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Chapter 1
Introduction

Semiconductor materials have changed and improved the way we live. Semi-
conductors are a group of materials with an electrical conductivity inter-
mediate to that of conductors (electric charges flow easily) and insulators
(electric charges do not flow freely), and are used in almost all technologi-
cal devices. Semiconductors are one of the fundamental building blocks and
basic materials in advanced electronics.

An important property of semiconductors is that their energy gap lies
between zero and about 4 eV. Figure 1.1 shows a typical band structure for an
insulator, a semiconductor and a metal. The conductivity of semiconductor
materials can be tuned in several ways. Subjecting these materials to heat
or light, applying an electric or magnetic field, and introducing defects or
impurities to their microstructure by doping, are methods that are used to
manipulate their conductivity.

The topic of this thesis is a specific group of semiconductors called trans-
parent conducting oxides (TCOs). These materials are transparent and at
the same time conducting. In this chapter, basic important properties and a
few techniques for the fabrication of TCOs are briefly explained, and finally
a number of their applications are listed. The main goal of this thesis is to
contribute to the understanding of the conductivity of TCOs using first prin-
ciples calculations to study native defects and impurities in TCOs. In the
next chapter, a brief introduction to the methodology I used to study TCO
materials in this thesis is presented. Next the effect of defects and impurities
in a TCO material is discussed together with the methods used to calculate
their electronic structure. These introductory chapters are followed by the
results I obtained.
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Figure 1.1: Typical band structures of an insulator, a semiconductor, and a
metal.

1.1 Transparent conducting oxides

Visible light is made up of the wavelengths of the electromagnetic spectrum
in the range of about 380-740 nm or energies in the range of 1.7-3.3 eV. An
object can be considered optically transparent if no scattering or absorption
takes place in the visible spectral range. For materials with a band gap larger
than 3.3 eV, interband transitions do not occur in the visible light range, so,
light can pass through them easily hereby making them transparent.

Therefore the optical transparency of a semiconductor material needs a
minimum band gap energy of about 3.3 eV. Since this energy (3.3 eV) is too
large to transfer electrons into the conduction band at room temperature,
one can conclude that high optical transparency is incompatible with high
electrical conductivity [1].

Transparent conducting oxides (TCO) are a special group of materi-
als that are both optical transparent and show high electrical conductiv-
ity. TCOs are prepared from a wide variety of materials. They are usually
normal semiconductors, doped with one or more types of impurities. These
dopants together with native defects in these systems, play an important role
in controlling the conductivity. So defects contribute to the conductivity in a
semiconductor which is already optically transparent. A good TCO material
should have an optical transmission above 80% in the visible light range, a
carrier concentration of the order of 1020 cm−3, and a resistivity of the order
of 10−3Ωcm [2].

The first TCO films, prepared by thermal oxidation of cadmium, were
reported by Bädeker in 1907 [3]. The films were both electrically conducting
and optically transparent, but since CdO has a toxic nature, it attracted
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little research attention.
Another TCO material In2O3:Sn (ITO, tin doped indium oxide) was re-

ported by Rupperecht [4] in 1954. Investigations were continued in order to
identify other alternatives as TCOs. Two other important TCO materials
which have been investigated intensively since are ZnO:Al (AZO, aluminium
doped zinc oxide), and SnO2:F (FTO, fluorine doped tin oxide).

In addition to these binary oxides, TCOs based on ternary oxides were
also developed in the 1980s such as Cd2SnO4, CdSnO3, CdIn2O4, and oth-
ers. [5, 6] However, the chemical composition of binary compounds in film
depositions is easier to control than that of ternaries.

1.2 Basic properties of transparent conduc-

tors

There are several important chemical and physical properties related to the
performance of TCOs in different applications [7]. Some of them are briefly
listed here.

1.2.1 Electrical conductivity

In 1900, a model was proposed by Paul Drude to explain the transport prop-
erties of electrons in metals, commonly known as Drude model [8]. He as-
sumed that matter consists of light negatively charged electrons which are
mobile, and heavy, static, positively charged ions which are immobile. The
only interactions are electron-core collisions, which take place in a very short
time span τ . (Long-range interaction between the electrons and the ions
or between the electrons were neglected.) Figure 1.2 shows a path of the
conduction electrons scattering off the ions in the material, according to the
Drude model. Electrons are assumed to achieve thermal equilibrium through
collisions, and the probability of an electron suffering a collision in a short
time dt is dt/τ , where 1/τ is the scattering rate.

The equation of motion for an electron moving in the crystal is explained
by the second law of Newton, and if τ is the average time between collisions,
the average drift speed is

vd =
eEτ

me

≡ µE (1.1)

where E is the electric field, me is the electron effective mass, and e is the
electric charge carried by an electron. One can also rewrite the average drift
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Figure 1.2: Path of the conduction electrons scattering off the ions in the
material, according to the Drude model.

speed with respect to the mobility µ of the charge carriers. In conclusion,
the Drude conductivity of the material as a function of the number of charge
carriers n is given by

σ =
ne2τ

me

= nµe (1.2)

The relation above clearly shows the dependence of the conductivity of the
material on the number of charge carriers n, their effective mass me, and the
relaxation time τ . Therefore in a semiconductor material, conductivity can
be improved by increasing either the carrier concentration or their mobility.
For example by doping a material with impurities and introducing defects in
it, one can increase the number of charge carriers and thus the conductivity
of the material.

On the other hand, the conductivity can also be improved by increasing
the mobility of the carriers in the system. The mobility itself depends on the
effective mass of the carriers, and the relaxation time. For a free electron
with mass m0

e, it is known that the energy relates to the wavevector through
the relation ϵ = (~2/2m0

e)k
2. So the coefficient of k2 determines the curvature

of ϵ versus k. In a similar approach, the lower conduction band in a crystal
can be approximated with a parabola around its minimum. For isotropic
bands, the coefficient of k2 is then proportional to a so called effective mass,
me expressed as

1

me

=
1

~2
d2ϵk
dk2

(1.3)

where ϵk is the energy of the carrier in the periodic potential and k is the
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wave vector. The value for the electron effective mass is thus related to the
curvature of the lower conduction band. The lower the curvature, the higher
the effective mass and vice versa (a similar procedure is also valid for holes).

1.2.2 Plasma frequency

According to the Drude model, due to the effect of the electric field, the elec-
trons can oscillate in a cloud performing a collective motion and oscillating
at a certain frequency which is called the plasma frequency. In the following
sections, the important role of the plasma frequency on the optical proper-
ties of the semiconductor materials is explained. The plasma frequency is a
threshold frequency as for all lower frequencies the material reflects an in-
cident radiation and at higher frequencies the material acts as an optically
transparent object. It should be noted that for higher frequencies in the UV
part of the spectrum, the radiation energy is high enough to overcome the
band gap and the material will absorb incident radiation.

Assuming an electron moving in a time-dependent electric field E(t) in
the crystal, the equation of motion can be written as

me
d2x(t)

dt2
= eE(t) (1.4)

An alternating electric field is given by E(t) = Ee−iωt. By putting the time-
dependent electric field and also x(t) = xe−iωt in the equation of motion, one
finds

−meω
2x = eE =⇒ x =

−eE

meω2
(1.5)

For a carrier concentration n, the polarization P is given by

P = nex =⇒ P =
−ne2E

meω2
(1.6)

and the electric displacement field due to the polarization is

D = ϵ0ϵE = ϵ0E + P =⇒ ϵ = 1 +
P

ϵ0E
(1.7)

using Eq.(1.7) the dielectric function can also be written as

ϵ = 1−
ω2
p

ω2
; ωp =

√
ne2

ϵ0me

(1.8)
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The plasma frequency is denoted as ωp in the equation above. It is interesting
to note that the plasma frequency is directly related to the square root of
the carrier concentration n, and also inversely proportional to the square
root of the effective mass of the carrier. Therefore the plasma frequency
of a chosen compound can be manipulated by tuning the amount of charge
carriers and choosing a host material with a desired effective mass, according
to the specific application.

1.2.3 Optical transparency

There is an alternative way to explain the interaction of light with a medium.
Once light passes through a medium, a fraction of it will be absorbed. This
phenomenon can be taken into account by defining a complex index of re-
fraction

ñ(ω) = η + iκ (1.9)

The real part η determines the phase velocity while the imaginary part κ
indicates the amount of absorption when the electromagnetic wave propa-
gates through the material. The imaginary part is known as the extinction
coefficient and both η and κ are functions of the frequency.

Let us consider an electric field of a plane electromagnetic wave traveling
in the z direction

E(z, t) = E0e
i(k̃z−ωt) (1.10)

k̃ is the wave number which is related to the refractive index through 2πñ/λ0,
where λ0 represents the vacuum wavelength. By a simple substitution of the
complex value of k̃, the plane wave expression becomes

Re(E0e
i(k̃z−ωt)) = e

−2πκz
λ0 Re(E0e

i(kz−ωt)) (1.11)

where k = 2πη/λ0. It is clear from this equation that for κ > 0 the pene-
trating wave drops off exponentially in the medium (light is absorbed). In
case of κ = 0 the wave travels forever undisturbed. There are even special
situations (e.g. in the gain medium of lasers) when κ < 0 which means the
wave is amplified by the medium.

The dielectric function ϵ(ω) of a non-magnetic material is alternatively
related to the refractive index n(ω) by

ϵ(ω) = ñ2(ω) (1.12)
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In Fig. 1.3, the spectral dependence of TCO materials is schematically shown.
ωgap and ωp are the frequencies at which the band gap absorption and free
electron plasma absorption takes place. For ω < ωp, ϵ has a negative value
and the imaginary part of the refractive index is large. Like in the case of
κ > 0, the penetrating wave drops off exponentially in the material without
any propagation, and as a result the material is opaque and has a near
unity reflectance. If ωp < ω < ωgap, ϵ is positive and the imaginary part
of the refractive index is almost zero. So, the light wave will propagate
in the material which then acts as transparent in this region, and finally for
ω > ωgap, the photon energy is high enough to overcome the band gap energy
and will be absorbed by the material. The plasma frequency for most TCOs
falls in the near infrared part of the spectrum. Therefore the visible light
is in the higher frequency range, making these materials transparent to the
visible light.

Figure 1.3: Transmission of the material with respect to the external applied
energy. The middle part is considered as the òptical window .́

1.2.4 TCO material selection examples

There is no specific TCO material suitable for all applications. Depending
on which material property is of most importance, different selections are
made. For example, the ability of a TCO material to reflect thermal infrared
heat is used to make energy-conserving windows for which this selection is
made on ωp. As another example, the electrical conductivity of a TCO is
used in front-surface electrodes for solar cells and flat-panel displays in which
the dopability is more important. Table 1.1 summarizes some of the most
significant criteria that may influence the choice of a transparent conducting
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material1.

Table 1.1: TCO materials and their specific properties [7].

Property Materials
Highest conductivity In2O3 : Sn
Lowest plasma frequency SnO2 : F , ZnO : F
Highest plasma frequency In2O3 : Sn
Highest transparency ZnO : F , Cd2SnO4

Highest work function (best contact to p-Si) SnO2 : F , ZnSnO3

Lowest work function (best contact to n-Si) ZnO : F
Best thermal stability SnO2 : F , Cd2SnO4

Best mechanical durability SnO2 : F
Best chemical durability SnO2 : F
Easiest to etch ZnO : F
Lowest deposition temperature In2O3 : Sn , ZnO : B
Least toxic ZnO : F , SnO2 : F
Lowest cost SnO2 : F

1.3 Defects and impurities in TCO materials

Doping as well as the presence of native point defects alters the number of
charge carriers (electrons for ’n-type’ and holes for ’p-type’) in semiconductors
and can highly affect their conductivity. Figure 1.4 shows the representation
of the electronic band structure of a TCO material in both undoped, and
doped cases. In the doped case, the Fermi level (EF ) is pushed up into the
conduction band and makes the system conductive.

So the study of defects and impurities is an important research area in
semiconductor physics. They are used to control the electronic and opto-
electronic properties of materials. However, to achieve such control, the
knowledge of the fundamental processes that dominate the doping is neces-
sary. First-principles calculations have already made important contributions
to the understanding of these fundamental processes of doping in different
semiconductors [9].

1Some of the most utilized materials do not appear in the list of Table 1.1. For example
ZnO : Al is often second best for several TCO material properties and therefore does not
appear in the list.
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Figure 1.4: Representation of the electronic band structure of a TCOmaterial
in (a) undoped, and (b) doped cases where the Fermi level (EF ) is pushed
up into the conduction band and makes the system conductive.

1.4 Fabrication of TCOs

TCO films are prepared by different deposition techniques [10]. In the fol-
lowing some of these techniques are briefly explained.

Figure 1.5: General schematic of a spray pyrolysis deposition process.

� Spray pyrolysis : This process is one of the most inexpensive and com-
monly used techniques for the preparation of TCO films. In this pro-
cess, an ionic solution containing the constituent elements of a com-
pound in the form of soluble salts (e.g. aqueous solution of SnCl4.5H2O
for deposition of SnO2 thin films) is sprayed onto a heated surface (un-
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der normal atmospheric conditions) where the constituents react to
form a desired solid film. A schematic drawing of the process is shown
in Fig. 1.5.

Figure 1.6: General schematic of a CVD chamber (reproduced from [11]).

� Chemical vapor deposition (CVD) : CVD is a commonly used technique
to fabricate TCO thin films [12]. The method results in a layer with
high purity, since it involves an atomic deposition of material on the
substrate. In the CVD process, gaseous precursors decompose at the
heated substrate in a chamber with controlled atmosphere and produce
the desired thin film. Figure 1.6 illustrates a typical CVD chamber.

Figure 1.7: General schematic of sputtering process (reproduced from [13]).

� Sputtering : An alternative technique used to prepare thin film coat-
ings is sputtering. This method is even applicable to materials with
very high melting points. In this method, it is not needed to heat the
substrate since atoms are sputtered of a target and are deposited onto
a substrate as a thin film. Usually an inert gas with an atomic weight
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close to the target is used as the sputtering gas. The process is depicted
in Fig. 1.7.

Figure 1.8: General schematic of PLD process (reproduced from [14]).

� Pulsed laser deposition (PLD) : This is another powerful technique for
the preparation of TCO films. It is not yet applicable for large scale
commercial applications. In this physical vapor deposition method, a
substrate is placed in a vacuum chamber and a laser beam is used to
evaporate the material. Then, by condensing the vaporized material,
it is deposited on the substrate and forms a thin film. The procedure
is schematically shown in Fig. 1.8.

Nevertheless, different growth methods will lead to films with different
amounts and types of defects. For example, it is clear that in sputtering
methods more defects with high formation energies will be formed than in
CVD growth that leads to more crystalline films. Even the substrate in the
deposition method plays an important role in the final structure of the thin
film. Research revealed that films prepared by sputtering deposited on single
crystalline substrates exhibit a significantly higher density of defects than
the films deposited on an amorphous substrate. This is most probably due
to a higher density of misfit dislocations, which compensate for the lattice
mismatch between the film and the substrate [15]. Apart from the man-
ufacturing process most of the techniques are combined with a subsequent
annealing process to reduce the inappropriate crystal defects [16].
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1.5 Applications

TCOs are a technologically important class of materials that combines elec-
trical conductivity and optical transparency together. TCOs are essential for
many photovoltaic and optoelectronic applications. Some of these applica-
tions are briefly described in the following.

Generally TCO materials can be categorized according to their electronic
properties. N-type TCO material contains excess free electrons in the struc-
ture, while there is a deficiency of electrons in a p-type TCO material. It
should be noted that there are already many known n-type TCOs, but the
lack of good p-type TCOs limits the presence of active electronic devices
which can be fabricated with both n- and p-type TCOs. Delafossite CuXO2

(X=Al, Ga and In) oxides were a first group of p-type materials which
are studied since 1997 and triggered the development of a series of p-type
TCOs [17].

1.5.1 Photovoltaic cell

A photovoltaic cell is used to convert the energy of light into electrical current.
If this emission energy comes from the sun, then the cell is called a solar
cell. Harnessing solar energy which is a long lasting source provides a very
economical way of producing power.

Photovoltaic cells require at least one electrode that can provide both op-
tical transparency and electrical conductivity. The transparent conducting
electrode acts as a transparent medium over much of the solar spectrum. The
electrode allows light to pass through to the active layer beneath (where car-
rier generation occurs), and it also acts as a conductor for charge transport
out of the photovoltaic cell. However there are some other crucial require-
ments for such transparent electrodes (e.g. interfacial properties, materials
compatibility, chemical stability, etc.) as well. [18]

In a typical photovoltaic cell, the top layer consists of a transparent ma-
terial that is either glass or flexible plastic. Then there is an electrode, con-
sisting of a TCO layer coated with very thin n-type (or p-type) interfacial
materials. On the other side there is another electrode coated with very thin
p-type (or n-type) interfacial materials and as a result of this p-n junction
there will be an active absorber layer (a mixture of donors and acceptors) in
the middle. (Such an arrangement is schematically shown in Fig. 1.9.)
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Figure 1.9: A schematically drawing depicting multiple layers in a typical
solar cell.

When light shines on the photovoltaic cell, its energy (photons) ionizes
the atoms and creates electron hole pairs in the cell, allowing them to flow
freely and form a current. Contacts on the top and bottom of the cell draw
off the current to use externally as power. Apart from the active layer, the
amount of power is also determined by the type and area of the electrodes,
the intensity and the wavelength of the sunlight.

In the production of solar cells, thermal stability and low cost are the pri-
mary factors for the selection of TCOs. The most extensively used material
in photovoltaic cells is SnO2 : F which is used as a heat reflecting coating and
a transparent electrode for amorphous silicon and cadmium telluride based
solar cells [7].

1.5.2 Smart windows

Smart windows are made of glasses containing a glazing material to control
the amount of light transmission through the glass. The glazing on the glass
is essentially a TCO material such as ITO or AZO.

As discussed before, the optical transparency of a TCO material highly
depends on its plasma frequency which itself can be tuned by changing the
carrier concentrations and effective masses. Therefore TCOs are good candi-
dates to be used as glazing material in smart windows. Since for frequencies
smaller than the plasma frequency, a TCO material reflects the infrared part
of light, it is used to control the temperature indoors in cold and hot climates
as shown in Fig. 1.10 and 1.11. For example, titanium nitride is a suitable
choice for its durability combined with a short plasma wavelength which can
reflect the sunlight out of the building [7].
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Figure 1.10: Schematics of a smart window. The TCO coating can either
block or allow the IR part of light thereby allowing control over room tem-
perature.

Figure 1.11: (a) In summer, the smart window reflects the heat coming
from the outside before being absorbed in the room, thus keeping the house
cooler. (b) In winter, the smart window reflects the heat coming from the
house before it goes outside and keeps the home warmer.

TCOs can also be used to increase the safety of an oven window by main-
taining the outside temperature of the glass. They can also be used to make
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defrosting windows in freezers. These windows prevent the condensation of
water vapor and remain an ice-free surface.

1.5.3 Touch panels

Touch panels are electronic visual displays by which the user can control the
device through touching the screen. They are used in several devices such as
smartphones and tablets, navigation systems, and ATMmachines. The dura-
bility and low cost of tin oxide make it a good choice for this application [7].
Generally there are two types of touch panels:

� Resistive touch panels : These touch panels are based on the pressure
applied to the screen with a finger, or any other object. They consist
of two layers (film or glass) each covered by a transparent conduct-
ing material (usually ITO because of its good durability) which are
separated by a gap between them. There are some spacing dots (in-
sulators) between two layers which prevent unintended contacts of the
layers. When the panel is touched, the top layer is pressed down and
the two layers contact and causes cascade of signals and as a result a
command will be registered.

These panels, which rely on mechanical pressure have a slightly long
response time and are unable to provide multi-touch functioning, how-
ever they are insensitive to the medium which triggers the mechanical
pressure.

Figure 1.12: Schematic of a touch panel.
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� Capacitive touch panels : These panels are based on the electrical prop-
erties of the touching object (e.g. conductivity of the human body).
They usually consist of one insulating layer (film or glass) which is
covered by a transparent conductive material on one side. When the
panel is touched with the finger, a change in the screen’s electrical field
occurs. This change is registered, and the coordinates of the touch are
determined.

These panels are highly responsive to the slightest touch and also al-
low multi-touch functioning. They are more expensive to manufacture
compared to the resistive ones, but they provide a more pleasant user
experience.

1.5.4 Flat panel displays

Flat panel displays are a class of display devices with longer durability, lighter
weight and inexpensive display components. Figure 1.13 shows the evolution
of the electronic visual displays from the bulky cathode ray tube (CRT)
display to the thin liquid crystal display (LCD) and finally to the more
advanced paper-like flat panel displays (FPD).

Figure 1.13: Evolution of display technology from the CRT display to the
LCD and finally to the FPDs.

Most of the FPDs use LCD technologies in which a thin layer of liquid
crystal is located in between two transparent conducting plates and each of
these plates is connected to a polarizer filter. When an incident un-polarized
light shines to the top layer, it becomes polarized in one direction and moves
through the liquid crystal causing the molecules to be aligned with respect to
the applied electric field. Different applied electric fields, activate different
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segments of the liquid crystal and cause changes in the diffusion and the
polarization properties of the light. So segments can block or transmit light
and make an image by passing it through specific segments. At the bottom,
light passes through a final polarized filter which is rotated 90◦ from the first
filter. This one is also covered with a transparent conductor material. So
if the light is rotated during its path from the first filter, then it will pass
through the second one with its maximum intensity (see Fig. 1.14). FPDs
are used in almost all modern flat-panel displays, such as laptops, tablets,
TVs, video games, consumer electronics, etc. The most extensively used
material is tin-doped indium oxide (ITO). The properties of ITO which are
particularly interesting for this application include etchability, low deposition
temperature and low resistance [7].

Figure 1.14: Demonstration of a FPD.

1.5.5 TCO application growth

The touch panel transparent conductive film market was $956 million in 2012
and is expected to reach $4.8 billion by 2019 [19]. ITO is the basis of more
than 90% of the transparent conductive films in touchscreens. However due
to the increasing demand in the market the price of Indium has increased
dramatically. On the other hand sputtered ITO layer on plastic films are
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known to be brittle and crack upon a few percent strain. Therefore many
researches have been devoted to the development of new transparent con-
ducting materials with improved functionality and lower production costs.

ITO

Transparent conductors

2012 value (US$ millions)

0             250           500           750          1000         1250        1500
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Transparent organic conductors
(e.g. PEDOT:PSS), CNTs, graphene
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Figure 1.15: The commonly used TCOs (in displays, photovoltaics, or touch-
screens) with their market share in 2012[19].

Note that other than oxide materials are also proposes as transparent
conductor materials. An alternative for ITO films which meets the flexibility
requirement and price of production for those application are hybrid trans-
parent conductive films based on nano silver and PEDOT:PSS (poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate)) polymer mixture[19]. Fig-
ure 1.15 shows commonly used TCO materials with their market share in
2012.

1.6 Outline of the thesis

The aim of this thesis is to achieve an accurate description of the electronic
structure of TCO materials, using density functional theory (DFT), and to
create an understanding of the fundamental processes that control doping
in a few particular TCOs in order to develop the knowledge about these
materials.

In chapter 2 a brief overview is given on the DFT calculations (the
theoretical method used throughout this thesis) and several ways to solve
the Kohn-Sham equations.

Chapter 3 contains an introduction on different kinds of defects and
impurities. Since point defects and impurities have profound effects on the
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electronic properties of materials, some important parameters such as their
formation energies and transition levels are briefly explained.

In chapter 4 of the thesis, we have used first principles calculations to
study point defects in CdO based on density functional theory within the
local density approximation and beyond (LDA+U). We have investigated
the donor and/or acceptor character of the hydrogen impurity in CdO, and
the most likely occurring native defects in CdO, namely the oxygen vacancy,
the cadmium vacancy, the oxygen interstitial and the Cd interstitial by ab
initio calculations.

In chapter 5, we have studied the electronic structure and formation
energies of substitutional group III elements (Al, Ga, In) doped in ZnO. We
have applied two correction schemes for the band gap values and we have
made a comparison between these two approaches.

Further, in chapter 6, we have considered the two shallow donors inter-
stitial hydrogen Hi and substitutional XZn with X = Al, Ga or In in ZnO.
Furthermore we have studied by first-principles calculations the codoping of
ZnO with hydrogen and a group III element (Al, Ga, or In).

Chapter 7 deals with ZnM2O4 (M=Co, Rh, Ir) spinel structures as a
class of potential p-type transparent conducting oxides (TCO). We have
studied the formation energy of acceptor-like defects using first principles cal-
culations with an advanced hybrid exchange-correlation functional (HSE06)
within density functional theory (DFT).

Finally in the last chapter, Chapter 8, we propose a method to deter-
mine the transition levels between different charge states without explicitly
calculating the formation energy of a defect in a charged state. This method
allows now the study of defects in nanostructures, for which the standard
approach is not valid. We have shown the validity of our approach by con-
sidering the oxygen vacancy VO in bulk ZnO. Next we have applied this
approach to the same defect in a ZnO slab.
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Chapter 2
Density Functional Theory

2.1 Introduction

The computational modeling of different structures of materials and their
properties can be very useful and valuable in developing materials and their
applications. They can also be used for interpretation of experimental re-
sults. Since the computer simulations offer acceptable accuracy in prediction
of materials properties, they are widely used in the development of new ma-
terials.

In this chapter, one of the theoretical frameworks that are used nowa-
days for electronic structure calculations in the field of condensed matter is
introduced. The basics of the density functional theory (DFT), a quantum
mechanical approach for ground state calculations, are explained. DFT is
used in this thesis to calculate the electronic structure of defects in TCO
materials. The content of this chapter is based on Richard M. Martin’s book
on electronic structure calculations [20], which the reader may refer to for
more details.

2.2 The time-independent Schrödinger equa-

tion

The time-independent Schrödinger equation for a crystal is a partial differen-
tial equation that describes a system of atomic nuclei and their surrounding
electrons.

HΨ(r1, r2, ...,R1,R2, ...) = EΨ(r1, r2, ...,R1,R2, ...) (2.1)
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where H, E, and Ψ are the Hamiltonian, the electronic energy, and the
many-body wave function of the system, and ri and Ri are the positions of
the electrons and ions respectively (capital indices refer to the nuclei and
small indices to the electrons). The Hamiltonian of the system is given by

H = −
∑
i

~2∇2
i

2me

−
∑
I

~2∇2
I

2MI

+
1

2

∑
i̸=j

e2

|ri − rj|
+
1

2

∑
I ̸=J

ZIZJe
2

|RI −RJ |
−
∑
i,I

ZIe
2

|ri −RI |
(2.2)

where MI and ZI are the atomic mass and charge of the nucleus, and e is the
electron charge. In the Hamiltonian above, the first two terms correspond to
the kinetic energy of the electrons (Te) and nuclei (TN) respectively. The third
and forth terms indicate the Coulomb interaction between electrons (internal
potential Vint) and nuclei (VII), respectively, and the last term corresponds
to the electrons-nuclei Coulomb interactions (external potential Vext). For
simplicity, atomic units will be used in the following (~ = me = e = 1). So,
the fundamental Hamiltonian can be written as

H = Te + TN + Vint + VII + Vext (2.3)

There are several approximations in order to solve this quantum many-body
problem. Some of them are briefly explained in the following.

2.3 Born-Oppenheimer approximation

The Born-Oppenheimer approximation [21] is an approach to simplify the
Schrödinger equation of the coupled nucleus-electron system. It is based
on the fact that the mass of a nucleus is almost infinity comparing to the
mass of an electron and the velocity of a nucleus is much less than that of an
electron, so the kinetic energy of the nuclei can be ignored in the Hamiltonian.
Therefore, electrons are moving in the array of fixed nuclei with a constant
potential energy (VII), and the total electronic Hamiltonian becomes

Htot = Te + Vint + VII + Vext (2.4)

In this approximation, the nuclear positions enter as parameters (this means
that for different coordinates of the nuclei, the electronic wave function
changes, which is the only dependence of this function on the nuclear co-
ordinates) in the electronic wave function, so the electronic Hamiltonian and
the corresponding Schrödinger equation are

Helec = Te + Vint + Vext (2.5)
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HelecΨelec(r1, r2, ...) = EelecΨelec(r1, r2, ...) (2.6)

We omit explicitly the parametric dependence of Ψelec on RI . The total
energy Etot is then the sum of Eelec and the constant nuclear repulsion term
Enuc which comes from the constant potential energy VII

Etot = Eelec + Enuc (2.7)

2.4 The Hartree approximation

The simplest solution for the many-body equation is the Hartree approxima-
tion [22, 23, 24]. In this approximation, the Schrödinger equation is written
as a one-particle equation and the total wave function is a product of all
one-particle wave functions

Ψelec(r1, r2, ..., rn) = Φ1(r1)Φ2(r2)...Φn(rn) (2.8)

so each electron moves independently and sees the average potential gener-
ated by all the other electrons. From now on Ψelec will be denoted as Ψ.

The variational principle in quantum mechanics states that if E0 is the
ground state energy solution of the Schrödinger equation, for any wave func-
tion ϕ

E0 ≤
⟨ϕ|H|ϕ⟩
⟨ϕ|ϕ⟩

(2.9)

Now the Hartree wave function can be used with equation (2.6) and the
variational principle to obtain the Hartree equation

[
−∇2

2
−
∑
I

ZI

|ri −RI |
+
∑
j

∫
drjΦ

∗
j(rj)

1

|ri − rj|
Φj(rj)

]
Φi(ri) = ϵiΦ

∗
i (ri)

(2.10)
where each independent electron i feels an effective potential of all electrons
by an integration over their densities. Therefore the main many-body equa-
tion is divided into n simpler one-electron equations, and since for each wave
function the potential depends on all wave functions, it has to be solved self
consistently.
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2.5 The Hartree-Fock approximation

The Hartree wave function in equation (2.8) neglects an important property
of electrons. It neglects the fact that electrons are Fermi particles, and their
wave functions must be antisymmetric with respect to interchanging any pair
of particles

Ψ(r1, ...rk, ...rm, ...rn) = −Ψ(r1, ...rm, ...rk, ...rn) (2.11)

The Hartree wave function can be corrected by considering a linear com-
bination of products, and the expression for Fermions can be written as a
determinant. For an n-electron system, the Slater determinant is defined
as [25]

Ψ(r1, r2, ..., rn) =
1√
n!

∣∣∣∣∣∣∣∣∣
Φ1(r1) Φ1(r2) . . . Φ1(rn)
Φ2(r1) Φ2(r2) . . . Φ2(rn)

...
...

...
Φn(r1) Φn(r2) . . . Φn(rn)

∣∣∣∣∣∣∣∣∣ (2.12)

each line of the determinant corresponds to a certain one-electron state, and
each column to a certain position in space. The wave function changes sign
when two particles (here two rows or columns of the determinant) inter-
change. Furthermore, if two rows or columns are identical then the determi-
nant equals zero, which means that such a situation (two identical particles
occupying the same spatial coordinates) is not physically possible.

Using the Slater determinant with equation (2.6) and the variational prin-
ciple, the Hartree-Fock equation can be derived as
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]
Φj(ri) = ϵiΦ

∗
i (ri)

(2.13)

This equation has an extra term compared to the Hartree equation. This
term is called the exchange potential, since it comes from considering a con-
straint related to the exchange of particles. The exchange term also cancels
an unphysical self-interaction of electrons in the Hartree equation.
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2.6 Basics of density functional theory

From the Born-Oppenheimer approximation, it follows that it is enough to
solve the many-electron Schrödinger equation. The Hartree-Fock approach
changes the many-body interacting problem to an independent one electron
problem that can be solved. It also accounts for the anti-symmetric nature
of the wave function through the exchange term.

However since the exact wave function cannot generally be expressed as
a single determinant, there is still a difference between the exact energy
and the Hartree-Fock energy which is called the correlation energy. Several
methodologies such as the Møller-Plesset (MP) perturbation theory [26], the
configuration interaction (CI) [27] approach, or the coupled cluster (CC) [28]
method, were developed to include this effect. Density functional theory is
known as one of the most successful quantum mechanical solutions of the
many-electron Schrödinger equation to calculate the ground state energy of
a system.

In the following sections, the basics of the density functional theory are
explained. First a theoretical proof that the density can be considered as
the basic variable is given (the Hohenberg-Kohn theorems). This is followed
by a methodology to solve the problem by mapping it onto a system of
non-interacting particles (the Kohn-Sham equations). Finally the exchange-
correlation (XC) energy, the periodic boundary conditions in the crystal, and
pseudopotentials are briefly discussed.

2.7 The Hohenberg-Kohn theorems

Density functional theory is based on the two Hohenberg-Kohn (HK) theo-
rems [29], which are mentioned below:

� Theorem I : For any system of interacting particles in an external
potential Vext(r) the potential Vext(r) is determined uniquely, except for
a constant, by the ground state density n0(r).

� Theorem II : A universal functional for the energy E[n] in terms of
the density n(r) can be defined, valid for any external potential Vext(r).
The exact ground state energy of the system is the global minimum
of this functional and the density that minimizes the functional is the
exact ground state density n0(r).

The first theorem states that the ground state electron density uniquely
determines an external potential, the Hamiltonian, and thus all the properties
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of the system. To prove this theorem, assume that there are two different
external potentials Vext(r) and V

′
ext(r), each giving the same ground state

density n0(r). So, there will be two Hamiltonians H and H
′
, two normalized

wave functions Ψ and Ψ
′
, and two ground-state energies E0 and E

′
0. Applying

the variational principle of Eq.(2.9) for E0 with Ψ
′
as a trial wave function

(assuming that Ψ
′
is normalized to 1) yields:

E0 < ⟨Ψ′|H|Ψ′⟩ = ⟨Ψ′|H ′|Ψ′⟩+ ⟨Ψ′|H −H
′|Ψ′⟩ (2.14)

E0 < E
′

0 +

∫
n0(r)[Vext(r)− V

′

ext(r)]dr (2.15)

Similarly, considering Ψ as a trial wave function gives

E
′

0 < ⟨Ψ|H ′|Ψ⟩ = ⟨Ψ|H|Ψ⟩+ ⟨Ψ|H ′ −H|Ψ⟩ (2.16)

E
′

0 < E0 +

∫
n0(r)[V

′

ext(r)− Vext(r)]dr (2.17)

Summing (2.15) and (2.17) leads to

E0 + E
′

0 < E
′

0 + E0 (2.18)

which is a contradiction, and so there cannot be two different potentials that
give the same density for their ground state.

The total energy can be written as

EHK [n] = Te[n] + Eint[n] + Eext[n] = FHK [n] +

∫
n(r)Vext(r)dr (2.19)

FHK [n] = Te[n] + Eint[n] (2.20)

where FHK is the Hohenberg-Kohn universal functional which contains the
functional for the kinetic energy and that for the electron-electron interaction.
This functional is completely independent of the system. The explicit form
of both these functionals is unknown. Finding good approximations is one
of the major challenges of DFT calculations.

The second HK theorem states that the exact ground state energy of the
system is the global minimum of the universal functional FHK . This theorem
is nothing but the variational principle

E0 ≤ EHK [n] = FHK [n] +

∫
n(r)Vext(r)dr (2.21)

which indicates that, the density that minimizes the HK functional is also
the exact ground state density. Note that densities correspond to the ground
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state densities of Hamiltonians with certain external potentials Vext. These
densities are called ”V-representable” densities.

2.8 The Kohn-Sham equations

In 1965, W. Kohn and L. J. Sham used the formalism of the HK theorems to
carry this approach further [30]. They considered a system of non-interacting
electrons with an effective potential VKS, instead of the original system of
interacting electrons with a particular external potential Vext, such that the
ground state density of both systems are the same. In other words, the
interacting many-body system is mapped on a system that is non-interacting,
but with the same density and energy. Therefore, the Kohn-Sham (KS)
method is exact since it yields the same ground state density as the real
system, and provides an explicit algorithm to calculate the ground state
energy and density.

It is mentioned before that the ground state energy of a system can be
written as

E0 = minΨ−→n

(
FKS[n] +

∫
n(r)Vext(r)dr

)
(2.22)

where the universal functional FKS[n] contains the contributions of the ki-
netic energy and the Coulomb interaction, and the minimization over all
wave functions is performed leading to a certain density. This functional
is defined for all densities that can be derived from wave functions with N
electrons. Therefore these densities are called ”N-representable” formulated
by Levy and Lieb [31, 32]. The summation over the density throughout the
solid is constant and equal to the number of electrons

N =

∫
V

n(r)dr (2.23)

Now the KS method suggests to calculate the exact kinetic energy of a non-
interacting reference system with the same density as the real, interacting
one

TKS = −1

2

N∑
i

⟨Φi|∇2|Φi⟩ (2.24)

nKS(r) =
N∑
i

|Φi(r)|2 = n(r) (2.25)
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where Φi are the orbitals of the non-interacting system. Therefore, Kohn
and Sham introduced the following separation of the functional FKS[n]

FKS[n] = TKS[n] + EH [n] + EXC [n] (2.26)

where FKS[n] contains the contributions of the KS kinetic energy, the classical
Coulomb interaction (Hartree energy) and the so-called exchange-correlation
energy. By comparing this functional with the HK functional in equation
(2.20), the exchange-correlation energy is derived as follows

EXC [n] = (Te[n]− TKS[n]) + (Eint[n]− EH [n]) (2.27)

So EXC is the functional that contains all the many-body effects that are
not present in the classical kinetic energy, and Hartree interaction terms, in
other words, EXC contains everything that is unknown about the system.

Finally, the resulting Schrödinger-like equations called the Kohn-Sham
equations are given by

[−1

2
∇2 + VKS(r)]Φi(r) = ϵiΦi(r) (2.28)

where VKS is the effective KS potential in which the electrons move, and is
given by

VKS(r) = Vext + VH + VXC = −
∑
I

ZI

|r−RI |
+

∫
n(r

′
)dr

′

|r− r′|
+

δEXC [n(r)]

δ[n(r)]

(2.29)
and (

−∇2

2
+ Vext + VH +

δEXC [n(r)]

δ[n(r)]

)
Φi(r) = ϵiΦi(r) (2.30)

The Kohn-Sham equations are solved self-consistently, since for the explicit
ith single particle orbital, the KS potential depends on all the other orbitals.
First the initial electron density is guessed, for example, as a perturbation of
atomic densities. Then the KS equations are solved, and the wave functions
Φi(r) give the electron density through

n(r) =

occupied∑
i=1

|Φi(r)|2 (2.31)

The resulting density is compared to the initial guess. If the difference is
larger than a predefined criterion, the new density enters the KS equations,
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and the cycle is repeated until the iterations no longer modify the solutions
and self-consistency is reached.

2.9 The exchange-correlation energy

While the KS method provides an exact expression for the total energy,
unfortunately it is still not possible to solve the KS equations, since the XC
functional is not known. In this section, some approximative expressions for
this functional are briefly presented.

2.9.1 The local density approximation

The simplest approximation for the exchange-correlation energy is the Local
Density Approximation (LDA). The basic idea of this approximation stems
from a uniform electron gas. In this approximation it is assumed that the
local XC energy per particle depends on the local density, and is equal to the
XC energy per particle of a homogeneous electron gas (with the same den-
sity), in a neutralizing positive background. Thus the exchange-correlation
energy EXC is written in the following form

ELDA
XC (n) =

∫
n(r)ϵXC(n(r))dr (2.32)

where ϵXC(n(r)) is the exchange-correlation energy per particle of a uniform
electron gas of density n(r). Therefore EXC only depends upon the value of
the electronic density at each point in space (local density). The quantity
ϵXC(n(r)) can be further linearly decomposed into exchange and correlation
contributions

ϵXC(n(r)) = ϵX(n(r)) + ϵC(n(r)) (2.33)

where the exchange part ϵX , represents the exchange energy of an electron
in a uniform electron gas of a particular density and is given by [33, 34]

ϵX = −3

4

(
3n(r)

π

)1/3

(2.34)

Since there is no explicit expression for the correlation part ϵC , several ap-
proaches have been proposed. For example, Ceperly and Alder in 1980 used
accurate numerical quantum Monte-Carlo simulations of the homogeneous
electron gas to find a numerical solution for ϵC [35] or Perdew and Wang
who presented another accurate approximation for ϵC in 1992 [36].
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The LDA is based on the local nature of the exchange-correlation poten-
tial and on the assumption that the density distribution does not vary too
rapidly [30]. The accuracy of this simple approximation is surprisingly good
and mostly leads to a correct picture of binding trends, structural parame-
ters, bond lengths, vibrational energies, phonon spectra and other properties
across the periodic table. However this method usually underestimates the
band gap, and also overestimates the binding energy and underestimates the
bond lengths [37]. This moderate accuracy that LDA delivers is insufficient
for many applications.

2.9.2 The generalized gradient approximation

The generalized gradient approximation (GGAs) for the exchange-correlation
energy improves in general upon the local density description (LDA) of
atoms, molecules, and solids. It goes beyond LDA by using not only the
information about the density at a particular point (n(r)), but also by using
the density in the local neighborhood by including the dependence on the
gradient (∇n(r)). Within this approximation, the non-homogeneity of the
true electron density is taken into account. So the XC energy is written as
follows

EGGA
XC (n) =

∫
n(r)ϵXC (n(r),∇n(r)) dr (2.35)

In principle GGA method provides a better result for bond lengths, binding
energies, ... than LDA, but in practice it has also some shortcomings.

Several studies have been made on comparing the advantages or disadvan-
tages of the LDA versus GGA method (see Refs. [38], [39], [40]). For example,
the lattice constants calculated using LDA are in general 2% smaller than the
experimental ones, while GGA matches in most cases quite well or slightly
overestimates the experimental values. This overestimation can lead to an
underestimation of the bond strengths, in contrast to experiments and LDA.

There are many forms of GGA functionals that are used in different cal-
culations. It is possible to construct a GGA, free of empirical parameters and
starting from physical principles, e.g. the Perdew-Burke-Ernzerhof (PBE)-
GGA form [38], while Becke exchange [41] and Lee-Yang-Parr (LYP) corre-
lation [42] (BLYP) use parameters that are fitted to experimental data.

2.9.3 LDA and GGA for spin polarized systems

In order to deal with magnetic systems, the total electron density needs to
be separated into the spin-up and spin-down components as
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n(r) = n↑(r) + n↓(r) (2.36)

The magnetization density for a spin-polarized system is given by

m(r) = n↑(r)− n↓(r) (2.37)

Therefore the Kohn-Sham equations have to be extended so that any ground
state property becomes a functional of both n(r) and m(r) as

ELSDA
XC (n↑, n↓) =

∫
n(r)ϵXC (n↑(r), n↓(r)) dr (2.38)

and, the exchange-correlation energy for GGA can be written as

EGGA
XC (n↑, n↓) =

∫
n(r)ϵXC (n↑(r), n↓(r),∇n↑(r),∇n↓(r)) dr (2.39)

2.9.4 The LDA+U method : beyond LDA/GGA

The LDA and GGA approaches work sufficiently well for a large number
of systems. However it is often claimed that these methods are useless for
strongly correlated materials, such as transition metals or rare-earth atoms,
which have partially filled localized d or f bands [43, 44]. The LDA method
tends to delocalize electrons over the crystal, and each electron feels an av-
erage of the Coulombic potential. In strongly correlated materials, there is
a large Coulombic repulsion between localized electrons, which might not be
well represented by a functional as the LDA approximation for EXC . One of
the simplest methods to avoid this problem is to add a Hubbard-like term for
localized d or f orbitals, to the LDA density functional within the so-called
”LDA+U” total energy functional [45, 46].

In this method, localized d (or f ) orbitals are separated from delocalized
orbitals (s and p electrons). A semi-empirical term is added to the conven-
tional energy functional only for the localized orbitals which are expected to
have strong correlation. The delocalized orbitals are correctly described by
the usual LDA calculation.

Note that the double counting of interactions is avoided, by subtracting
the double-counting correction term from the Hamiltonian. So the LDA+U
total energy functional takes the form

ELDA+U = ELDA + (EU − Edc) (2.40)

where the EU is the electron-electron interaction energy of the localized elec-
trons and Edc is the double counting term which cancels the electron-electron
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interaction energy, included in the ELDA part. This technique is no longer pa-
rameter free and the Hamiltonian becomes orbital dependent. One important
issue within this approach is the choice of the U parameter, which in principle
can be calculated through first principles calculations (see Ref. [47, 48, 49]).
In Table 2.1 the calculated values of U parameters for some systems are
listed.

Table 2.1: Calculated U parameters for some systems (from Ref. [49]).

Material U(eV)
ZnO 4.7
CdO 2.1
GaN 3.9
InN 1.9

2.10 The band gap problem

Most of the approximations for the exchange-correlation functional predict
structural properties with sufficiently good accuracy. However for electronic
properties such as the band gap, these approximations strongly underesti-
mate the experimental value. For example this underestimation for LDA
calculations is about 40% [30, 50].

The fundamental band gap can be defined as the difference between the
ionization energy I and the electron affinity A [51]

Egap = I − A (2.41)

The ionization energy is defined as the energy required to remove an electron
from the system, while the electron affinity is the energy released when an
electron is added to the system. So the ionization energy and electron affinity
for an N-electron system are defined as follows

I(N) = E(N − 1)− E(N) ; A(N) = E(N)− E(N + 1) (2.42)

Since the XC functional is unknown, approximation methods should be used
to solve the KS equations. It is good to know that the KS orbital energies
ϵi have a meaning. J. F. Janak showed [52] that the variation of the total
energy, with respect to an orbital occupation is equal to the eigenvalue of
that orbital, independent of the detailed form of the exchange-correlation
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functional. This leads to a connection between the ground-state energies of
N and N + 1-electron systems, which is useful in the calculation of certain
excitation energies [52]. It is proven that

∂E/∂ni = ϵi (2.43)

where ni is the occupation number for each of the states and can be tuned
between 0 and 1. Janak also connects the ground states of the N- and (N+1)-
electron systems

EN+1 − EN =

∫ 1

0

ϵi(n)dn (2.44)

So for the M-electron system, the first ionization potential and electron affin-
ity can be written as

I(M) = −
∫ 1

0

dnϵM(M − 1 + n) (2.45)

A(M) = −
∫ 1

0

dnϵM+1(M + n) (2.46)

The addition or removal of one electron in an infinite crystal (M −→ ∞), can
make an infinitesimal change in the ground-state density. This change comes
from a corresponding infinitesimal change in the KS potential. Such a small
change does not alter the one-electron energies. Therefore the fundamental
band gap can be predicted by the KS band-structure of the neutral (M-
electron) system [53, 54]

EKS
gap = ϵM+1(M)− ϵM(M) (2.47)

The missing parameter in this argument is the possibility that the KS poten-
tial (and specifically δEXC/δn(r)) might be a discontinuous function [55]. So
the XC potential might jump by a constant C when the number of electrons
increases

lim
η→0

[
δEXC

δn(r)
|M+η −

δEXC

δn(r)
|M−η

]
= C (2.48)

So the band gap energy becomes

Egap = ϵM+1(M)− ϵM(M) + C (2.49)

which implies that the KS band gap is underestimated by an amount equal
to the derivative discontinuity C from the experimental one. Therefore the
calculated band gap based on LDA or GGA is an underestimated approxi-
mation.
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2.11 The hybrid functional: an accurate band

gap

One possibility which has been very successful in calculating the band gap of
different materials, is to use a hybrid exchange-correlation energy functional.
It is defined as

Ehyb
XC = αEHF

X + (1− α)EGGA
X + EGGA

C (2.50)

where EHF
X is the exchange energy calculated with the exact nonlocal HF

wave function; EGGA
X and EGGA

C are the conventional semilocal GGA ex-
change and correlation energies, and α is a mixing parameter.

There are several hybrid functionals that can be used in different calcu-
lations. B3PW91 was the first one introduced in 1993 [56], later in 1994 and
1999 the popular B3LYP and PBE0 functionals appeared respectively [57,
58, 59]. In 2003 the screened hybrid HSE06 (Heyd-Scuseria-Ernzerhof) was
proposed, which usually yields better results for the band gaps compared
to other methods [60]. The mixing parameter of HSE06 is 25% and the
functional is as follows

EHSE06
XC =

1

4
EHF,SR

X (ω) +
3

4
EPBE,SR

X (ω) + EPBE,LR
X (ω) + EPBE

C (2.51)

PBE (Perdew-Burke-Ernzerhof) is a version of a GGA methods [38]. The
exchange part is divided into short-range (SR) and long-range (LR) com-
ponents. To avoid heavy calculations for long-range HF exchange, only the
short-range part is mixed with the PBE exchange term. ω is the screening pa-
rameter, which indicates the range separation and is related to a distance for
which the short-range interactions become negligible. So when (ω −→ ∞),
all of the interactions in the exchange energy are treated as long-range, and
when (ω −→ 0), all of them are treated as short-range. It has been shown
that the optimum ω is approximately 0.2-0.3 Å [60]. The proposed 25% as
the mixing parameter is not a generic feature for all systems and needs to be
adjusted to obtain the correct band gap.

The HSE method leads to substantially improved band gaps compared
to the other mentioned methods. Table 2.2 and Fig. 2.1 show the results
obtained with the LDA and HSE potentials for the fundamental band gap of
23 solids [61].
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Figure 2.1: Theoretical versus experimental band gaps. The values are given
in Table 2.2[61].

2.12 Periodicity of the crystal

In order to apply DFT to a real crystal, the KS equations should be solved
for all the particles present in the system. Since there are too many par-
ticles in a real solid (roughly 1024 electrons and ions per cm3), this will be
computationally impossible. Therefore one should look for other possible
approximations to solve the problem.

Crystal structures are built up from a unit cell which is periodically re-
peated. To reduce the number of particles in a calculation, it is enough to
consider only the unit cell of the crystal. It consists of atoms, whose arrange-
ment defines the crystal’s symmetry, and its repetition in three dimensions in
space generates a crystal structure. The unit cell is characterized by lattice
parameters. To predict the property of a crystal it is enough to solve the KS
equation for a small unit cell of a real solid.

2.12.1 The Bloch theorem

Consider the Hamiltonian for a single particle in a potential U(r)
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Table 2.2: Theoretical and experimental fundamental band gaps (in eV). The
structures are indicated in parentheses. Band gaps are measured either at
room temperature (RT, 300 K) or at low temperature (LT), with LT implying
less than 77 K. [61, 62].

Solid LDA HSE Exp.
Ne (A1) 11.42 - 21.70 (LT)
Ar (A1) 8.16 10.34 14.20 (LT)
Kr (A1) 6.76 - 11.6 (LT)
Xe (A1) 5.78 - 9.8 (LT)
C (A4) 4.11 5.49 5.48 (RT)
Si (A4) 0.47 1.28 1.17 (LT)
Ge (A4) 0.00 0.83 0.74 (LT)
LiF (B1) 8.94 - 14.20 (RT)
LiCl (B1) 6.06 - 9.4 (LT)
MgO (B1) 4.70 6.67 7.83 (LT)
ScN (B1) -0.14 - 0.9 (RT)
MnO (B1) 0.76 2.8 3.9 (RT)
FeO (B1) -0.35 2.2 2.4 (LT)
NiO (B1) 0.42 4.2 4.3 (RT)
SiC (B3) 1.35 2.40 2.40 (LT)
BN (B3) 4.39 5.99 6.36 (LT)
GaN (B3) 1.63 3.14 3.20 (RT)
GaAs (B3) 0.30 1.12 1.52 (LT)
AlP (B3) 1.46 2.51 2.45 (RT)
ZnS (B3) 1.84 3.49 3.80 (LT)
CdS (B3) 0.86 2.25 2.42 (RT)
AlN (B4) 4.17 5.81 6.19 (LT)
ZnO (B4) 0.75 2.49 3.44 (LT)

H =
−∇2

2
+ U(r) (2.52)

According to the Bloch theory, the electrons move in a periodic potential
U(r) instead of moving in free space. This potential is generated by the
periodic structure of the solid and is translational invariant.

U(r+R) = U(r) (2.53)

for all lattice vectors R of the crystal. Bloch’s theorem states that the eigen-
states Φ of this Hamiltonian can be written as
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Φnk(r) = eik.runk(r) (2.54)

where it has the form of a plane wave times a function unk with periodicity
of the lattice. k is the wave vector that is chosen in the first Brillouin zone
due to the translational symmetry, n is the band index which labels different
solutions for a given k, and unk(r+R) = unk(r) for all R in the crystal.

Bloch’s theorem is also written in another equivalent form

Φnk(r+R) = eik.RΦnk(r) (2.55)

If En(K) is an energy eigenvalue, then En(k+G) is also an eigenvalue for all
vectors G of the reciprocal lattice.

According to Bloch’s theorem the problem of infinitely many-electrons
has been turned into a problem of infinitely many k-points inside the first
Brillouin zone. Since the wavefunctions of closely located k-points are almost
identical, a small region can be sampled by one single k-point. In general it is
enough to solve the KS equation, using only a finite number of k-points, in a
unit cell of the crystal and calculate the electronic part of the total energy, to
a good approximation. So choosing a sufficiently dense mesh of integration
points is crucial for the convergence of the results. There are several methods
for sampling the Brillouin zone with an appropriate set of k-points, such as
the scheme proposed by Monkhorst and Pack in 1976. [63]

2.12.2 Energy cut-off

The periodic functions unk can be expanded in plane waves

unk(r) =
∑
G

cnk,Ge
iG.r (2.56)

where the summation is over all reciprocal lattice vectors G. So the KS wave
functions at each k-point are now expressed in terms of an infinite discrete
plane wave basis set

Φnk(r) =
∑
G

cnk,Ge
i(k+G).r (2.57)

Since it is not possible to consider an infinite basis set, the number of plane
waves can be restricted by placing an upper boundary to the kinetic energy
(k + G)2/2 of the plane waves. This boundary is called the energy cut-off
Ecut and the restriction is thus given by

|k+G|2

2
< Ecut (2.58)
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2.13 Pseudopotentials

Although the initial many-body problem has been considerably simplified,
it is still computationally expensive for a system with a large number of
electrons. Pseudopotentials (PPs) or effective potentials are used as an ap-
proximation for the simplified description of complex systems. There are
several methods to generate different pseudopotentials. On the other hand,
there are also some other approaches called all-electron methods in which all
the electrons are explicitly used in the computation. The fact that PPs are
not unique allows the freedom to choose forms that simplify the calculations
and the interpretation of the resulting electronic structure. Some of these
methods are introduced briefly in the following section.

2.13.1 Plane wave pseudopotential method

The plane wave pseudopotential (PP) approach is used to replace the atomic
all-electron potential such that the core states are eliminated. It is based on
the fact that most physical properties of solids only depend on the valence
electrons and one can distinguish between the core and valence electrons.

In this approximation, the core (i.e. non-valence) electrons are removed
and the strong ionic potential is replaced by the weaker pseudopotential
Vpseudo in the Schrödinger equation, that acts on a set of pseudo wave func-
tions Ψpseudo. This approach was first introduced by Hans Hellmann in
1934 [64]. These pseudo functions are constructed in such a way that the
pseudo wave function and the true wave function become identical beyond
a certain radius (cut-off radius rc). As it is shown schematically in Fig. 2.2,
the pseudo wave function is generated so that it has no radial nodes in the
core region.

2.13.2 Projected augmented wave method

The projector augmented wave method (PAW) is an alternative which has
been introduced by Blöchl in 1994 [65]. This approach is in between the
all-electron and pseudopotential method.

The PAW approach transforms the rapid oscillating wave functions of
the valence electrons near ion cores into smooth wave functions which are
computationally more convenient. The true wave functions Ψn are related
to the pseudo wave functions Ψ̃n by a linear transformation [65]

|Ψn⟩ = |Ψ̃n⟩+
∑
i

(|Φi⟩ − |Φ̃i⟩)ci (2.59)



2.13 Pseudopotentials 41

Figure 2.2: Schematic representation of the pseudo potential and the pseudo
wave function. The dotted vertical line corresponds to the cut-off radius rc.

where n is the band index, i is an atom index, and ci are coefficients. Since
we require the transformation to be linear, these coefficients must be linear
functionals of the pseudo wave functions.

Figure 2.3: Schematic representation of the basic concept of the PAW
method.

So the true all-electron wave function is expressed in three terms. The
first term is the pseudo wave function Ψ̃n which is identical to the true state
outside the augmentation region. The second term is the all-electron core
partial wave Φi which is identical to the all-electron core state Ψn, and finally
the pseudo core partial wave Φ̃i which is identical to the pseudo core states
Ψ̃n. Figure 2.3 schematically shows the basic concept of the PAW method.
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In this thesis we make use of density functional theory to calculate the
electronic properties of some TCO materials within the LDA, LDA+U, and
HSE06 approach as implemented in the Vienna ab initio simulation pack-
age [66]. Electron-ion interactions are treated using the projector augmented
wave potentials [67, 68, 65].



Chapter 3
Electronic Properties of Defects and
Impurities in Solids

3.1 Introduction

The study of point defects and impurities is an important area in semicon-
ductor, insulator, and metal physics [9, 69, 70, 71]. Defects have profound
effects on materials properties, and can be used to control their electronic
and optoelectronic properties. Although they can improve some properties
and turn materials into useful device components, they can also have some
undesirable effects. These changes in the properties occur already for small
amounts of defects, and the term dopant is usually used for an impurity atom
at low concentration, which is in the order of one per million host atoms. So
the desired properties can be achieved without changes in composition of the
material, but just by manipulating the crystal defects.

To achieve such control on the mechanism of defects in different solids,
knowledge of the fundamental processes that control doping is necessary.
First-principles calculations have already made important contributions to
the understanding of these fundamental processes of doping in different semi-
conductors [9].

In the following chapter, different kinds of defects are classified and some
related terms such as donor, acceptor, shallow, and deep are introduced.
Then some important parameters which can be calculated theoretically such
as their formation energies, and transition levels are briefly explained. Finally
different approaches are presented in order to improve the DFT results and
make them more consistent and comparable to experimental data. This
knowledge is later used in the next chapters to study the electronic properties
of defects and impurities in some TCO materials.
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3.2 Defects with different spatial extents

Any deviation from the perfect atomic arrangement in a crystal is called a
defect. Defects can be categorized by their spatial extent. They are classified
into four categories according to their dimension:

� Point defects (zero dimensional)
localized imperfections in crystals which occur only at or around a
single lattice site.

� Line defects (one dimensional)
involve rows of atoms which are misaligned, such as dislocations.

� Planar defects (two dimensional)
occur over a surface in the crystal. This involves interfaces between
two crystal regions of different crystallographic orientations or differ-
ent phases. Also it can happen in face-centered cubic or hexagonal
close-packed crystals when there is a change in the regular sequence of
positions of atomic planes (stacking faults).

� Extended defects (three dimensional)
composed of some defects, which are clustered together in a small region
of a crystal.

This chapter discusses different types and properties of point defects.
Point defects can be further divided into the following:

⋄ Vacancies
Vacancies are lattice sites which are vacant by missing atoms. In other
words, a vacancy is the absence of an atom from its normal location in
a perfect crystal structure. (A missing atom A in a crystal is denoted
by VA).

⋄ Schottky defects
A Schottky defect occurs when an equal number of cations and anions
are missing from their lattice sites, and the electrical neutrality of the
crystal is maintained. This type of defect appears generally in ionic
crystals, where the positive and negative ions do not differ too much
in size. The Schottky defect is a type of vacancy named after Walter
H. Schottky. [72] (This defect in an ionic crystal A+B− is denoted by
VA + VB).
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Figure 3.1: Schematic illustration of some types of point defects in a crystal.

⋄ Interstitials
Interstitial defects are formed when an extra atom is occupying a site in
the crystal structure at which there is usually not an atom. (Inserting
atom A in an interstitial site in the crystal is denoted by AI .)

⋄ Frenkel defects
An atom displaced from its position to a nearby interstitial site is called
a Frenkel defect, named after Yakov Frenkel. [73] (Since it is having VA

and AI defects together, it is labeled as VA + AI .)

⋄ Substitutionals
Substitutional defects are formed when an extra atom replaces a host
atom. (Atom A replacing a host atom B in the crystal is denoted by
AB.)

⋄ Antisites
Antisite defects are a kind of substitutional defects in which a host
atom occupies the site which was originally occupied by another type
of host atom. (A host atom A replacing another host atom B in the
crystal is labeled as AB.)

Figure 3.1, schematically shows different types of defects in a crystal.
Vacancies, Schottky, Frenkel, and antisite defects which do not involve foreign
atoms are also called native or ’intrinsic’ defects, and other defects such as
interstitials and substitutionals involving foreign impurity atoms are called
’extrinsic’ defects.
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3.3 Electronic properties of defects

Defects have a strong influence on the electronic properties of the host mate-
rial. One can classify defects in different systems, by their level depth which
is created in the band gap of the host material, into shallow and deep levels.
In the following the important concepts of donors and acceptors, and deep
and shallow levels are discussed. Some experimental methods to study these
states are also briefly introduced (for more details see Ref. [69, 74]).

3.3.1 Shallow dopants

An intrinsic semiconductor has no free electrons in its conduction band (at
T = 0K). One can make semiconductors conducting by adding very small
amounts of selected impurities or native defects to the semiconductor. (∼ one
per million host atoms). The process of adding specific amounts of impurities
to a material is called doping. The doping process in a semiconductor can
be characterized as one of the followings

� N-type doping: Adding an impurity or defect in a semiconductor in-
creases the number of free electrons, the doped semiconductor is n-type
(or negative type) and the defect that causes this effect is referred to
as a donor since it donates its electron for conduction. This addition
of free electrons, enormously increases the conductivity of the semi-
conductor. A 1 cm3 sample of pure germanium at room temperature
contains about 1013 intrinsic free carriers (electrons or holes). If the Ge
sample doped with 1017 phosphorous atoms per cm3, the dopant do-
nates an extra 1017 free electrons in the same volume and the electrical
conductivity is increased by a factor of 10000. For example according
to the periodic table of elements, a group-V atom such as phosphorus
P has one extra valence electron compared to a group-IV atom such as
Si. Then, by substituting one Si atom in the semiconductor material
silicon with one P atom the system becomes an n-type semiconductor.
This is because the P atom has 5 valence electrons in its outer shell
and uses 4 of them to form covalent bonds with the Si atoms, leaving 1
electron almost free in the crystal. This extra electron of dopant atom
P is loosely bound and can be easily excited into the conduction band.
So atom P acts as a donor in Si.

In this situation, the dopant atom creates an energy level just below the
bulk material’s conduction band. Since the dopant level is very close
to the bulk conduction band, it only requires a small amount of energy
to free the electrons in order to move freely in the conduction band.
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Figure 3.2 schematically shows the silicon crystal structure doped n-
type.

Figure 3.2: Schematics of silicon crystal structure (a) doped with an impurity
to produce n-type semiconductor material, (b) valence and conduction bands
with respect to a defect level.

Figure 3.3: Schematics of silicon crystal structure (a) doped with an impurity
to produce p-type semiconductor material, (b) valence and conduction bands
with respect to a defect level.

� P-type doping: An impurity or defect that reduces the number of
free electrons in a semiconductor (causing more holes), is p-type (or
positive type) and the defect that causes this effect is referred to as an
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acceptor. For example substituting a Si atom in bulk Si with a group-
III atom such as aluminium Al (with one less valence electron), causes
the system to be p-type. In this case, the impurity has one electron
less than the required amount to establish a covalent bond, therefore
in a single covalent bond there will be only 1 electron instead of 2, and
the Al atom acts as an acceptor in this system.

In this situation, the dopant atom creates an empty energy level just
above the valence band of the bulk material. So electrons in the valence
band find it easy to hop into these new levels and creating holes in
the valence band. Figure 3.3 schematically shows the silicon crystal
structure doped p-type.

As it is mentioned above, n-type and p-type doping create energy levels
just below the conduction band and above the valence band of the bulk
material, respectively. Since these defect levels are very close to the bulk
valence or conduction band edges, they can be ionized easily. These types
of levels are called shallow states, and a dopant causes a shallow state is
referred to as a shallow dopant. On the contrary, any other impurities that
are not shallow are referred to as deep dopants and are discussed in the next
section.

Most1 shallow dopants can be described by a hydrogen-like model in the
effective mass approximation. Let’s consider a perfect semiconductor with
completely full valence bands and empty conduction bands. Now substitute
one of this semiconductor’s atoms by an impurity atom from the next column
of the periodic table. The impurity atom has one more valence electron, while
its nucleus has one extra positive charge. This positively charged ion causes
an extra Coulomb field

V (r) =
e

ϵr
(3.1)

where ϵ is the dielectric constant of the material (since the positive ion is in
a dielectric medium). Therefore an extra valence electron can be considered
as a free electron with mass m∗ moving in the impurity potential V (r) in
addition to the crystal potential. The Schrödinger equation of the donor
electron has the form

(− ~2

2m∗∇
2 + V (r))Ψ(r) = EΨ(r) (3.2)

1Also localized levels in the band gap can be considered shallow, if they are located
close to the CBM or VBM. However, in this section we only consider shallow defects with
an extended wavefunction.
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This situation is similar to the hydrogen atom with one electron and one
proton. The difference is that now the proton has a charge e/ϵ instead of e
and the electron has a mass m∗

e instead of me. This approach is known as
the effective mass approximation. It is known that the hydrogen atom has
bound states with energies of

E(H)
n = − e4me

2~2n2
(3.3)

where n = 1, 2, 3, .... The ground state has energy E1 = −13.6eV , and the
second energy level has energy E2 = −13.6/4 = −3.4eV (the first excited
state). The ionization energy for an extra electron (from an impurity atom)
in the host system can be written as

Edonor
n = ECBM − e4m∗

e

2~2n2ϵ2
= ECBM − E(H)

n

m∗
e

ϵ2
(3.4)

where ECBM is the energy at the conduction band minimum (CBM) and m∗
e

is in units of me. Considering ϵ has a typical value in the order of 10, and the
effective mass usually varies between 0.1me to about me, the above equation
then indicates that the ionization energy of the donor energy level (n = 1)
ranges from ∼ 13 to ∼ 130 meV . This small energy compared to the band
gap, of the order of 1 eV , clearly confirms that such hydrogenic levels are
shallow. Table 3.1 shows the experimental ionization energies of some donor
states in silicon.

Table 3.1: Experimental ionization energies of some donor states when added
to Si.

Donor Ionization energy (eV) [75]
P 0.044
As 0.049
Sb 0.039
Li 0.033

It is important to realize that these shallow levels are not atomic impurity
levels. A representation of some of the bound states of a donor atom near
a parabolic conduction band is shown in Fig. 3.4. This figure also indicates
the atomic impurity level in resonance with the conduction band. After
relaxation of the electron to the minimum of the conduction band, this atomic
level is unoccupied. The electron becomes now weakly bound to the impurity
ion which is the effective mass state discussed above. The extension of the
wave function becomes of the order of the effective Bohr radius and is spread
out over many lattice constants.
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Figure 3.4: Schematic representation of the n=1,2, and 3 bound states of a
shallow donor electron.

The above statements also apply to acceptors. In acceptors, the impurity
atom has one or more electrons less than the host atom. If EV BM is the
energy at the valence band maximum (VBM), and m∗

h is the effective mass
of the hole, then shallow hydrogenic energy levels are created above the EV BM

with ionization energies

Eacceptor
n = EV BM +

e4m∗
h

2~2n2ϵ2
= EV BM + E(H)

n

m∗
h

ϵ2
(3.5)

where m∗
h is in units of me.

Finally it should be noted that the most important role of shallow dopants
is to control conductivity. Almost all of these impurities are ionized and
contribute to the conductivity at room temperature (because their ionization
energies are comparable to kBT ∼ 25meV ).

3.3.2 Deep dopants

Defects do not always create shallow levels, but also deep levels can form
when the atomic impurity levels are not in resonance with the valence or
conduction band and fall into the band gap2. Unlike shallow states, deep
states have strongly localized wave functions. Deep states are often unde-
sired, since they can cause carrier trapping and recombination. Their main

2Deep levels can be called shallow if they are located close to the CBM (for donors)
or VBM (for acceptors).
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function is to act as a catalyst for recombination of electrons and holes. The
presence of such dopants provides intermediate levels within the band gap.
These intermediate levels act as smaller energy steps for electrons (in the
conduction band) and holes (in the valence band) making electron-hole re-
combination more likely. Therefore the most important role of deep dopants
is to control the lifetime of carriers. A schematic illustration of the particle
energy states for a shallow and deep acceptor levels is shown in Fig. 3.5.

Figure 3.5: Schematic illustration of the particle energy states for a shallow
and deep acceptor levels.

3.3.3 Limitations of the ab initio approach

Although shallow levels are either very close to the conduction band minimum
or to the valence band maximum, in practical computations, these extended
states cannot be successfully described within the usual volume of supercells
in DFT calculations.

A tight-binding (TB) calculation for silicon bulk doped with shallow
donor phosphorus showed that a very large supercell (64000 Si atoms) is
required before the binding energy of the system is converged and before
the extension of the impurity wave function fits in the supercell. This corre-
sponds to a distance of more than 100Å between the dopants [76]. Ionization
energies of shallow impurities can therefore not be determined from DFT
calculations. So in the calculations, shallow donors usually fall in the con-
duction band, while shallow acceptors fall in the valence band. Note that
although ionization energies of shallow levels cannot be determined, the char-
acter of a shallow state can. On the other hand, the position of deep levels
can be determined by DFT calculations.
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3.3.4 Experimental techniques

The nature of an impurity of being either shallow or deep, and the position
of the energy levels can also be determined experimentally. The position
of an impurity level can be achieved by identifying transitions of electrons
from one level to another in experiment. Transitions can be related to ex-
citations (electron goes to higher energy level by absorbing energy), or to
de-excitations (electron goes to lower energy level by releasing energy).

According to the form of the absorbed or released energy, experimental
methods to determine these transitions can be classified into two groups:

� Thermal experiments: At T = 0K, all electrons occupy their ground
state energy levels and since there is no external perturbation, transi-
tions between different levels are not possible. At finite temperature
the situation is different. There will be thermal vibrations of the crys-
tal lattice and these vibrations may interact with electrons in a crystal.
In the case of donors, the electrons which are activated may make
transitions from their levels in the band gap to the conduction bands
(electron emission), while some other may drop back into the empty
levels in the gap (electron capture). For acceptors, the electrons may
make transitions from the valence bands into the level in the band gap
(hole emission) and vice versa (hole capture). Finally at a certain tem-
perature, a steady state occurs and the density of excess carriers n(T )
is measured. The density of carriers can be obtained indirectly by mea-
suring either the conductivity or the Hall coefficient in a crystal [77].
These methods are mostly used for detecting shallow states.

On the other hand, in order to detect a deep state the concentration
of shallow dopants should be lower than the concentrations of deep
dopants. Therefore some techniques are developed to achieve the de-
sired concentration, such as junction techniques. These techniques
study deep level impurities located in the transition region of a p-n
junction where the Fermi level lies in the middle of the gap, and the
shallow dopants are all ionized. Figure 3.6, shows a schematic repre-
sentation of a p-n junction.

For such a system applying a reverse bias, sweeps away the charge car-
riers and so increases the resistivity of the p-n junction. This results in
the p-n junction to behave as an insulator. Electrons of the deep levels
can be thermally excited to the conduction bands, and the change in the
capacitance of the p-n junction can be measured [78, 79, 80, 81]. Such
techniques have been referred to as deep level transient spectroscopy
(DLTS).



3.3 Electronic properties of defects 53

Figure 3.6: Schematic representation of a p-n junction. EF is the Fermi level.

� Optical experiments: The difference between these experiments and
thermal experiments comes from the difference between the form of
the energy supplied or released in the process. Here transitions are
caused by an external photon field, instead of the phonon field in ther-
mal experiments. The fact that photons can be supplied with desired
frequencies and intensities which are easily controllable, makes optical
experiments more flexible than the thermal ones. In these types of ex-
periments, carriers are excited from their ground states into the excited
bands by absorbing light. For frequencies smaller than the separation
between the level and the band edge, there should be no absorption. By
scanning through other frequencies, peaks corresponding to impurity
levels appear in the absorption spectrum of a crystal and they are mea-
surable [82, 83, 84], for example using electron paramagnetic resonance
(EPR) and electron spin resonance (ESR) spectroscopy [85, 86].

The optical experiments work well for shallow levels, and sometimes
they yield good results for deep levels as well, but in general for deep
levels, junction techniques are usually more applicable.

In addition to the above mentioned techniques, three-dimensional (3D),
atomic scale information on dopant atoms can also be obtained from aberra-
tion-corrected (scanning) transmission electron microscopes. In high an-
gle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) a focused electron beam is scanned across the specimen and, at each
point transmitted electrons scattered to high angles, are measured by an an-
nular detector. The measured intensity depends on the atomic number Z.
HAADF-STEM combined with advanced 3D reconstruction techniques al-
lows for a 3D reconstruction of the material at the atomic scale [87, 88, 89].
Combining STEM with electron energy loss spectroscopy (EELS) provides
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local chemical, structural, and electronic information such as nearest neigh-
bors bonding, dielectric response, band gap and valence state [90].

3.4 Doping limitations

Doping of semiconductors has a number of limitations and difficulties, which
need to be considered [9]. In this section, we itemize some of these limitations
and requirements for successful doping.

� Solubility: The solubility corresponds to the highest concentration
that the impurity can achieve in the semiconductor (in thermodynamic
equilibrium). This concentration depends on temperature, the abun-
dance of the impurity, and the host constituents in the growth condi-
tion.

In order to have a high carrier concentration, a high concentration of
the dopants is needed. Note that increasing the number of the dopants,
does not necessarily increase their concentration in the solid, since form-
ing a different phase may turn out to be more favorable.

� Ionization energy: The ionization energy of a dopant is directly re-
lated to its doping efficiency, since this energy determines the fraction
of dopants that contributes to the formation of free carriers (at a given
temperature). Ionization energy is mostly related to the inherent prop-
erties of the semiconductor, and the higher the ionization energy, the
more limited the doping.

� Compensation of the dopants: To control the doping process, it is
necessary to be aware of the compensation effect of the other impurities
or native defects. For example, when a semiconductor is doped with
an acceptor to obtain p-type conductivity, other impurities or native
defects that act as donors should be carefully controlled and prohibited.

� Incorporation of the dopants in other configurations: A dopant
may behave differently at different sites of the semiconductor. For ex-
ample, Li on the Ga site in GaN acts as an acceptor, while Li on an
interstitial site acts as a donor. Since the interstitial position is energet-
ically more favorable, the Li dopant prefers to act as a donor rather than
an acceptor in GaN, and this can clearly lead to self-compensation [91].
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3.5 Methodology

First-principles calculations made large contributions to the understanding
of the behavior of different defects and impurities in semiconductors. Within
density functional theory, it is possible to calculate total energies and particu-
larly the formation energies for several types of dopants in different materials.
The structural behavior of a dopant, its stable position in the host material,
and the relaxation of the surrounding atoms are some other important prop-
erties that can be investigated.

In the following section, it is briefly described how to use the total en-
ergy of a defect to calculate its concentration and the formation energy in
a material, how to find the transition levels between different charge states
of a defect which determines its shallow or deep character, and some other
important issues related to the study of defects.

3.5.1 Concentrations of defects

Creation of defects and impurities in a crystal normally costs energy. One of
the main quantities in the study of point defects is the Gibbs free energy. In
thermodynamic equilibrium the concentration c of an impurity in a crystal
is given by the expression[92, 9]

c = N exp(−∆G/kBT ) (3.6)

where N is the number of equivalent possibilities, with the same energies, in
which the defect can be incorporated (per unit volume). ∆G is the change
in the Gibbs free energy of the system, kB is Boltzmann’s constant, and T is
the temperature.

The change in Gibbs free energy of the system is given by

∆G = ∆E + P∆V − T∆S (3.7)

where ∆E is the change in the total energy (contains chemical potential
terms), P is the pressure, ∆V is the change in the volume when an impurity
is introduced into the system, and ∆S is the change in vibrational entropy of
the system. The change in the volume is negligible for most crystalline solids
at moderate temperatures and atmospheric pressure. Moreover for different
defects, the change in vibrational entropy is usually very small. Therefore the
Gibbs free energy of the system is equal to the formation energy (∆E ≡ Ef )
of the system. Hence Eq. (3.6) can be written as

c = N exp(−Ef/kBT ) (3.8)
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According to this expression, defects with high formation energies will occur
in low concentrations. Since the growth of a semiconductor is close enough
to the equilibrium condition, it warrants the use of the expression (3.8).
This brings up the prominence of the formation energy of defects in crystals.
Though thermodynamics provides the driving force for the formation of the
defects, it should be noted that the number of defects also depends on the
thermal history of the host material i.e. on the kinetics of the growth process.
In the following, the derivation of the formation energy is discussed.

3.5.2 Formation energy

Density functional theory calculations in the supercell geometry are used as a
standard method to study defects and impurities in semiconductor materials.
As discussed in chapter 2, using an appropriate exchange correlation energy
functional provides a description of the many-body electronic ground state
energy of a system.

Since the purpose of this thesis is to investigate the electronic properties
of an isolated defect in an infinite crystal, performing calculations needs
a large supercell containing a defect which provides a low concentration of
defects in a crystal. The larger the supercell size, the smaller the interactions
between defects and impurities in neighboring supercells, and the better the
results will be compared to a single, isolated impurity. Moreover, relaxation
of several layers of atoms around the impurity is also included inside the
supercell.

Equation (3.8) shows that the concentration of point defects and impu-
rities depends on their formation energies. The formation energy of a defect
or impurity D in the charge state q is defined as

Ef [D
q] = Etot[D

q]− Etot[bulk] +
∑
i

niµi + q[EF + Ev +∆V ] (3.9)

Etot[D
q] is the total energy from a supercell calculation with one impurity

D in the cell, and Etot[bulk] is the total energy for the equivalent perfect
supercell. ni indicates the number of atoms of type i that have been added
(ni < 0) or removed (ni > 0) from the supercell when the defect or impurity
is created, and µi are the corresponding chemical potentials which represent
the energy of the reservoirs with which atoms are being exchanged. Chemical
potentials for different species are discussed in more details in the following
section. EF is the chemical potential of the electron, which in semiconductor
physics is often called the Fermi energy, with respect to Ev, which we choose
to be the top of the valence band of the primitive defect-free unit cell. In the
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defect containing supercell, the position of band edges (valence band max-
imum, conduction band minimum) is affected by the defect, which brings
different reference energies for the defect containing and the perfect crystal.
In order to assume that we use the same reference energy level for the calcu-
lations with and without the defect, another term (denoted as ∆V ) should
be added to the formation energy for charged defects. This is schematically
shown in Fig. 3.7. A widely applied practice to determine ∆V is to con-
sider the total electrostatic potential at some point, or region, far from the
defect and to align it with the potential in the same region in the undoped
supercell [9].

As an example, consider an oxygen vacancy as a native defect in an oxide
material. The formation energy or the energy needed for an oxygen vacancy
to form in a supercell is schematically shown in Fig. 3.8. According to the
definition, the formation energy is the difference between the total energy of
the oxide with an oxygen vacancy and the initial pure oxide. Since an oxygen
atom is removed from the system and is moved into a ”reservoir” of oxygen
atoms (e.g. a gas of O2 molecules), the total energy of an oxygen atom in

the reservoir (µO = E[O2]
2

) should be also added to the formation energy
expression. If the system is electrically charged, then an extra term should
be considered. Here the oxygen vacancy gives away one electron and has a
positive charge state, so the energy of an electron in its reservoir (chemical
potential of the electron) is added to the formation energy expression.

Figure 3.7: Schematic representation of the ∆V value.

As mentioned before, defects can occur in multiple charge states, and the
formation energy is different for each of them. The stable charge state for
an impurity at a given Fermi level is the one which has the lowest formation
energy.
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Figure 3.8: Schematic illustration of the formation energy of an oxygen va-
cancy in a crystal.

3.5.3 Thermodynamic transition levels

It is previously mentioned that defects and impurities introduce levels in the
band gap of the semiconductor or near the band edges. These levels have
an important influence on the electrical properties of a material, and these
are the ones that are measured in the experiments. Therefore it is essential
to identify the nature of the transition level (shallow or deep) and calculate
their positions in the band structure [9, 93].

The (thermodynamic) transition levels between different charge states can
be calculated by using their formation energies. The transition level ϵ(q, q′),
is the Fermi energy for which the formation energies of charge states q and
q′ are equal

Ef [D
q] = Ef [D

q′] (3.10)

Considering Eq.(3.9), the thermodynamic transition level between two charge
states q and q′ can be written as

ϵ(q, q′) = Ef (D
q;EF = 0)− Ef (D

q′;EF = 0)

q′ − q
(3.11)

In the above equation Ef (D
q;EF = 0) is the formation energy of the defect

D in the charge state q when the Fermi level is at the valence band maximum
(EF = 0). Thus for Fermi levels below this transition point, charge state q
is stable while for Fermi levels above, charge state q′ is stable.

As an example, Fig. 3.9 shows the calculated formation energies versus
the Fermi energy for the oxygen vacancy (VO) and zinc interstitial (Zni)
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defects in the ZnO host material3. For the oxygen vacancy, different charge
states (0, 1+, 2+) are shown. It is clear that the + charge state (V +

O ) is never
the stable configuration for the relevant range of Fermi energies. For the
Fermi energies close to the VBM, this defect is stable in the 2+ charge state
and for Fermi energies close to the CBM, the oxygen vacancy is stable in the
0 charge state. Because the transition ϵ(0, 2+) occurs in the band gap, it
follows that the oxygen vacancy acts as a deep donor in ZnO. On the other
hand, Fig. 3.9(b) shows that the zinc interstitial defect is only stable in the
2+ charge state. Since the transition ϵ(0, 2+) occurs in the conduction band,
one can conclude that the zinc interstitial acts as a shallow donor in ZnO.

Note that in order to compare the calculated transition points with the
thermal ionization energies from the experiments, for each charge state the
atomic structure is also relaxed to its equilibrium configuration. This is
the reason why the calculated transition levels are not necessarily equal to
the transition levels obtained from the optical experiments. The excitation
energy measured in optical experiments is different from the thermodynamic
transition level, because the atoms don’t have the time to relax to their
ground state positions corresponding to the new situation. So in optical
experiments, the optical transition level is observed where the final charge
state (after the transition) is not relaxed to its equilibrium configuration.
Thus in the systems where lattice relaxations of a defect strongly change
from one charge state to another, the transition level will considerably differ
from the optical transition level.

Figure 3.10 shows the configuration coordinates diagram illustrating the
difference between optical and thermal transition energies. Consider an elec-
tron in the equilibrium configuration related to the charge state q0 of the
defect, denoted as q00. This electron can absorb a photon and the defect
makes a transition to another charge state q+, while the surrounding ions
do not move. The minimum energy required for such a vertical transition
is called the optical energy, Eoptical, and can be measured in an optical ex-
periment. The excited electron ends up in the minimum of the conduction
band far away from the defect, thus from the defect-free system. After the
transition, the atomic configuration tends to relax to a new equilibrium con-
figuration, whose energy difference with the previous configuration is labeled
as Erelax. On the other hand, the thermal energy Ethermal is related to the

3The calculations are performed using DFT with the HSE06 functional as implemented
in the VASP package. We have used 37.5% mixing of Hartree-Fock exchange in the func-
tional, and electron-ion interactions are treated using projector augmented wave poten-
tials. An oxygen vacancy is simulated by removing an O atom from a 72-atom supercell.
A 2×2×2 mesh of special k-points based on the Monkhorst-Pack scheme is chosen for the
integrations over the Brillouin zone.
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Figure 3.9: Calculated formation energies versus Fermi energies for (a) VO

and (b) Zni in the ZnO host material.

energy difference between the equilibrium configuration of charge state q0+
and the equilibrium configuration of charge state q00. So the optical energy
can be written as a function of the thermal energy

Eoptical = Ethermal + Erelax (3.12)

Therefore, the ionization energy coming from an optical experiment is always
larger than or equal to the thermal ionization energy.
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Figure 3.10: Configuration coordinates diagram illustrating the difference
between optical and thermal transition energies.

Similar to the configuration coordinates diagram, the formation energy as
a function of the Fermi energy plot can also be used to illustrate the difference
between the thermal and optical transition energies. Figure 3.11 shows the
formation energies for two charge states 1+ and 0 of an arbitrary defect as
a function of the Fermi energy. In this figure, also the formation energy of
the defect in charge state 1+ at the relaxed coordinates of charge state 0 is
shown by the dashed line. Let us denote the total energy of a charge state
q in the relaxed coordinates of charge state q′ as E(q,X(q′)). The thermal
energy in our example is given by

Ethermal = E(+, X(+)) + Ev + Eg − E(0, X(0)) (3.13)

Now, using Eq.(3.11)

ϵ(0,+) = E(0, X(0))− E(+, X(+))− Ev (3.14)

which shows that Ethermal is given by

Ethermal = Eg − ϵ(0,+) (3.15)

and is also shown in Fig. 3.11. The optical energy is given by

Eoptical = E(+, X(0)) + Ev + Eg − E(0, X(0))

= Eg − ϵ(0,+inX(0))
(3.16)
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in which ϵ is now the transition level between charge state 0 and charge
state 1+, but in both cases the relaxed coordinates for charge state 0 are
considered. Also this Eoptical is shown in Fig. 3.11.

Figure 3.11: Formation energy as a function of the Fermi energy for two
charge states 1+ and 0 of an arbitrary defect in a system.

To show the importance of looking at relaxed charged systems, consider
Fig. 3.12 presenting the formation energies as a function of the Fermi energy
for Zni defect in ZnO. It is shown that the transition ϵ(0, 2+) of the relaxed
system, occurs in the conduction band and as a result the Zni defect acts as
a shallow donor in ZnO. However considering the transition ϵ(0, 2+ inX(0)),
one can conclude that the Zni acts as a deep donor in ZnO which is a
completely different result.

3.5.4 Chemical potentials

As it is mentioned previously, the chemical potentials represent the energy
of the reservoirs with which atoms are being exchanged. The chemical po-
tentials highly depend on the experimental growth conditions, and should be
considered as variables in the expression of the formation energy.

For example, the experimental growth conditions for a binary system such
as ZnO can be Zn-rich, O-rich, or anything in between. The formation energy
of ZnO can be written as [94, 95]
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Figure 3.12: Formation energy as a function of the Fermi energy for Zni in
ZnO.

∆Hf [ZnO] = E[ZnO]− µZnbulk
Zn − µO2molecule

O

= (µZnO
Zn + µZnO

O )− µZnbulk
Zn − µO2molecule

O )

= (µZnO
Zn − µZnbulk

Zn ) + (µZnO
O − µO2molecule

O )

= ∆µZn +∆µO (3.17)

where we assumed that ZnO is prepared from Zn bulk and O2 gas. In
Eq.(3.17) µZnO

Zn/O indicates the energy of a Zn/O atom in ZnO. µZnbulk
Zn in-

dicates the energy of a Zn atom in bulk Zn, and µO2molecule
O denotes the

energy of a O atom in the oxygen molecule. To avoid the precipitation into
bulk zinc and oxygen gas the upper limits are set as

∆µZn ≤ 0 ; ∆µO ≤ 0 (3.18)

So extreme O-rich conditions place an upper limit on µO by

µmax
O = µO2molecule

O =
1

2
E[O2molecule] (3.19)

This upper limit for oxygen leads to a lower limit (Zn-poor) on µZn given by

µmin
Zn = µZnbulk

Zn +∆HZnO
f = E[Znbulk] + ∆HZnO

f (3.20)

Similarly the Zn-rich conditions imply
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µmax
Zn = E[Znbulk] (3.21)

and the oxygen chemical potential corresponding to the Zn- rich conditions
is then called O-poor condition and is given by

µmin
O =

1

2
E[O2molecule] + ∆HZnO

f (3.22)

The above equations show the possible variation of Zn and O chemical po-
tential when ZnO is formed.

For ternary systems, the variation of the chemical potentials is more
complicated, because there are more degrees of freedom in the experimen-
tal growth conditions. For example, consider a ternary compound such as
ZnCo2O4; the total formation energy of the system in order to maintain the
stability is written as

∆Hf [ZnCo2O4] = ∆µZn + 2∆µCo + 4∆µO = −12.85 eV (3.23)

where for this ternary system ∆µZn = µZnCo2O4
Zn −µZnbulk

Zn , ∆µCo = µZnCo2O4
Rh −

µCobulk
Co , and ∆µO = µCo2O4

O −µO2molecule
O . To avoid the elemental precipitation

into the bulk zinc, bulk cobalt, and oxygen gas the upper limits are set as

∆µZn ≤ 0 ; ∆µCo ≤ 0 ; ∆µO ≤ 0 (3.24)

One can plot a triangle with the above conditions. Figure 3.13 shows schemat-
ically the possible chemical potential range in the ternary system ZnCo2O4.
The three vertices are as follows

� vertex A : Zn/Co-rich (O-poor) condition

∆µZn = 0 ; ∆µCo = 0 → ∆µO = ∆Hf [ZnCo2O4]/4

� vertex B : Zn-rich (Co-poor) condition

∆µZn = 0 ; ∆µO = 0 → ∆µCo = ∆Hf [ZnCo2O4]/2

� vertex C : Co-rich (Zn-poor) condition

∆µCo = 0 ; ∆µO = 0 → ∆µZn = ∆Hf [ZnCo2O4]

The line joining the vertices B and C refers to O-rich condition(∆µO = 0).
Considering the constraints of Eq.(3.24), inside the triangle the ternary

structure is thermodynamically stable. But for a ternary system, there are
more constraints because of the formation of competing binaries e.g. ZnO
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Figure 3.13: Schematic illustration for accessible chemical potential range in
a ternary system ZnCo2O4.

and CoO in case of ZnCo2O4. These constraints which limit the possible
accessible range of chemical potentials are as follows

∆µZn +∆µO ≤ ∆Hf [ZnO] = −3.06 eV (3.25)

∆µCo +∆µO ≤ ∆Hf [CoO] = −2.53 eV (3.26)

In the Fig. 3.13, the stable region for ZnCo2O4 is shown in green. The vertices
of this stable region are labeled as 1,2,3,4. The first vertex, 1, refers to the
Zn rich condition (∆µZn = 0) and using Eq.(3.25), ∆µO is calculated. Then
using the ternary stability conditions of Eq.(3.23), ∆µCo is obtained. The
coordinates of vertex 1 thus correspond to: (∆µZn = 0;∆µCo;∆µO).

The second vertex, 2, corresponds to the O rich condition (∆µO = 0).
Using Eqs.(3.25)and (3.23), ∆µZn and ∆µCo are obtained respectively. Below
the line joining vertex 1 with 2, Eq.(3.25) is not satisfied and ZnO will form
instead of ZnCo2O4.

Similarly, vertex 3 and 4 refer to the Co rich and O rich condition respec-
tively and are determined from Eq.(3.26) and from the stability of the host
in Eq.(3.23). Above the line joining vertex 3 with 4, CoO will be formed.

For the formation energy calculations, according to the experimental
growth condition one can consider any of these vertices for the accessible
range of the chemical potentials.
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3.5.5 Accuracy and error

A number of factors should be considered in order to do an accurate defect
calculation. Apart from the parameters such as the plane wave energy cut-
off and k-point sampling in the density functional theory calculations, the
choice of the supercell size is also an important issue in defect calculations.
The larger the supercell size, the closer the results are to an isolated defect.
Increasing the supercell size reduces the electrostatic interactions between
charged defects in neighboring cells, but is more computationally intensive.

Another important source of errors in the DFT calculations, is the stan-
dard underestimation of the band gap in the LDA approximation and thus
in the defect calculations. The size of this error in the defect calculations
depends on how many electrons are located in the defect states, on the char-
acter of the defect state (valence band versus conduction band character),
and on the size of the underestimation of the band gap. In the next section,
some theoretical methods which are used in this thesis to eliminate the band
gap error are discussed.

3.6 Correction methods

In chapter 2 the underestimation of the band-gap by the commonly used
LDA or GGA functionals has been discussed. Doping a material with de-
fects usually induces occupied states in the band gap, which have a certain
fraction of conduction- against valence-band character. So their positions
with respect to the VBM can be underestimated considerably, which affects
the calculation of transition levels and formation energies to a considerable
amount. Therefore the underestimation of the band gap may lead to large
errors in the calculations (specially in case of wide band gap semiconductors).

To deal with the standard underestimation of the band gap in DFT ap-
proximations and thus in the defect calculations, different approaches have
been employed, including a rigid upward shift of the conduction bands and
defect levels [92], parameterized formation energies [96], or a semiempiri-
cal correction scheme [97]. A more recent correction scheme applies an ex-
trapolation method based on the LDA+U approximation [98]. Many-body
perturbation theory in the GW approximation is also a choice for the calcu-
lation of defect levels [99]. In principle an alternative computational scheme
that suffers less from the band gap problem is the hybrid functional ap-
proach [60, 100] which has led to considerable improvement in the study of
defects in materials. Approximations based on GW and hybrid functionals
are typically computationally demanding for the required supercell sizes.
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To study the electronic properties of defects and impurities in some TCO
materials, the extrapolation technique is used in chapters 4 and 5, and the
hybrid functional approach is used in chapters 6, 7 and 8 of this thesis. In
the following the extrapolation technique is briefly explained.

3.6.1 The extrapolation technique

The LDA+U method was introduced in chapter 2, where a semi-empirical
term was added to the LDA energy functional only for the localized orbitals
which have a strong correlation. These strong Coulomb interactions are
not sufficiently described in LDA. So the LDA+U method is mostly used
for strongly correlated materials, such as transition metals having partially
filled d or f bands. The LDA+U method usually affects both valence and
conduction bands [49]. For example in the case of ZnO, the valence and
conduction bands are composed mainly of Zn 3d and Zn 4s states respectively.
Introducing an appropriate U value leads to more localized Zn 3d bands and
therefore to a reduction of a repulsion with the O p states at the VBM (it
pushes the VBM downward). This causes the Zn 4s conduction bands to
become more delocalized and thus their energy increases (it pushes the CBM
upward). Therefore the LDA+U method partially corrects the band gap.

An extrapolation technique based on the LDA and LDA+U calculations
was employed to reach the experimental band gap and corresponding cor-
rected transition levels and formation energies [98, 101, 102]. In the following
this technique is briefly explained.

It is discussed in section (3.5) that the formation energies and transi-
tion levels for a certain defect in a material can be calculated from Eq.(3.9)
and Eq.(3.11) respectively. These parameters should be calculated within
the LDA and LDA+U method separately. The LDA+U method provides a
partial but physically important correction of the band gap. The remaining
correction is done with the extrapolation technique in order to remove the
intrinsic LDA error. The extrapolated transition level is given by

ϵ(q, q′) = ϵ(q, q′)LDA+U − ϵ(q, q′)LDA

ELDA+U
g − ELDA

g

(Eexp
g −ELDA+U

g )+ϵ(q, q′)LDA+U (3.27)

where ELDA
g and ELDA+U

g are the band gaps given by the LDA and LDA+U
approximations. ϵ(q, q′)LDA and ϵ(q, q′)LDA+U are the calculated transition
points between charge states q and q′ within LDA and LDA+U approxi-
mation, and Eexp

g is the experimental gap. It should be noted that this
extrapolation is applicable when the valence- and conduction-band character
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of the defect state does not change when the gap is corrected, and only the
position of the state is shifted in the gap.

Furthermore there should also be some corrections for formation energies.
According to Eq.(3.9) the formation energy of a charged defect depends on
the position of the VBM. It is assumed that this position is given by the value
in the LDA+U approach and does not experience any extra shifts when the
band gap is corrected [49]. It is assumed that all of the remaining corrections
occur in the conduction band.

When the defect state is not occupied, the shift in its position will not
affect the formation energy, and the formation energy of the defect should be
well approximated by the LDA+U value. For example, the oxygen vacancy in
the 2+ charge state in ZnO has a defect state which is free of electrons. The
corrected formation energy for this defect state is thus equal to its LDA+U
value. After we have a value for the 2+ charge state, we can find extrapolated
values for the formation energies of the other charge states + and 0 as well.

Essential to the method is the existence of a stable charged state which
is not occupied and therefore does not suffer from the band gap problem.
However such a state does not always exist. For a partially occupied defect
state, the shift in formation energy from LDA to LDA+U includes contri-
butions from both the shift in the VBM and the shift in the defect state.
Since the extra correction to the VBM is neglected, there is only a correction
due to the shift in the Kohn-Sham defect state. This shift is proportional to
the number of electrons that occupy the defect state. Therefore similar to
Eq.(3.27) the formation energy, for a defect state with occupancy n, can be
extrapolated according to

Ef =
ϵ(q, q′)LDA+U − ϵ(q, q′)LDA

ELDA+U
g − ELDA

g

(Eexp
g − ELDA+U

g )n+ ELDA+U
f (3.28)

The extrapolation technique is confirmed to give reliable results for the
transition energies between different charge states of the impurity, both for
ZnO with interstitial H [103] as for ZnO doped with a group III element [97].
However the use of this method is limited to materials with semicore d or-
bitals, and for states that are more delocalized, it may lead to wrong re-
sults [103].



Chapter 4
Hydrogen Impurities and Native
Defects in CdO

4.1 Introduction

In this chapter of the thesis, we have used first principles calculations to
study point defects in CdO based on density functional theory within the
local density approximation and beyond (LDA+U).

As it is mentioned in chapter 1, an important class of materials with an
already widespread application area are the TCOs. These materials com-
bine electrical conductivity and optical transparency and are essential for
photovoltaic and optoelectronic applications. The standard TCO in com-
mercial use is tin-doped indium oxide (ITO). However, further development
of practical thin-film transparent conducting oxide semiconductors is neces-
sary since a stable supply of ITO cannot be assured because indium is a very
expensive and scarce material [2]. In this regard, other post-transition metal
oxides with wide band gaps and the ability to sustain high concentrations of
electrons with high mobility are being explored.

As made, the three prototype TCOs, ZnO, SnO2, and In2O3, show typ-
ically n-type conductivity. The understanding of the source of this un-
intentional conductivity has been a topic of intense research in the last
decade. While oxygen vacancies were originally held responsible for the n-
type conductivity [104, 4] in these TCOs, ab initio studies have revealed
that the oxygen vacancy is a deep level donor and therefore cannot account
for the unintentional conductivity. On the contrary, these studies also re-

The results of this chapter were published as: M. N. Amini, R. Saniz, D. Lamoen,
and B. Partoens, Journal of Applied Physics 110, 063521 (2011)
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vealed instead that interstitial hydrogen forms a shallow donor in these ox-
ides [105, 106, 107]. Furthermore, while an observed dependence of conduc-
tivity on oxygen partial pressure is usually taken as evidence for the impor-
tance of native defects, Janotti and Van de Walle [102] showed that substitu-
tional hydrogen in a multicenter bond configuration can also account for the
partial pressure dependence of the electrical conductivity. Recently, however,
calculations based on hybrid functionals again claim the oxygen vacancy in
SnO2 and In2O3 to be shallow, while it is a deep level in ZnO [108]. This last
result for ZnO is also confirmed by more accurate GW calculations [109].

Cadmium oxide (CdO) is one of the TCO materials which perhaps has
received the least attention. This is mostly because of the toxicity of Cd and
the relatively narrow band gap of CdO. However, it has demonstrated 5-10
times higher electron mobilities than in commercially available TCOs [110].
It can be a strong n-type semiconductor with a carrier concentration which is
very sensitive to temperature: as temperature increases, the electron mobility
increases from ∼ 1 to 220 cm2V−1s−1 [110]. It is also shown that a solid
solution of CdO in ZnO results in ternary (Zn,Cd)O, which is a suitable
candidate for devices operating in the visible spectral range [111].

Recently, two experimental studies on the formation of defects in CdO
have appeared [112, 113]. In Ref. [112] it was found that not only hydrogen
impurities are donors in n-type CdO, but, in contrast to ZnO, also native
defects -most likely oxygen vacancies. Furthermore, it was claimed that the
electrical behavior of these defects is unified by a single energy level, the
charge neutrality level, an idea which was already introduced in the late
eighties [114]. At this energy level, the formation energy for creating donor
and acceptor native defects is equal. After bombarding the CdO sample
with He+ ions, creating in such a way these native defects, it was found that
the Fermi level stabilized at 0.4 eV above the conduction band minimum.
Furthermore, the transition level H(+/−) between the positive interstitial
hydrogen defect and the negative one was determined by diffusion of hydrogen
in a nominally undoped CdO sample. The H(+/−) was also found to lie
0.4 eV above the conduction band minimum. This led to the conclusion of
the existence of a unified energy level describing the electrical behavior of
defects. However, in the experimental work of Ref. [113] also native defects
in CdO were created, but now by bombarding with heavier ions than in
Ref. [112]. The stabilization of the Fermi level was found to be at 1 eV
above the conduction band minimum. They convincingly showed that only
by using the heavier ions to bombard the sample a large enough damage
production rate can be achieved to correctly measure the stabilized Fermi
level energy. The value of 1 eV should therefore be considered as the correct
value of the Fermi level stabilization in CdO. However, in the experiment
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of Ref. [113], the effect of hydrogen impurities in CdO was not studied. As
such, the existence of a unification of both transition levels is still an open
question.

In this chapter, these experimental studies motivated us to study the
donor and/or acceptor character of the hydrogen impurity in CdO (inter-
stitial and substitutional at an oxygen site), and the most likely occurring
native defects in the above described experiments in CdO, namely the oxygen
vacancy, the cadmium vacancy, the oxygen interstitial and the Cd interstitial
by ab initio calculations. We investigate if all these impurities are good can-
didates to explain the observed shallow donor character in the experiments,
and if the calculations support the concept of a unified charge neutrality level.
The same month our research were published, a similar theoretical study on
the sources of conductivity in CdO appeared [115]. Therefore we conclude
this chapter with a comparison with our results and those of Ref. [115].

4.2 Computational details

We perform first-principles calculations using density functional theory (DFT)
within the local density approximation (LDA) and the LDA+U approach, as
implemented in the Vienna ab initio simulation package [66, 116]. Electron-
ion interactions are treated using projector augmented wave potentials [67,
68, 65]. The cadmium (5s24d10), oxygen (2s22p6) and hydrogen (1s1) elec-
trons are treated as valence electrons. The defects are simulated by adding
(removing) host atoms to (from) a 216-atom 3 × 3 × 3 cubic supercell with
periodic boundary conditions. A 2 × 2 × 2 mesh of special k-points based
on the Monkhorst-Pack scheme [63] is chosen for the integrations over the
Brillouin zone. Tests as a function of plane-wave cutoff and k-point sampling
show that our results are numerically converged to within ∼ 2 meV in total
energy. Therefore the electron wavefunctions are described using a plane-
wave basis set with an energy cutoff of 750 eV. Note that the convergence
with respect to self-consistent iterations was assumed when the total energy
difference between cycles was less than 10−4 eV, and the geometry relaxation
tolerance was better than 0.01 eV/Å.

To deal with the standard underestimation of the band gap in the LDA
approximation, and thus in this defect calculation, we make use of the com-
bination of the LDA and LDA+U method to correct this band gap problem
as was recently applied successfully for ZnO and described in Ref. [86]. We
have used U=2.2 eV for Cd, as calculated in Ref. [49].
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4.3 Geometrical and electronic structures

We study CdO in its ground state crystal structure, i.e. rocksalt. The calcu-
lated lattice parameter is 4.654 Å, in good agreement with the experimental
value of 4.696 Å [117]. Figure 4.1, shows the bulk crystal structure of CdO.

Figure 4.1: Crystal structure of CdO - rocksalt (Fm3̄m,#225). Blue color
is for the cadmium atoms while red shows the oxygen atoms.

CdO is a semiconductor with an indirect band gap of 0.8 eV between
the top of the valence band at the L point and the minimum of the con-
duction band in the Γ point, [118] while our DFT-LDA calculations result
in a semi-metallic behaviour with a band overlap of -0.45 eV, in agreement
with earlier ab initio results [119]. The experimental direct gap at the Γ
point is 2.28 eV. [118] Also this direct gap is strongly underestimated in our
DFT-LDA calculations, which give 1.04 eV. The calculated band structure
of CdO within LDA is shown in Fig. 7.2.

It is known that the LDA+U approach improves the description of the
bands related to the semicore d states, leading to a partial correction of
band gaps in materials such as ZnO, SnO2, and InN [49]. Therefore we
have also applied the LDA+U approach to calculate the electronic structure
of CdO. The LDA+U approach only marginally increases the separation
between valence and conduction bands. Within this approach, CdO is still
semi-metallic with a negative band overlap of -0.22 eV, and the direct gap
at the Γ point is found to be 1.15 eV.
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Figure 4.2: Electronic band structure of CdO calculated using LDA.

4.4 Formation energy treatment

The concentration of point defects and impurities depends on their formation
energies. Defects with high formation energies will occur in low concentra-
tions. As it is discussed in chapter 3, the formation energy of a defect or
impurity in different charge states is defined in Eq.(3.9). The chemical po-
tentials in the formation energy equation depend on the experimental growth
conditions, which can be either Cd-rich, O-rich or anything in between. Ex-
treme O-rich conditions place an upper limit on µO by

µmax
O =

1

2
E[O2] (4.1)

This upper limit for oxygen leads to a lower limit on µmin
Cd given by the

thermodynamic stability condition for CdO

µCd + µO = Etot[CdO] (4.2)

where Etot[CdO] is the total energy of a two-atom unit cell of bulk CdO. The
upper limit on the cadmium chemical potential then results in a lower limit
on the oxygen chemical potential

µmin
O =

1

2
E[O2] + ∆Hf [CdO] (4.3)
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with ∆Hf [CdO] the enthalpy of formation of bulk CdO (negative for a stable
compound). Further we fix the value for µH to half the energy of a H2

molecule1.

As it is mentioned in chapter 3, a method to determine ∆V is to con-
sider the total electrostatic potential at some point, or region, far from the
defect and to align it with the potential in the same region in the undoped
supercell [9]. In our work we apply an alternative method, which is compu-
tationally very simple and economical, and does not depend on the choice of
the point or region in the supercell used for the calculation. Briefly, consider
δ(r⃗) = Vu(r⃗)− Vd(r⃗), where Vd (Vu) is the total electrostatic potential in the
doped (undoped) supercell (we take the undoped system as reference). As-
sume that the impurity distorts the potential only in a limited region within
the supercell. Within this region δ is a position dependent function, varying
more or less rapidly depending on how strong the distortion is. Outside this
region, since the potential is not distorted by the impurity, Vd and Vu are just
shifted respect to each other and δ takes precisely the constant value ∆V .
Obviously, then, given a set of points uniformly distributed in the supercell,
the most likely value of δ over this set is ∆V . Thus, to determine ∆V one
could use, e.g., a histogram of the values taken by δ over a grid of points in
the supercell. The histogram will be strongly peaked at the energy interval
containing ∆V , without the need to know where in the supercell the potential
is not distorted by the impurity. Instead of building a histogram, however, it
is more efficient and accurate to use the linear tetrahedron method [120] to
calculate the volume of points in the supercell corresponding to each energy
interval. A few calculations with a decreasing length of the energy intervals
will rapidly converge to a precise value of ∆V . This is the method we use
here.

By using the formation energies of different charge states, one can also
calculate the transition levels between them. These are the ones that are most
relevant to experiment. The transition level ε(q/q′), is the Fermi energy for
which the formation energies of charge states q and q′ are equal.

As it is mentioned above, even by applying the LDA+U approach, CdO
has a negative band gap. The fact that the LDA and LDA+U approaches are
unable to describe CdO as a semiconductor has consequences on the choice

1Note that, in case of an equilibrium with water, the formation energy of hydrogen
defects is also coupled with the oxygen chemical potential in oxygen rich conditions and
with the cadmium chemical potential in oxygen poor conditions. This lowers the hydrogen
chemical potential in oxygen rich conditions by 1.44 eV and in oxygen poor conditions by
0.3 eV. Consequently, it raises the formation energies of the hydrogen interstitial and
substitutional defects by the same amounts. However, this has no further consequences
on our conclusions further down.
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of the k-point mesh when calculating the formation energy of the defects in
supercells, i.e., we have checked that our k-point mesh only includes k-points
for which all valence states are occupied and conduction bands are empty.

4.5 Native defects

Fig. 4.3(a) shows the formation energy of the oxygen vacancy VO as a func-
tion of Fermi level EF for three possible charge states V 0

O, V
+
O , and V 2+

O under
oxygen poor conditions. No correction for the underestimation of the band
gap has been applied yet. The vertical lines mark the calculated and experi-
mental value of the direct band gap at Γ. As the reference of the Fermi level
EF is chosen to be the top of the valence band at the Γ point of the primi-
tive unit cell, we can immediately deduce from Figs. 4.3 if the defect levels
are close to or in the conduction band. We find that the oxygen vacancy in
the V 2+

O charge state is stable up to a Fermi energy of EF = 1.78 eV with
a negative formation energy. We have applied two correction steps in our
calculations. The first step in the band gap correction scheme results in a
transition level in the conduction band, as shown in Fig. 4.3(b), which shows
the formation energies of the different charge states of the same oxygen va-
cancy obtained within the LDA+U approach. Further we use the LDA and
LDA+U results to extrapolate to the experimental direct gap value, using
the extrapolation technique as proposed first in Ref. [98] and extensively dis-
cussed in Ref. [86]. (The extrapolation technique is also more explained in
chapter 3)

Note that we use the value of the direct gap at the Γ point of the primitive
cell for the extrapolation, which is consistent with our choice of reference Ev

for the Fermi level EF . After extrapolation we obtain that the crossing
between V 2+

O and V +
O occurs at 1.99 eV, and between V +

O and V 0
O at 3.06 eV,

which is in the conduction band, as shown in Fig. 4.3(c). (The correction
scheme for formation energies is discussed in the next paragraph). Therefore
we can conclude that the oxygen vacancy is a shallow donor and can be
a cause of unintentional n-type conductivity in CdO. As such it is a good
candidate to explain the observed n-type behavior in CdO due to the creation
of native defects after particle irradiation in Refs. [112, 113]. The fact that
the oxygen vacancy is a shallow donor is in contrast to what was found for
ZnO [105, 109] and in some references for SnO2 and In2O3 [106, 107].
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Figure 4.3: Formation energies as a function of Fermi level in CdO for a
hydrogen interstitial, hydrogen substitutional, oxygen vacancy, cadmium va-
cancy, oxygen interstitial and cadmium interstitial for (a) LDA, (b) LDA+U
and (c) extrapolated values. Results for Cd-rich conditions are shown.
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In order to obtain the corrected formation energies, we proceed as fol-
lows. The formation energies depend on the position of the valence band
maximum and also the defect state in the band gap. It is assumed that by
applying LDA+U, one can get the correct valence band maximum and that
the remaining correction occurs in the conduction band. So when the defect
state is not occupied, we should only correct the position of the VBM which
is assumed to be well approximated within LDA+U [86]. In the case of the
oxygen vacancy, removing one oxygen atom breaks its neighbor bonds and
creates 6 cadmium dangling bonds with a total of 2 electrons. In the 2+
charge state of the oxygen vacancy the defect level is not occupied and one
can take the LDA+U formation energy as the final result. Once we have the
formation energy value for one charge state, we can then obtain extrapolated
values for formation energies for the other charge states from the already
obtained extrapolated crossings ε [86]. The results are shown in Fig. 4.3(c).

In ZnO (Ref. [98]) and SnO2 [106] large differences in local lattice re-
laxations were found for different charge states of the oxygen vacancy. For
the neutral V 0

O, the nearest neighbor Zn and Sn atoms were found to relax
inward, while for V +

O and V 2+
O the relaxations are outward. However, for the

oxygen vacancy in CdO, we find that all Cd nearest neighbors relax outward
for all charge states: 3.04 % for V 0

O, 3.41 % for V +
O , and 3.61 % for V 2+

O of
the equilibrium Cd-O bond length.

Note that these relaxations are up to an order of magnitude smaller than
what was found for ZnO (Ref. [98]) and SnO2 [106]. This is due to the highly
ionic nature of CdO among the IIB-VIA compounds[121], which causes it to
form only in the rocksalt structure, a typical structure of ionic insulators.
The large difference in local lattice relaxations around the oxygen vacancy
for different charge states in ZnO and SnO2 were held responsible for the
so-called negative-U behavior, implying that ε(2+/+) lies above ε(+/0) and
the 1+ charge state of the oxygen vacancy is not stable for any position of
the Fermi level. In CdO we find on the contrary that the V +

O state is indeed
stable.

Let us now consider the cadmium vacancy native defect. Figures 4.3(a)
and (b) show also the calculated formation energies for the cadmium vacancy
VCd in the different charge states V 0

Cd, V −
Cd and V 2−

Cd in the Cd rich limit
within the LDA and LDA+U approaches, respectively. In CdO, removing
one cadmium atom from a cell breaks six bonds. These six oxygen dangling
bonds lie close to the valence band maximum and since they are only partially
filled they can accept extra electrons. As the cadmium vacancy defect level
has valence band character, no extra band gap correction scheme must be
applied in our approximation, and the formation energies obtained within the
LDA+U approach are approximated to be the final results (also shown again
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in Fig. 4.3(c)). The transition between the formation energy of the V 0
Cd and

the V −
Cd state occurs at 1.16 eV above the valence band maximum at the Γ

point of the primitive unit cell, which is our reference energy Ev. The absolute
valence band maximum is however at the L point in the primitive cell and
lies 1.48 eV higher then the maximum at the Γ point. This level is indicated
by the dashed line in Fig. 4.3(c). We can conclude that the cadmium vacancy
is a shallow acceptor in CdO, however with a much higher formation energy
then the oxygen vacancy, which explains the n-type behavior of CdO. The
oxygen atoms around the vacancy relax outward by 7.80 % for the V 0

Cd, by
7.68 % for the V −

Cd and by 7.47 % for the V 2−
Cd of the equilibrium Cd-O bond

length.
In Ref. [112] and [122], schematic formation energy diagrams were used

to support the charge neutrality concept. The same authors also studied the
charge neutrality in InN by bombarding the sample with ions to create native
defects [123], in a similar way as was done for CdO [112]. The experimen-
tally determined position of the charge neutrality level was also compared
in Ref. [122] with the calculated formation energies of nitrogen and indium
vacancies in InN as obtained in Ref [124]. The positively charged donor-like
nitrogen vacancy V +

N and negatively charged acceptor-like indium vacancy
V 3−
In were found to have the lowest formation energies and their crossing was

found to lie close to the observed experimental charged neutrality level. In
this way, the calculations supported the experimental findings. Let us now
make the same analysis for CdO. Fig. 4.3(c) shows that the crossing between
the oxygen vacancy V +

O and the cadmium vacancy V 2−
Cd occurs at 2.57 eV, i.e.

0.29 eV above the conduction band minimum, and thus far from the experi-
mentally observed value of 1 eV above the conduction band minimum [113].
Furthermore, it is important to realize that this crossing point is also deter-
mined by the experimental growth conditions. The results in Fig. 4.3 are for
the oxygen poor limit. But note that in the oxygen rich limit the VO for-
mation energies move up by 2.29 eV, while the VCd formation energies move
down by the same value. Therefore, in the oxygen rich limit the crossing
between both formation energies occurs in the band gap. As the crossing
point depends on the chemical potentials of the species (which are assumed
to be in thermodynamic equilibrium), a comparison with the experiment can
only be made if the chemical potentials of the species in the experiment are
known. So, generally the analysis of Ref. [122] is not applicable and the
concept of a charge neutrality level for native defects is not well-defined. In
the particular cases of the experiments of Refs. [112] and [113], the vacancies
were created by bombarding the sample with heavy ions, but at the same
time oxygen and cadmium at interstitial positions are produced. Therefore
we also investigated these oxygen and cadmium interstitial defects. First we
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calculate their formation energies and charge states, after which we compare
the formation energy of the co-formation of a cadmium vacancy and a cad-
mium interstitial with the formation energy of the co-formation of an oxygen
vacancy together with an oxygen interstitial.

Let us first consider the oxygen interstitial. We found that the preferential
position of the oxygen atom is in the [100] plane between two cadmium
and two oxygen atoms. After relaxation, the oxygen interstitial remains at
the center of the plane while its four nearest neighbors relax outward by
about 0.26 Å for oxygen and 0.41 Å for cadmium in all charge states. The
calculated formation energies of the interstitial oxygen in the charge states
O0

i , O
−
i and O2−

i without applying any band gap correction scheme are shown
in Fig. 4.3(a) as function of the Fermi energy level and also within LDA+U
approach in Fig. 4.3(b). By applying the LDA+U correction, the crossing
point between O0

i and O−
i shifts upward from 1.67 eV to 1.75 eV. Just as

the cadmium vacancy defect level, the oxygen interstitial defect level has
valence band character, and therefore no extra band gap correction scheme
is applied, and the formation energies obtained within the LDA+U approach
are the final results. The oxygen interstitial can thus be considered as a deep
acceptor.

On the contrary the cadmium interstitial occupies the center of the cube
which is surrounded by four cadmium and also four oxygen atoms in the
CdO crystal. After relaxation, for all different charge states, all eight nearest
neighbors shift outward by about 0.55 Å for the cadmium atoms and 0.12
Å for the oxygen atoms. For interstitial cadmium, the calculated formation
energies in the charge states Cd0i , Cd+i and Cd2+i without any band gap
correction scheme and also within LDA+U approach are shown in Fig. 4.3(a)
and (b) as a function of the Fermi energy level. The crossing point between
Cd2+i and Cd+i moves up from 1.87 eV to 1.98 eV within the first correction
step. As there are no defect levels occupied in the cadmium interstitial in the
charge state Cd2+i , its formation energy is given by the LDA+U result, from
which the formation energies of the other charge states are deduced. They
are also shown in Fig. 4.3(c). The cadmium interstitial is clearly a shallow
donor and the final corrected crossing point between Cd2+i and Cd+i is at
3.11 eV, thus 0.83 eV above the conduction band minimum.

Previously, we have calculated the formation energies of the vacancies for
equilibrium growth conditions (for example under oxygen poor conditions).
However, the vacancies in the experiment are not realized during the growth
of the sample, but by bombarding the sample with ions [112, 113]. The
knocked-out oxygen and cadmium atoms form interstitial defects. Therefore
a description of the defect formation that comes closer to the experiments is
considering the formation energy of the co-formation of a cadmium vacancy
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and a cadmium interstitial, and an oxygen vacancy together with an oxygen
interstitial. In this case, the formation energies do not depend on the choice
of the chemical potential as in equation (3.9). As it was suggested that the
interstitial atoms will finally cluster [113] we consider the formation energy
of a cadmium vacancy in its ground state (V 2−

Cd ) together with a neutral Cdi,
and an oxygen vacancy in its ground state (V 2+

O and V +
O , depending on EF )

together with a neutral oxygen interstitial Oi. The formation energies as
function of the Fermi level, after applying the band gap correction scheme,
are shown in Fig. 4.4.
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Figure 4.4: Formation energies as a function of Fermi level in CdO for VO+Oi

and VCd + Cdi.

The crossing between these different charge states of these double defects
is found to be at 0.61 eV above the conduction band minimum. Note that
this crossing is higher than found before for the V +

O and V 2−
Cd case in the

oxygen poor limit and is closer to the experimental observation of pinning
of the Fermi level of 1 eV above the conduction band minimum. It is clear
that in order to obtain a better agreement with experiment, it is necessary
to have a better knowledge of the end states of the knocked-out oxygen and
cadmium atoms after the ion bombardment, or at least an average value of
their chemical potential in case there is a dynamical equilibrium between
different end states.
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4.6 Hydrogen defects

A charge neutrality level is however better defined for single defect species,
like the hydrogen interstitial impurities, although it might be difficult to
realize only one type of defect in the experiment. In this case, the absolute
value of the formation energy of the positively and negatively charged defect
depends on the choice of the chemical potential of hydrogen (and thus the
experimental conditions), but not the crossing H(+/−) between them.

Thus, it is of interest to investigate hydrogen impurities as they are a
source of unintentional n-type doping, as hydrogen is commonly present in
the various growth and processing environments. We find that hydrogen can
be incorporated on interstitial sites (Hi) as well as on substitutional oxygen
sites (HO) in CdO. Let us first consider hydrogen in its interstitial form. Hi

forms a strong bond with an oxygen atom. The O-H bond is, in all charge
states, oriented along the [100] direction and the bond length is 0.98 Å, very
close to the bond length in H2O. The calculated formation energies of the
interstitial hydrogen in the charge states H+

i , H
0
i and H−

i are also shown in
Fig. 4.3(a) as function of the Fermi energy level, again without any applied
band gap correction scheme. We find that the formation energy is negative
and only slightly larger than the V 2+

O oxygen vacancy up to EF = 1.31 eV
(in oxygen poor conditions). We find that within LDA the transition level
between H+

i and H0
i is 1.86 eV. The LDA+U approach shifts it further till

1.91 eV (see Fig. 4.3(b)). Extrapolating further to the experimental value
of the direct band gap at Γ leads to a crossing between the H+

i and H0
i

levels at 2.45 eV. Just as in the 2+ charge state of the oxygen vacancy, no
defect level is occupied for H+

i , and the LDA+U formation energy will not
change anymore when an extra band gap correction is applied. The other
extrapolated formation energy, for H0

i , is shown in Fig. 4.3(c). Interstitial
hydrogen is thus a shallow donor in CdO and therefore a plausible cause of
n-type conductivity, as also found in Refs. [119, 125], and like it is in ZnO,
SnO2, and In2O3. The Fermi level stabilization will be reached at the H+

and H− crossing, i.e. 0.43 eV above the conduction band minimum. This
value is in a good agreement with the experimental value of 0.4 eV reported
in Ref. [112].

As the second type of hydrogen incorporation, we consider hydrogen sub-
stitutional. HO is sixfold coordinated and forms a multicenter bond with
its six nearest neighbor Cd atoms. These six Cd atoms are only about 0.03
Å pushed away from their equilibrium position, for all charge states of the de-
fect. Within this substitution, the H 1s orbital makes a bond with an electron
in the doubly occupied state of the oxygen vacancy and locates deep in the
valence band, while the third electron is transferred to the conduction band
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minimum. So in the case of H+
O the defect state is empty and the formation

energy obtained with the LDA+U approach will not change anymore when
an extra band gap correction scheme is applied. The formation energies of
the other charge states follow then from the extrapolation of the transition
points. The formation energies are also included in Fig. 4.3(a) for the LDA
results, Fig. 4.3(b) for the LDA+U results and Fig. 4.3(c) shows the extrap-
olated results for the conditions that favor the occurrence of these defects
most, i.e., for oxygen poor conditions. Finally, the extrapolated transition
level between H+

O and H0
O is found to be 2.58 eV. We can again conclude that

HO acts as a shallow donor. Furthermore, note that under these oxygen poor
conditions, the formation energy of HO is substantially higher than that of
Hi. However, once a substitutional hydrogen defect is created, its stability is
obtained by calculating the binding energy of H+

O with respect to V 2+
O and

H+
i for EF < 1.99 eV

Ef [H
+
O ]− (Ef [H

+
i ] + Ef [V

2+
O ]) = 4.02 eV− 2EF (4.4)

and with respect to V +
O and H+

i for EF > 1.99 eV

Ef [H
+
O ]− (Ef [H

+
i ] + Ef [V

+
O ]) = 2.02 eV− EF (4.5)

These results are independent of the chemical potentials for hydrogen and
oxygen. If EF > 2.02 eV, the binding energy becomes negative and at
EF = Eg it is -0.26 eV. This shows that once H+

O is formed, it will not
dissociate in a H+

i and a V +
O defect in n-type CdO. As a consequence, even

in the presence of hydrogen impurities, the conductivity will depend on the
oxygen partial pressure.

4.7 Comparison of the results with a similar

study

As stated in the introduction, a related study on the sources of conductivity
in CdO has appeared recently. In Ref. [115] the HSE06 functional (with
25% mixing of Hartree-Fock exchange) is used to study intrinsic defects and
hydrogen impurities in CdO. Here we make a comparison between our results
obtained using the extrapolation method and the ones of Ref. [115] using the
hybrid functional approach. Such a comparison between the extrapolation
technique and hybrid functional calculations for defects in ZnO, SnO2 and
TiO2 has already been reported in Ref. [103]. It is shown that within both
methods, the positions of the transition levels with respect to the valence and
conduction band edges are in good agreement, but the formation energies
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are lower in the HSE approach. This difference in the formation energies
is related to the downward shift of the VBM. The position of the VBM
is assumed to be well approximated within the LDA+U method and the
remaining correction for the band gap occurs only in the conduction band.
However in the HSE approach further corrections for the position of the VBM
are considered and thus it can describe the system more accurately [126].
The difference between the two methods might be larger for acceptor-like
defects. Since an acceptor-like defect level has valence band character, no
extra band gap correction scheme is applied in the approximation based on
the extrapolation.

Figure 4.5: Formation energies for intrinsic and hydrogen defects under (a)
Cd-rich/O-poor conditions and (b) Cd-poor/O-rich conditions. The solid
dots represent the transition levels. The black dashed line indicates the po-
sition of the conduction band maximum (CBM), with the purple vertical
dotted line representing the maximum achievable Fermi level before compen-
sation occurs (Taken from Ref. [115]).

Such a comparison between our results (using the extrapolation technique
for the band gap correction) and those of Ref. [115] (using HSE06 functional
for the band gap correction) can also be useful. Figure 4.5 shows the forma-
tion energies for intrinsic and hydrogen defects under both Cd-rich/O-poor
conditions and Cd-poor/O-rich conditions taken from Ref. [115] (dashed line
in Fig. 4.3(c) corresponds with EF = 0 in Fig. 4.5). It is found that VO

and H impurities are the dominant defects in CdO. The VO acts as a doubly
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ionized shallow donor, and the H impurities act as shallow donors in CdO.
Acceptor-like defects such as VCd and Oi are also studied, and it is concluded
that p-type CdO will never be realized as the formation energies of the p-
type defects are too high in energy. Finally, the doping limits of CdO have
been addressed. By using the ionization levels of all defects, it is found that
the compensation by p-type defects does not occur until > 1.2 eV above
the CBM depending on the growth conditions. Comparing the results shows
that for donor-like defects the computationally less expensive extrapolation
technique yields results similar to the HSE ones. All donor-like defects such
as Hi, HO, VO, and Cdi act as shallow donors in CdO with transition points
above the conduction band. Although the positions of the transition lev-
els with respect to the valence and conduction band edges are not exactly
the same, the characters of donor-like defects are in good agreement within
both approaches. The calculated formation energies are also lower in the
HSE approach, similar to the conclusion in Ref. [103]. On the contrary, for
the calculations related to the acceptor-like defects such as VCd and Oi the
outcome is different. For example, in case of VCd our results show a shallow
acceptor behavior whereas in Ref. [115] it is a deep acceptor. This difference
can be attributed to the approximation made for the position of the VBM
with the extrapolation technique.

4.8 Conclusions

We can conclude that it is easier to realize a TCO with CdO then with
ZnO, because also oxygen vacancies cause n-type behavior and act as shallow
donors, while they create deep levels in ZnO. This agrees with the experimen-
tal observations in Ref. [112, 113] where native defects -most likely oxygen
vacancies- where shown to be donors in n-type CdO. We also found that
cadmium vacancies are shallow acceptors, however with a higher formation
energy than oxygen vacancies. It is also shown that in the case of native de-
fects, the charge neutrality level is not uniquely defined and depends on the
chemical potentials of the species and a comparison with experiment can only
be made if the chemical potentials of the species in experiment are known.
Furthermore, we have also investigated the effect of a hydrogen interstitial
in CdO and it is shown that it acts as a shallow donor. The charge neu-
trality level for the hydrogen interstitial is better defined, since the crossing
between different charge states does not depend on the chemical potential of
hydrogen. We find that the Fermi level stabilization for hydrogen interstitial
will be reached at 0.43 eV above the conduction band minimum, in a good
agreement with its experimental value of 0.4 eV. [112] We have also studied
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hydrogen substitutional on an oxygen site, which acts as a shallow donor,
too. Once hydrogen substitutes the oxygen vacancy, it is more stable than
its interstitial form and it makes a multicenter bond with its Cd neighbors.
This indicates that if the conductivity in CdO is dependent on the oxygen
pressure, not only oxygen vacancies can be responsible for the unintentional
n-type conductivity, but also substitutional hydrogen can contribute. Com-
paring our results with similar study (using HSE06 functional for the band
gap correction) [115] shows that for donor-like defects our less computation-
ally expensive extrapolation technique yields results in good agreement with
the HSE ones. Therefore the extrapolation technique can be used to predict
the shallow or deep character of a donor-like defect.
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Chapter 5
Group III Elements (Al, Ga, In)
Doped in ZnO

5.1 Introduction

Doped ZnO is an alternative to traditional Sn-doped In2O3 in several appli-
cations, due to its optical and electrical properties [127], its high chemical
and mechanical stability, and its abundance and non-toxicity [128]. When
doped with Al, Ga or In, ZnO thin films can be highly conductive (resistivity
reduced to 2-4×10−4Ω cm), and have very good optical transmittance (more
than 80%) in the visible range [129, 130, 131, 132, 133].

First-principles investigations of native point defects [96] and hydrogen
impurities [105] in ZnO have been performed previously using standard den-
sity functional approaches. More recently, hybrid functional [134, 135, 108]
as well as screened exchange [136] and GW based [109] approaches have been
used to study intrinsic defects in ZnO. However, to our knowledge, no such
studies have been carried out yet on Al, Ga, and In-doped ZnO.

In this chapter, we consider Al, Ga, and In-doped ZnO. After applying
a band gap correction, we do a defect study on these systems. For a band
gap correction, we use both an extrapolation method and a hybrid functional
scheme and we make a comparison between these two approaches.

The results of this chapter were published as: R. Saniz, Y. Xu, M. Matsubara, M. N.
Amini, H. Dixit, D. Lamoen, and B. Partoens, Journal of Physics and Chemistry of Solids
74 45−50 (2013)
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5.2 Methods

5.2.1 Calculation details

We perform first-principles calculations using density functional theory (DFT)
within the local density approximation (LDA), the LDA+U approach, and
the screened hybrid functional of HSE06 [60] (with 37.5% mixing of Hartree-
Fock exchange), as implemented in the Vienna ab initio simulation pack-
age [66, 116]. Electron-ion interactions are treated using projector augmented
wave potentials [67, 68, 65]. The Zn 3d 4s, Al 3s 3p, Ga 3d 4s 4p, and In
4d 5s 5p states were treated as valence states. The crystallographic parame-
ters for ZnO in the ideal wurtzite structure, which is its ground state phase,
were calculated to be a = 3.22 Å, and c/a=1.602 with an internal parame-
ter of u = 0.381. These compare very well with the experimental values of
a = 3.25 Å, and c/a=1.603 and u = 0.382 [137].

To model the behavior of an impurity in ZnO, we used a 3×3×2 supercell
containing 72 atoms, corresponding to a doping concentration of 0.93, 2.38,
3.85 wt % for Al, Ga, In, respectively. This corresponds to a defect concentra-
tion of 1.16× 1021cm−3 (or 1.41 at.%). These rather heavy dopings (not the
dilute limit) are well within the experimental range of doping concentrations
(about 1 ∼ 5 wt %) considered for ZnO-based TCOs [129, 132, 138, 139].
In all impurity-doped calculations, the atomic positions were relaxed (keep-
ing the supercell lattice parameters constant). We considered substitutional
impurity at one of the Zn sites within the 72-atom supercell. Convergence
with respect to k points and energy cutoff was checked. The electronic wave
functions were expanded in plane waves up to a kinetic energy cutoff of 400
eV and the convergence with respect to self-consistent iterations was as-
sumed when the total energy difference between cycles was less than 10−4

eV, and the geometry relaxation tolerance was better than 0.01 eV/Å. For
the Brillouin-zone integrations, a 4 × 4 × 3 Monkhorst-Pack k-point mesh
[63] was found to be sufficient for an impurity-doped 72-atom supercell.

5.2.2 Defect formation energies

The formation energy of a point defect or impurity is a key quantity, playing
a central role in determining its equilibrium concentration. As it is discussed
before, the formation energy of a defect or impurity in different charge states
is defined with Eq.(3.9).

The chemical potentials for the atoms depend on the experimental growth
conditions. For zinc and oxygen, we assume the bounds imposed by the for-
mation of ZnO. Extreme O-rich conditions place an upper limit µO = µO[O2]
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to the oxygen chemical potential. The zinc chemical potential is similarly
subject to an upper bound: under extreme Zn-rich conditions, µZn = µZn[bulk].
To find lower bounds, the energy per formula unit of bulk ZnO can be ex-
pressed as

E[ZnO] = µZn[bulk] + µO[O2] +∆Hf (ZnO) = µZn + µO, (5.1)

where ∆Hf (ZnO) is the enthalpy of formation of ZnO. Thus, for instance,
the lower limit on the zinc chemical potential is µmin

Zn = µZn[bulk]+∆Hf (ZnO).
This corresponds to extreme O-rich conditions, with µO[O2] =

1
2
E[O2]. For

the dopants chemical potentials, µX (X=Al, Ga, or In), the upper limit of the
chemical potential is given by the elemental bulk phase. However, in O-rich
conditions µX is limited by the formation of X2O3, i.e.,

2µX[bulk] + 3µO[O2] +∆Hf (X2O3) = 2µX + 3µO. (5.2)

∆Hf (X2O3) is the formation energy of X2O3. Thus, for instance, in O-
rich conditions the chemical potential for Al decreases to µAl = µAl[bulk] +
∆Hf (X2O3)/2.

Of great importance in the study of impurities, which we aim to deter-
mine, are the defect transition energy levels, ϵ(q/q′). These are defined as
the value of the Fermi level where the formation energy of q equals that of
q′. The meaning of this level is that for Fermi-level positions below ϵ(q/q′),
charge state q is stable, while for Fermi-level positions above ϵ(q/q′), charge
state q′ is stable.

5.3 Results and discussion

5.3.1 Electronic structure

The band structure for undoped ZnO is given in Fig. 5.1(a). There is good
agreement with previous calculations for ZnO [140]. A highly dispersive
band at the bottom of the conduction band can be observed. The calculated
band gap is 0.72 eV for undoped ZnO, close to the value found in previous
calculations [140, 86]. The band gap underestimation with respect to the
experimental value (3.43 eV), is a well known LDA artefact. We address this
problem in the following subsection. With one Zn atom substituted by Al,
Ga or In, the calculated band structures are given in Figs. 5.1(b)-(d). The
band structures obtained in Ref. [139] with similar supercells are consistent
with ours.

Doping with Al affects very little the band structure of ZnO, although a
small splitting of degenerate states in the conduction bands can be observed.
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Figure 5.1: Band structure for ZnO in a supercell geometry (a) and Al(b)-,
Ga(c)-, In(d)-doped ZnO. For pure ZnO(a), the VBM is set at 0 eV. The red
solid lines in (b), (c) and (d) represent the Fermi energy in each figure.

The impurity band is completely hybridized with the host bands. How-
ever, an analysis of the conduction band minimum calculating the projected
weights of the Kohn-Sham wavefunction shows that it consists predominantly
of Zn-4s states. The case of Ga doping is largely similar, with the difference
that the splitting in the lowest conduction band is somewhat larger and that
there is a band gap narrowing of 10% (to 0.65 eV). In the case of In dop-
ing, the band structure shows a more significant modification. The lowest
conduction band splitting is stronger and the bandgap in this case is now
0.57 eV, i.e., 21% narrower. But, again, the projected weights of the Kohn-
Sham wavefunction shows that the conduction band minimum is dominated
by Zn-4s states. The band gap reduction with respect to ZnO is a result of
electron-electron exchange and electron-impurity ion interactions [141, 139].
In Ref. [139], in particular, it is shown that the interaction between dopant
states and ZnO conduction band states lead to an increasing splitting of the
lowest conduction band with cation size, and a consequent tendency of the
fundamental gap to decrease. In Fig. 5.1 one can also see that in these sys-
tems there is a non-negligible filling of the lowest conduction band by the
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dopant electrons. This gives rise to the Burstein-Moss energy shift observed
in optical experiments [139].

Note that in the band structures in Fig. 5.1 for the doped cases dopant
concentrations are to high to create flat defect levels (see discussion in section
3.3.3 on the limitations of the ab initio approach). However since the total
energies are converged, the formation energies for the dilute limit can be
obtained, and the shallow or deep character of the defects can be determined
and is done in the next section.

5.3.2 Formation energies and corrections

As mentioned before, the LDA seriously underestimates band gaps. This has
a repercussion on the values of the formation energies, and the relevance to
experiment of the transition energy levels predicted by the LDA is highly
uncertain. In the case of ZnO, the error is aggravated because the LDA
underestimates the binding energy of the Zn d electrons. To compare the
calculated transition levels with the experimental results, it is necessary to
add corrections. As mentioned in chapter 3, several approaches have been
proposed to improve this problem. The extrapolation method based on the
LDA+U approximation [86] is more recent and, given its success, is one of
the methods which we use. Here we briefly recall the main idea. The method
is based on the calculation of the formation energies for the different charge
states both with the LDA and LDA+U exchange-correlation functionals.
The latter, by correcting the position of the Zn d levels, lowers the valence
band maximum and pushes upward to conduction band minimum. Thus, it
partially corrects the band gap error in pure ZnO, opening it from ELDA

g to
ELDA+U

g . Regarding the transition energy levels, the predicted values suffer
from the band gap problem and, therefore, need to be corrected. This is
done as follows. The opening of the gap in the LDA+U case leads to an
upward shift from ϵ(q/q′)LDA to ϵ(q/q′)LDA+U . Proceeding now with a linear
extrapolation, the corrected transition levels correspond to an opening of the
gap up to its experimental value. From these one can easily determine the
corrected formation energies for different Fermi levels. This method was used
with success to the study of native defects in ZnO [86], hydrogen impurities
and native defects in CdO [142], and hydrogen doping in In2O3 [107].

In Fig. 5.2 we present the formation energies for AlZn, GaZn, and InZn

in the 1+, 0, and 1− charge states. Figures 5.2(a), (c), and (e) present the
PAW based LDA (PAW-LDA) results. Figures 5.2(b), (d), and (f) present
the corresponding corrected results following the LDA+U plus extrapola-
tion method (PAW-LDA+U+X) (a value of U = 4.7 eV is used for Zn (see
Ref. [49])). The formation energies presented correspond to Zn-rich condi-
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tions. It is clear that the corrected transition levels obtained are all well in
the conduction band.

Figure 5.2: The formation energies obtained with the PAW-LDA and PAW-
LDA+U+X methods. Figs. 5.2(a) and 5.2(b) are for AlZn, without and with
correction schemes, respectively. Similarly, Figs. 5.2(c) and 5.2(d) correspond
to GaZn, and Figs. 5.2(e) and 5.2(f) to InZn. The calculations are for Zn rich
conditions. The vertical line indicates the experimental gap value.

A computational scheme that in principle does not suffer from the band
gap problem is the hybrid functional approach of Heyd-Scuseria-Ernzerhof
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(HSE) [60, 100]. For a more complete study and comparison, we also carry
out the calculation of the formation energies, in the Al case, using HSE
functional. This method has been shown to yield rather accurate band gaps
in semiconductors and insulators and has been used recently with success to
study defect levels in ZnO [135].

In Fig. 5.3, we show the HSE formation energies (PAW-HSE) for AlZn in
the 1+, 0, and 1− charge states, together with the results from the LDA+U
and extrapolations method (PAW-LDA+U+X). Figure 5.3 clearly shows that
the extrapolation scheme indeed predicts reliable transition levels comparing
to the HSE method. This comparison lends further support to the claim in
Ref. [103] regarding the reliability of the LDA+U and extrapolation scheme
to calculate the transition levels in defect systems. The formation energies
obtained as a function of Fermi level, under Zn-rich and O-rich conditions,
show that in all cases the impurities considered act as shallow donors.
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Figure 5.3: Comparison of the formation energies for different charge states
in the case of AlZn using the extrapolation method (PAW-LDA+U+X) and
the HSE hybrid functional (PAW-HSE). The thermodynamic transition levels
obtained in both approaches are seen to be very close to each other.

We can further see that, in the case of substitutional impurities, the
formation energies for Al impurities are clearly lower than those for Ga and In
in Zn-rich conditions. In O-rich conditions, on the other hand, the formation
energy for substitutional Ga is lower than for Al, albeit only marginally,
and both are moderately lower than in the case of In. Thus in the former
case, doping with Al can be expected to lead to a comparatively higher
carrier concentration [9], while in the latter case Ga and Al should have
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similar concentrations, but higher than in the case of In. The difference
in relative positions of the dopant formation energies in Zn-rich and O-rich
conditions is essentially due to the difference in enthalpies of formation of
the different dopant oxides, which strongly modifies the dopant chemical
potential (see Eq. (5.2) and discussion thereafter). Note also that, overall,
the formation energies in O-rich conditions are clearly higher than in Zn-
rich conditions. This indicates that the latter conditions will lead to higher
doping concentrations compared to the former. We keep our discussion here
at a qualitative level, because we do not claim accuracy in the absolute values
of the formation energies we obtain with the applied methods.

5.4 Conclusion

To summarize, we have studied by first principles calculations the electronic
structure and formation energies of group III elements (Al, Ga, In) doped
in ZnO. It is shown that all three dopants are shallow donors, and that the
preferred charge state is 1+ in all cases. To overcome the LDA band gap
error in the calculation of formation energies, we have applied two correction
approaches: an extrapolation scheme based on the LDA+U method and the
application of the hybrid HSE functional. A comparison shows that the
extrapolation method is able to predict the transition levels correctly, but
not the formation energies. An advantage of such extrapolation technique is
the faster convergency of the total energies, but it works only in presence of
localized d electrons in the system.



Chapter 6
Hydrogen Passivation in
(Al,Ga,In)-Doped ZnO

6.1 Introduction

The incorporation of hydrogen in a material can strongly affect its electronic
properties. Furthermore, its behavior depends on the host into which it
is introduced. Mostly, interstitial hydrogen is amphoteric, i.e. it can act
either as a donor (Hi

+) or an acceptor (Hi
−) [143]. Which of these two

prevails depends on the Fermi level: it acts as a donor in p-type materials
and as an acceptor in n-type materials. Consequently, it counteracts the
conductivity caused by extrinsic dopants. It is important to realize that this
passivation of extrinsic dopants by hydrogen is not caused by the formation
of a neutral complex. The formation of such a neutral complex may just
be the consequence after compensation, i.e. after the trapping of a free
hole or electron by hydrogen. Afterwards, the positively charged H and
negatively charged acceptor, or negatively charged H and positively charged
donor attract and may form a neutral complex.

In ZnO however, the behavior of hydrogen is not amphoteric [143]. Nom-
inally undoped ZnO shows n-type conductivity and it was first predicted
by first-principles calculations based on density functional theory [105], and
later experimentally verified [144, 145], that interstitial hydrogen acts as a
shallow donor in ZnO and can cause this n-type behavior.

ZnO is a wide band gap (∼3.4 eV at room temperature [146]) semicon-
ductor with many possibilities for technological applications as a transparent

The results of this chapter were published as: M. N. Amini, M. Matsubara, R. Saniz,
D. Lamoen, and B. Partoens, Physical Review B 86, 165207 (2012)
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conductor in solar cells [147], flat panel displays [7], etc. It is well-known that
the electronic conductivity of ZnO can be dramatically improved by doping
it with group III elements Al, Ga or In [148]. This makes ZnO an alternative
for indium tin oxide, which shows highest conductivity among transparent
conducting oxides but is less abundant and therefore more expensive. It is
then also important to know what limits the conductivity of ZnO doped by
Al, Ga or In. Properties such as formation energy, energy band structure
and equilibrium geometry of Al, Ga and In doped ZnO were studied system-
atically and it was shown that all three dopants are indeed shallow donors
and that they possess the intrinsic qualities to be good n-type transparent
conducting oxides [97].

As the concentration becomes high, the interaction between defects be-
comes unavoidable. Because it is very difficult to remove hydrogen from the
crystal growth environment, it is then also natural to ask what the influence
is of interstitial hydrogen on Al, Ga or In doped ZnO. Recently a number
of experiments were reported where both H and group III elements are co-
doped into ZnO. It was shown that the conductivity of ZnO co-doped with
H and group III elements is better than that doped with group III elements
up to certain amount of H inclusion [149, 150, 151, 152, 153].

Apart from single hydrogen dopants, the influence of hydrogen on doped
ZnO structures has been studied before by first principles calculations. It was
found that hydrogen passivates nitrogen dopants [154], silver dopants [155]
and Zn vacancies [156] in ZnO, and forms complexes. This is not very sur-
prising, as in all these cases, hydrogen, which is a (positive) shallow donor,
is attracted to a (negative) acceptor impurity. This is not unique to hy-
drogen. Also donor-like AsZn and acceptor-like VZn attract each other and
form a complex in As doped ZnO [157]. Recently, also the attractive inter-
action between two donor impurities was predicted by first principles studies
in ZnO, namely the deep donor VO (the oxygen vacancy) and the shallow
donor Zni [158] (the Zn interstitial).

In this chapter, we consider the two shallow donors interstitial hydrogen
Hi and substitutional XZn with X = Al, Ga or In.

6.2 Methods

We performed density functional theory calculations as implemented in the
Vienna ab initio simulation package (VASP) code [116, 67]. In order to exam-
ine interactions between defects, a large supercell consisting of 192 atoms was
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considered 1. A single Al, Ga or In atom was chosen to substitute a Zn atom,
while for the H atom, an extensive number of positions around the group III
element were considered. For all these configurations the formation ener-
gies for different charge states were calculated using the method of Ref. [86],
which combines local-density approximation (LDA) and LDA+U [49] cal-
culations with an extrapolation scheme to overcome the band-gap problem
(we have chosen U = 4.7 eV, as obtained in Ref. [49]). This method was
recently confirmed to give reliable results for the transition energies between
different charge states of the impurity, both for ZnO with interstitial H [103]
as for ZnO doped with a group III element [97] (discussed in chapter 5), by
comparing the results with hybrid functional calculations.

6.3 Results and discussion

As we will compare the formation energies of the defect complexes with the
corresponding isolated defects, we first considered the individual interstitial
hydrogen Hi and the substitutional XZn (with X = Al, Ga, or In) defects. As
expected, the +1 charge state of the substitutional XZn defect is the ground
state for all values of the Fermi energy in the band gap. The results are
presented in chapter 5 [97]. For the interstitial hydrogen Hi defect, different
positions are possible. Our calculations confirm that the bond center position
(labeled BC∥ according to Ref. [105]), with the H atom positioned between a
Zn and an O atom is the preferential interstitial position. Furthermore, our
formation energies are in agreement with the results presented in Ref. [102].

Let us now consider the defect complexes. As for the isolated interstitial
hydrogen Hi defect, we considered many different positions, and we find
that, for all charge states, the lowest formation energy is obtained when the
H atom is located close to the octahedral interstitial position next to an Al,
Ga or In atom (in the notation defined in Ref. [105], this position can be
called the antibonding ABAl,⊥ configuration). Note that this position differs
from the isolated Hi defect. We can now compare the formation energies for
two noninteracting impurities, obtained by adding the formation energy of a
single interstitial H atom (Hi) at the BC∥ position and a single Al, Ga, or
In dopant in ZnO (XZn), with the formation energy of the defect complexes,
with the H atom at the ABAl,⊥ position. The results are shown in Figs. 6.1,
6.2 and 6.3 for the codoping cases H-Al, H-Ga, and H-In, respectively.

1Our supercell consists of 192 atoms (4×4×3 unit cells). Wave functions are expanded
with plane wave basis sets up to a cutoff energy of 400 eV and the Brillouin zone is sampled
with the k-point grids of 2× 2× 2. Optimization of ionic positions is allowed to proceed
until the largest force component is less than 0.01 eV/Å.
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Figure 6.1: Formation energy as function of Fermi energy for the H − AlZn
complex (full black curve) and for two noninteracting interstitial hydrogen
Hi and substitutional AlZn impurities (dashed red curve), in the oxygen poor
limit.
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Figure 6.2: As Fig. 6.1, but for Ga-H co-doped ZnO.

The shown curves are for the oxygen poor limit. For the oxygen rich
limit, all curves shift down with 3.43 eV. This choice has no influence on
our conclusions, as they are only based on the crossing points between the
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Figure 6.3: As Fig. 6.1, but for In-H co-doped ZnO.

formation energy curves for different charge states. As both H and (Al, Ga
or In) can give away a single electron, the +2 charge state is the ground state
for small values of the Fermi energy. (The +1 case is not shown, as it never
becomes the ground state.) It is clear that the case of two non-interacting,
thus infinitely separated, impurities has the lowest formation energy. In this
+2 charge state, both shallow donors repel each other. More importantly,
however, for Fermi energy values close to the band gap of 3.4 eV, the neutral
H-(Al,Ga,In) complex has the lowest formation energy. Furthermore, the
crossing between the non-interacting charge case +2 and the neutral complex
occurs in the band gap, i.e. a deep level is formed. This crossing occurs at
0.18 eV, 0.47 eV and 0.67 eV below the bottom of the conduction band for Al-
H, Ga-H, and In-H, respectively. This is a consequence of the large decrease
in formation energy of the neutral complex in comparison to the formation
energy of two non-interacting neutral impurities: 1.31 eV for Al-H, 1.42 eV
for Ga-H, and 2.11 eV for In-H. As a consequence, the shallow donor H binds
to and passivates the shallow donor (Al, Ga or In).

The formation of a deep level is also clear from the density of states
(DOS). As an example, the DOS for the Al-H co-doped case obtained within
the LDA approximation is shown in Fig. 6.4. The neutral complex is con-
sidered in its ground state configuration. Comparing Figs. 6.4(a) and (b) for
the pure ZnO crystal and the co-doped case, a sharp peak appears in the
ZnO band gap. From the projected (local) DOS plots on H (Fig. 6.4(c)) and
Al (Fig. 6.4(d)) we observe that this deep donor level has H s and Al p char-
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acter. While an individual interstitial Hi and a substitutional AlZn atom in
ZnO have both a defect level in the conduction band with these characters,
a bonding level is formed in the case they form a complex, which lowers the
energy to a value in the band gap.
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Figure 6.4: Calculated DOS, with zero energy taken at the Fermi level: (a)
total DOS for the pure ZnO crystal; (b) total DOS for the Al-H co-doped
ZnO, the inset is a zoom around the Fermi level; (c) projected (local) DOS
on the H site; (d) projected (local) DOS on Al site.

To gain a better understanding of the physics behind this finding, we
considered the bond length in the neutral complex. The bond between both
shallow donors is clearly reflected in the interatomic distances. In the neu-
tral case, the equilibrium distance between the interstitial H atom and the
substitutional group III atom is 1.86 Å for the Al case, 1.77 Å for the Ga
case and 1.87 Å for the In case. However, in the +2 case, these distances
increase till close to 3.15 Å for all three cases, showing a clear repulsion. As
an example, for the Al-H co-doped ZnO, the structure of the neutral Al-H
complex is shown in Fig. 6.5(a) and (b), and for the repelling +2 case in
Fig. 6.5(c) and (d). It is also interesting to compare these bond lengths in
the case of the neutral complex with those of the corresponding molecular
species AlH, GaH and InH, which are 1.65 Å, 1.66 Å, and 1.84 Å [159]. The
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Al-H and Ga-H bond length are thus longer in comparison to the length in
the molecular species, especially in the Al-H case, while the In-H bond length
is much closer to the molecular structure InH. This shows that there is indeed
a bond in the neutral H-X complex, although weaker than in the molecular
case.

[1100]

[0001]

[1100]

[0001]

(a) (b)

(d)(c)

[0110]

[2110]

[2110]

[0110]

Figure 6.5: (a) and (b) The Al-H neutral complex. (c) and (d) The +2 charge
case of the Al-H complex. Red atom is Zn, grey atom is O, green atom is Al,
white atom is H. These figures are generated by VMD version 1.8.7 [160].

To support this view and to propose an experimental way to detect these
complexes, we also studied a vibrational property. The microscopic geometry
for hydrogen in semiconductors is usually determined through observation of
the infrared spectrum of the related local vibrational mode. In order to
facilitate the experimental observation of the H-(Al, Ga, In) complex, we
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calculate the H-X stretching mode. As the H atom is so light we also take
into account the anharmonic effect. Therefore the potential curve is fitted
by the following formula [161]

V (x) =
k

2
x2 + αx3 + βx4. (6.1)

We have taken displacements up to ± 30 % of the X-H bond length along
the bond direction. By applying perturbation theory to the one-dimensional
Schrödinger equation an approximated analytical solution in the case of the
anharmonic potential [eq. (6.1)] is given by [162]

ω = ωH +∆ωA =

√
k

µ
− 3

~
µ

[
5

2

(α
k

)2

− β

k

]
, (6.2)

where ω is the frequency of the mode, ωH and ∆ωA its harmonic and an-
harmonic contribution, and µ is the reduced mass. The obtained results
for the frequency of the local vibrational modes are shown in Table (5.1).
Again we can compare with the corresponding frequencies of the molecular
species. These results are also included in Table (5.1) under ωmol (taken from
Ref. [159]). Note that the obtained frequencies for the complex are smaller
than in their molecular equivalents. The difference is most pronounced for
Al-H, and the smallest for In-H. The larger the difference, the weaker the
bond is in the complex in comparison with the molecular equivalent. This
trend is consistent with the trend that was observed for the bond lengths.
This then also explains why the defect level of the complex is deepest in the
In-H case.

Table 6.1: Calculated harmonic frequencies (ωH), anharmonic contributions
(ωA) and total frequencies (ω) of the local vibrational mode of the X-H com-
plex, and the corresponding frequency (ωmol) in the corresponding molecular
structure, taken from Ref. [159]. All frequencies are expressed in cm−1.

Complex ωH ∆ωA ω ωmol [159]
H-Al 1266 -54 1212 1682
H-Ga 1265 -64 1201 1604
H-In 1350 -71 1280 1475
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6.4 Conclusion

To summarize, we have studied by first principles calculations the co-doping
of ZnO with hydrogen and a group III element (Al, Ga, or In). While these
impurities are known to be shallow donors in ZnO, and are therefore ex-
pected to repel each other, we show on the contrary that they attract each
other, resulting in a neutral complex which forms a deep level. Hydrogen
thus passivates the group III impurity in ZnO, which puts a limit on its n-
type conductivity. In semiconductors in which hydrogen shows amphoteric
behavior, passivation of a shallow impurity does not mean that a complex is
formed, the formation of such a complex may just be a consequence of the
passivation. In ZnO however, in which hydrogen acts as a shallow donor, it
is the pairing between hydrogen and the substitutional shallow donor into a
neutral complex that realizes the passivation.
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Chapter 7
Origin of p-type Conductivity in
ZnM2O4 (M=Co, Rh, Ir)

7.1 Introduction

As it is discussed in chapter 1, TCOs constitute a unique class of materials
which combine two physical properties together - high optical transparency
and high electrical conductivity. Most of the TCO materials exhibit n-type
conductivity and development of an efficient p-type TCO is one of the global
materials challenges [2].

Delafossite CuXO2 (X=Al, Ga and In) oxides were a first group of p-type
materials which were studied since 1997 [163]. These studies were followed
by considering the possibility of using ZnM2O4 (M=Co, Rh, Ir) spinel struc-
tures as p-type TCOs [164, 165, 166]. Experimentally one has shown that
polycrystalline samples of ZnM2O4 spinels exhibit p-type conductivity. The
reported electrical conductivities without doping the structures are 0.39 S
cm−1, 2.75 S cm−1 and 3.39 S cm−1 for ZnCo2O4, ZnRh2O4 and ZnIr2O4

respectively, all at room temperature [166]. The conductivity increases ∼
7-10 times when Co is replaced by Rh or Ir. The electronic band structures
of these ternary spinels are, however, very similar. Hence the reasons for
enhanced conductivity while going from Co to Rh or Ir are not apparent and
formation energies of native defects need to be studied.

In order to study defect formation energies, a good understanding of the
bulk electronic properties is necessary, especially the band gap. However,
scattered experimental results are presented in the literature. The experi-

The results of this chapter were published as: M. N. Amini, H. Dixit, R. Saniz, D.
Lamoen, and B. Partoens, Phys. Chem. Chem. Phys., 2014, DOI: 10.1039/C3CP53926A.
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mental study of Dekkers et al. [166] assumed that the band gap and trans-
parency in these spinels originate from the ligand field splitting between d
orbitals of the M3+ elements. The d orbitals (filled with 6 electrons) in
these structures split into three t2g and two eg orbitals due to the octahe-
dral arrangement of the M ion and these levels create the band gap. In this
reference, the band gaps of ZnCo2O4, ZnRh2O4 and ZnIr2O4 are found to
be 2.26 eV, 2.74 eV and 2.97 eV, respectively. It is known that ligand field
splitting increases with increasing atomic number, leading to the following
band gap ordering: EZnCo2O4

g < EZnRh2O4
g < EZnIr2O4

g . However, a different
trend is observed in other experimental reports. Refs. [164, 165, 167, 168]
indicate a decrease in the band gap with increasing the atomic number from
Co to Rh. Theoretical studies based on LDA, LDA+U [167], GGA [168], the
advanced hybrid exchange-correlation functional HSE06 [169] and the Tran-
Blaha modified Becke-Johnson potential (TB-MBJ) [170] also find this trend:
the band gap decreases with heavier cation substitution in ZnM2O4 spinels.
The HSE06 and the TB-MBJ results also seem to overestimate the band
gaps. Therefore a re-examination of the experimental results was proposed
in some theoretical works [169, 170]. Moreover these studies also indicate a
lack of dispersion for the valence band maximum (VBM) resulting in a heavy
hole mass.

Defects play an important role in controlling the electronic properties in
TCOs along with the dopant - which is the main source of conductivity in an
otherwise insulating oxide. The unintentional conductivity observed in TCO
materials is often attributed to the presence of native defects. Recently, the
formation energy of native defects in many spinel oxides including ZnCo2O4

and ZnRh2O4 has been calculated using the GGA+U formalism [171, 172,
173, 174]. Antisite defects, in which either type of cation is substituted by
the other, are found to be the leading cause of electrical conductivity in the
spinel structure. An indication of how easily n-type or p-type conductivity
can be obtained by considering the position of the band edges with respect
to the vacuum level [175]. Materials with a high valence band are more likely
to be doped p-type. However, it is not known how the band edges compare
to the vacuum level in these spinels.

Motivated by these observations, we address the following topics in this
work. First we calculate the bulk electronic structure properties to com-
pare with the available literature. To contribute to the discussion on the
re-examination of the experimental band gaps and the validity of the HSE06
functional to describe these spinel structures, we calculate their electronic
structure also within the GW approach. Next we want to understand why
these spinels are p-dopable by examining their band alignment relative to the
well-known TCO ZnO. And finally we calculate explicitly the formation en-
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ergies of native acceptor defects to understand which defects are responsible
for the observed p-type behaviour, and why the p-type behaviour improves
with cation size among the three spinels ZnCo2O4, ZnRh2O4 and ZnIr2O4.
It is known that the formation energy calculations based on GGA suffer
from the band gap error. Motivated by the agreement between the HSE06
and GW results for the bulk systems, we rely in this work on the HSE06
functional [60], which is considered to be the state-of-the-art method for
first-principles defect calculations [103]. We will compare our results and
point out the differences with the results obtained with the GGA+U method
of Ref. [173].

We also calculate the range of accessible chemical potentials and study
the stability of ternary spinels with respect to the stable binary oxides. It
has been observed that the antisite defect is the most stable defect and we
also analyze the atomic geometries of defects to understand why it is the
leading cause of disorder. Further, we calculate the self-trapping energy
of the holes in these spinel oxides. It is known that the hole conductivity
can be limited by the spatial localization of a self-trapped hole or a small
polaron [176, 177, 178, 179]. Thus it is important to calculate the self-
trapping energy of holes to understand whether these excess carriers are
lattice-bound or not. Such a study is critical for p-type TCOs. It should also
be noted that for the ZnRh2O4 spinel, analysis of the experimentally high
temperature electrical properties indicated an activated mobility, indicative
of small polaron conduction [167], while a theoretical study based on the
DFT+U calculations predicts that the self-trapped hole is unstable [180].
Next, Hall measurements together with a re-examination of the experimental
results [180] confirmed this theoretical prediction. Therefore we also address
the existence of polarons within the HSE06 approach to test the capabilities
of the HSE06 functional.

This chapter is further organized as follows. First the computational
details are described. Then, the results obtained for structural and electronic
properties along with the band alignments are discussed . Finally, we discuss
the formation energies of the cation vacancies and the antisite defect under
different growth conditions that can be realized in the experiments.

7.2 Computational details

We perform first-principles calculations using density functional theory (DFT)
within the screened hybrid functional of HSE06 [60], as implemented in the
Vienna ab initio simulation package [66, 116]. We have used 25% mixing of
Hartree-Fock exchange in the HSE06 functional. Electron-ion interactions
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are treated using projector augmented wave potentials [67, 68, 65]. The Zn
(4s23d10), Co (4s13d8), Rh (5s14d8), Ir (6s15d8), and O (2s22p6) electrons are
treated as valence electrons. Within the GW approach [181, 182], 1000 bands
are used to converge the band gap for both the screening and the self-energy
calculation. The defects are simulated by adding (removing) atoms to (from)
a 112-atom 2×2×2 supercell. A 2×2×2 mesh of special k-points based on the
Monkhorst-Pack scheme [63] is chosen for the integrations over the Brillouin
zone. The electron wavefunctions are described using a plane-wave basis set
with an energy cutoff of 400 eV. Note that the convergence with respect to
self-consistent iterations was assumed when the total energy difference be-
tween cycles was less than 10−4 eV and the geometry relaxation for different
charge states continued until the transition level position differences were less
than 10 meV.

7.3 Structural properties

The spinel structure (space group Fd3̄m) is characterized by the lattice pa-
rameter a and an internal parameter u. The Zn atoms are located at Wyck-
off positions 8a (1/8, 1/8, 1/8) tetrahedral sites, whereas M (M=Co,Rh,Ir)
atoms are located at the 16d (1/2, 1/2, 1/2) octahedral sites and the O
atoms at 32e (u, u, u) of the face-centered cubic lattice. The ZnM2O4 spinel
structure is shown schematically in Fig. 7.1. The optimized lattice constant,
calculated using the HSE06 functional is in remarkably good agreement with
experiment. These values are reported in Table (7.1).

Figure 7.1: Primitive cell of the ZnM2O4 spinel structure: the Zn atoms in
green color are tetrahedrally coordinated with the oxygen atoms shown in
red and the M atom (in yellow) are octahedrally coordinated with the oxygen
atoms.
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Table 7.1: HSE06 optimized and experimental lattice constant (in Å ) along
with the optimized internal parameter (u).

Oxide HSE u parameter Exp. [166]
ZnCo2O4 8.02 0.264 8.10
ZnRh2O4 8.49 0.260 8.49
ZnIr2O4 8.59 0.260 8.51

7.4 Electronic band structure and projected

density of states

The electronic band structures of ZnM2O4 spinels calculated using the HSE06
functional are shown in Fig. 7.2. All the three spinels have an indirect band
gap. The VBM for ZnCo2O4 is near W along the W − L direction while it
is located at the X point for both ZnRh2O4 and ZnIr2O4 spinels. The con-
duction band minimum (CBM) is located near X along the Γ−X direction
for both ZnCo2O4 and ZnRh2O4 structure while for ZnIr2O4 spinel it is lo-
cated at the Γ point. Experimental band gap values for ZnCo2O4, ZnRh2O4,
and ZnIr2O4 are 2.26, 2.74, and 2.97 eV [166] while our calculated band gap
values within HSE06 (PBE) are 3.88 (0.99), 2.91 (1.07), and 2.53 (0.79) eV
for ZnCo2O4, ZnRh2O4, and ZnIr2O4 respectively and all confirm the results
from a theoretical electronic study of these spinels in Ref. [169]. It should
be noted that all these spinels are characterized by a flat dispersion of the
VBM, which results in heavy holes with large effective masses, indicating
poor p-type conductivity.

The calculated total and projected density of states (PDOS) are shown
in Fig. 7.3. Experimentally, the Zn 3d peaks are reported to occur at ∼ -8.8
eV, ∼ -9.2 eV and ∼ -9.5 eV for ZnCo2O4, ZnRh2O4 and ZnIr2O4 respec-
tively [166]. We observe that the Zn 3d peaks occur at -6.8 eV, -7.8 eV and
-9 eV for ZnCo2O4, ZnRh2O4 and ZnIr2O4 respectively in the band struc-
ture calculated using the HSE06 functional. The Zn d states are positioned
closer to their experimental counterpart than those reported in PBE-GGA
calculations [169]. As evident from PDOS, the CBM of ZnCo2O4/ZnRh2O4

spinel has a strong Co/Rh d character whereas it is made up of Ir s, Zn s
and O s states in the case of ZnIr2O4 (the CBM of ZnIr2O4 is highlighted
in Fig. 7.4: overlapping black, red and magenta lines for the CBM represent
Ir-s, Zn-s and O-s states respectively). Also the CBM for ZnIr2O4 is located
at the Γ point. This is in contrast with the claim of Dekkers et. al. [166]
that the CBM is made up of Ir 5d states as predicted by the ligand field
theory but is in good agreement with an earlier theoretical report [169]. Fur-
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Figure 7.2: Electronic band structure calculated using HSE06.
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H

Figure 7.3: (Total and projected density of states calculated using HSE06
for ZnCo2O4, ZnRh2O4 and ZnIr2O4.
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H

Figure 7.4: Total and projected density of states calculated using HSE06 for
ZnIr2O4 close to the CBM.

thermore, this trend is also in agreement with the experimental results of
Refs. [164, 165, 167, 168] for the ZnCo2O4 and ZnRh2O4 systems.

Nevertheless, the band gap values obtained with the HSE06 functional
overestimate all experimental results. This motivated us to perform GW
calculations for these spinel structures. Single shot GW calculations (G0W0)
are performed on top of the hybrid results. The obtained band gap values
and the Zn 3d peak positions are listed in Table (7.2). One can note that the
difference between the GW and HSE06 result is reasonably small, supporting
the validity of the HSE06 functional to describe the electronic properties of
these spinels. Sometimes another approach is followed, in which the exchange
mixing parameter in the HSE06 functional is not the standard value, but
tuned to correspond with the experimental band gap. (For example, for
ZnRh2O4, the experimental band gap of 2.1 eV is obtained for an exchange
mixing of 15.28 %.) However, a single shot GW calculation on top of the
extreme case of no exchange mixing, which is the PBE approach, leads again
to a band gap value of 3.34 eV, indicating that tuning the exchange mixing
is not a valid approach in this case. These GW findings support the claim for
experimental re-examination of the band gap in these spinels. In the following
we rely on the HSE06 functional with the standard exchange mixing.
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Table 7.2: HSE06 band gap, GW band gap, and the Zn 3d peak position
(in eV) for ZnM2O4 spinel. Note that since bands are almost flat close to
the CBM and the VBM, we’ve calculated the band gaps at high symmetry
points close to the CBM and the VBM.

Oxide HSE06 GW Zn 3d peak Zn 3d peak Zn 3d peak
gap gap (exp) (HSE06) (GW)

ZnCo2O4 3.96 3.99 -8.8 -6.8 -8.2
ZnRh2O4 2.88 3.33 -9.2 -7.8 -8.1
ZnIr2O4 2.37 2.75 -9.5 -9 -9.2

7.5 Band alignment and dopability

It is possible to obtain a first idea for p-type and/or n-type dopability of
a material by comparing its VBM and CBM with other known materials.
One can align the VBM and CBM of different semiconductors using a simple
branch-point energy technique [175]. The BPE is the energy at which the
gap states change behavior from donor- to acceptor-like. The BPE is the
midgap energy averaged over the Brillouin zone

EBP =
1

2Nk

∑
k

[
1

NCB

NCB∑
i

εci(k) +
1

NV B

NV B∑
j

εvj(k)] (7.1)

Nk is the number of points in the k meshes. NCB and NV B are the num-
ber of conduction and valence bands which are considered, and εc and εv
are their corresponding energies. Recently, this method has been applied
successfully to align band edges in semiconductors [183, 184]. Using the
HSE06 hybrid functional, the band alignment diagram of wurtzite ZnO and
ZnCo2O4, ZnRh2O4, and ZnIr2O4 spinels are shown in Fig. 7.5.

The BPE is a reference level to predict the n or p-type dopability of
semiconductors. If it is closer to the VBM (CBM), then the material tends
to act as p-type (n-type) semiconductor. If the CBM lies below the BPE,
n-type conductivity may occur. In the case of ZnO the CBM lies below
the BPE which is a known fact for ZnO that exhibits unintentional n-type
conductivity. For ZnCo2O4, and ZnRh2O4 spinels, the CBM is also made
from flat d-states as well as the VBM. Since the BPEs are somewhere in the
gap, this in comparison to ZnO shows the slight tendency of p-dopability.
However, this does not apply to ZnIr2O4 whose band gap is made up of
d-s splitting according to the band structure results. Since s orbitals are
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Figure 7.5: Band alignment in ZnO, ZnCo2O4, ZnRh2O4, and ZnIr2O4. BPE
is used as reference level and is set to zero.

more disperse the BPE is closer to the CBM in comparison to the two other
structures.

7.6 Formation energy calculations

The concentration of point defects and impurities depends on their formation
energies. As it is discussed in chapter 3, the formation energy of a defect or
impurity in different charge states is defined with Eq.(3.9). The formation en-
ergy equation indicates that the defect formation energy depends sensitively
on the chemical potential of both atomic species and electrons (often referred
to as the Fermi energy - EF ). This is because in forming the defect, particles
are exchanged between the host material and the chemical reservoirs. For
ternary systems, the chemical potentials of each constituent species can be
varied to reflect specific equilibrium growth conditions, but are always glob-
ally constrained by the calculated formation enthalpy of the host in order to
maintain its stability. The formation enthalpy of the ZnM2O4 spinel is

△HZnM2O4
f = E[ZnM2O4]− µZn bulk

Zn − 2µM bulk
M − 4µO2 molecule

O (7.2)

= −12.85 eV(Co)

= −7.81 eV(Rh)

= −5.62 eV(Ir)

Here µZn bulk
Zn /µM bulk

M correspond to the energy of a Zn/M atom in their bulk
structures and µO2 molecule

O corresponds to the energy of an O atom in an
oxygen molecule (calculated using spin polarized calculations).
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7.6.1 Accessible chemical potential

The chemical potential depends on the experimental growth conditions which
can vary from X-poor to X-rich, where X could be one of Zn, Co, Rh, Ir or
O elements. In addition, further constraints are also imposed by formation
of competing binary oxides such as ZnO or MO. Thus the range of accessible
chemical potentials are fixed by the thermodynamic conditions such that the
ZnM2O4 spinel is formed without decomposing into competing other binary
or ternary phases. Here we will discuss the range of accessible chemical
potentials for each of the spinels studied.

Figure 7.6: Calculated ranges of accessible chemical potentials for ZnCo2O4

spinel.

Firstly we consider the ZnCo2O4 spinel. The competing binary oxides
are ZnO in the wurtzite structure, CoO in the rocksalt phase and Co3O4

also in the spinel phase. Thus in addition to Eq.(7.2), the relative chemical
potentials of Zn, Co and O must satisfy following conditions

△HZnO
f = E[ZnO]− µZn bulk

Zn − µO2 molecule
O (7.3)

= ∆µZn +∆µO (7.4)

= −3.06 eV

△HCoO
f = E[CoO]− µCo bulk

Co − µO2 molecule
O (7.5)

= ∆µCo +∆µO (7.6)

= −2.53 eV
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△HCo3O4
f = E[Co3O4]− 3µCo bulk

Co − 4µO2 molecule
O (7.7)

= 3∆µCo + 4∆µO (7.8)

= −9.99 eV

Here ∆µZn = µZnO
Zn − µZn bulk

Zn and ∆µO = µZnO
O − µO2 molecule

O indicating the
possible variation of the Zn and O chemical potential when ZnO is formed.
The same holds for other binary and ternary oxide systems that are consid-
ered here. Furthermore ∆µZn ≤ 0, ∆µCo ≤ 0, ∆µO ≤ 0 to avoid the elemen-
tal precipitation. The resulting accessible range of the chemical potentials, is
illustrated in Fig. 7.6 in a two-dimensional (∆µZn, ∆µCo) plane. The vertices
of the stability triangle are formed from the host condition (Eq.(7.2)) giving
the limits of Zn/Co rich, Zn poor and Co poor environments, respectively.
The hypotenuse of this triangle reflects the oxygen rich condition.

Figure 7.7: Calculated ranges of accessible chemical potentials for ZnRh2O4

spinel.

Similarly for ZnRh2O4 spinel we have additional constraints induced by
formation of binaries - ZnO in the wurtzite, Rh2O3 in the corundum and
RhO2 in the tetragonal rutile phase.

△HZnO
f = E[ZnO]− µZn bulk

Zn − µO2 molecule
O (7.9)

= −3.06 eV

△HRh2O3
f = E[Rh2O3]− 2µRh bulk

Rh − 3µO2 molecule
O (7.10)

= −4.15 eV

△HRhO2
f = E[RhO2]− µRh bulk

Rh − 2µO2 molecule
O (7.11)

= −1.98 eV
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The triangle of the chemical potentials for ZnRh2O4 spinel is shown in Fig. 7.7
and the stable region is shown by shaded area. Note that the accessible range
is now restricted to a narrow region in comparison with the ZnCo2O4 spinel.

Figure 7.8: Calculated ranges of accessible chemical potentials for ZnIr2O4

spinel.

In contrast to the results mentioned above, we do not observe a stable
region in which ZnIr2O4 spinel is formed without decomposing into the bi-
naries: ZnO and IrO2. Again the two dimensional phase space for accessible
chemical potentials is determined from following equations

△HZnO
f = E[ZnO]− µZn bulk

Zn − µO2 molecule
O (7.12)

= −3.06 eV

△HIrO2
f = E[IrO2]− µIr bulk

Ir − 2µO2 molecule
O (7.13)

= −2.09 eV

The results obtained for the accessible chemical potentials are shown in
Fig. 7.8. The constraints induced by competing binary oxides overlap with
each other indicating that the ZnIr2O4 spinel would readily decompose into
ZnO and IrO2. This supports the fact that in experiments bulk ZnIr2O4

could not be synthesized by solid-state synthesis using ZnO and IrO2 and for
the thin film fabrication of ZnIr2O4, a multi-component ZnO:(IrO2)2 target
is essential [166].

All the above mentioned enthalpies of formation are obtained within the
HSE06 approach. It is instructive to compare these values with the reported
experimental values, as given in Table (7.3). Note that a reasonable agree-
ment is obtained, within tenths of eV, which is of the same order as the
differences between different reported experimental values, when available.
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Table 7.3: Comparison between the enthalpies of formation for the compet-
ing binary phases obtained within the HSE06 approach and the reported
experimental values.

Oxide Experimental (eV) HSE06 (eV)
∆H (ZnO) -3.60 [185] -3.06
∆H (CoO) -2.46 [186] -2.53
∆H (Co3O4) -9.23 [186] -9.99
∆H (Rh2O3) -3.55 [185], -3.73 [187] -4.15
∆H (RhO2) -2.54 [187] , -1.91 [185] -1.98
∆H (IrO2) -2.84 [186] , -2.57 [187] -2.09

We also want to note that the stability triangles for ZnCo2O4 and ZnRh2O4

are similar to those presented in Ref. [172] obtained within the GGA+U ap-
proximation, but not identical. The stability regions with the HSE06 are
larger. The chemical potentials determine the formation energies of defects,
but not the transition levels. As such, these small differences in stability
triangles have no influence on the final results.

7.6.2 Formation energies

The calculated formation energies for the cation vacancy and the antisite
defects, ZnM (Zn replacing M), are shown in Fig. 7.9, 7.10, and 7.11 for
different growth conditions. The Fermi energy varies between the VBM up
to the CBM. For the case of ZnCo2O4 and ZnRh2O4 spinel the formation
energies are plotted at the values of chemical potentials that correspond to
the vertices of the stability region in which the ternary spinel is formed with-
out decomposing into the binary oxides. Since ZnIr2O4 spinel is a metastable
structure and cannot be synthesized from binary oxide systems, we have cho-
sen metal (Zn/M) rich or oxygen rich conditions while plotting the formation
energies. This corresponds to the points A, B and C as discussed in Fig. 7.8.

In the case of ZnCo2O4 spinel, we observe that the antisite defect ZnCo

is a deep acceptor. However, note that the crossing between the neutral and
-1 charge states occurs only 0.14 eV above the VBM and therefore may also
contribute to p-type conductivity. The antisite ZnCo has lower formation
energy than the other defects at vertices 1 and 2 of the stability region.
At the remaining vertices (3 & 4) the Zn vacancy appears to be stable and
prefers -2 charged state. The formation energies of the cation vacancies at the
vertex 1 & 2 are high indicating that the antisite defect is the leading cause
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Figure 7.9: Calculated defect formation energies as a function of Fermi energy
at the values of chemical potentials that corresponds to the vertices of the
stability region for ZnCo2O4. Blue lines are VCo, green lines are VZn and red
lines are ZnCo.

of disorder in ZnCo2O4 spinel. However under Co or oxygen rich conditions
the Zn vacancy has the lowest formation energy and thus the observed p-
type conductivity is probably a result of both the antisite defect and the Zn
vacancy. Thus under both metal and O rich conditions the antisite defect
has a high formation energy, which will limit the number of charge carriers.
We can compare our results with a similar study on ZnCo2O4 from Perkins
et al. [173] based on GGA+U calculations. It was also found that the antisite
ZnCo is an acceptor with a transition level at 0.34 eV above the VBM which
was called a reasonably shallow level. However, it is deeper compared to
our transition point (0.14 eV above the VBM). The VZn defect, on the other
hand, was found to be an amphoteric defect in this Ref., while in our DFT
study based on the HSE06 hybrid functional it is shown to be a shallow
acceptor and thus also contributes to the observed p-type conductivity.

Figure 7.10 corresponds to the ZnRh2O4 spinel. Both the Zn vacancy
and the antisite defect, ZnRh, are shallow acceptors while the Rh vacancy is
a deep acceptor. We observe a crossover between the charged defect states
as a function of Fermi energy. In comparison to ZnCo2O4, the formation
energy of the antisite defect is lower and therefore it might result in a higher
concentration of charge carriers.

As it is shown in Fig. 7.8, the stability lines in the triangle are switched
and the ZnIr2O4 ternary compound is not stable with respect to its con-
sidered binaries. Thus in order to compare the results with the two other
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Figure 7.10: Calculated defect formation energies as a function of Fermi
energy at the values of chemical potentials that corresponds to the vertices
of the stability region for ZnRh2O4. Blue lines are VRh, green lines are VZn

and red lines are ZnRh.

spinels, we have shown the formation energies calculated using the chemical
potentials at the points A, B and C for all three spinels considered in this
study. These points correspond to elemental (Zn/M/O) rich condition. The
native defects in ZnIr2O4 exhibit a similar behavior as in the case of ZnRh2O4

and we observe that both Zn vacancy and the antisite defect - ZnIr are shal-
low acceptors. The Ir vacancy acts like a shallow acceptor. Under metal rich
conditions (point A), the antisite defect has the lowest formation energy; how-
ever close to the conduction band we observe a crossover with the M-cations.
Antisite defect is also the most stable defect under M-poor conditions (point
B) and the formation energy of M-cations is also lowered as a consequence
of lower chemical potential. Under the Zn-poor conditions (point C) the Zn
vacancy is the most stable defect among all spinels. Since the ZnCo2O4 and
ZnRh2O4 spinels are obtained using solid state synthesis of binary oxides and
ZnIr2O4 is a metastable phase [164, 165, 166], the oxygen rich conditions are
unlikely in these experiments. This excludes the possibility of point B & C in
the range of accessible chemical potentials and we believe that only point A
can be relevant in experiments. Thus with metal rich conditions the antisite
defect is the leading cause of disorder. Furthermore the formation energy of
the antisite defect, ZnM , decreases while going down the group and it cor-
roborates the enhanced p-type conductivity reported for the ZnRh2O4 and
ZnIr2O4 spinels.



7.7 Atomic geometries 121

Figure 7.11: Calculated defect formation energies as a function of Fermi en-
ergy under different metal (point A & B) and oxygen rich (point C) condition
for ZnM2O4. Blue lines are VM , green lines are VZn and red lines are ZnM .

7.7 Atomic geometries

For a more complete description of the cation vacancy and the antisite de-
fects, we further analyze the atomic geometries as shown in Fig. 7.12. In
the spinel structure, the Zn atoms occupy tetrahedral sites while M atoms
occupy the octahedral positions. The optimized cation-anion (Zn/M - O)
bond lengths are summarized in Table (7.4). When either cation (Zn/M) is
removed to create a vacancy, we notice the oxygen atoms that were coordi-
nated with the vacancy site are now pulled towards the cations of another
type (M/Zn). This results in a reduction of those cation-anion bond lengths
by ∼ 3.5%.

On the other hand, in the case of the antisite defect when the M cation
is replaced by the Zn atom at the octahedral site, we notice that the Zn-O
bond length is increased by 2% as shown in Fig. 7.12c. This is because of
the larger ionic radius of the Zn atom compared to the M cations.
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a) b)

c)

Figure 7.12: Relaxed atomic geometries for the prototype case of ZnIr2O4

spinel. Zn, Ir vacancy and the ZnIr antisite defect are shown in Fig. a), b)
and c) with the Zn, Ir and O atoms shown with the gray, yellow and red
color respectively.
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Table 7.4: Cation-anion bond lengths for nearest neighbor in case of vacancy
and the antisite defect (in Å ).

Site Unrelaxed Relaxed
VCo 1.89 1.82
VRh 2.04 1.97
VIr 2.06 1.98

VZn (ZnCo2O4) 1.90 1.86
VZn (ZnRh2O4) 2.05 1.99
VZn (ZnIr2O4) 2.05 2.00

ZnCo 1.89 1.93
ZnRh 2.05 2.10
ZnIr 2.06 2.10

7.8 Polaron effects

Having flat non-dispersed bands around the Fermi level results in large den-
sity of states and effective mass in these spinels and therefore the conductivity
is limited in these oxides. Furthermore, this might lead to the formation of
localized small polarons, which are localized holes trapped by local lattice
distortions that are called self trapped holes (STH) [188]. The stability of
the STH in a given material is defined by the self-trapping energy EST

EST = Etot[XmOn : h+]− Etot[XmOn : η+] (7.14)

where Etot[XmOn : h+] and Etot[XmOn : η+] are the total energies of a
supercell of the unrelaxed crystal containing a hole in the VBM, and the
total energy of the further relaxed supercell containing a hole. EST > 0
indicates that the self-trapped holes are stable.

Table 7.5: Calculated self-trapping energy in (eV) for studied oxides using
the hybrid functional.

Oxide EST (eV)
ZnCo2O4 0.00
ZnRh2O4 0.16
ZnIr2O4 0.13

The calculated self-trapping energies (EST ) are listed in the Table (7.5).
From the results obtained, we observe that for ZnCo2O4 the holes are un-
likely to be self-trapped. On the other hand, for ZnRh2O4 and ZnIr2O4 the
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self-trapping energy is 0.16 and 0.13 eV respectively, suggesting that STH
are present in these oxides. These results based on the HSE06 functional
predict that the conductivity in these spinels is likely to be further limited
by polarons. Recently however, calculations based on the DFT+U approach
by Nagaraja et. al. [180] have suggested that the self-trapping energy of
holes is endothermic indicating that the band character is responsible for the
conductivity and not polarons. Although the presence of small polarons in
ZnRh2O4 was reported in Ref. [167], re-examination of the experimental data
together with Hall measurements [180] contradicted this self-trapping. This
shows that the use of the HSE06 functional should be used with caution to
study the self-trapping mechanism.

7.9 Conclusions

We have reported a comprehensive first-principles study of formation energies
of acceptor like defects in ZnM2O4 (M=Co, Rh, and Ir) spinels using a hybrid
functional. The validity of the HSE06 functional to describe these spinel
structures was supported by GW calculations. The electronic band structure
shows a non-dispersed VBM indicative of a heavy hole mass for these oxides.
The ternary ZnCo2O4 and ZnRh2O4 spinels are stable structures with respect
to the formation of binary oxides - ZnO, CoO, Co3O4, RhO2 and Rh2O3,
whereas the ZnIr2O4 spinel is a metastable phase.

A systematic study of the formation energy with different chemical po-
tentials that correspond to different experimental growth conditions, helps
to identify the stable defects. For ZnCo2O4 we observe that the Zn vacancy
becomes a stable defect when the chemical potential of Zn is lowered and
also acts as a shallow acceptor, in contrast to a recent GGA+U study [173]
which found it as an amphoteric defect. Similarly a crossover between the
antisite defect and cation vacancy is observed for ZnRh2O4 spinel. However
under elemental M-rich and O-rich conditions, the antisite defect has the
lowest formation energy in all the three spinels and it acts as a shallow ac-
ceptor defect in both ZnRh2O4 and ZnIr2O4 structures, while it is a deep
acceptor for the ZnCo2O4 spinel, but with a transition level of only 0.14 eV
above the VBM. The analysis of relaxed atomic geometries shows that the
Zn-O bond length increases by 2% in the case of the antisite defect, while
it results in ∼3.5% bond reduction in case of vacancies. Furthermore, the
formation energy of the antisite defect for ZnCo2O4 is higher than the re-
maining two oxides studied and this explains why the conductivity increases
while moving from Co to Rh/Ir. Finally, our analysis of STH using the
HSE06 functional in these spinels indicates that there are only stable STHs
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in case of the ZnRh2O4 and ZnIr2O4 spinel. This is not in agreement with
recent experiments, which shows that this hybrid functional is not able to
describe this subtle phenomenon correctly.

We can summarize the advantages and disadvantages of each spinel sys-
tem in the following. For ZnCo2O4 the holes introduced by antisite defects
are unlikely to be self-trapped, however their formation energy under both
M-rich and O-rich conditions is high which limits the number of charge car-
riers. For ZnRh2O4 and ZnIr2O4 spinels, the formation energy of the antisite
defect is systematically lowered and thus a larger number of charge carriers
is likely to be created. This nicely corroborates the enhanced conductivity
in Zn(Rh/Ir)2O4 spinel reported experimentally.
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Chapter 8
The Oxygen Vacancy in ZnO: From
Bulk to Slabs

8.1 Introduction

A key characteristic of dopant impurities is their deep or shallow nature. The
standard theoretical approach to examine this in the case of dopants in bulk
semiconductors is through calculations of formation energies as a function of
the Fermi level, as applied in the previous chapters. The neutral as well as
different charge states of the defect have to be considered. The position of the
thermodynamic transition level between different charge states determines
if a defect has a shallow or deep character. Up to now, such transition
levels have been determined with ab initio methods only for bulk crystal
structures. Nevertheless, the character of a defect in a nanostructure might
differ from its character in the bulk material. However, the above method
cannot be transferred directly to nanostructures. In calculations for a charged
defect, a uniform background charge is considered. While this is well-defined
for bulk crystal calculations, the total energy of a charged nanostructure
depends linearly on the width of the vacuum as a result of the interaction
between the charged system and the compensating background. Therefore,
total energies obtained from calculations for charged nanostructures cannot
be used to determine formation energies. In this chapter we propose a method
to determine the transition levels between different charge states without
using the formation energy of a defect in a charged state. As an example, we
focus on the oxygen vacancy in ZnO slabs.

ZnO is a commonly used semiconductor material, which was already in-
troduced and studied in chapters 5 and 6 of this thesis. Although the band
gap of ZnO in the wurtzite structure has a large value of 3.4 eV [146], un-
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doped ZnO reveals n-type conductivity at room temperature. Originally it
was believed that this n-type behavior was caused by oxygen vacancies [104].
However, ab initio calculations have revealed that the oxygen vacancy in
ZnO is a deep level [108], and the observed conductivity has been attributed
to defects involving H impurities [144, 145, 105]. Not only bulk crystals,
but also thin films and nanoparticles of ZnO are grown and studied nowa-
days [189, 190, 191, 192]. Therefore we have chosen to apply our method to
the oxygen vacancy defect in a ZnO slab. The electronic structure of this
defect is well known in bulk ZnO, and we investigate here how its properties
change in a nanostructure, i.e. we investigate the dependence of the transi-
tion level (and thus the ionization energy) on the distance of the vacancy to
the surface.

8.2 Computational details

First-principles total-energy calculations are performed using density func-
tional theory (DFT) within the Perdew-Burke-Ernzerhof (PBE) [38] ap-
proach and the screened hybrid functional of HSE06 [60], as implemented
in the Vienna ab initio simulation package [66, 116]. We have used 37.5%
mixing of Hartree-Fock exchange in the HSE06 functional, which was shown
before to give the correct band gap of bulk ZnO [103]. Electron-ion interac-
tions are treated using projector augmented wave potentials [67, 68, 65]. The
Zn (4s23d10), and O (2s22p6) electrons are treated as valence electrons. A
4×4×4 and 4×4×1 meshes of special k-points based on the MonkhorstPack
scheme [63] are chosen for the integrations over the Brillouin zone in bulk
and slab structures, respectively. The electron wavefunctions are described
using a plane-wave basis set with an energy cutoff of 400 eV. The conver-
gence with respect to self-consistent iterations was assumed when the total
energy difference between cycles was less than 10−4 eV and the geometry
relaxation tolerance was better than 0.01 eV/Å. (We do not use the HSE06
functional for atomic position relaxation in the case of the supercell because
of its computational cost and because the PBE functional is known to yield
reliable structural parameters.)

8.3 The oxygen vacancy in bulk ZnO

We study ZnO in the bulk wurtzite structure and defects are simulated by
removing atoms from a 72-atom supercell. Figure 8.1 shows this structure.
Removing an oxygen atom from the supercell creates four Zn dangling bonds.



8.3 The oxygen vacancy in bulk ZnO 129

The effect of the oxygen vacancy, VO, in ZnO has been studied within several
theoretical approaches previously [98, 86]. It is shown both theoretically and
experimentally that the oxygen vacancy acts as a deep donor in ZnO [108,
193, 194].

Figure 8.1: ZnO bulk structure in a supercell with 72-atom.

In order to test the validity of the new method we propose, we first
reproduce the result of the standard approach with the HSE06 functional.
The formation energy of an oxygen vacancy in bulk ZnO in different charge
states is defined in Eq.(3.9) and is given by

Ef [V
0
O] = Etot[V

0
O]−Etot[ZnO

bulk]+
1

2
E(Omolecule

2 )+ q[EF +Ev +∆V ] (8.1)

Etot[V
0
O] is the total energy from a supercell calculation with an oxygen va-

cancy and Etot[ZnO
bulk] is the total energy for the equivalent perfect super-

cell. The third term indicates the chemical potential of an oxygen which is
the energy of the reservoirs with which atoms are being exchanged. This
chemical potential depends on the experimental growth conditions. Here we
assume oxygen rich conditions and it is equal to half of the total energy of an
isolated oxygen molecule. EF is the electronic reservoir chemical potential
(Fermi energy), measured with respect to the VBM, Ev, of the undoped sys-
tem. ∆V aligns the reference potentials in the defect and perfect cells in a
region far from the defect, where the potential is bulk-like. Since it is known
from literature that the 1+ charge state of the VO is not stable in ZnO (and
we have also verified it), we only consider the neutral and 2+ charge states.
The full lines in Fig. 8.2(a) show these formation energies as function of the
Fermi level for both 0 and 2+ relaxed situations. The transition, labeled
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as point 1, occurs clearly deep in the gap at 2.50 eV above the VBM, i.e.
0.93 eV below the CBM, showing the deep donor character of VO in ZnO.
As discussed in section 3.5.3, this crossing in formation energies between the
relaxed neutral and the relaxed 2+ charge states is referred to as the thermal
ionization energy. However, the excitation energy measured in optical ex-
periments is different from the thermodynamic transition level, because the
atoms do not have the time to relax to their ground state positions corre-
sponding to the new situation1. Therefore, the optical ionization energy can
be found by considering the formation energy of 2+ charged VO, but with
the coordinates of the relaxed neutral situation, V 2+

O [R(0)]. This formation
energy, as function of the Fermi level is shown by the dashed line with slope
+2 in Fig. 8.2(a). The crossing between the V 2+

O [R(0)] and V 0
O[R(0)] occurs

at 0.66 eV above the VBM, and is labeled by point 2. The optical ionization
is thus found to be 2.77 eV.

This crossing point 2 in Fig. 8.2(a) can in good approximation also be
determined without relying on the formation energy of the charged system.
The red curve in Fig. 8.3 shows the density of states of the relaxed neutral
V 0
O[R(0)] supercell calculation. The alignment is made with the density of

states of the pure system. One can observe an occupied peak close to the
VBM in this density of states. This peak corresponds to the two electrons in
the dangling bonds in the oxygen vacancy. From the DOS, we observe that
it is located at ∼ 0.78 eV above the VBM of the pure system, thus at 2.65
eV below the CBM. This is a good approximation for the optical ionization
energy. The position of this peak is also marked with label 2 in Fig. 8.2(b),
and corresponds thus approximately with point 2 in Fig. 8.2(a). The thermal
ionization energy however, cannot be determined directly from such a density
of states calculation for a neutral system. But indirectly, it can.

As mentioned, the total energy of a charged slab calculation cannot be
used to determine a defect formation energy. However, this does not mean
that a charged slab calculation is meaningless: the relaxed positions and den-
sity are correct. Let us consider the formation energy of V 0

O[R(2+)], given by
the horizontal dashed line in Fig. 8.2(a). Its crossing with the V 2+

O [R(2+)] for-
mation energy line should correspond to a peak in the DOS of the V 0

O[R(2+)]
system. To see this, it is instructive to consider some intermediate coordi-
nates between the relaxed coordinates of 0 (labeled R(0)) and 2+ (labeled
R(2+)) charge states. These intermediate coordinates are labeled by Xi with
i = [1 : 7]. Figure 8.3 shows the DOS of these intermediate situations, all for

1The optical transition energy in this chapter is the minimal energy needed to excite
an electron to the minimum of the conduction band, or the simultaneous excitation of both
electrons. We do not consider the optical ionization of the second electron after ionization
of the first one.
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the neutral charge state. One can see that the peak in the density of states,
from which the optical ionization energy could be determined, increases in
energy, and finally ends up in the conduction band. Figure 8.2(b) shows
the formation energies for all these intermediate systems, together with the
position of the peaks in the DOS plot.

Figure 8.2: (a) The formation energy as a function of the Fermi energy for VO

in bulk ZnO obtained from the directly calculated formation energies using
the hybrid HSE06 functional, (b) the formation energies for some interme-
diate coordinates between R[0] and R[2+]. (V q

O[R(q′)] indicates the oxygen
vacancy defect in charge state q in the relaxed coordinates of the charge state
q′).

The final peak position for the neutral system considered in the relaxed
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coordinates R[2+] is 3.84 eV above the VBM and is marked as point 3 in
Fig. 8.2(b). As just mentioned, this must be approximately equal to the
crossing point between the formation energies of V 0

O[R(2+)] and V 2+
O [R(2+)],

i.e. point 3 in Fig. 8.2(a). An estimate for the thermal ionization energy can
now be obtained easily by drawing a line with slope +2 through this point
3 shown in Fig. 8.2(b). This is our approximation for the formation energy
of V 2+

O [R(2+)]. The crossing with the formation energy line for the relaxed
neutral VO[R(0)] system is our estimate for point 1, the thermal transition
level. We find that it is given by 2.62 eV above the VBM, leading to a
thermal ionization energy of 0.81 eV. Comparing with the value of 0.93 eV
obtained with the standard approach shows that we can indeed obtain a
good estimate for the thermal ionization energy without using total energies
of charged supercells.

Figure 8.3: The DOS for pure and with V 0
O in 0, +2 and 7 intermediate

coordinates in bulk ZnO.

In the above scheme, the optical and thermal ionization energies of the
defect state are obtained from two DOS plots, i.e. for the systems V 0

O[R(0)]
and V 0

O[R(2+)]. However, if the atomic defect level moves into the conduction
band as in the above example for V 0

O[R(2+)], it might be difficult to determine
its exact position due to hybridization with the conduction bands. However,
only the DOS of the V 0

O[R(0)] case is also sufficient. The peak position in
this DOS gave us point 2 in Fig. 8.2(b). As already discussed, the line with
slope +2 through this point must correspond to the formation energy for the
defect V 2+

O [R(0)]2.

2In fact this is equivalent to subtracting twice the Fermi energy from the energy of
system V 0

O[R[0)] obtained from the supercell calculation, and adding twice the energy 2EF .
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We find that further relaxing this system lowers the total energy with
3.67 eV. In this way we obtain the formation energy for system V 2+

O [R(2+)],
which is again the green line passing between point 1 and 3 in Fig. 8.2(b).
The crossing between the formation energies for the systems V 0

O[R(0)] and
V 2+
O [R(2+)] turns out to be at 2.61 eV. Therefore the thermal ionization

energy is found to be 0.82 eV, in good agreement with previous approaches.
In this last approach we did make use of the total energies of the charged
calculations, however only of their relative difference. We never compared
total energies of a neutral and a charged system and therefore this approach
is also applicable to nanostructures.

8.4 The oxygen vacancy in a thin ZnO slab

In previous section, we have proposed and verified a method to calculate the
optical and thermal ionization energy without calculating formation energies
for charged systems explicitly. Here we apply this approach to the oxygen
vacancy in a thin ZnO slab structure and investigate how these ionization
energies depend on the position of the oxygen vacancy. Furthermore we
want to investigate the preferential position of an oxygen vacancy. This
preferential position together with the corresponding ionization energies will
determine the transport properties of the nanostructures. Figure 8.4 shows
the passivated ZnO slab we consider. Fractionally charged hydrogen atoms
are used to passivate the dangling bonds on both up and down surfaces of
the slab. When a surface atom has i valence electrons distributed between 4
bonds in the tetrahedral position, this atom supplies i/4 electrons for each of
the bonds. Therefore a passivating H atom should provide (8−i)/4 additional
electrons to complete the bond. Therefore at the top surface of our ZnO slab,
ended by Zn atoms, we need H atoms with fractional charge 3/2 while at the
bottom surface, ended by O atoms, we need H atoms with fractional charge
1/2 [195]. The thickness of this slab is ∼ 16 Å (i.e. 3 bulk unit cells in the
[0001] direction) and the vacuum thickness is ∼ 18 Å. The calculated band
gap of this thin slab is 3.74 eV using the HSE06 functional. The increase
in the band gap with respect to the bulk value of 3.43 eV is due to the
confinement effect.

To justify the supercell size, we consider two different ZnO slab supercells,
one with 84 atoms (a 3 × 2 supercell) and the other one with 126 atoms (a
3 × 3 supercell). We consider an oxygen vacancy defect in the middle of
the supercell for both cases and relax the corresponding atomic coordinates.
Figure 8.5 shows the ionic configurations around the vacancy atom after the
relaxation. Distances from some nearest neighbors to the vacancy site are
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listed in Table 8.1. It is clear that the changes in the distances are not too
large (less than 3%)3. Therefore we can safely choose the smaller supercell
with 84 atoms for our calculations which reduces the computational time.

Figure 8.4: The ZnO slab with hydrogen passivated surfaces. The two con-
sidered positions of the oxygen vacancies are labeled by (a) and (b).

Table 8.1: Distances between nearest neighbors of the oxygen vacancy in
ZnO slab with 84 and 126 atoms in the supercell.

Distance (Å) 84 atom supercell 126 atom supercell
d1 3.23 3.20
d2 1.82 1.77
d3 1.59 1.60
d4 1.76 1.77

We consider two positions for the oxygen vacancy in this supercell with
84 atoms. First we remove an oxygen atom from a layer in the middle of
the slab which is labeled as (a) in Fig. 8.4. The formation energy of the

3We also verify this by calculating the formation energy of VO in both cases. The
difference between the formation energies is 28 meV.
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neutral defect is obtained by the standard approach. In order to determine
the optical ionization energy for the oxygen vacancy in the middle of the slab,
we show the total DOS for the pure ZnO slab and the slab for the system
V 0
O[R(0)] in Fig. 8.6. We can deduce that the optical ionization energy is 2.9

eV, which can be compared with 2.65 eV for bulk ZnO. The opening of the
band gap has thus slightly moved up this defect level in the band gap.

Figure 8.5: The ionic configurations around the VO positioned in layer (b) of
Fig. 8.4 (green circle) after relaxation in the ZnO slab for a supercell with
(a) 84 atoms and (b) 126 atoms.

Figure 8.6: DOS for the pure and V 0
O[R(0)] thin ZnO slab.
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Now similar to the bulk case, we can estimate the formation energy for
V 2+
O and the thermal ionization energy for VO in the ZnO slab. The final

result is presented in Fig. 8.7 by the blue curves. We find that the formation
energy of V 2+

O [R(2+)] crosses the formation energy of V 0
O[R(0)] at a Fermi

level of 3 eV above the VBM, leading to a thermal ionization energy of 0.74
eV. Comparing this result with the thermal ionization energy in bulk ZnO
of 0.82 eV, we can conclude that the thermal ionization energy has slightly
decreased, in contrast to the optical ionization energy. Note also that the
formation energy for the neutral defect V 0

O[R(0)] has slightly increased in
comparison to the bulk result which is probably a confinement effect. The
energy gain upon relaxation for system V 2+

O [R(2+)] is larger in case of the
slab, leading to the smaller thermal ionization energy in comparison with VO

in bulk ZnO.

Figure 8.7: The formation energy as a function of the Fermi energy for VO

at position (a) and (b) in the thin ZnO slab.

It is now also interesting to investigate how these ionization energies
change when the oxygen vacancy moves towards the surface of the ZnO slab.
Therefore we create an oxygen vacancy close to the surface marked as (b) in
Fig. 8.4. The obtained results are shown by the red curves in Fig. 8.7. No
new DOS calculations were performed, but only relative energy differences
with the system with the oxygen vacancy in the center were used. We ob-
serve that the formation energy has increased and both the optical as well as
the thermal ionization energy have increased by moving the oxygen vacancy
to the surface. Therefore, the oxygen vacancies prefer to sit in the center
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of the slab where they have a slightly lower thermal (-0.05 eV) and optical
(-0.13 eV) ionization energy. Table 8.2 summarizes the obtained formation
and ionization energies.

Table 8.2: Formation (at EF = 0) and ionization energies (IE) of VO in ZnO
bulk and slab structures (all in eV).

VO in ZnO Eg IEThe. IEOpt. E0
f [R(0)] E2+

f [R(0)] E2+
f [R(2+)]

Bulk 3.43 0.82 2.65 4.28 2.72 -0.95
Slab (a) 3.74 0.74 2.90 4.66 2.98 -1.35
Slab (b) 3.74 0.79 3.03 4.78 3.36 -1.13

8.5 Conclusions

Up to now, almost all first-principles defect studies in the literature have
considered defects in bulk systems. Studies of defects in nanostructures are
limited to neutral defects in the neutral charge state. The reason is that the
total energy of a charged nanostructure depends linearly on the width of the
vacuum and can therefore not be used to determine formation energies. Here
we proposed a method to determine the transition levels between different
charge states without using the formation energy of a defect in a charged
state.

We have shown the validity of our approach by considering the oxygen
vacancy VO in bulk ZnO, which is known to act as a deep donor. We have
determined the defect transition levels by the standard approach using the
hybrid HSE06 functional, and compared the result with our newly proposed
method. A good agreement was obtained. Next we have applied the method
to study the same defect in a thin ZnO slab. We found that the optical
ionization energy of the VO increased in the thin slab in comparison to the
bulk result, while the thermal ionization energy decreased. We also observed
that both ionization energies increased if the VO moved towards the surface
of the slab and that the preferential position of the oxygen vacancy is at the
center of the slab.

We believe that this new method will allow the study of all kinds of
intrinsic and extrinsic defects in semiconductor nanostructures. The combi-
nation of the preferential position of a defect, together with the corresponding
ionization energies, will give insight into the opto-electronic and transport
properties of nanostructures.
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Summary and Outlook

The study of defects and impurities is an important area in semiconductor
physics. Defects can be used to control the electronic and optoelectronic
properties of materials. However, to achieve such control, knowledge of the
fundamental processes that control doping is necessary. First-principles cal-
culations have already made important contributions to the understanding
of these fundamental processes of doping in different semiconductors.

An important class of materials with an already widespread application
area is the transparent conducting oxides (TCOs). These materials combine
electrical conductivity and optical transparency and are essential for photo-
voltaic and optoelectronic applications. The electronic structure of TCOs
has therefore been a subject of interest for a long time.

In this thesis we provide a first-principles study of defects in TCO materi-
als using density functional theory (DFT). An introduction to TCO materi-
als, their properties, fabrications, and applications are presented in chapter
1. It is followed by a general explanation of the basics of DFT, a quantum
mechanical approach for ground state calculations, in chapter 2. Then in
chapter 3, different kinds of defects are classified and some important issues
such as donor, acceptor, shallow, deep, formation energy, transition level, op-
tical and thermal ionization energies are introduced. The underestimation
of the band-gap by the commonly used LDA or GGA functionals may lead
to large errors in the electronic properties. To deal with this problem, dif-
ferent approaches can be employed such as an extrapolation method based
on the LDA+U approximation, and the hybrid functional approach which
have led to considerable improvement of the study of defects in materials.
The extrapolation technique is used in chapters 4, 5 and 6, and the hybrid
functional approach is used in chapters 5, 7 and 8 of this thesis.

The understanding of the source of the unintentional conductivity in
TCOs has been a topic of intense research in the last decade. For exam-
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ple TCOs such as ZnO, SnO2, and In2O3 show typically n-type conductivity.
While originally oxygen vacancies were held responsible for this conductiv-
ity, ab initio studies have revealed that the oxygen vacancy is a deep donor
level in ZnO and therefore cannot account for the unintentional conductivity.
On the other hand, these studies also revealed that instead interstitial and
substitutional hydrogen forms a shallow donor in these oxides. Cadmium
oxide (CdO) is one of the TCO materials which possesses large carrier con-
centrations together with large electron mobilities in the bulk. Therefore it
can act as a strong n-type semiconductor. In chapter 4, we have used first-
principles calculations based on DFT to study point defects in CdO within
the local density approximation and beyond (LDA+U). Hydrogen intersti-
tials and oxygen vacancies are found to act as shallow donors and can be
interpreted as the cause of conductivity in CdO. Hydrogen can also occupy
an oxygen vacancy in its substitutional form and also acts as a shallow donor.
Similar to what was found for ZnO and MgO, hydrogen creates a multicenter
bond with its six Cd neighbors in CdO. The charge neutrality level for native
defects and hydrogen impurities has been calculated. It is shown that in the
case of native defects, it is not uniquely defined. Indeed, this level depends
highly on the chemical potentials of the species and one can obtain different
values for different end states in the experiment. Therefore, a comparison
with experiment can only be made if the chemical potentials of the species
in the experiment are well defined. However, for the hydrogen interstitial
defect, since this level is independent of the chemical potential of hydrogen,
one can obtain a unique value for the charge neutrality level. We find that
the Fermi level stabilizes at 0.43 eV above the conduction band minimum in
the case of the hydrogen interstitial defect, which is in good agreement with
the experimentally reported value of 0.4 eV.

In chapter 5, we have studied by first principles calculations the elec-
tronic structure and formation energies of group III elements (Al, Ga, In)
doped in ZnO. Doped ZnO is an alternative to traditional Sn-doped In2O3

in several applications, due to its optical and electrical properties, its high
chemical and mechanical stability, and its abundance and non-toxicity. When
doped with Al, Ga or In, ZnO thin films can be highly conductive, and have
very good optical transmittance (more than 80%) in the visible range. It is
shown that all three dopants (Al, Ga, In) are shallow donors in ZnO, and
that the preferred charge state is +1 in all cases. To overcome the LDA band
gap error in the calculation of formation energies, two correction approaches
are applied: an extrapolation scheme based on the LDA+U method and the
application of the hybrid HSE06 functional. A comparison between them
shows the reliability of the extrapolation technique to predict the transition
levels correctly. An advantage of such extrapolation technique is the faster
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convergence of the total energies, but it can only be applied if localized d
electrons are present in the system. The obtained formation energies are
also less accurate within the extrapolation technique.

The incorporation of hydrogen in a material can strongly affect its elec-
tronic properties. In most oxides, hydrogen is an amphoteric defect, i.e. it
can act as a donor as well as an acceptor, depending on the Fermi level.
Therefore it will counteract the conductivity caused by extrinsic dopants.
However, in ZnO, hydrogen is a shallow donor. Therefore, we investigate in
chapter 6, the effect of the presence of both hydrogen and an extrinsic defect
(Al, Ga or In) in ZnO. The hydrogen interstitial and the substitutional AlZn,
GaZn and InZn are considered in ZnO. They all act as shallow donors and
lead to n-type conductivity in ZnO. Although shallow donors are expected to
repel each other, we show by first principles calculations that in ZnO these
shallow donor impurities attract and form a complex, leading to a donor
level deep in the band gap. This puts a limit on the n-type conductivity of
(Al,Ga,In)-doped ZnO in the presence of hydrogen.

Most of the TCO materials exhibit n-type conductivity and development
of an efficient p-type TCO is one of the global materials challenges. In
chapter 7, ZnM2O4 (M=Co, Rh, Ir) spinels are considered as a class of
potential p-type transparent conducting oxides (TCO). We report the for-
mation energy of acceptor-like defects using first principles calculations with
an advanced hybrid exchange-correlation functional (HSE06) within density
functional theory (DFT). Due to the discrepancies between the theoretically
obtained band gaps with this hybrid functional and the -scattered- experi-
mental results, we also perform GW calculations to support the validity of the
description of these spinels with the HSE06 functional. Our results support
the claim for experimental re-examination of the band gap in these spinels.
The considered defects are the cation vacancy and antisite defects, which are
supposed to be the leading source of disorder in the spinel structures. We also
discuss the band alignments in these spinels. The calculated formation ener-
gies indicate that the antisite defects ZnM (Zn replacing M, M=Co, Rh, Ir)
and VZn act as shallow acceptors in ZnCo2O4, ZnRh2O4 and ZnIr2O4, which
explains the experimentally observed p-type conductivity in those systems.
Moreover, our systematic study indicates that the ZnIr antisite defect has the
lowest formation energy in the group and it corroborates the highest p-type
conductivity reported for ZnIr2O4 among the group of ZnM2O4 spinels. To
gain further insight into factors affecting the p-type conductivity, we have
also investigated the formation of localized small polarons by calculating the
self-trapping energy of the holes.

The standard theoretical approach to determine the characteristic of
dopant impurities in bulk semiconductors is through calculations of forma-
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tion energies as a function of the Fermi level, as applied in the previous
chapters. However, this method cannot be applied to nanostructures since
the total energy of a charged nanostructure depends linearly on the width
of the vacuum as a result of the interaction between the charged system and
the compensating background. Therefore studies of defects in nanostructures
are limited to neutral defects in the neutral charge state. In the last chapter
of this thesis, chapter 8, we propose a method to determine the transition
levels between different charge states without explicitly the formation energy
of a defect in a charged state. We show the validity of our approach by
considering the oxygen vacancy VO in bulk ZnO, which is known to act as
a deep donor. We have determined the defect transition levels by the stan-
dard approach using the hybrid HSE06 functional, and compared the result
with our newly proposed method. A good agreement was obtained. Next
we have applied the method to study the same defect in a thin ZnO slab.
We found that the optical ionization energy of the VO increases in the thin
slab in comparison to the bulk result, while the thermal ionization energy
decreases. We also observed that both ionization energies increase if the VO

moved towards the surface of the slab and that the preferential position of
the oxygen vacancy is at the center of the slab.

To conclude, this thesis presents first-principles studies of defects in TCOs
using DFT. For a quantitative and accurate prediction of the formation en-
ergies and transition levels of defects the extrapolation technique and hybrid
functional approaches are used. There are still many interesting systems to
be explored. The effect of the presence of native defects and impurities can
be studied for any other TCO or semiconducting material in bulk or slab
configuration. The efficiency of a dopant and its theoretically obtained ion-
ization energy can be determined to help interpreting experimental results
as well as to propose materials with desired defect properties. In particular,
the following topics could be studied:

� Complexes of dopants are important systems to be studied, since the in-
teraction between donor and acceptor dopants may lower the formation
energy providing a more stable system. As an example in Ref. [196],
it is shown that N-doped ZnO films can exhibit p-type behavior un-
der appropriate circumstances. It is established by performing several
experimental characterization techniques that a complex of VZn-NO-H
is the cause of such behavior and acts as a shallow acceptor with an
ionization energy of 130 meV. Theoretical verifications of these claims
can be accomplished by DFT calculations.
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� As it is mentioned in the thesis there are already many known n-type
TCOs, but the lack of good p-type TCOs limits the presence of ac-
tive electronic devices. So it is important to find appropriate dopants
that can cause p-type conductivity in TCO materials. For example in
Ref. [197], a high-throughput computational study is done on thou-
sands of binary and ternary oxides to identify some promising com-
pounds with a wide band gap and low effective hole mass. Several
p-type candidates are proposed for the design and development of fu-
ture p-type transparent conducting oxides. An important step is now
to determine which defects have a shallow character in these proposed
systems.

� The character of a defect in a nanostructure might differ from its char-
acter in the bulk material. Since total energies obtained from calcula-
tions for charged nanostructures cannot be used to determine formation
energies, we have proposed in chapter 8 a new method to determine
the formation energies and the transition levels between different charge
states without using the formation energy of a charged system. This
technique can now be applied to a variety of systems. An example of
the interesting physical insight that is likely to be obtained is given in
Ref. [198]. This experimental work showed that the ionization energy
of a SiGa impurity in GaAs increases if the SiGa defect is located close
to the surface. This observation is not understood and our method
allows to investigate this problem using first-principles techniques.
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Samenvatting en Vooruitzicht

De studie van defecten en onzuiverheden is een belangerijk onderzoeksdomein
in de halfgeleiderfysica. Defecten kunnen gebruikt worden om de elektro-
nische en opto-elektronische eigenschappen van materialen te controleren.
Echter om zulke controle te bekomen is een goed inzicht nodig in de fun-
damentele processen die dopering bepalen. Ab initio berekeningen hebben
reeds belangrijke bijdragen geleverd tot het begrijpen van deze fundamentele
processen rond dopering in verschillende halfgeleiders.

Een belangerijke klasse van materialen met een ruim toepassingsgebied
zijn de transparante geleidende oxides (TCOs). Deze materialen combineren
elektrische geleidbaarheid en optische transparantie en zijn essentieel voor
fotovoltäısche en opto-elektronische toepassingen. De elektronische structuur
van TCOs is daarom een onderwerp dat al sinds geruime tijd bestudeerd
wordt.

In deze thesis maken we een ab initio studie van defecten in TCO ma-
terialen, gebruik makende van dichtheidsfunctionaaltheorie (DFT). Een in-
leiding tot TCO materialen, hun eigenschappen, fabricatie en toepassingen
komt aan bod in hoofdstuk 1. Dit wordt gevolgd door een algemene uitleg
over de principes van DFT, een kwantummechanische aanpak voor grond-
toestandsberekeningen, in hoofdstuk 2. Vervolgens worden in hoofdstuk
3 verschillende soorten defecten geclassificeerd en worden enkele belangrijke
begrippen zoals donor, acceptor, diep en ondiep, vormingsenergie, transi-
tieniveau, optische en thermische ionisatie-energie gëıntroduceerd. De onder-
schatting van de bandkloof door de veelgebruikte LDA of GGA functionalen
kan leiden tot grote fouten in de elektronische eigenschappen. Om dit pro-
bleem aan te pakken kunnen verschillende methodes gebruikt worden, zoals
een extrapolatie methode gebasseerd op de LDA+U benadering, en de hy-
bride functionalen die hebben geleid tot een significante verbetering van de
studie van defecten in materialen. De extrapolatie methode wordt gebruikt
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in hoofdstukken 4, 5 en 6, en de hybride functionaal methode wordt gebruikt
in hoofdstukken 5, 7 en 8 van deze thesis.

Sinds een vijftiental jaar is het begrijpen van de bron van niet-intentionele
geleiding in TCOs een belangrijk onderwerp van onderzoek. TCOs zoals
ZnO, SnO2 en In2O3 tonen typisch n-type geleiding. Hoewel oorspronke-
lijk ontbrekende zuurstofatomen hiervoor verantwoordelijk werden gehouden
hebben ab initio studies duidelijk gemaakt dat een ontbrekend zuurstofatoom
een diep donorniveau in ZnO veroorzaakt zodat het niet de oorzaak van de
niet-intentionele dopering kan zijn. Aan de andere kant bleek uit deze studies
ook dat in de plaats daarvan interstitiële en substitutionele waterstofatomen
ondiepe donors vormen in deze oxiden. Cadmium oxide (CdO) is ook een
TCO-materiaal met grote ladingsconcentraties samen met een grote elektron-
mobiliteit. Daarom kan het zich gedragen als een sterke n-type halfgeleider.
In hoofdstuk 4 hebben we ab intio berekeningen gebruikt op basis van
DFT om puntdefecten te bestuderen in CdO. Interstitieel waterstof en ont-
brekende zuurstofatomen blijken te werken als ondiepe donors en kunnen
beschouwd worden als de oorzaak van geleiding in CdO. Waterstof kan ook
de plaats van een ontbrekend zuurstofatoom bezetten en dit defect is ook
een ondiepe donor. Gelijkaardig aan wat werd gevonden voor ZnO en MgO
vormt zo’n substitutioneel waterstof ook een multigecentreerde binding met
zes Cd-buren in CdO. Het ladingsneutraal-niveau (‘charge neutrality level ’)
van intrinsieke defecten en waterstofonzuiverheden werd berekend. In het
geval van intrinsieke defecten werd aangetoond dat dit niveau niet uniek
bepaald is. Het niveau hangt inderdaad sterk af van de chemische poten-
tialen van de elementen en men kan verschillende waarden verkrijgen naar
gelang de groeicondities. Daarom kan een vergelijking met experimenten
enkel gemaakt worden als de chemische potentialen in het experiment goed
gedefinieerd zijn. Voor het interstitieel waterstofdefect kan men echter wel
een unieke waarde voor het ladingsneutraal-niveau vinden omdat dit niveau
onafhankelijk is van de chemische potentiaal van waterstof. We vinden in
dit geval dat het Fermi-niveau 0.43 eV boven het minimum van de conduc-
tieband gestabiliseerd wordt, wat goed overeenkomt met de gerapporteerde
experimentele waarde van 0.4 eV.

In hoofdstuk 5 hebben we ab initio berekeningen uitgevoerd voor de
elektronische structuur en de vormingsenergieën van groep III elementen
(Al, Ga, In) in ZnO. Gedopeerd ZnO vormt een alternatief voor de tradi-
tionele Sn-gedopeerde In2O3 in verschillende toepassingen door de optische
en elektrische eigenschappen, de hoge chemische en mechanische stabiliteit
en omdat het veel voorkomend en niet toxisch is. Wanneer dunne ZnO-films
gedopeerd worden met Al, Ga of In kunnen ze heel geleidend worden en
hebben ze een heel goede optische transmissie (meer dan 80 %) in het zicht-
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bare spectrum. We toonden dat alle drie de doperingsatomen (Al, Ga en
In) ondiepe donoren zijn in ZnO en dat de geprefereerde ladingstoestand +1
is. Om de fout in de bandkloof te verminderen, werden twee corrigerende
methodes toegepast: een extrapolatieschema gebaseerd op de LDA+U tech-
niek en de toepassing van de HSE06 hybride functionaal. Een vergelijking
tussen de twee toont de betrouwbaarheid van de extrapolatietechniek om de
overgangsniveaus correct te voorspellen. Een voordeel van zo’n extrapolati-
etechniek is de snellere convergentie van de totale energieën, maar het kan
enkel toegepast worden als er gelokaliseerde d-elektronen aanwezig zijn in het
systeem. De vormingsenergieën verkregen met de extrapolatietechniek zijn
ook minder nauwkeurig.

De toevoeging van waterstof in een materiaal kan een grote invloed hebben
op de elektronische eigenschappen. Waterstof gedraagt zich als een amfote-
risch defect in de meeste oxides, waarmee we bedoelen dat het zich zowel als
een donor als een acceptor kan gedragen afhankelijk van het Fermi niveau.
Daarom kan het de geleiding die veroorzaakt wordt door extrinsieke dopering
tegenwerken. In ZnO daarentegen gedraagt waterstof zich als een ondiepe
donor. In hoofdstuk 6 onderzoeken we daarom het effect van de aan-
wezigheid van waterstof en een extrinsiek defect (Al, Ga of In) in ZnO. Hierbij
beschouwen we interstitieel waterstof samen met substitutioneel AlZn, GaZn
en InZn. Dit zijn allemaal ondiepe donoren en resulteren dus in n-type gelei-
ding in ZnO. Met behulp van ab initio berekeningen vinden we dat deze
ondiepe donor onzuiverheden in ZnO elkaar aantrekken en samen een com-
plex vormen. Dit leidt tot een diep donor niveau in de bandkloof. De n-type
geleiding in (Al, Ga, In) gedopeerd ZnO zal dus gelimiteerd worden in de
aanwezigheid van waterstof.

De meeste TCO materialen hebben een goede n-type geleiding maar de
ontwikkeling van een efficiënte p-type TCO blijft een van de grote uitda-
gingen. In hoofdstuk 7 beschouwen we ZnM2O4 (M=Co, Rh, Ir) spinel-
structuren als een mogelijke klasse p-type geleidende TCOs. We bekijken
de vormingsenergie van acceptor-defecten aan de hand van hybride functio-
naal berekeningen (HSE06). Er blijkt een (groot) verschil te zijn tussen de
bandkloven bekomen met de hybride functionaal en de uiteenlopende ex-
perimenteel gemeten waarden. Om het gebruik van de hybride functionaal
te rechtvaardigen worden er ook GW berekeningen gedaan op deze spinel-
structuren. Onze resultaten geven aan dat de experimentele resultaten voor
de bandkloof van deze spinelstructuren heronderzocht moeten worden. De
defecten die we beschouwen in deze materialen zijn kation vacatures en an-
tisites, die een belangrijke bron van wanorde zijn in de spinelstructuren.
We bespreken eveneens de band alignering van deze materialen. De bere-
kende vormingsenergieën geven aan dat de ZnM en VZn antisite defecten
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zich gedragen als ondiepe acceptoren in ZnCo2O4, ZnRh2O4 en ZnIr2O4. Dit
verklaart de waargenomen p-type geleiding in deze systemen. Onze systema-
tische studie geeft aan dat het ZnIr antisite defect de laagste vormingsenergie
heeft en eveneens de hoogste p-type geleiding geeft voor ZnIr2O4 binnen de
groep van de ZnM2O4 spinelstructuren. Om verder inzicht te verwerven in
de mogelijke factoren die meespelen in het bepalen van de p-type geleiding,
hebben we eveneens de vorming van gelokaliseerde kleine polaronen bekeken
door de energie voor zelf-opsluiting van holtes te berekenen.

De algemene theoretische benadering om de eigenschappen van gedopeerde
onzuiverheden in bulk halfgeleiders te bepalen is door middel van berekening
van de vormingsenergieën in functie van het Ferminiveau, zoals toegepast
in de vorige hoofdstukken. Deze methode kan echter niet toegepast worden
op nanostructuren omdat de totale energie van een geladen nanostructuur
afhankelijk is van de breedte van het opgenomen vacuüm als gevolg van de
interactie tussen het geladen systeem en de compenserende achtergrond. Om
deze reden zijn studies van defecten in nanostructuren beperkt tot neutrale
defecten in de neutraal geladen toestand. In het laatste hoofdstuk van deze
thesis, hoofdstuk 8, stellen we een methode voor om de overgangsniveaus
tussen verschillende geladen toestanden te bepalen zonder de expliciete vor-
mingsenergie van een defect in een geladen toestand. We tonen de validiteit
van onze benadering aan door een zuurstof vacature VO in bulk ZnO te
bestuderen, een gekende diepe donor. We hebben de defectovergangsniveaus
bepaald aan de hand van de standaard benadering met gebruik van de hy-
bride HSE06 functionaal, en we hebben het resultaat vergeleken met onze
nieuwe voorgestelde methode. Een goede overeenkomst werd bekomen. Ver-
volgens hebben we de methode toegepast om hetzelfde defect te onderzoeken
in een dunne ZnO laag. We vonden dat de optische ionizatie-energie van de
VO in de dunne slab toenam in vergelijking met het bulk resultaat, terwijl
de thermische ionizatie-energie daalde. We vonden ook dat beide ionizatie-
energieën stegen als de VO naar het oppervlak van de dunne laag bewoog en
dat de voorkeurspositie van de zuurstof vacature zich in het midden van de
dunne laag bevindt.

Samenvattend presenteert deze thesis ab initio studies van defecten in
TCOs, gebruikmakend van DFT. Voor een kwantitatieve en nauwkeurige
voorspelling van de vormingsenergieën en overgangsniveaus van defecten wer-
den de extrapolatie techniek en de benadering met hybride functionalen ge-
bruikt. Er zijn nog steeds veel interessante systemen om te onderzoeken.
Het effect van de aanwezigheid van intrinsieke defecten en onzuiverheden kan
bestudeerd worden voor elk TCO of halfgeleidend material in bulk of dunne
laag configuratie. De efficiëntie van een dopering en zijn theoretisch verkre-
gen ionizatie-energie kan bepaald worden om te helpen bij de interpretatie
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van experimentele resultaten alsook bij de ontwikkeling van materialen met
gewenste defecteigenschappen. In het bijzonder zijn volgende onderwerpen
interessant om te bestuderen:

� Complexen van onzuiverheden zijn belangrijke systemen om te bestu-
deren, omdat de interactie tussen donor en acceptor onzuiverheden de
vormingsenergie kan reduceren en daarbij een stabieler system kan vor-
men. In Ref. [188] bijvoorbeeld, wordt aangetoond dat N-gedopeerde
ZnO films p-type gedrag kunnen vertonen onder bepaalde omstandighe-
den. Dit is verwezenlijkt door verschillende experimentele karakterisa-
tietechnieken toe te passen waarbij werd aangetoond dat een complex
van VZn-NO-H de oorzaak is van zulk gedrag en zich gedraagt als een
ondiepe acceptor met een ionizatie-energie van 130 meV. Theoretische
vergelijkende studies van deze bevindingen kunnen uitgevoerd worden
door gebruik te maken van DFT berekeningen.

� Zoals vermeld in de thesis zijn er reeds veel n-type TCOs gekend,
maar het gebrek aan goede p-type TCOs beperkt de aanwezigheid van
actieve elektronische apparaten. Daarom is het belangrijk om onzui-
verheden te vinden die leiden tot p-type geleiding in TCO materialen.
In Ref. [189] bijvoorbeeld, werd een high-troughput computationele
studie uitgevoerd op duizenden binaire en ternaire oxides om veel-
belovende samenstellingen met een brede bandkloof en lage effectieve
gatenmassa te identificeren. Verschillende p-type kandidaten werden
voorgesteld voor potentiële toekomstige p-type TCOs. Een belangrijke
stap is nu de defecten te bepalen die een ondiep karakter vertonen in
deze voorgestelde systemen.

� Het karakter van een defect in een nanostructuur kan verschillen van
zijn karakter in een bulk materiaal. Omdat totale energieën verkregen
uit berekeningen voor geladen nanostructuren niet gebruikt kunnen
worden om de vormingsenergieën rechtstreeks te bepalen, stelden we
in hoofdstuk 8 een nieuwe methode voor om de vormingsenergieën en
overgangsniveaus tussen verschillende geladen toestanden te bepalen
zonder gebruik te maken van de vormingsenergie van een geladen sys-
teem. Een voorbeeld van het interessante fysisch inzicht dat met deze
nieuwe methode verkregen zou kunnen worden wordt getoond in Ref.
[190]. Dit experimenteel werk toont dat de ionizatie-energie van een
SiGa onzuiverheid in GaAs stijgt als het SiGa defect dicht bij het opper-
vlak gelegen is. Deze waarneming is nog niet verklaard. Onze nieuwe
methode laat toe dit probleem te onderzoeken met ab initio technieken.
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[28] H. Kümmel. Origins of the coupled cluster method. Theoretica chimica
acta, 80(2-3):81–89, 1991.

[29] P. Hohenberg and W. Kohn. Inhomogeneous electron gas. Physical
Review, 136:B864–B871, 1964.

[30] W. Kohn and L. J. Sham. Self-consistent equations including exchange
and correlation effects. Physical Review, 140:A1133–A1138, 1965.

[31] M. Levy. Universal variational functionals of electron densities, first-
order density matrices, and natural spin-orbitals and solutions of the
v-representability problem. Proc. Natl. Acad. Sci. USA, 76:606265,
1979.

[32] E. H. Lieb. Density functionals for coulomb systems. Int. J. Quantum
Chem., 24:24377, 1983.

[33] P. A. M Dirac. Note on Exchange Phenomena in the Thomas Atom.
Proceedings of the Cambridge Philosophical Society, 26:376385, 1930.

[34] J. C. Slater. A simplification of the hartree-fock method. Physical
Review, 81:385–390, 1951.

[35] D. M. Ceperley and B. J. Alder. Ground state of the electron gas by a
stochastic method. Phys. Rev. Lett., 45:566–569, Aug 1980.

[36] J. P. Perdew and Y. Wang. Accurate and simple analytic representation
of the electron-gas correlation energy. Phys. Rev. B, 45:13244–13249,
Jun 1992.

[37] J. P. Perdew. Density functional theory and the band gap problem.
International Journal of Quantum Chemistry, 30(3):451–451, 1986.

[38] J. P. Perdew, K. Burke, and M. Ernzerhof. Generalized gradient ap-
proximation made simple. Phys. Rev. Lett., 77:3865–3868, Oct 1996.



154 BIBLIOGRAPHY

[39] C. S. Wang, B. M. Klein, and H. Krakauer. Theory of magnetic and
structural ordering in iron. Phys. Rev. Lett., 54:1852–1855, Apr 1985.

[40] T. C. Leung, C. T. Chan, and B. N. Harmon. Ground-state properties
of Fe, Co, Ni, and their monoxides: Results of the generalized gradient
approximation. Phys. Rev. B, 44:2923–2927, Aug 1991.

[41] A. D. Becke. Density-functional exchange-energy approximation with
correct asymptotic behavior. Phys. Rev. A, 38:3098–3100, Sep 1988.

[42] C. Lee, W. Yang, and R. G. Parr. Development of the colle-salvetti
correlation-energy formula into a functional of the electron density.
Phys. Rev. B, 37:785–789, Jan 1988.

[43] K. Terakura, T. Oguchi, A. R. Williams, and J. Kübler. Band theory
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