred as Zn chalcogenides.

Chalcogenides are materials with chalcogens, atomic elements in the oxygen fam-
ily (or group 16 of the periodic table). Often, but not always, the chalcogen term refers
only to the S, Se and Te elements. Here we include oxygen in the definition. Some prop-
erties of the zinc chalcogenides can be found in table 5.1. All these four compounds
are semiconductors, and they are under normal conditions thermodynamically stable
in either the wurtzite or the zincblende phase. ZnS can have both phases at room tem-
perature, however zincblende is the most stable one [1].

Zincblende structure is cubic and has 2 atoms in the primitive cell, as shown in
figure 5.1b. Often this structure is pictured in the conventional 8-atom unit cell. In this
8-atom description (shown in figure 5.1d), the cubic face-centered symmetry (F43m,
#216) is easily seen.

Wurtzite structure has a 4-atom primitive cell, with a hexagonal symmetry (P63mc,
#186). As shown in figure 5.1a, there are two ZnO formula units in each cell. Despite
the compounds are a tetragonal coordination, one can easily describe them as two ZnO
dimers, each on the A- or on the B-site, oriented in the vertical axis.

While cubic zincblende has all lattice vectors with same length, the hexagonal
wurtzite presents different lattice vectors. Two of them have the same length, often

1Zinc main use is as a metal [83], however around 1/4 of the total zinc production is destinated for its
chemical compounds.
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5. Zn chalcogenides

Material Band gap (eV) Room temperature Lattice parameters Ionization
phase aCUB (Å) a (Å) c/a potential (eV)

ZnO 3.44 wurtzite 3.250 1.602 7.82
ZnS 3.72 zincblende 5.405 3.822* 1.633* 7.50

3.91 wurtzite 3.820 1.639
ZnSe 2.82 zincblende 5.667 4.007* 1.633* 6.82
ZnTe 2.39 zincblende 6.088 4.305* 1.633* 5.76

Table 5.1. Structural parameters, band gap energies and ionization potential of Zn chalco-
genides. The space groups of wurtzite and zincblende phases are P63mc and F43m,
respectively. Experimental data are from references [1] and [84]. One can notice that
the lattices are larger for compounds with heavier and larger chalcogens. * refers to the
wurtzite transposition of the zincblende values.

describe as the (a,b) vectors. The (a,b) axes form an angle of 120° between them. Hav-
ing a length a, a and b are often positioned at a = (a, 0, 0) and b = (−a/2, a

√
3/2, 0). The

c direction is perpendicular to the (a,b) plane, and with the usual choice of directions,
its length is purely in the z direction. If the wurtzite cell is ideal, with all bond lengths
are the same, the c distance should be c = 2a

√
2/3. With this length ratio between a

and c the cell has perfect tetrahedrons, and is then comparable to the zincblende with
azb = awz

√
2. In this ideal wurtzite structure, the internal parameter u = 3/8. The u

parameter defines the position of one of the elements in the c direction of the unit cell.
Normally, the c length and u are not on these ideal values, since the electronegativity
of the atoms influences on the c/a ratio [85]. For example: in ZnO, u ∼0.382; in ZnS
u ∼0.374 [86]. It is interesting to notice that the u parameter of ZnS, with lower anion
electronegativity, is closer to the ideal internal parameter u = 3/8.

In figure 5.1, it is possible to see that zincblende and wurtzite structures are quite
similar, however with a difference in the stacking order of the ZnX layers. While
wurtzite presents a AB-AB stacking, zincblende has a ABC-ABC periodicity. These pat-
terns are illustrated in figure 5.1c. Both wurtzite and zincblende have the usual tetra-
hedral coordination found in the majority of semiconductors. In this coordination, the
atomic type in yellow in figure 5.1 has 4 neighbors and can be seen in the center of a
tetrahedron, with the other type in gray being its vertices. This can be easily imagined
in figure 5.1b. Both structures are ‘symmetrical’, exchanging Zn and chalcogen posi-
tions will not cause any change. A figure of the wurtzite unit cell, the Wigner-Seitz cell
and the reciprocal lattice cell (and vectors) can also be seen in figure 2.2.
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5. Zn chalcogenides

(a)

(b)

(c)

(d)

Figure 5.1. Primitive unit cells for wurtzite (a) and zincblende (b) structures. The conventional
unit cell for zincblende is shown in (d), together with two axis vectors that indicate both
the primitive and the conventional lattice vectors directions; notice also the colored bars
linking a few of the Zn atoms as a possible position for the axis of a primitive cell. In
(c), the layer stacking illustrates the difference between the two structures.

This positioning of the Zn+2 and O−2 ions causes a polarization vector in vertical
direction in the wurtzite cell. As there is no inversion symmetry in the wurtzite crys-
tal lattice, the electric field is changed when the cell is subject to a deformation along
the c axis. This phenomenon is called piezoelectricity [87], and it can appear together
with the pyroelectric effect [88]. Both wurtzite and zincblende structures show piezo-
electricity [89], however the equivalent of the c axis of wurtzite is the (1,1,1) direction in
zincblende.

Despite less common, is also possible to find Zn chalcogenides in other crystalline
structures. For instance, rock-salt is a high-pressure phase of ZnO [90], with a transition
from the hexagonal phase at∼9 GPa. Pressures in the same order of magnitude for ZnS,
ZnSe and ZnTe cause the same transition as well. The rock-salt structure (Fm3̄m, #225),
which is a rather common phase for ionic compounds, is also a face-centered structure
as the zincblende phase. In this case, however, there is a change of coordination. Rock-
salt has an octahedral coordination, with basic unit representation by octahedra instead
of tetrahedra. This implies a different charge distribution, which changes the band gap
as well as the band structure, resulting in an indirect band gap [91]. This behavior
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5.1. ZnO

happens due to a considerable volume reduction, plus that the character of the bonds
are more ionic (rather than covalent) at higher pressures [85].

5.1 ZnO

The band structure of ZnO is shown in figure 5.2. It is well known that the com-
pound has a direct band gap of ∼3.4 eV at the Γ-point. The wide band gap implies
that the material absorbs light only with wavelengths in the UV region or higher en-
ergies. n-type doped ZnO has a reasonable good conductivity, allowing the material
to be used as transparent conductive film in solar cells. By alloying ZnO with similar
compounds, one can tune some of the fundamental properties, such as the band gap
energy and the top of the valence bands. Zn(O,S) alloy is a good example, which has
been suggested as a buffer layer in thin-film solar cells based on Cu(In,Ga)Se2 (CIGS)
and Cu2ZnSnS4 (CZTS) [92,93] solar cells as a substitute for the cadmium (deposited as
CdS in a buffer layer) due to it toxicity [94,95]. Similar test with Zn(O,Se) to replace CdS
was not successful [96]. The related material Zn(S,O,OH) has also been tested for that
purpose [97, 98], but such rather complex material is beyond the scope of this thesis.

The partial DOS reveals the projection of the DOS on the s, p and d orbitals. A
direct comparison between ZnO, TiO2 and WO3 is found in paper III. From figure 5.3
below, it is clear that ZnO has a strong Zn-d and O-p character in the valence band edge
region. This DOS is obtained with the partially self-consistent GW calculation. If one
compares figures 5.2 and 5.3 and table 5.1, one notices a small difference of 0.12 eV
between the experimental band gap (3.44 eV) presented in the table and band structure
and the calculated GW band gap (3.32 eV) showed in the DOS. The DOS in the CB region
increases slowly starting for energies closer to the band gap, with a noticeable peak only
in the 8 eV region. This is easier to explain with an analysis of the band structure (figure
5.3). The CBM is a single valley with small effective electron mass of about 0.275m0 [1].
That minimum generates thus a small DOS up to energies ∼6 eV where also the second
lowest CB contributes to the DOS. At ∼8 eV there is also a flat energy band along the
L-M line.

ZnO can be easily grown in nanostructures [100], which can have different prop-
erties compared to bulk ZnO due to the limited size of the structure, that allow partially
localization of electron charges. This often results in materials that are stronger (since
there are often less defects in those structures) and with distinct properties, as increased
band gap [101] or increased piezoelectricity [102].
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5.2. ZnS, ZnSe, and ZnTe
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Figure 5.2. Band structure of ZnO. The data was obtained through a PBE calculation, however
all conduction bands have been shifted by a constant energy to match the experimental
value of the band gap. The energy refers to the VBM. The k-path used was taken from
reference [99].

In semiconductor technologies, ZnO is often n-type doped with aluminum for
transparent conductive oxides. Despite an intense research focusing on p-type doping,
it has been found to be difficult to achieve p-type character due to defect compensation.

5.2 ZnS, ZnSe, and ZnTe

When comparing ZnS, ZnSe, and ZnTe with ZnO, one finds that the overall elec-
tronic structures are rather similar, but there are important differences in the material’s
properties that originates from the small anion size combined with high electronegativ-
ity in ZnO. Intriguingly, beyond ZnO, they tend to be stable in the zincblende structure,
for which ZnO is only metastable.

All four Zn chalcogenides materials have different ionization potentials (IP); see
table 5.1 [84]. The IP energy represents the energy to remove one electron from the ma-
terial to the vacuum. In semiconductors this is can be defined as the energy to remove
one electron from the VBM to the vacuum. ZnO has the highest IP, followed by ZnS
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5.2. ZnS, ZnSe, and ZnTe
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Figure 5.3. Partial and total density of states of ZnO. In this graph, the different contributions
of Zn and O states are compared to the total DOS. The energy refers to the VBM.

0.3 eV below. ZnSe and ZnTe have even lower IP, with values approximately 1 and 2
eV lower than ZnO, respectively. There are different reports for the IP levels [103–105],
however the overall order (O-S-Se-Te) is maintained. The difference between the IP lev-
els will affect the possibility to mix (i.e. alloy) the materials [104] and, of course, it will
cause effects for interfacial structures.

A related concept to IP is the electronegativity, which is, in broad terms, the ca-
pacity of an atom to attract electrons. In this work, the Pauling electronegativity χ was
used, which is unit-less quantity roughly defined as the difference between the energy
of the covalent bond (A-B) minus the expected covalent bond energy of a compound
based on the bond energy of its single compounds ((A-A + B-B)/2). Despite χ being unit-
less, the energy differences are calculated – and roughly corresponds – in eV. Among
the chalcogens, oxygen has the largest value of χO =3.44 (second most electronegative
in the Periodic Table, after fluorine χF =3.98) followed by 2.58, 2.55 and 2.10 for S, Se
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5.2. ZnS, ZnSe, and ZnTe

and Te, respectively [106]. This affects how the electron charges distribute around the
atoms in a compound. It can explain the rather strong effects when, for instance, dop-
ing/alloying of valence-conserving elements in a host matrix; that is discussed in more
details in paper IV.

ZnTe can be easily doped as p-type semiconductor. This is an interesting point
as it can lead to the different applications, as for instance PIN-diodes2 [107] or buffer
layer in CdTe solar cells [108]. Another interesting application is as terahertz pulse
generators [109].

ZnS is a material for diverse applications, being used commonly as a phosphores-
cent material and X-ray scintillator. Due to its excellent transmittance properties, it is
a material for the manufacture of lenses and windows in the visible and infrared (from
400 nm to 12 µm) range [110].

Similarly to ZnS, ZnSe is also used as window or lens materials for visible and
infrared wavelengths optics [110] as well as scintillators. Lenses made of ZnSe have
a high and almost constant transmittance in the short, mid and long infrared regions.
Due to an absorption in the blue region of the visible spectra, they present a yellow tone.
This material is however slightly toxic and requires glove protection during handling.
Applications like LEDs, especially white LEDs [111], are benefiting from the material’s
good emission in the blue light region.

ZnS, ZnSe, and ZnTe have very similar structural, electronic and optical proper-
ties, and therefore only the electronic structure of ZnTe is discussed below.

The DOS of ZnTe in figure 5.5 can be compared with that of ZnO (figure 5.3). O
as atom has energetically lower p-like states than S, Se, and Te. Because of that, O-p in
ZnO hybridizes more with Zn d-like states (compared to Te-p and Zn-d in ZnTe). This
hybridization makes a broader distribution of the Zn d-like states and more contribution
at the whole VB region from 0 to about -7 eV. In ZnTe, however, the Zn d-like states are
less hybridizing with Te p-like states, and therefore the d-like states are more localized
around −8 eV. Moreover, O s-like states are much lower in energy (−18 eV) compared
to Te s-like states (−11 eV). One can also observe in the figures that ZnO has small CB
DOS in a wider energy region above Eg, while ZnTe has rather high CB DOS already
at 4 eV. As the following conduction bands have less dispersion, specially for k-states
away from the Γ-point, this leads to the many peaks and troughs in the CB region of
the DOS. Similarly, the third uppermost VB causes a strong DOS peak at about −5 eV

2A PIN (or p-i-n) diode is made with an intrinsic semiconductor sandwiched between a p-doped side
and an n-doped side
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5.2. ZnS, ZnSe, and ZnTe
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Figure 5.4. Band structure of ZnTe. The data was generated and adjusted in a similar fashion to
figure 5.2. The different symmetry points are characteristic for the cubic symmetry.
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Figure 5.5. Partial and total density of states of ZnTe, similar to that of figure 5.3.

50



5.3. III-nitrides

due to flat dispersion near the BZ surface. DOS peaks at even lower energies arise from
localized semi-core states, not shown in the band diagram.

5.3 III-nitrides

III-nitrides are in this thesis used only as dopant or alloying materials to the Zn
compounds, therefore presented very briefly in this section. Al, Ga and In nitrides are
all thermodynamically stable in the wurtzite structure. They can however also be grown
in the zincblende structure, as a meta-stable phase. They have all the same valence,
with cation oxidation states Al+3, Ga+3, and In+3 pairing with the anion N−3. Band gap
energies and lattice parameters can be found in table 5.2.

Material Band gap (eV) Lattice parameters
a(Å) c/a

AlN 6.13 3.111 1.600
GaN 3.44 3.190 1.627
InN 0.9 3.545 1.609

Table 5.2. Lattice paramenters and band gap of hexagonal nitrides used in this work. Data are
from references [1] and [112].

The DOS and the band structure of GaN are shown in figure 5.6. Beyond the
structural similarities, GaN also share some other characteristics with ZnO, as having
direct Γ-point band gap, both with Eg ∼3.4 eV. GaN has a high IP (IPGaN = 7.75 eV [113])
and the both present a similar DOS, however, Ga-d is not strongly hybridized with N-p.
Due to a similar band structure, electron effective masses are also within the same order
with mGaN = 0.22 m0. Both O and N are small atoms resulting in short bonds, with
lattice vectors of ZnO and GaN being very similar. Despite all the similarities, GaN
has higher dielectric constants with ε∞ = 5.2 and ε0 ∼10 compared to ZnO constants
ε∞ ∼3.7 and ε0 ∼8. GaN is widely used as a base component in UV or white LEDs
(using phosphors) or laser diodes.

Due to a larger band gap (6.1 eV) it is difficult to use AlN directly as semicon-
ductor, however its high thermal conductivity and insulating properties are attractive
for other electronic purposes. Main applications comprise substrate and/or heatsink
[114, 115] in electronic circuits or as piezoelectric material [116]. InN is often used in
alloys with GaN in order to alter the band gap energy [117].
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Figure 5.6. Band structure (left) and density of states (right) of gallium nitride. The DOS was
obtained using GW, while the band structure was calculated with the PBE approxima-
tion. The conduction bands, however, were shifted by a constant energy to match the
GW band gap.

5.4 Zn(O, S) and Zn(O, Se) alloys

Zinc oxide-sulfide or oxide-selenide alloys are materials with potential to be uti-
lized in solar cells. ZnO is already used as a transparent conductive window layer.
Alloying, however, allows the possibility to tune the band gap and the electronic levels.

The crystalline structures of the Zn(O,S) alloys keep the local tetrahedra and sym-
metry, with the lattice parameters changing fairly linearly with respect to alloy concen-
tration – as often is the case in metallic and semiconductor alloys. A linear model often
followed by alloys is called Vegard’s law [118–120]. Vegard’s law works rather perfectly
for the lattice parameters for most semiconductor alloys. For instance, in Zn(O,X), with
X = S or Se, the lattice changes as a linear interpolation between the lattices of ZnO
and ZnX . This is rather surprising, because in the alloy the bonds Zn−O and Zn−X
remain at fairly constant lengths that is roughly a sum of cation and anion radii. From
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5.4. Zn(O, S) and Zn(O, Se) alloys

Vegard’s law one may also expect a linear behavior of other materials parameters. For
some semiconductor alloys the band gap energy does vary fairly linearly [121, 122].
However, for other semiconductor alloys the law is not accurate. Considering the band
gaps in Zn(O,X) alloys the effect is non-linear, generating a downward bowing with
a minimum nearby to 50% concentration. In the low concentration regions (<5% and
>95%3), the alloying elements behave as dopants with rather localized energy states.
For intermediate doping concentrations, the mix of ZnO and ZnX behaves as an al-
loy. Both regions present a reduction in the band gap. The high-frequency dielectric
function behavior is somewhat linear despite it being affected by the band gap and the
changes in the the dielectric function spectra caused by the mixing of the energy states
of ZnO and Zn-X . For these Zn chalcogen alloys (with isovalent anions), the gap nar-
rowing is mainly caused by the atomic relaxation due to the different bond lengths of
ZnO and ZnX , thus a lattice mismatch. If in the computational procedure the atoms
are not allowed to relax, then the band gap of the material will have a linear behavior
for increasing alloy concentration. The relaxation causes the bond lengths to be close to
the values found in the respective binaries, with δ(Zn–O) = 1.93 Å, δ(Zn–S) = 2.29 Å and
δ(Zn–Se)=2.41 Å. This makes the alloy more stable, minimizing the forces acting on the
atoms.

Since the behavior of the band gap reduction is different in the low concentration
region compared to the moderate to high alloy concentrations, in paper IV was pro-
posed an approach which includes two different models together: a doping model for
low concentrations and an alloy model for the remaining part. This is done by using
the band anti-crossing (BAC) for the low concentration regions together with the alloy
band bowing (ABB) in the remaining part.

The BAC is based on the interaction between the host crystal states with the dopant
states [123, 124]. The BAC model defines the band gap energy as:

Eg = 1
2

(
Eb + Ega −

√
(Eb − Ega)2 + 4xV 2

ab

)
. (5.1)

Ega is the host band gap, Eb is the energy level of the localized dopant, x is the con-
centration ratio and Vab is the coupling interaction between Ega and Eb. The resulting
band edge state has no longer the same energy as before and is instead a mixture of the
original host and the dopant states, thus not a pure defect state.

The ABB is a phenomenological model used to explain the behavior of alloys. This
model uses a quadratic fit through a bowing parameter b to describe the alloy gap en-

3notice that a 95% concentration of sulfide is a low concentration of oxygen in a ZnS matrix
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Figure 5.7. Fitting of the data using the combination of the BAC and ABB models. Regions 1
and 3 can be described by the BAC model, while region 2 is described by the ABB model.
The transition energies Eb0 and Eb1 and other parameters in equations 5.1 and 5.2 are
obtained from the calculated energies.

ergy [125, 126], as defined by

Eg = xEZnO
g + (1− x)EZnX

g + bx(x− 1). (5.2)

Despite this equation is useful and quite accurate in many cases, there are exceptions
where materials deviate from this simple model [127]. To adjust this model, high order
terms can be added to improve the model’s fitting [128].

Quite often in earlier research studies only the ABB model has been utilized for
alloys to describe the change in the band gap energy with respect to concentration.
However, by combining the BAC model for low alloying concentrations with the ABB
model for moderate to high alloying concentrations, the accuracy can be improved, in
some cases even significantly. The reason is that for low concentrations, the effect is
doping-like and the band gap reduction has often a sharp decrease, while for moderate
concentrations the band gap is more alloy-like and follows a more smooth quadratic
shape. This is observable for Zn(O,S) alloys, as presented in figure 5.7. The doping-like
character modeled by the BAC occurs in the region between 0 to ∼6% (region ‘1’) or
∼96 to 100% (region ‘3’). Region ‘2’ uses the ABB model. Energies Eb0 and Eb1 at which
transitions between the two models occurs are set through a minimization of the errors
for all considered concentrations. One may further expect that for concentrations ∼3 to
∼7% and ∼93 to ∼97% the effect is probably a mixture of BAC and ABB character. The
combined model (solid line in the figure) describes rather accurately the calculated band
gap energy (marks) for all alloying concentrations. A more comprehensive discussion
with a full description of the employed equation used can be found in paper IV.
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5.5. ZnTe doping

The high-frequency dielectric constant ε∞ is influenced by the width of the band
gap, and this is commonly believed to follow the relation ε∞ ∝ 1/Eg. With such ar-
gument one would anticipate a bowing behavior of ε∞ in the Zn(O,X) alloys since Eg
exhibit a bowing character. The inverse relation between ε∞ and Eg is true only when
one considers that the change of the gap energy is caused by a constant energy shift
of the conduction bands, thus when there is no variation in the shape of the dielectric
function apart from the shift on the energy scale. However, the contribution to the high-
frequency dielectric constant is from not only the position of the peaks in the imaginary
part of the dielectric function, but also the shape and amplitude of them. This can be
inferred from the Kramers-Kronig relations of the dielectric function showed in equa-
tions 3.7 and 3.8. The alloying changes the shape of the dielectric function, making it
possible a major change in ε∞ in addition to the effect from a change inEg. This is exem-
plified in the figure 5.8, where the ZnO and ZnS dielectric functions are split into three
energy regions, and the contributions to ε∞ from the different regions are presented.
As seen in the figure, the major contribution for ZnO is from the high energy region,
while for ZnS, the intermediate region has the largest share, despite both compounds
have similar band gap energies. For the Zn(O,S) alloy, which has a strong band bowing,
the contribution to ε∞ includes both the decrease of the gap energy (which increases
ε∞) and the change in the peaks (both energy position and amplitude) of the dielectric
functions. The final result has a weak quadratic behavior, not a maximum for smallest
Eg, and is asymptotic to the ZnS for high alloy concentrations. An analysis of the ε∞
variation w.r.t. band gap can also be found in figure 6 of paper IV.

To finalize this discussion, in order to analyze the effect of using different compu-
tational methods, test calculations of the absorption coefficients of ZnO, ZnS and ZnSe
were performed using GW as well as on-site Coulomb corrections to the LDA potential.
These tests demonstrated that there were deviations, but the variations caused by the
different methodologies were systematic, supporting the paper’s conclusions.

5.5 ZnTe doping

The typical doping concentration in a silicon semiconductor is around 1017 cm−3.
As silicon has about 1023 atoms per cubic centimeter, one can quickly estimate the host
to dopant atoms ratio is around 0.0001%. In paper V, we focus on a material system
for which a larger dopant concentration (in the order of percentage) as a substitute in
the host compound. The elements substituting the host atoms may have very different
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Figure 5.8. Dielectric functions and contributions to ε∞ in ZnO and ZnS from different energy
zones.

atomic radii (and consequently the bond length of the doping compound), thus generat-
ing a large local relaxation effect, and materials with high-concentration of such dopants
are often referred to as ‘highly mismatched alloys’.

Heavily O doping of ZnTe (i.e., ZnTe:O) has a larger impact on the material’s elec-
tronic structure compared to, for instance, heavily doping of S in ZnO (i.e., ZnO:S). For
ZnTe:O, the relaxation effect due to the O-on-Te dopant causes a downward energy shift
of the lowest CBs and form an intermediate band (IB) in the band gap region of the ZnTe
host; depicted in figure 5.9. This type of material systems can be utilized for more effi-
cient light-absorbing optoelectronics, for instance IB solar cells. In such approach, the
incident light can be absorbed by different types of band-to-band transitions between
VBs, IBs and CBs, illustrated in the figure by the different arrows.

The position of the Fermi level (EF) determines the intensity of the different tran-
sitions. In the figure EF is mid-gap, thus between VBM and IB minimum, because no
n-type dopant (i.e., Al). At temperature T = 0 K, the VBs are fully occupied by the va-
lence electrons, whereas the IBs as well as the CBs are completely unoccupied. Photons
can then only be absorbed by electron transitions from the VBs to the IBs or to the CBs,
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5.5. ZnTe doping

but not from the IBs to the CBs. However, at high intensity of the incident light, a large
amount of electrons are excited from the VBs to the IBs (and to the CBs). In addition,
there can also be thermally excited electrons from the VBs when T > 0 K, however, that
contribution is typically very small since the energy gap is > 1 eV. Now, with the light-
induced population of electrons in the lowest IB, light can also be absorbed by electron
transitions from that IB to the CBs. A change in the electronic population of the IBs
can also be controlled by the doping of the host matrix. When the electronic popula-
tion of the IBs is increased it will unfortunately hinder part of the VB to IB transitions,
due to the IB states now being occupied [129]. Notwithstanding these competing pro-
cesses, the theoretical limit for an ideal IBSC is around 63%. This was calculated with
the sun as a blackbody with 6000 °C and an ideal concentrator set up. This means that
the solar illumination of a large area is focused in the solar cell in order to increase the
efficiency. A standard single junction cell would have an efficiency of 41% [130] under
this solar concentration. Under the illumination of 1 sun, an ideal IBSC would have an
efficiency of 47% while an ideal single junction solar cell will have an efficiency limit of
around 33%. A value of efficiency of 77% can be obtained when an infinite number of
impurities, in which each of them generates a mid band-gap defect with unique energy,
are added to the host matrix [131]. Despite the interesting approach with a high pre-
dicted energy conversion efficiency, IB solar cells are still a research topic, with several
experiments but yet no commercial devices [132].

In this thesis (paper V), instead of isovalent O-on-Te doping, ZnTe was doped with
a few semiconductor and insulating materials. The main focus was III-nitrides, namely
BN, AlN, GaN and InN, to investigate the possibilities of the generation different types
of IB in the host material. It was found that all these III-nitride dopants generated qual-
itatively similar electronic band structures and DOS as that of ZnTe:O, thus figure 5.9 is
also representative for the ZnTe:III-nitrides. In addition, ZnTe:O is a well studied mate-
rial in the scientific community (see [132,133] and references therein), and can therefore
be used as reference material system. In addition to analyzing III-nitride doping in
ZnTe, paper V also includes a smaller screening of other possible co-dopants for ZnTe,
such as GaP and, in order to understand how the electronegativity of the dopants affects
the occurrence and shape of the IBs. A Bader analysis was done to help identifying the
charge transfer [134, 135] between the cation and anion of the doping and host atoms.
The results indicate that the electronegative difference between the host and dopant has
a strong influence on the final results. Resonance between the host and dopant energy
states states also plays an important role, because test calculations with materials with
a high electronegativity as NaF did not result in an IB, most likely due to the lack of
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Figure 5.9. Band structure and total DOS of ZnTe:O. Both are calculated with PBE. The arrows
represent the possible transitions of VB→IB (red), IB→CB (green) and VB→CB (blue).

interaction/resonance with the host states.
As an alternative to the heavily doped material systems, another common way to

generate IB in materials is the use of quantum dots, however, this approach is beyond
the scope of this thesis.

5.6 ZnO-GaN alloy

Gallium nitride can be an interesting material to alloy with ZnO. They both have
the same crystal structure, with rather similar lattice parameters. Therefore, from the
crystal structure point of view one can expect that it would be easy to grow ZnO-GaN
alloys. The problem however arises from the difference in the oxidation states between
the ZnO (Zn+2,O−2) and GaN (Ga+3,N−3). This is different from Zn(O,S) = ZnO-ZnS
alloys where the alloying elements O and S have the same number of valence electrons.
For ZnO-GaN alloys, even though the oxidation states are different, each Ga-N pair has
the same number of valence electrons as a Zn-O pair. Thus, one can expect that it is pos-
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sible to alloy GaN with ZnO without any crystal reconstruction if the concentration ratio
Ga/N is ∼1. With calculations based on (valence neutral) 72-atom unit cells (depicted in
figure 5.10) for paper VI, it was found that, rather than being separated in the solid, Ga
and N form neighboring Ga-N pairs. A linear relation between the number of Ga−N
bonds and the total energy was found, implying that GaN forms pairs when forming
the most stable structures of the ZnO-GaN alloy. This goes along with the charge match
between the dopant pair, leaving only a small charge redistribution of the host mate-
rial due to presence of the dopant pairs. A simple test calculating the energy of Ga-N
pair versus the separated ions, both in a ZnO matrix, also confirm this result. In these
ZnO-GaN structures, cluster or groups of GaN within the host ZnO are energetically
favorable, as more Ga−N bonds are formed. Within the selected range of tests over
this alloy, clusters have not presented an energy gain when in comparison to the most
stable randomly generated structures, both however have a similar number of Ga−N
bonds. Several tests were performed with different alloy compositions, however main
calculations were done with 72-atom cells with 7 Ga-N pairs substituting ZnO atoms.
This concentration was used to simulate the 20% GaN content in the experimentally
synthesized and characterized sample.

Similarly to the ZnO-ZnS alloy, ZnO-GaN also presents a band gap reduction.
A comparison of the absorption coefficients of the binaries ZnO and GaN with the
(ZnO)0.8(GaN)0.2 alloy is shown in figure 5.11. It is clear from the upper graph (and
inset graph) that the absorption onset of the alloy is slightly in a lower energy than
the binaries and stronger nearby the band gap. Away from the band gap region (en-
ergy > 6 eV) the absorption intensity is between those of ZnO and GaN, being close to
ZnO. The lower part of figure 5.11 shows the absorption in the logarithmic scale vs en-
ergy, with energy scale of each compound being subtracted by its respective band-gap
energy. This was used to show an intensity comparison between the binaries and the
alloy, which shows a lower absorption intensity given the same energy excitation w.r.t.
the band gap.

59



5.6. ZnO-GaN alloy

Figure 5.10. One of the ZnO-GaN supercells used for the calculation in paper VI. It contains 72
atoms, whereof 14 are Ga and N atoms, implying an atom concentration of 19.4%.
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Chapter 6

Concluding remarks

6.1 Summary of the papers

Paper I: Optical band-gap determination of nanostructured WO3 film

P.P González-Borrero, F. Sato, A. N. Medina, M. L. Baesso, A. C. Bento, G. Bal-
dissera, C. Persson, G. A. Niklasson, C. G. Granqvist, and A. Ferreira da Silva, Applied
Physics Letters 96, 061909 (2010).

WO3 is a electrochromic material, however the band gap of this material is not com-
pletely understood. In this paper, samples of nanostructured tungsten oxide were grown
and measured with photoacoustic spectroscopy (PAS) to determine the band gap prop-
erties of the sample. PAS provides information based on how the measure sample reacts
to different methods of excitation, through the different responses the band gap can be
obtained. An Eg = 2.75 eV was found. The measurements are direct compared with the
absorption obtained with the GW method applied to the cubic, tetragonal and mono-
clinic structures. The cubic sample shows a good agreement of the absorption spectra
with measurement, however the band gap energy (calculated as Eg= 2.54 eV) differs.
The GW direct band gap shows a better agreement, with Eg

GW = 2.63 eV. This can be an
effect of the limited k-sampling used. The GW approximation can also yield an inaccu-
racy in the gap energy of 0.1-0.2 eV (in some cases even larger errors).

Paper II: Vacancy induced magnetism in WO3

G. Baldissera, and C. Persson, The European Physical Journal B 86, 273 (2013).
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6.1. Summary of the papers

Tungsten and oxygen vacancies were studied in crystalline structures of WO3, with a
focus on the magnetic properties. Oxygen vacancies generate no noticeable changes in
the magnetic profile of the samples, however the removal of a tungsten in supercells
of ∼120 atoms caused a charge imbalance, leading to a local magnetic moment in one
of the oxygen atoms adjacent to the vacancy. This effect occurs only in specific phases,
as the high symmetrical cubic and hexagonal structures generate no magnetic moment.
These high symmetrical structures have indirect band gaps, while the others present di-
rect band gaps. Monoclinic and triclinic present phases the strongest magnetic moment
and also the highest amount of O-p states around the VBM. The other structures (spe-
cially the hexagonal and cubic) have less states around that region. In an orthorhombic
structure, the effect of adding electrons to compensate the charge imbalance led to an
increase and then (for even higher electrons concentrations) a decrease in the magnetic
moment of the cell, showing that the vacancies do not generate a proper charge im-
balance to keep a stable ferromagnetic phase. This was use to analyze the magnetic
moment location and also to check the possibilities of doping.

Paper III: Electronic and optical properties of nanocrystalline WO3

thin films studied by optical spectroscopy and density functional
calculations

M. B. Johansson, G. Baldissera, I. Valyukh, C. Persson, H. Arwin, G. A. Niklasson,
and L. Österlund, Journal of Physics: Condensed Matter 25, 205502 (2013).

Optical properties in the near-infrared, visible and UV ranges of WO3 have been exper-
imentally measured, and these results were compared with GW calculations of the ε, δ
and γ-WO3 phases. Due to the pressure variation during deposition, the samples were
a mix of the low temperature ε and ambient temperature γ phases. The calculations
show these two structures presenting a different absorption onset, corroborating that
the change in the band gap of the samples is due to the mixed crystal phases ratio on
the samples. The band gap extracted from the Tauc plot of the theoretical absorption
is larger than the one obtained from the DOS or the band structure, however the joint
DOS presents a much smaller energy for the onset, and that gap energy is closer to the
actual band gap. This is attributed to forbidden transitions near the band gap.
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6.1. Summary of the papers

Paper IV: Understanding the optical properties of ZnO1−xSx and
ZnO1−xSex alloys

G. Baldissera, and C. Persson, Journal of Applied Physics 119, 045704 (2016).

In this paper, ZnO is alloyed with ZnS and ZnSe. Standard DFT, LDA+U and GW
techniques were used to obtain alloys properties, such as the band gap, total energy and
enthalpy. The different cation-anion bond lengths cause the cell to distort from the ideal
hexagonal atomic positions, and this causes a band gap bowing that depends on the
concentration. This bowing is not following a perfect quadratic model described by the
alloy band bowing model. A method was proposed and it uses the band anti-crossing
model at the low concentration region and the alloy band bowing in the central region.
A good agreement between this approach and the calculated data was found over the
whole concentration in the ZnO-ZnS (or ZnO-ZnSe) alloys. An analysis of the high-
frequency dielectric constant of the alloys shows that they does not hold the relation
ε∞ ∝ 1/Eg. This happens as the peaks in the alloys change their positions together with
the material’s concentration, directly influencing the dielectric constant. To finalize this
study, a GW, LDA+Ud and LDA+Ud+Us primitive cell absorption of ZnO, ZnS and ZnSe
was performed. This showed the relations between the differences of the absorption
spectra and their respective band structure features. The tests demonstrate that the
variations due to the different methods used are systematic, supporting the paper’s
conclusions.

Paper V: Nitride-doped zinc telluride for intermediate band
optoelectronics

G. Baldissera, and C. Persson, Manuscript.

The doping of zinc telluride with oxygen is know to cause an intermediate band mate-
rial, decreasing the gap of ZnSe and thereby increasing the possibilities for applications
in energy conversion technologies. Nitride dopants, namely BN, AlN, GaN and InN,
are tested with results showing promising perspectives, specially for GaN. Other ma-
terials were tested under similar circumstances, as GaP, AlO, SiC and NaF, for better
understanding the doping properties which generate the intermediate band. A reso-
nance between the host and dopant states is expected to create the intermediate band.
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6.1. Summary of the papers

The intermediate band is strongly influenced by the type of doping ions in the ZnTe
host, as well as the electronegativity of the dopants.

Paper VI: Evidence of defect band mechanism responsible for band
gap evolution in (ZnO)1−x(GaN)x alloys

V. S. Olsen, G. Baldissera, C. Zimmermann, C. Granerød, C. Bazioti, A. Galeckas,
B. G. Svensson, A. Kuznetsov, C. Persson, Ø. Prytz, and L. Vines, Physical Review B 100,
165201 (2019). Journal of Applied Physics 119, 045704 (2016).

Experimental and theoretical works were performed for the (ZnO)1−x(GaN)x alloy. The
major part of the studies were done for samples with a concentration x ∼0.2. This mix-
ing causes a band gap narrowing for the alloy. Experimentally, samples were analyzed
in the optical and structural aspects. In the computational study, more than 30 unit
cells with 72 atoms where the alloy configuration were randomly generated and only
the most stable ones were further investigated. The study shows a correlation between
the number of Ga−N bonds and the stability of the structures. This is somehow expect,
the different valences of elements in the ZnO or GaN pair make Ga-N pairs more sta-
ble than these two atomic species being apart in the ZnO host. As the optical response
from the calculations provides an interesting comparison with the experiment, GW ap-
proximation based on hybrid functionals were used to work around the problem of the
small band-gap generated with the standard PBE exchange and correlation. Results of
absorption and DOS obtained are in line with the experimental findings.
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6.2 Conclusions

This thesis aims to better understand optical and electronic properties of tungsten
trioxide as well as Zn-chalcogenides and their alloys, assisting the scientific community
in the search for optimized compounds to develop more efficient optoelectronic devices.
Zn-based alloys are interesting materials for optoelectronic devices because they present
a few ways to tune the band gap energies. ZnO exhibits a band gap energy close to 3.4
eV, which can be reduced by ∼1 eV by mixing it with ZnS, ZnSe or GaN. Zinc telluride
presents a narrower gap energy, close to 2.4 eV, which is an interesting for optoelec-
tronics and also other semiconductor devices. Furthermore, isovalent doping with O,
GaN, or other similar molecules leads to an intermediate energy band located in the
ZnTe band gap region, consequently having an electronic structure with two band gap
regions. In addition to the regular valence-to-conduction band transitions, the created
intermediate band allows light absorption due to valence-to-intermediate band transi-
tions as well as intermediate-to-conduction band transitions, and that can increase the
efficiency of optoelectronic devices, such as solar cells. Similarly to ZnO, WO3 is a wide
band gap semiconductor, however its crystal structure and electronic band structure
are somewhat more complicated. The compound can be formed in different crystalline
phases depending on temperature, where the monoclinic structure is thermodynami-
cally stable at room temperature. Some of the electronic bands have very flat energy
dispersions along specific symmetry directions in the k-space. The absorption of light
is also affect by these features, for instance, the absorption onset occurs at a higher en-
ergy than the gap energy for direct transitions. On the other hand, the joint density of
states (which neglect the probabilities of transitions between states) presents a lower
onset the one obtained from the absorption. This is explained by the symmetries of the
wave functions which yield forbidden transitions.
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6.3 Future perspectives

Theoretical analysis of alloys using DFT remains a big challenge. Different method-
ologies such as GW, hybrids and DFT tend to give different results and experiments are
complex and not always enlightening on issues related to the atomic level structure and
band structure properties. Calculations of the optical transitions from the valence to
conduction bands – specially if they include excitonic effects – can give a hint towards
better ways to describe and understand alloys. These calculations however, are still
strongly dependent on the crystalline structure. A topic that can be helpful in alloy stud-
ies is the use of genetic algorithms [136] to optimize structures, tests not published using
this approach showed very promising results. Machine learning, and possibly other ar-
tificial intelligence methods, can be of interest in the search for better semiconductor
materials and structures, as it has been recently shown in some publications [137–140].
This, as often is in science, will be a challenging path until stable and reliable methods
are developed – if ever.

With its use in electrochromics and possibilities in photocatalysis, further inves-
tigations on WO3 can lead to advances in energy generation and energy saving tech-
nologies. A detailed analysis of the optical transitions around the band gap and their
relation with the optical band gap determination (through the widely used Tauc plot)
would be interesting, specially if beyond-DFT such as GW and Bethe-Salpeter-equation
(BSE) can be used. Such study is bound, however, to be a cumbersome calculation due
to the dense k-mesh needed for a precise representation of energy region around the
band gap.

Zinc oxide is used as transparent conductive electrode and Zn(O,S) is being stud-
ied as a substitute of the toxic CdS in thin film solar cells. Zinc chalcogenide alloys can
be interesting for optoelectronic devices due to the variation in their band gap ener-
gies. More studies about this topic, focused on interface interactions with other suitable
materials, would be of great interest.
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