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The study of amorphous materials

is ordinarily a traumatic experience

for a solid-state physicist.

David Adler, 1982
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Abstract

Zinc oxynitride is a semiconductor with tunable optical and electronic properties. The band

gap of the material can be tailored to 1.7 eV. As this is the ideal band gap of a top cell

material in a silicon based tandem solar cell, the resulting theoretical conversion efficiency is

an astonishing 42.3 %. This work studies the tunability of the material properties of ZnOxNy

by alteration of deposition parameters. The goal is to tailor the deposition process for solar

cell application.

Zinc oxynitride was produced using HiPIMS deposition. The charge carrier density, the Hall

mobility and the band gap of the material was successfully tuned by altering the process

parameters. By varying the HiPIMS frequency, average power, pulse width and chamber

pressure the band gap of the material was tuned from 1.4 to 3.2 eV. The charge carrier

densities were in the range of 3.2×1015 to 6.4×1019 cm−3, and Hall mobilities were measured

in the range of 4.0 to 34.2 cm2/Vs. By performing a chamber pressure variation, it was

found that the Hall mobility was increased and the optical band gap was decreased when the

chamber pressure was decreasing. As a result, a material with an optical band gap close to

1.7 eV could be deposited with Hall mobilities above 20 cm2/Vs.

It was found that by increasing the sputtering frequency, the band gap was decreased while

the charge carrier concentration was increased. This behavior was observed at sputtering

pressures of both 1.0 × 10−2 and 1.7 × 10−2 mBar. Similar results were obtained when the

average power was increased. Surprisingly, variation of oxygen and nitrogen flow had little

impact on the band gap of the material. However, both Hall mobility and charge carrier

density was decreased when the oxygen flow was increased. The HiPIMS pulse duration was

also varied, and the band gap decreased when the pulse duration was increased. Hall mobility

and charge carrier density increased with increasing pulse length.

For a 1.7 eV band gap material, the charge carrier density was measured to 2×1016 cm−3 and

the Hall mobility was 18 cm2/Vs. These properties makes ZnOxNy a promising candidate for

application in silicon based tandem solar cells.
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Chapter 1

Introduction

The energy demand of the world will continue to increase as the global population increases.

Fossil fuels are currently the most important energy sources on earth totaling 63% of the

energy consumed [1]. Continuing to cover our ever increasing energy demand with fossil fuels

will lead to higher emissions of CO2 to the atmosphere and increased global warming. Changes

in the climate is already observable, and in the future we will see increased challenges in food

production and supply of fresh water, as well as loss in biological diversity. To combat the

climate changes we need technology demanding less energy, capturing and storing of CO2 as

well as renewable, low CO2 energy sources [2].

Solar energy is a sustainable energy source available everywhere in the world. Solar cells

demand little maintenance and can be produced using abundant, non-toxic materials. Using

solar energy allows for electricity production off-grid, and the technology has a big potential as

the incident energy from the sun equals 10,000 times the total energy consumed by mankind

each year [3].

Today, the solar cell industry is dominated by the silicon solar cell. As the technology im-

proves towards the theoretical efficiency limit, the cost of solar modules keeps decreasing [4].

Improving the efficiency of the solar cells will increase the competitiveness of the technol-

ogy further, and is a major research focus world wide. Tandem solar cells with bottom cells

of silicon are easily implementable to the existing silicon industry, and hence, an intriguing

approach to overcome the present efficiency limit.

The theoretical limit of the efficiency of a solar cell is related to the band gap of the material

used [5]. Thus, a tandem solar cell is able to exploit more of the incident light due to stacking

junctions of different band gaps. For this design to work, the top cell has to transmit the

light utilized by the bottom cell. Using a silicon bottom cell (with a band gap of 1.1 eV), the

1



CHAPTER 1. INTRODUCTION

ideal top cell should have a band gap of ∼1.7 eV, giving a theoretical efficiency limit of ∼40%

[6]. Further, a high carrier mobility of the material in the top cell is preferred, as this makes

extraction of carriers more efficient.

The ZnOxNy system is a novel and promising candidate as a tandem topcell absorber due to

its optoelectronic properties. Several studies indicate that the material has a tunable band

gap, achieved by varying the nitrogen content, ranging from 3.3 eV for pure ZnO to 1.1 eV for

Zn3N2. Importantly, a band gap of 1.67 eV is reported at a nitrogen content of 6.2 at.% [7].

In addition to the wide wavelength selectivity and it consist of abundant materials, ZnOxNy is

a high mobility semiconductor, where electron mobility exceeding 200 cm2

Vs has been reported

[8]. This record high mobility was achieved by depositing the material using pulsed laser

deposition.

So far, there is limited research done on ZnOxNy related to solar cell applications. This is

partly due to the recent discovery and studies of the optoelectronic properties, but also due

to the focus on ZnOxNy for application in thin film transistors (TFT) in current research.

However, many of the attributes making the oxynitride attractive for TFT are highly relevant

for solar cell application. Indeed, successfully investigating these properties can potentially

make an impact in the solar cell field.

The focus of this work will be the optoelectronic properties of zinc oxynitride. High Power

Impulse Magnetron sputtering (HiPIMS) will be used to deposit the material. This is a novel

sputtering technique where the sputtering voltage is applied in unipolar pulses. Compounds

containing nitrogen can be challenging to deposit using conventional reactive sputtering due

to the low reactivity of nitrogen gas. This is especially challenging for oxynitrides due to the

much higher reactivity of oxygen than of nitrogen, The high degree of ionization achieved

in a HiPIMS process enables deposition of nitrides and oxynitrides, making it an interesting

technique for production of ZnOxNy . Further, there are reports of tuning of the material

properties of the material only altering the pulsing frequency, making this an intriguing tech-

nique to deposit the oxynitride [9]. Also, magnetron sputtering is an inexpensive deposition

technique, and has the possibility of scaling up for industrial purposes. This is essential for

making the material available for use in commercial solar devices.

In this work, the optical and electronic properties of the material will be investigated, with

the goal of producing a material well suited for application in a silicon based tandem solar

cell. Chapter 2 introduces the central theory and background to get an understanding of the

oxynitride and the experimental methods used in this work. In Chapter 3, the experimental

methods will be introduced. Chapter 4 presents the experimental equipment used as well as

sample preparation and possible sources of error. The experimental results are presented and

discussed in Chapter 5. The work is concluded in Chapter 6, and further work for investigating

zinc oxynitride is suggested.
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Chapter 2

Theory

In this chapter, the most important theory for understanding zinc oxynitride as a semicon-

ducting material and its use as a solar cell will be introduced. First, the different possible

atomic structure of materials are presented. This section is central to understanding the the-

ory behind the electronic properties of the material, but also the experimental techniques used.

There is debate concerning the atomic structure of ZnOxNy , and the structure is thought to

be related to the optoelectronic properties of the material. Thus, it is important to address

the possible atomic arrangement of solids. Further, there will be an introduction to the prop-

erties of semiconductors. The oxynitride investigated in this work is a semiconductor, and

the properties observed can only be understood by conferring with the established theory of

semiconductors. This is followed by sections concerning semiconductor junctions and solar

cells. The motivation for this work is to develop more efficient solar cells, and these sections

will reveal the material properties important to reach this goal. Finally, the last section of

this chapter will review relevant research of ZnOxNy to understand the electronic and optical

properties of the material observed so far. This chapter is based on the textbooks of Kittel

[10], Streetman [11], Nelson [6] and Smets [3].

2.1 Atomic structure of materials

All solid compounds are held together by strong interatomic bonds. These can be classified by

the nature of the bond, giving three classes; colvalent, ionic and metallic bonds. Dependent

on the atomic ordering of a solid, materials can be divided into two main groups, crystalline or

amorphous. A material is classified as crystalline if the structure has a long-range periodicity.

If the periodicity encompasses the entire solid, the material is called a single crystal. A

material can also be built up by smaller, periodic domains, this is called a polycrystalline

3



2.1. ATOMIC STRUCTURE OF MATERIALS CHAPTER 2. THEORY

material. Amorphous materials have local ordering of the constituent atoms, but no long-

range periodicity. ZnOxNy is a disordered material, but it is under discussion whether the

material is purely amorphous, polycrystalline with nano size crystallites, or even a combination

of the two [8, 12].

There are extensive mathematical models describing crystalline materials and their electronic

properties. Naturally, theory concerning periodic materials does not apply to disordered ma-

terials like ZnOxNy , but can be reviewed to understand important aspects of semiconductors

in general. The following section gives an introduction to crystalline materials to support the

section concerning semiconductor physics.

2.1.1 Crystalline materials

A crystal structure is built up by repetition of identical groups of atoms. Such atom groups

are called the basis of a crystal, and can consist of one or several atoms. The repetition of the

basis in three dimensions can be described by a set of mathematical points, called the lattice

of the crystal. The crystal lattice is defined by three translation vectors a1, a2 and a3, also

called the lattice vectors. When an arbitrary lattice point is chosen as the origin, any other

lattice point can be reached by

R = xa1 + ya2 + za3 (2.1.1)

where x, y, z are integers and R is the translation vector of the lattice. Further, the volume

spanned by the lattice vectors are called a primitive cell. This cell is the smallest volume that

spans the whole crystal by repetition while preserving the symmetry of the lattice. A primitive

unit cell contains only one lattice point, but there can be more than one atom within the unit

cell, depending on the basis in question. The structure of a material is often described by the

unit cell for simplicity. The length of the lattice vectors are called the unit cell parameters.

The structure of materials is normally classified using Bravais lattices. This is a mathemat-

ical tool for describing of crystallographic systems, where all possible primitive lattices are

included. The structure of materials with the same primitive lattice can differ, both to dif-

ferent unit cell dimensions and atomic basis. As mentioned above, there is some discussion

concerning the atomic arrangement of zinc oxynitride. When X-Ray Diffraction (chapter 3.2)

is used to investigate the structure of the material, it is convenient to have some insight of the

possible crystalline phases present in the samples. The two most probable ordered structures

are ZnO and Zn3N2 as they are the thermodynamically stable compounds formed by zinc,

nitrogen and oxygen.

4
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Zinc oxide and zinc nitride

Zinc oxide has two possible structures, but only one of them is thermodynamically stable in

the ambient and will be presented in this work. The stable oxide takes the wurzite structure,

which is a hexagonal system. The lattice constants are 3.25 Å and 5.20 Å [13]. The unit cell

of the structure is shown in Figure 2.1. Note the tetrahedral coordination of the zinc atoms

where each zinc atom is bonded to four oxygen atoms.

Figure 2.1: The atomic structure of ZnO. The grey spheres represent zinc atoms, red spheres
represents oxygen. This figure is produced using the software VESTA [14].

At first glance, the structure of zinc nitride looks significantly more disordered than that

of the oxide, the unit cell contains a much higher number of atoms. The structure of the

nitride is cubic, and the unit cell parameter is 9.85 Å [15]. Compared with the oxide, the

unit cell is much larger and the layers of zinc and nitrogen is less ordered than in the ZnO

structure, see Figure 2.2 This is caused by the difference in valence of oxygen and nitrogen

atoms. Both the oxide and nitride are ionic compounds, with zinc in oxidation state Zn2+ in

both compounds. Oxygen takes a oxidation sate of O2– while nitrogen has a lower valence

and takes a oxidation state of N3– , yielding a more disordered structure. The zinc atoms has

a thetrahedral coordination in both structures.

The similarities between the two structures become more clear when taking a closer look at

the coordination polyhedra, as can be seen in Figure 2.3. In zinc oxide, the the coordina-

tion tetrahedra are linked by sharing of corners. In the nitride however, the polyhedra are

connected by sharing of edges, resulting in a less ordered structure.

5



2.2. SEMICONDUCTOR PHYSICS CHAPTER 2. THEORY

Figure 2.2: The atomic structure of Zn3N2. Here grey spheres represent zinc atoms and blue
spheres represent nitrogen atoms. This figure is produced using the software VESTA [14].

(a) ZnO
(b) Zn3N2

Figure 2.3: The structures of a) ZnO and b) Zn3N2 with coordination polyhedra marked
to illustrate the differences of the two structures. In both structures, the zinc atoms are
tetrahedrally coordinated. This figure was produced using the VESTA software [14].

2.2 Semiconductor physics

Semiconductors are materials with electronic conductivity between that of insulators and met-

als. These materials can be both elemental and compounds, and their conductivity can be

altered by changing temperature or optical illumination. In contrast to the decreased con-

ductivity of metals with increased temperature, the conductivity of semiconductors increases

with temperature. A higher temperature leads to a higher number of carriers available to

conduct current. Doping a semiconductor with a foreign element can also alter the conduc-

tivity. This is unique to semiconductor materials and is central for the use of semiconductors

in electronic devices. Semiconductors are used for several technological applications, such

as diodes, transistors, power electronics and solar cells. This section will present the theory

regarding the electronic properties of semiconductor materials. A periodic crystal structure

is assumed unless stated otherwise.

6
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2.2.1 Electronic energy bands

Electrons in an isolated atom have several discrete energy levels available. Some states are

occupied by electrons, and some are empty. Electrons are fermions, and according to Pauli’s

repulsion principle, only one fermion can occupy each quantum mechanical state (orbital) in a

system. If one imagines a material as isolated atoms brought together, this means that every

orbital has to shift their energy to avoid overlapping. A cube with volume 1cm3 of an arbitrary

material will contain somewhere around 1022 electrons. The high number of orbitals results

in a negligible difference in energy from one orbital to the next, and the electron energies can

be described as continuous bands of allowed energies separated by forbidden energy gaps.

To be able to evaluate the properties of the huge amount of electrons in a solid, electrons can

be modelled as a free electron gas subject to a periodic potential. This is called the nearly-free

electron model, and the periodic potential in question is formed by the periodic structure of

the atoms in the material. Assuming a periodicity U(r) = U(r + R), the time independent

Schrödinger equation of this system is

HΨ(r) =

[
h̄2

2m
∇2 + U(r)

]
Ψ(r) = EΨ(r) (2.2.1)

where Ψ(r) is the wave function of an electron in the solid, m is the electron mass, and E

is the energy eigenfunction associated with a certain wave function. The solutions are in the

form of Bloch waves:

Ψ(r) = eikruk(r) (2.2.2)

where uk(r) has the same periodicity as the material structure, and k is the wave vector.

According to the Bragg principle, these solutions have to be plane waves. Note that this

solution only applies to ideal materials with a periodic structure. Further, the nearly-free

electron model can explain the origin of a forbidden energy band in periodic materials [10].

The upmost filled energy band in a semiconductor is called the valence band, and the lowest

empty energy band is called the conduction band. The valence band and the conduction band

are separated by an energy difference of Eg, the band gap. To achieve significant conduction

in a semiconductor, electrons has to be exited from the valence band to the conduction band.

This process can only occur when the electron is provided energy equal to or larger than the

band gap energy.

7



2.2. SEMICONDUCTOR PHYSICS CHAPTER 2. THEORY

Figure 2.4: Schematic energy band diagrams for insulators, semiconductors and metals. States
occupied by electrons are marked with green circles. The metal differs from insulators and
semiconductors by overlapping energy bands (top) and partly filled bands (middle band).
Adapted from Streetman [11]

.

The electronic structure of semiconductors differ only from that of insulators by the size of

the band gap, see Figure 2.4. The electronic structure of these types of materials are similar,

and at zero kelvin both have a filled valence band and an empty conduction band. However,

the band gap of semiconductors are of a magnitude that allows thermal and optical excitation

for reasonable temperatures and incident radiation. Insulators have larger band gaps, and

thus have a significantly lower probability of excited electrons and therefore do not conduct

current. Metals have either partially filled bands or overlap of bands, resulting in conductive

materials without any excitation of electrons over the band gap.

In a semiconductor, the excitation of valence band electrons results in electrons in the con-

duction band as well as empty electronic states in the valence band. The empty states in the

valence band are called holes and can be considered charge carries of positive charge moving

in the opposite direction of the electrons. Consequently, charge carriers can move in both

energy bands and current can flow through the material.

Semiconductors can have both direct or indirect band gaps. When the valence band maximum

and the conduction band minimum are associated with the same wave vector k, the band gap

is said to be direct. An indirect band gap is when the valence band maximum and conduction

band minimum are at different values of k. The excitation of an electron in an indirect band

gap is less likely, as the electron has to be supplied with sufficient energy as well as a change

of momentum. To change momentum, the electron is dependent on an incident phonon, see

Figure 2.5. Silicon is an indirect band gap semiconductor, and to use silicon in a solar cell,

one has to use more material to achieve equivalent carrier generation than in the case of direct

band gap materials.

8



CHAPTER 2. THEORY 2.2. SEMICONDUCTOR PHYSICS

Figure 2.5: The excitation of electrons in a direct and indirect semiconductor. The indirect
excitation is only possible by the help of both an incident photon and a phonon. Adapted
from Streetman [11].

2.2.2 Charge carriers

Charge carriers originating from thermal or optical excitation of electrons generate the same

number of electrons and holes in the material. The concentrations of free electrons n and

holes p are equal, called the intrinsic carrier concentration ni.

ni = n = p (2.2.3)

Semiconductors can be doped by foreign atoms to change the electronic properties. A dopant

of higher valence than the semiconductor is called a donor and contributes with occupied states

close to the conduction band. These states are localized and only contribute to conduction

when the electrons in the donor states are excited to the conduction band. However, this

excitation demands only a small contribution of thermal energy and is likely to occur at room

temperature. The excitation results in more carriers in the conduction band and leaves behind

an ionized donor, see Figure 2.6. A lower valent dopant is called an acceptor and contributes

to an empty state close to the valence band. Electrons in the valence band are easily excited to

the acceptor state, leaving holes in the valence band. A donor doped semiconductor is called

n-type, while an acceptor doped material is called p-type. The dominating carrier is called a

majority carrier, leaving the other carrier a minority carrier. Equation 2.2.3 is not valid for

extrinsic semiconductors as one of the carriers is of significantly higher concentration than of

the other. A highly doped semiconductor is said to be degenerate, and conducts current close

to that of a metal.

Electrons in semiconductors are assumed to be nearly free. The electrons are constantly

affected by the periodic potential in the material. Calculation of the electrons’ movements

9



2.2. SEMICONDUCTOR PHYSICS CHAPTER 2. THEORY

Figure 2.6: Doping of semiconductors. a) Donor dopants contributes with a filled state close
to the conduction band, easily excited to give electrons to the conduction band. b) Acceptor
dopants contributes with an empty state close to the valence band. Electrons from the valence
band are excited to the acceptor states, resulting in holes in the valence band. Here, green
circles represents electrons, and white circles represents holes.

can be simplified by applying an effective mass accounting for the forces the electrons are

experiencing in the material. Exchanging the real electron mass with the effective mass

allows for treating the electrons in the material similar to that of the free electrons. Close to

the valence band maximum and conduction band minimum the energy can be assumed to be

a parabolic function of k, and it can be showed the effective mass can be described as below.

m∗ =
h̄2

d2E
dk2

(2.2.4)

Here, m∗ is the effective mass of the charge carrier in question, h̄ is the reduced Planck’s

constant, E is the energy at the band edge and k is the wave vector.

The curvature of the valence band is negative, resulting a negative effective mass for holes.

The negative effective mass does not imply an actual negative mass, but that the positively

charged holes move in the opposite direction of electrons under influence of any force or field.

The distribution of electrons and holes due to thermal excitation can be calculated using

Fermi-Dirac statistics:

10
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Figure 2.7: The Fermi Dirac distributions for temperatures T = 0K < T1 < T2, from Street-
man [11]. Note that all states are occupied up to and including the fermi level, EF , at zero
kelvin.

f(E) =
1

e(E−EF )/kBT + 1
(2.2.5)

Here, f(E) is the probability that a state with energy E is occupied by an electron, and EF

is the Fermi energy of the material. The Fermi energy is defined as the upmost filled energy

level at 0 K, see Figure 2.7. In the case of holes, the probability for a hole occupying the same

state is described by 1− f(E), equivalent to the probability that a state is unoccupied by an

electron.

At equilibrium, the electron and hole concentrations can be calculated by integrating the

Fermi-Dirac distribution multiplied with the density of states of the material, D(E). The

density of states is both dependent on the structure and the composition of the material and

describes the density of available states in the material.

n =

∫ ∞
Ec

F (E)D(E)dE p =

∫ Ev

−∞
(1− F (E))D(E)dE (2.2.6)

When the fermi level is several kT less than the conduction band edge, the Fermi-Dirac

distribution at the conduction band edge, F (Ec), can be approximated by Boltzmann statistics

(Eq. 2.2.7), and this is the case at room temperature, i.e.

f(Ec) =
1

e(Ec−EF )/kBT + 1
' e−(Ec−EF )/kBT (2.2.7)
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Similarly, for holes at the valence band edge, the Fermi-Dirac distribution, F (Ev) can be

approximated as:

1− f(Ev) =
1

e(Ev−EF )/kBT + 1
' e−(EF−Ev)/kBT (2.2.8)

In these cases, the electron and hole concentrations can be calculated using an effective density

of states at the conduction band edge and valence band edge respectively. This results in the

expressions below, where Nc and Nv is the effective density of states in the conduction and

valence band.

n = Nce
−(Ec−EF )/kBT p = Nce

−(EF−Ev)/kBT (2.2.9)

Nc = 2
(m∗nkT

h̄2

)3/2
Nv = 2

(m∗pkT
h̄2

)3/2
(2.2.10)

For any material, the product np = n2
i is a temperature dependent constant. By multiplying

Equations 2.2.9 it can be showed that n2
i does not depend on the fermi level, and thus yields

an expression valid for both extrinsic and intrinsic materials:

n2
i = NcNve

−Eg/kT (2.2.11)

Electrons in a semiconductor can also be excited by incident photons with energies E ≥ Eg.

The band gap of most semiconductors are in the same energy range as that of visual or

ultra violet light, meaning that sunlight can excite electrons in the materials and increase the

concentration of carriers.

2.2.3 Amorphous semiconductors

Amorphous materials are characterized by the lack of long-range atomic ordering. Still, many

amorphous materials have similar electronic properties as that of semiconductors and metals.

The semiconducting behavior can only be explained by energy bands, but the non-periodicity

means that there must be another explanation for this phenomenom than Bloch waves. [10]

In amorphous silicon, the semiconducting properties are explained by hopping conductions.

In all materials, atoms will only form bonds to other atoms to form a solid state if this results
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Figure 2.8: The bonding and resulting density of states in amorphous silicon. The bonding
electron states builds up to make the valence band of the material, while the anti bonding
states makes up the conduction band. Electrons and their respective spin are marked by
arrows, empty states are marked with blue circles. Figure adapted from Adler [16].

in a lowering of the electronic energy in the system. Consider silicon atoms with 4 valence

electrons, with a 3 s2
3p

2 configuration. Thus, in solid silicon, each silicon atom forms four sp3-

hybrid orbitals to bond with four neighbouring silicon atoms. The local bonding is similar

for both crystalline and amorphous silicon. This hybridisation results in both bonding and

anti-bonding states separated by a forbidden energy gap. All four bonding states are occupied

by the four silicon valence electrons. In a solid, a large number of chemical bonds and the

Pauli principle results in a shift of energy for the bonding and anti-bonding states. Due to

infinitesimal difference in energy, the states can be considered continuous energy bands.

The individual energy states in the amorphous silicon are localized, but due to the negligible

energy difference quantum mechanical tunneling between spatially adjacent states results in

an effective delocalization of the states. Thus, the band consideration seems reasonable for

amorphous silicon. The bonding states form the valence band of the amorphous material, and

the anti-bonding states forms the conduction band, see Figure 2.8. The mobility of amorphous

silicon is significantly decreased compared to the crystalline material, and mobilities reported

are less than 1 cm2/Vs. The low mobility is a result of the hopping conduction where electrons

have to tunnel between states instead of moving in a continuous energy band [17, 18].

Further, dopant states are localized in the material, and carriers in these states does not

contribute to the current in the material. However, these states are only a small energy

difference apart from the valence or conduction band, and carriers in these states are easily

excited to the energy bands.

Energy states in amorphous materials tend to be more smudged close to the band edges,

giving less defined bands than in the case of crystalline materials. These states are called

tail states and act as traps for carriers. The density of states in the tail associated with the
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conduction band can be calculated according to the following equation [6].

DCB,tail(E) =
Nt

kT0
e(E−Ec)/kT0 (2.2.12)

Here, Nt is the density of the tail states and T0 is a temperature describing the depth of the

tail below the conduction band edge.

The similar band structure of crystalline and amorphous materials suggests that current can be

carried by both electrons and holes. Carriers in disordered materials can experience significant

scattering, but there are also reports of carriers in amorphous materials being scattered by

crystalline precipitates.

Amorphous silicon has been used in solar cells with a record efficiency of 10.3% [19]. This is

lower than that of crystalline silicon. However, amorphous silicon has a direct band gap, and

thus less material is needed to absorb the same amount of photons.

In ZnOxNy , the electron transport is not well understood. The structure of the material

can be described as a close packing of zinc atoms with nitrogen and oxygen atoms in the

voids between zinc atoms. This means that the disorder to a large extent is only caused by

difference in the distance between neighbouring zinc atoms. In contrast to the amorphous

silicon, the bonding angle will not affect the disorder of the material. This also means that

even though the structure of the oxynitride might be disordered, the difference in structure is

less pronounced than in the case of crystalline and amorphous silicon. While disorder in silicon

can cause deep trap states, this is not assumed be the case in ZnOxNy , as the deviation from

the periodic structure is less prominent. As a result, the electronic transport in amorphous

materials with a more ionic bonding character can be assumed to deviate less from that of

periodic materials, than in the case of covalent amorphous semiconductors. This can be an

explanation for the high mobilities measured for zinc oxynitride [17, 18]. DFT caclulations

performed by Deng et al. [20] on ZnO shows just this, deep trap states are not found in

amorphous zinc oxide. The mobility is high for both crystalline and amorphous zinc oxide,

and the ionic bonding in the material is thought to be the the reason for the high mobility

of amorphous oxides. It can be assumed that amorphous zinc oxinitride behaves similarly to

amorphous ZnO due to similar ionic bonds.

When nitrogen is incorporated in ZnO to form ZnOxNy , localized states are introduced. Lee et

al. [21] suggests that these states work as traps for the carrier, and thus limit the conduction

at room temperature [21]. There are disagreements on both the atomic structure and the

electronic properties of zinc oxynitiride. From the discussion above, these two properties

can be related, and it is possible that the amorphous and nano-crystalline ZnOxNy can have
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Figure 2.9: Schematics of the diffusion of charge carriers and the remaining ionized dopants at
the pn-interface. Here, Na and Nd is acceptor and donor dopants (normally used for dopant
concentrations), blue circles represent electrons and green circles represent holes.

different electronic properties due to the difference in structure.

2.3 pn-junctions

A pn-junction is a semiconductor component that is central for several semiconductor devices,

such as transistors, diodes and solar cells. In a semiconductor, generated electron-hole pairs

(EHP) will eventually recombine unless the charge carriers are successfully separated. A pn-

junction is created at the interface between p-type and n-type material and enables separation

of EHP, this separation is utilized in e.g., a solar cell.

The difference in electron and hole concentrations results in diffusion of carriers when the

n-type and p-type materials are brought in contact. This diffusion leads to uncompensated

ionized dopants on both sides of the interface, and an electrical field builds up, see Figure

2.9. The current density through the device is zero at equilibrium. No net current density

occurs when the drift current induced from the electrical field equals the diffusion current for

each carrier. The two contributions to the current densities of each carrier can be found in

Equation 2.3.1, where J is the current density of each carrier, µ is the carrier mobility, D

is the diffusion coefficient of the carrier and ∆n and ∆p are the concentration gradient of

each carrier. Both Jp and Jn equal zero at equilibrium. The balance of the current densities

results in a built in voltage, Vbi , at the interface of the p- and n-type regions. The region

with uncompensated dopants and the electrical field is called the space charge region.

Jp = qµppE −Dp∆p Jn = qµnnE −Dn∆n (2.3.1)

The fermi level of a semiconductor is always continuous and constant throughout the material
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Figure 2.10: The resulting band bending in a pn-junction (right) where Ec and Ev are the
conduction band and the valence band edges, EF is the fermi level and Vbi is the built-in
voltage. Adapted from Streetman [11].

at equilibrium. However, n- and p-type materials have different fermi levels due to the doping

of the semiconductor. When p- and n-type regions are in contact, this results in bending of

the energy bands in the material, as can be seen in Figure 2.10. This bending creates a barrier

for the carriers in the material. An electron in the conduction band on the left side of the

junction can only move by ascending the energy barrier if provided with an energy equivalent

of qVbi.

The built-in voltage in the junction depends on the doping concentrations and is limited by

the band gap of the material (Eq. 2.3.2). Applying a voltage over the junction alters the

potential barrier. When the voltage is positive, the junction is said to be forward biased and

the potential barrier decreases to Vbi − Vf . A negative voltage, reverse biasing, raises the

potential to Vbi + Vr. This means that the pn-junction is rectifying, current flows over the

device when a forward bias is applied.

Vbi =
kT

q
ln
NaNd

n2
i

(2.3.2)

Here Na and Nd are the concentrations of acceptors in the p-type region and donors in the

n-type region.

The total current over the junction is the sum of drift and diffusion currents. The diffusion

current has to overcome the built-in voltage and increases exponentially for increasing forward

bias. The drift current consists of minority carriers swept over the junction by the internal

electrical field. This component is thus dependent on the concentration of minority carriers

close to the junction.

J = Jdrift − Jdiffusion = J0

(
eqV/kT − 1

)
(2.3.3)

When forward biased, V = Vbi − Vapplied, J0 is the leakage current and describes the concen-
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tration of minority carriers at the vicinity of the space charge region.

2.4 Solar cells

A solar cell is a device converting solar radiation to electronic energy. The first silicon solar

cell was reported in 1941 with a conversion efficiency of less than 1% [22]. Today, a record

silicon solar cell has an efficiency of 26.7% [4]. The operation of a solar cell depends on three

steps, absorption of photons, separation of generated charge carriers and collection of carriers

to an external circuit. Both absorption of incident light and separation of carriers are closely

related to the band gap of the material. Thus, there is a theoretical efficiency limit of a given

material dependent on the band gap of the material [5]. For silicon, the theoretical limit at

standard test conditions is calculated to ' 29.9 %. The highest efficiency for a single junction

cell can be achieved for a material with a band gap of 1.34 eV resulting in an efficiency of

32.3% [23]. Silicon is a very well suited material for solar cell application, not only because

of the close to ideal band gap but also for its abundance and non-toxicity.

Generated charges in a solar cell are separated by a pn-junction. Any incident photon with

energy E ≥ Eg can excite an electron from the valence band to the conduction band. This

results in an increase of minority carrier concentration in the device, and minority carriers

diffusing to the space charge region will be swept over the junction by the electrical field.

The generated current density of an illuminated solar cell can be calculated using the diode

equation:

J(V ) = Jdark(V )− Jsc = J0

(
eqV/kT − 1

)
− Jsc (2.4.1)

Here, Jdark is the reverse current density of the diode under dark conditions, and Jsc is a

non-zero short circuit current density. The voltage in the cell reaches its maximum value

when the current density is zero and is called the open circuit voltage.

Voc =
kT

q
ln
(Jsc
J0

+ 1
)

(2.4.2)

The power of the solar cell is the product of an operating voltage and the associated current.

The efficiency of the cell is the maximum power delivered by the cell as a fraction of the

incident power from the sun.
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Figure 2.11: The incident solar spectrum illustrated as the spectral irradiance per wavelength,
with the light available for utilization by a silicon cell marked in red. From Peters et al. [24].

η =
Pmax
Psun

=
VmIm
Psun

(2.4.3)

Even though the band gap of silicon is near ideal, a significant part of the incident radiation

not converted to electrical energy. Photons with energies less than the band gap are unable

to excite carriers. In the case of silicon, 20% of the incident light has insufficient energy to

excite the electrons in the material and does not contribute to the generation of electricity

in a device [24]. This is illustrated in Figure 2.11. Photons with energy exceeding the cell

material’s band gap excite electrons above the conduction band edge before the electrons

thermalizes to the conduction band edge. Consequently, the energy difference Ephoton−Eg is

not converted to electrical energy, but is dissipated as heat in the crystal lattice.

2.4.1 Tandem solar cells

Tandem solar cells has a higher theoretical efficiency limit due to stacking of junctions of

different band gaps. A cell with more than one band gap can decrease thermalization losses

normally found in a single junction cell. There are two conventional methods for connecting

the two junctions in a tandem cell, four terminal and two terminal. In the four terminal

design, both junctions are equipped with independent contacts. A tandem cell where the two

junctions are connected in series is called a two terminal cell, see Figure 2.12. A four terminal

cell demands significantly more complicated processing steps, but allows for higher efficiencies.

The two terminal design is often preferred, as this design is easier to produce. However, the

efficiency is somewhat reduced, because the junction producing the lowest current constraints

the current of the device. The two terminal design will be the device of choice in this work,
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as it is more industrially viable.

Figure 2.12: A schematic illustration of the contacting of the two and four terminal tandem
solar cell design. a) The two terminal cell is coupled in series and the top and bottom cell
shares contacts to the external circuit. b) In the four terminal design, the top and bottom
cell has individual contacts.

In the tandem design, the conventional silicon solar cell can be used as a bottom cell. This is a

great advantage, as tandem cells can be produced using the existing infrastructure for silicon

cell production. The challenge for researchers is to find suitable materials for the top cell. In

the case of a two terminal design, an ideal top cell material has a band gap of ∼ 1.7eV and

should be transparent for the light utilized by the bottom cell to avoid loss of efficiency in the

bottom cell. Further, the carrier mobility needs to be high to successfully collect generated

carriers. The maximum efficiency of a two terminal tandem cell is calculated to 42.3% [25]

2.5 Zinc oxynitride

A possible candidate for a tandem top cell material is zinc oxynitride. The material has a

tunable band gap dependent on nitrogen content. Tiron and Singhi report band gaps from

that of ZnO, 3.3 eV to that of Zn2N3 at 1.01 eV, where 1.67 eV is measured for a nitrogen

content of 6.2 at.% [9]. The reduction of the band gap when more nitrogen is incorporated

in the material is caused by nitrogen states introduced above the valence band in pure ZnO

[21]. The results of Tiron and Singhi are shown in Figure 2.13. The samples are deposited

by HiPIMS sputtering, and the nitrogen content and band gap is tuned by only altering the

HiPIMS sputtering frequency. The metallic zinc target used in the experiments of Tiron and

Singhi oxidizes during the deposition. The effect of altered sputtering frequency is thought to

be caused by the change in time between each pulse where the target material oxidizes. This

makes HiPIMS depositions an interesting technique for investigating ZnOxNy

The carrier concentration of the oxynitride is also tuned by altering the nitrogen content of

the material. There are reports of carrier concentrations in the range of 1015 − 1021 cm−3,

indicating possibilities of using the material in rectifying junctions [8, 9, 26, 27]. However, the
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Figure 2.13: The band gap and nitrogen content of HiPIMS deposited ZnOxNy as function
of the sputtering frequency. Altering the HiPIMS frequency tunes the nitrogen content and
thus the band gap of the material. Adapted from Tiron and Singhi [9].

transport mechanism of the oxynitride is not known. There are reports of the electron mobility

both increasing and decreasing with carrier concentration, and the mobility is even reported

to be independent on the carrier concentration [9, 28]. However, the reported mobilities are

high, in the range of 80-200 cm2/Vs [8, 12, 28, 29]. There are only reports of n-type ZnOxNy ,

but when doped with aluminium and fluorine the carrier concentration decreases, indicating

that doping of the material might be possible [9, 30].

ZnOxNy decomposes to ZnO in prolonged contact with air, giving a shelf life of weeks to

months. However, there are methods to avoid oxidation. Annealing in nitrogen at 400◦C has

resulted in 660 days exposure to air without changing the electronic properties [8]. Also, after

exposure of argon plasma a higher stability was reported [31].

X-ray diffraction measurements of the oxynitride indicates an amorphous structure [8, 32].

However, when the material is investigated using transmission electron microscopy the struc-

ture is reported to be nanocrystalline or even nanocrystalittes embedded in an amorphous

matrix [12, 31, 33]. Samples with a higher degree of structural disorder and smooth surface

is reported to show higher electron mobility [28, 34]. This increased mobility is thought to

be caused by decreased scattering of carriers at grain boundaries. Amorphous ZnOxNy is

thus the most promising of these configurations for solar cell application, as high mobilities

and carrier concentrations toward the lower end of the reported range is demanded to make

a functional pn-junction and successfully collect the photogenerated carriers.

Zinc oxynitride is a novel material for solar cell devices. The desired electronic properties of

the material for this application is not known. For solar cells, the diffusion length and carrier
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lifetimes are central material properties, and in combination with the nature of generation

and recombination processes of EHP, they govern the design of silicon solar cells. These

properties are yet not investigated for zinc oxynitride. Further, only n-type ZnOxNy has been

reported so far. This means that zinc oxynitride solar cells has to be made in combination

with an other p-type material, and the material properties desired for this application will

depend on the p-type material chosen. To exploit the tunable band gap of the oxynitride,

the absorption of carriers should take place in the oxynitride. As a result, the depletion zone

should ideally only extend into the oxynitride. This may be achieved by using a highly doped

p-type material, with a lower charge carrier density in the oxynitride. A high carrier mobility

is desired to ensure separation of generated electrons and holes, but the desired magnitude of

the mobility is not known. To maximize the efficiency of a silicon based tandem cell with a

zinc oxynitride absorber, the band gap of ZnOxNy should be ∼ 1.7 eV. The transmittance of

light with energy less than this band gap should be high, as this part of the solar spectrum is

utilized by the silicon solar cell.
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Chapter 3

Experimental Methods

In this chapter, the experimental methods used to deposit and characterize zinc oxynitride

will be presented. Due to the promising results by, amongst others, Tiron and Singhi [9],

HiPIMS sputtering will be used to deposit the material in hope of achieving tunable material

properties by only altering the sputtering frequency. This is an advanced deposition method,

and the principles of conventional magnetron sputtering will also be covered to understand this

technique. Further, the characterization tools used in this work are described. To investigate

the atomic arrangement in the material, X-Ray diffraction is used extensivly. This technique

can not verify that a material of interest is purely amorphous, but can detect crystalline

phases.

To determine the band gap of the samples deposited, UV-VIS transmittance measurements

and subsequent Tauc analysis were performed. Transmittance measurements determine the

fraction of light transmitted through a sample as function of the light wavelength. This is

an important property of a tandem top cell material as light has to be transmitted through

the material to be utilized in the bottom cell. The electronic properties of the oxynitride was

examined using Hall effect measurements. These measurements can be used to determine the

charge carrier concentration and mobility as well as the resistivity of the samples. Finally, a

scanning electron microscope was used to investigate the surface of the samples. This tool

was also used to perform energy dispersive X-ray spectroscopy that can give an indication of

the atomic composition of the ZnOxNy .
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3.1 Sputtering deposition

Sputtering is a technique for depositing thin films on substrates and is widely used both for

laboratory purposes as well as in industry. This technique utilizes ballistic bombardment of

a target material that results in ejection of atoms. The ejected atoms travels through the

process chamber, hitting the substrate material resulting in thin film growth (Fig. 3.1). The

target material can be both elemental or compounds, and both conducting and insulating

targets can be used. In addition to a wide range of target materials, reactive gases can

be let into the process chamber to react with the target atoms to form new compounds.

The species bombarding the target originates from a plasma source. This section will first

review conventional sputtering methods before high power impulse magnetron sputtering is

introduced, and is based on the books of Campbell [35], Lundin [36] and Frey [37].

Figure 3.1: The sputtering depends process depends on accelerated argon atoms to hit the
target material to eject target atoms. The sputtered target atoms travels through the chamber,
before atoms hit the substrate sufrace forming a thin film. Figure adapted from Olsen [38].

3.1.1 Sputtering

A source of material is needed to be able to produce a thin film. In sputtering deposition, the

material source is called a target. The deposition process starts when an incident ion hits the

target surface, and target material is ejected. When ions collide with the target, the result

can be several different processes depending on the ion energy, where sputtering is one of the

possible outcomes. This is illustrated in Figure 3.2.
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Ions with energies above 10 keV typically result in ion implantation in the substrate, while

energies less than 10 eV cause reflection of ions. Energies between these two extremes may

result in sputtering, meaning ejection of target material. Most of the incident energy will

be absorbed within a few atomic layers from the surface. Ions hitting the surface result in a

cascade of collisions within the target material that can result in sputtered atoms, molecules

and atomic clusters. Normally, 95 % of the sputtered species are atoms, and they are typically

ejected with energies in the range of 10 to 50 eV. Thus, control over the ion energy is essential

to achieve sputtering deposition. This is related to the applied voltage.

Figure 3.2: Schematic overview of the different outcomes when an incident argon ion hits
the surface of the target material. Sputtering deposition exploits sputtered target atoms to
enable thin film growth. The figure is adapted from Campbell [35].

3.1.2 Plasma characteristics in sputtering systems

The deposition of material in a sputtering process is governed by the plasma in the process

chamber. A plasma is a partially ionized gas. In a sputtering equipment, a plasma is produced

by letting an inert gas into an evacuated chamber and applying a voltage. A sufficiently high

voltage causes conduction in the otherwise insulating gas, and a voltage arch will flash between

the electrodes in the chamber. This results in ionization of the gas atoms and consequently

free electrons are emitted. The charged species will be accelerated by the electric field, and

can also be confined by applying a magnetic field.

To ensure that only the desired material is deposited in a sputtering process, the plasma

forming species is inert. Normally, argon is used for this purpose. When a plasma is ignited

in the sputtering chamber, positivly charged argon ions will be accelerated towards the target

material placed at the negatively charged cathode. Ions colliding with the target causes

sputtered target atoms and secondary electrons. Due to the applied voltage, the electrons

are accelerated away from the target. Eventually, the electrons will collide with argon atoms
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causing excitation and ionisation. Again, ions are accelerated towards the target, resulting in

more sputtered target atoms and more secondary electrons. The plasma is thus self-sustaining

as long as the chamber is biased and the voltage is sufficiently high to accelerate both ions

and electrons to a satisfactory degree.

Inside the sputtering chamber, there are variations in the properties of the plasma. Under

influence of the applied voltage, electrons are accelerated more rapidly than ions due to their

low mass. This causes a low density of electrons close to the negatively biased target. As

a result, the net charge close to the target is positive. The energy of the electrons increase

moving from target and into the plasma. The number of collisions between electrons and

atoms that results in ionisation increase when the distance from target increases. Thus, the

ion density increases from the target and into the plasma. Moving further into the plasma,

the build up of positive charge shields the electrons from the applied electrical field. Thus,

here the ionization decreases, and the density of ions can be assumed constant throughout

the remainder of the chamber.

Areas with little to none excitation of atoms are called dark spaces, due to absence of a

characteristic glow of the plasma. There is a dark space close to the cathode, called the

cathode dark space. The electrons in this area do not have sufficient energy to excite atoms,

resulting in no optical emission. The Faraday dark space is situated further into the plasma.

The high degree of ionization in this region gives little optical emission. Lastly, there is the

anode dark space, where the electron density is too low to achieve considerable emission.

The discussion above assumes that the chamber is biased by a direct current (DC). DC sput-

tering is effective when the target material is conductive. In the case of insulating materials,

DC sputtering results in a build up of positive charge at the target. This eventually stops the

sputtering process as positive ions no longer would be accelerated towards the target, and the

plasma is extinguished. To sputter insulating targets one can use an alternating power source

with radio frequency (RF). The alternating voltage results in ions and electrons alternate in

hitting the target surface, hindering charge from building up. RF sputtering results in a lower

sputtering rate than DC sputtering but enables sputtering of insulating targets

3.1.3 Reactive sputtering

Both elemental and compound materials can be used as the target material when sputtering.

In addition, gases can be let into the chamber to chemically react with the sputtered species,

called reactive sputtering. Reactive sputtering is an inexpensive method for depositing com-

pound materials and allows for depositing different compounds and stoichiometries using the

same target material. The achieved stoichiometry is dependent on the precursor gas, partial
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pressures in the chamber and sputtering power. Reactive sputtering also allows for deposit-

ing insulating materials in DC mode, as the target material can be metallic. The plasma is

normally more stable in DC mode, and one can achieve higher deposition rates.

3.1.4 Magnetron sputtering

The number of incident ions on the target per unit time is also closely related to the deposition

rate. A plasma density yields a higher deposition rate due to more ions available to collide and

eject target atoms. One strategy to achieve a higher density plasma is to apply a magnetic

field in the chamber. This is called magnetron sputtering, and the magnetic field originates

normally from fixed bar magnets. The resulting magnetic force on charged species in the

plasma is defined as:

F = q(v×B) (3.1.1)

Where v is the velocity of a particle and B is the applied magnetic field. This results in a

helical movement of the charged species in the sputtering chamber. The radius, r, of this

orbital path is given by:

r =
mv

qB
(3.1.2)

Where m is the mass of the charged species. The velocity of the particles is determined by

the applied voltage and the particle mass. In the case of electrons, this means a longer path

through the chamber compared to ions and an increased probability of hitting and ionizing

an argon atom. The radius of the electron movement should be tuned to confine the electron

within the cathode dark space. A higher ion density results in a bigger cathode dark space,

and an increased sputtering of the target. The ion mass is considerable higher than that of

an electron, and ions are not affected by the applied magnetic field.

3.1.5 Deposition rate

The sputtering deposition rate depends on several parameters, including the ion flux towards

the target, the sputtering yield and the transport of sputtered atoms through the chamber.

Assuming a DC plasma, the ion flux on the target surface can be determined using the

Langmuir-Child relation:
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Jion ∝
√

1

mion

V 3/2

d2
(3.1.3)

Here, mion, is the ion mass, V is the applied voltage, and d is the thickness of the cathode

dark space. The gases present in the chamber will therefore affect the ion flux incident on the

target.

The sputtering yield is defined as the ratio of incident ions and sputtered target atoms. The

most central properties determining the sputtering yield are the sputtering voltage, the mass

of the target atoms and the incident angle of the ions. Thus, the sputtering yield depend on

both the material and process.

Lastly, the deposition rate depends on the transport of sputtered atoms through the sputtering

chamber. This process can be described using computational fluid dynamics, and is outside

the scope of this thesis. The transport will depend on the chamber geometry and the chamber

pressure.

Control of the deposition rate is essential when depositing thin films. This can be achieved

by tuning the sputtering power and the chamber pressure. The current in the chamber

will determine the number of ions hitting the target, and can thus be used to control the

deposition rate. Also, the deposition rate will be different for processes using a compound

target or metallic target in combination with reactive gases. Finally, within the power range

that allows for a sputtering process to occur, the deposition rate is linearly dependent on the

applied power.

3.1.6 Thin film morphology

Thin film growth is highly dependent on the surface diffusion of the adatoms. Adatoms

diffuses over the surface until it reaches a nucleation center. When several atoms meet at

a nucleation center, islands of material will form on the substrate surface. It is only when

the surface mobility of the adatoms is sufficiently high that islands merge to make a smooth,

continuous thin film. The surface mobility is related to the energy of the incident atoms, and

the energy of the incident atoms is to a large degree governed by the chamber pressure and

the substrate temperature.

Thornthon’s zone model describes how the pressure and temperature affect the morphology

of the deposited material, see Figure 3.3. When a material is deposited with a high chamber

pressure, the sputtered species goes through a higher number on collisions on their path

through the sputtering chamber compared to lower sputtering pressures. When also the
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substrate temperature is low, this results in a low surface mobility of the adatoms, and the

grains formed are small and elongated. Also, due to the low mobility, the shadowing effect

from formed grains yields pores in the structure. This structure can be found in zone 1 in

Thornton’s model. The surface of a zone 1 material is fairly rough. When the temperature is

increased, the porosity of the deposited material decreases, and the thin film becomes denser.

Due to the increased surface mobility, shadowing from the forming grains has less effect on

the deposited structure. This structure is called zone T, and has a smooth surface. The

grains are columnar and thin. Further increasing the substrate temperature increases the

surface mobility, and in zone 2, the grains are thicker than that seen in Zone T and reaches

throughout the thickness of the thin film. In zone 3, the high energy of the adatoms allows

for volumeteric diffusion, and the deposited material re-crystalizes [39, 40].

Figure 3.3: Thornton’s zone model shows the effect of sputtering pressure and substrate
temperature on the thin film morphology, the temperature scale is normalized to the melting
temperature of the thin film material. Figure from Thornton [39].

An amorphous material can be achieved using low substrate temperatures due to the resulting

low surface mobility of the adatoms. To ensure conduction between the grains in the material,

zone 1 should be avoided also for amorphous materials due to the porous structure of the thin

films.

3.1.7 High Power Impulse Magnetron Sputtering

High power impulse magnetron sputtering (HiPIMS) is a sputtering technique where the volt-

age is applied in unipolar pulses where the time interval between the pulses is significantly

larger than the duration of the pulse. The pulses are normally tens to hundreds of microsec-

onds, with frequencies up to 5000 Hz. Pulsing the applied voltage allows for high power pulses

while the average power is of a magnitude that neither damages the target or the magnetron

due to target heating [41]. During the pulse, the plasma voltage drops after ignition of the

plasma while the current increases to its peak value. This results in a pulse length dependent
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peak current. Pulses of tens of micro seconds can give a steady state plasma as the current

saturates.

The deposition rate for HiPIMS is lower than that achieved using DC sputtering for the same

power. The target average power is defined in Equation 3.1.4.

Pavg = IavgVavg (3.1.4)

where Iavg is the average current and Vavg is the average voltage [41]. Using HiPIMS with

the same power as used in a DC process yields a significantly higher average voltage, and

thus a decreased average current. The average current is closely related to the ion flux, and

a decreased ion flux impinging the target results in a lower deposition rate.

Unlike conventional DC sputtering, there is a significant ionization of the sputtered species in

HiPIMS. The thin film morphology is closely related to the energy of the incident species, and

HiPIMS thus allows for more control of the thin film properties. Controlling the morphology

and density of the deposited thin films is especially important for electronic devices as high

density of the deposited material results in better conducting properties.

In this work, nitrogen and oxygen are used as reactive gases simultaneously. It can be challeng-

ing to incorporate both elements in the deposited material due to oxygen having a significantly

higher reactivity than nitrogen. Therefore, depositing oxynitrides is easier using HiPIMS sput-

tering as the increased ionization increases the reactivity of the sputtered species.

Further, HiPIMS has a bigger parameter space than DC sputtering. In addition to controlling

the power, gas flows and temperature, HiPIMS introduces pulse width, frequency and peak

current. This can both increase the difficulty of achieving the desired result, but the increased

parameter space can also enable deposition of materials that are difficult to produce using

conventional sputtering methods.

3.2 X-ray Diffraction

X-ray diffraction (XRD) is a non-destructive technique used to determine the structure of a

crystalline material. This method can also be used to get information about crystal quality,

orientation and strain. This section is based on Kittel [10], Leng [42] and Birkholz [43].

A X-ray beam incident on a solid sample will be scattered. The XRD technique utilizes a X-

ray source with a known wavelength and relies on diffraction of the incident beam. Assuming
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a sample of parallel crystal planes with an inter-planar spacing d. Constructive interference

of the incident beam occurs when Bragg’s law is satisfied:

2dsinθ = nλ (3.2.1)

Here, θ is the angle between the incident beam and the crystal plane and n is a integer. This

relation can only be satisfied for wavelengths λ ≤ 2d. For solid materials, these wavelengths

are within the X-ray range. When constructive interference occurs, the intensity of the beam

leaving the sample is measured by a detector at an angle θ from the sample surface. Each

crystal plane transmits most of the radiation, but a small part of the incident beam is deflected.

As a result, the intensity of the constructive interference is higher for samples where there

are more planes of a given orientation. However, the intensity of the diffracted beam also

depend on the electron density of the constituent atoms. A larger electron density results

in a higher intensity detected, and thus planes with heavier elements are more visible in the

XRD pattern than planes consisting of light elements. The intensity of the deflected beam

is measured for a range of θ. The resulting diffraction pattern can be compared with a

crystallographic database to identify the phases present in the sample. The most important

property determining the diffraction pattern of the sample is the atomic structure. However,

the intensity of the observed peaks can be affected by the material’s composition.

Figure 3.4: Schematic representation of the diffraction process in a crystalline material. Here,
d is the crystal plane spacing, θ is the angle between the incident X-ray beam and λ is the
wavelength of the beam. This figure can be used to show that the difference in path traveled
by beams diffracted from two planes is equal 2dsinθ to achieve constructive interference.
Adapted from Leng [42].

The inter-planar spacing is related to the lattice parameter a and the Miller indices of the

crystal planes (Eq. 3.2.2). The Miller indices represent a group of planes with spacing dhkl
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dhkl =
a√

h2 + k2 + l2
(3.2.2)

This means that the diffraction pattern can be used to deduce the structure of a unknown

material if Bragg’s law and (Eq. 3.2.2) is combined (Eq. 3.2.3).

sin2θ =
λ2

4a2
(h2 + k2 + l2) (3.2.3)

3.2.1 θ/2θ-scan

There are several methods and experimental set ups for XRD investigation of the structure

of materials, designed for investigating different aspects of the structure of a given material.

A φ-scan is used to investigate the epitaxial nature of a thin film, and a rocking curve scan

can give information about dislocations in the material. In this work, the crystalline phases

present in the samples are of interest, and the samples are investigated with a θ/2θ-scan.

When measuring the intensity of a X-ray scattered from a sample, the intensity of a scattered

beam depends on the distance from the sample to the detector. To ensure that the intensities

observed originates from the structure of the sample, the distance between the sample and

the detector is held constant. This is achieved by letting the detector move on a sphere with

radius r with the sample placed in the center. When the material of interest is a thin film,

this sphere can be reduced to a hemisphere above the sample.

In a θ/2θ-scan, both the X-ray source and the detector move on a hemisphere above the

sample. This movement is continuous and the angle from the sample plane to the source and

the detectors are equal at all times. The name of this scan originates from looking at the

measurement as variation of the exit angle of the scattered beam with respect to the extended

incident beam. This angle is always 2θ. A schematic of the experimental set up is found in

Figure 3.5. The measured quantity in this scan is the intensity of the scattered beam as a

function of 2θ.

3.2.2 XRD measurements of amorphous thin films

As Bragg diffraction depends on a periodic structure, characterization of amorphous material

is challenging using XRD. However, XRD measurements of amorphous thin film yields broad

peaks. This means that constructive interference of the incident radiation occurs. Even

though amorphous materials are described as disordered, there is a local order. This ordering
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Figure 3.5: The experimental set up in a θ/2θ-scan. The angle from the sample plane to
respectively the source and the detector are equal to θ and the two angles are always the
same. K0 and K are vectors describing respectively the incident beam and the deflected
beam. This figure is adapted from Birkholz [43].

decreases rapidly with increasing distance from a given atom, and depends on the bonding

occurring between the elements in the material. Debye has suggested that the scattering

intensity of a ensemble of locally ordered atoms can be described using the following relation:

I ∝
∑
m

∑
n

fmfne
−iQrmn (3.2.4)

where fm and fn are the scattering factors of atoms m and n, Q is the scattering vector and

rmn is the bond vector between atoms m and n. Generalizing for an amorphous material can

be achieved by averaging over all possible configurations of the scattering vector and bond

vectors. This yields the Debye scattering equation:

I(Q) =
∑
m

∑
n

fmfn
sin(Qrmn)

Qrmn
(3.2.5)

Here, I(Q) is the interference function. This relation states that the interference depends on

the bond lengths in the material as well as the scattering vector and the materials atomic

composition. The expected diffraction pattern can be calculated numerically, but this is

outside the scope of this work. In this work, X-ray diffraction has been used to determine

whether there are crystalline phases present in the samples.
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3.3 Transmittance measurements

In a tandem solar cell, the bottom cell utilized the light transmitted by the top cell. Thus,

the transmittance is an important property of material intended for application in tandem

solar cells. Transmittance measurements can also be used to determine the optical band gap

of a material by performing a Tauc analysis, and also the thin film thickness. The following

section is based on the textbooks of Streetman [11] and Tilley [44]

Electromagnetic radiation incident on a semiconductor can be reflected, absorbed, scattered

or transmitted depending on the material properties and the wavelength of the radiation.

This is described in the following equation.

100 = T +R+ S +A (3.3.1)

Here, T is transmitted light, R is reflected light, S is scattered light and A is the absorbed

light. These contributions adds up equal to the incident beam. Assuming no light scattered

inside the material, the intensity of transmitted radiation is related to the intensity of the

incident radiation described by Beer-Lambert’s law.

It = I0e
−α(λ)x (3.3.2)

Here, It and I0 are the transmitted and initial intensities, α(λ) is the wavelength dependent

absorption coefficient and x is the thickness of the material.

When the transmittance of a material is measured, a monochromatic beam is directed towards

the sample, and the transmitted intensity is detected. The wavelength of the incident light

is varied to find the transmittance as a function of wavelength. Beer Lambert’s law (Eq.

3.3.2) assumes no scattering in the sample. However, the light transmitted through a material

experiences some degree of scattering. This can cause challenging detecting all the transmitted

light, due to different paths of the light exiting the sample. To ensure that all light is detected,

an integral sphere is used, see Figure 3.6. An integral sphere is an optical component where

the inside of a spherical component is covered with a highly reflective material. Often, the

component has several port that can be covered or left open, allowing for measuring both

reflecting and transmittance. For transmittance measurements, the sample is placed at one of

the ports, and the incident light beam moves through the sample and into the integral sphere.

Here, all light is distributed to all other points by scattering reflections. The power of the

light is measured by a detector placed at the top or bottom of the sphere.
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Figure 3.6: The cross section of an integral sphere component. The light transmitted though
the sample is scattered and the integral sphere ensures that all light transmitted is measured.

When the incident beam is within the ultra violet and/or the visible range, the technique is

often called UV/VIS. The transmittance of a thin film is measured for samples deposited on

transparent substrates.

3.3.1 Tauc analysis

The optical band gap of a material can be determined by analysing transmittance data. The

absorption coefficient of a material is closely related to the band gap.

(
α(E)E

)1/n
= A(E − Eg) E =

hc

λ
(3.3.3)

Here α(E) is the absorption coefficient for incident photons with energy E, A is a structure

dependent factor, Eg is the band gap of the sample and n depends on the nature of the exci-

tation associated to the band gap. A direct allowed transition gives n = 1/2 while an indirect

allowed transition gives n = 2. Determining the absorption coefficient from transmittance

data and plotting
(
α(E)E

)1/n
as a function of E is used to determine the optical band gap.

This is called Tauc analysis. If the resulting plot has a linear region (Eq. 3.3.3), the linear

part is extrapolated and the energy at the interception of the energy axis is the optical band

gap of the material [45]. This method assumes parabolic energy bands and requires knowledge

about the excitation processes occurring in the material.
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Figure 3.7: Tauc analysis of a ZnO thin film, the band gap is determined to 3.27 eV from
where the linear extrapolation intercepts the energy axis. From Viezbicke et al. [45]

3.3.2 Calculating thin film thickness

In addition to determine the band gap of a material, transmittance measurements can be used

to calculate the thickness of a thin film. When the transmittance of a thin film is measured,

an interference pattern can be observed. The distance between the interference extrema is

related to the thin film thickness and the refractive index. When the wavenumber of at least

two interferrence extremas and the refractive index of the material is known, the thin film

thickness can be determined with the following relation [46].

d =
∆j

4(νj+∆j − νj)
√
n2 − sin2(φ))

(3.3.4)

Here, d is the thin film thickness, j is an integer and the order of the interferece extrema, ∆j

is the difference in order of two extrema. Further, νj+∆j andνj are the wavenumbers where

the interference extrema are located and φ is the angle of the light incident on the sample

relative to the sample surface. In the experimental set up used in this work, the incident

beam is normal to the sample surface, φ = 0, and Equation 3.3.4 can be simplified to:

d =
∆j

4(νj+∆j − νj)n
(3.3.5)

This relation can also be used to determine the refractive index when the thin film thickness

is known.

In this work, the thickness of some samples will be measured using a secondary electron micro-

scope to determine the material thickness with high precision. From this data in combination

with transmittance spectra, the refractive index of the material is determined. Assuming
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similar refractive index for all samples, this enables calculation of the thin film thickness for

all samples only measuring the transmittance of the samples.

3.4 Hall Effect Measurements

When a magnetic field is applied perpendicular to the drift direction of carriers flowing in

a conductor, the carriers are deflected. This process is called the Hall effect. In a metallic

conductor, this effect only applies to electrons. However both holes and electrons contributes

to the current in a semiconductor, and both carriers are affected by the Hall effect. This

section is based on the textbook by Streetman [11].

3.4.1 The Hall Effect

The magnetic field applied perpendicular to the current flowing through a conducting material

results in a force on the carriers perpendicular to both the direction of the current and the

magnetic field. The total force experienced by a single carrier is the sum of the electrical and

magnetic force, also called the Lorentz force:

F = q(E + v ×B) (3.4.1)

Here, q is the elementary charge, E is the electrical field, v is the carrier velocity and B is

the applied magnetic field. As the current flows along the length of the conductor, the only

contribution to the electrical field is in the x-direction. The y-component of the force is then

only dependent on the velocity of the carriers and the magnetic field.

Fy = q(Ey − vxBz) = qvxBz (3.4.2)

Carriers experience a net force in y-direction and are deflected perpendicular to the direction

of the current. Thus, there is a build up of charges at the edges of the conductor, giving

rise to an electrical field in the y-direction, see Figure 3.8. The induced field balances the

magnetic field, resulting in zero force on the carriers along the width of the conductor (Eq.

3.4.3). The establishment of the electrical field EH is called the Hall effect. The associated

voltage is called the Hall voltage.
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Ey = vxBz (3.4.3)

Figure 3.8: The hall effect on electrons in a conductor. An applied magnetic field, B, deflects
the electrons flowing in the material, resulting in the build up of a hall voltage, VH. Fm is
the force from the applied magnetic field on the carriers.

Inserting the drift velocity of the carriers in equation 3.8 yields the the Hall coefficients, RH,n

and RH,p. the drift velocities of the carriers are given by:

vx,n =
−Jx,n
qn

vx,p =
Jx,p
qp

(3.4.4)

Inserting the drift velocities in Equation 3.8 gives:

Ey =
−Jx,n
qn

Bz = RH,nJx,nBz RH,n =
−1

qn
(3.4.5)

Ey =
Jx,p
qp

Bz = RH,pJx,pBz RH,p =
1

qp
(3.4.6)

Measuring the Hall voltage while the current and magnetic field are known can be used to

determine both carrier type and concentration of that carrier. Further, when the resistance

is known, the resistivity, ρ, and the carrier mobility, µ, of the sample can be determined:

µn =
σ

qp
=

1/ρ

q 1
RH,n

=
RH
ρ

(3.4.7)
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3.4.2 Van der Pauw method

The van der Pauw method is a measurement technique for determining the sheet resistance

and Hall coefficient of a sample. This method uses four contacts at the edges of the sample,

and can be used to measure samples of arbitrary shapes. This method is only valid when the

four criteria are met.

• Contacts are placed at the edges of the sample.

• A flat sample with homogeneous thickness.

• Small contacts.

• Surface without holes or isolated islands.

Van der Pauw measurements are performed by forcing a current between two contacts while

measuring the voltage over two other contacts. The contacts are named 1 to 4 and as long as

the criteria above are met, the van der Pauw equation is valid:

e−πtR12,34/ρ + e−πtR23,14/ρ = 1 (3.4.8)

Here R12,34 is the resistance measured when the current flows from contact 1 to 2, and the

voltage is measured over contacts 3 and 4. R23,14 is defined similarly. t is the sample thickness

and ρ is the resistivity. The accuracy of the measurements can be improved by measuring the

resistance for equivalent geometries and reversing the current for both R12,34 and R23,14 and

then calculating the average resistance. This results in the two average resistances below.

R1 =
R12,34 +R34,12 +R21,43 +R43,21

4
(3.4.9)

R2 =
R23,41 +R41,23 +R32,14 +R14,32

4
(3.4.10)

When these resistances are known, the resistivity can be calculated using the following rela-

tion.

ρ =
tπ

ln(2)
+
R1 +R2

2
F (Q) (3.4.11)
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Here F(Q) is a function of the ratio R1/R2, and equals 1 for square samples.

3.5 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is an electron microscopy technique that allows for

imaging with a magnification of 200 000 times as well as information about crystal structure

and elemental composition of a material. This section is based on Goldstein [47] and Ul-Hamid

[48], and supports the following section concerning energy dispersive X-ray spectroscopy.

SEM constructs images of a sample by rastering a finely focused electron beam across its

surface. The electron beam interacts with the electron cloud surrounding the atoms in the

sample, resulting in both back scattered electrons and secondary electrons emitted from the

sample. Detecting the scattered and emitted electrons when rastering the sample allows

for digitally constructing a two dimensional image of the surface. The sample needs to be

conducting to perform these measurements, as a charge build-up in the sample would affect

how the electron beam interacts with the sample material.

The electron beam is focused and rastered by magnetic and electrostatic lenses as well as

electromagnetic coils. The current and size of the electron beam can be adjusted to achieve

desired resolution and visibility of low contrast features. Topography information can be

obtained for a large depth-of-field measurement.

3.6 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS) is a characterization tool to determine the ele-

mental composition in samples. EDS relies on an electron beam, an can be installed in both

SEM and transmission electron microscopes. In this work, EDS measurements are performed

in a SEM, and this section focuses on EDS in SEM equipment.

The electron beam in a SEM will, if the energy is sufficient, induce the emission of X-ray from

the atoms in the sample material. The electron beam hits an electron, kicking an electron out

of its energy shell leaving an empty state. When an electron in a outer shell de-excites into

the empty state, a photon with energy equal to the energy difference between the two states

is emitted, see Figure 3.9. Transitions of this type in the electron shells close to the nucleus

typically result in photons with energies in the X-ray range. When a EDS measurement is

performed, these emitted X-rays are detected.
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Figure 3.9: Schematics of the emission of characteristic X-rays due to an incident electron.

When the electron beam hits an atom, there can be several possible electron transitions for

a given element. Each element has a fingerprint pattern of emitted X-rays that can be used

to determine the elemental composition and the stochiometry of a sample. The precision of

these measurements are in the range of 0.1-0.5 wt.% and can be used to evaluate the content

of constitutional elements, but not species present in trace amounts.

There are some challenges using the EDS technique, specially when detecting lighter elements

such as oxygen and nitrogen. All elements have a finger print of emitted X-rays.Some ele-

ments have overlapping X-ray intensities, making the identification of elements more difficult.

Elements with atomic number of 11 or less has only one characteristic wavelength emitted,

meaning that these elements are extra difficult to observe when the measured intensity over-

laps with other elements. Lighter elements have their outer electrons occupying bonding

states. This means that the energy of this electron can be somewhat shifted due to bonding

conditions in a material.

Lighter elements can also be hard to detect due to absorption of the low-energy X-ray emitted

from these atoms. Normally, the oxygen content in a oxide is calculated by measuring the

weight percent of cations present in the sample using EDS. The oxygen content is then 100%

minus the cation percentage. This has proven more accurate than measuring oxygen content

by EDS. However, one assumes that there are no impurity anions in the sample, and it requires

knowledge about the oxidation number of the constituent elements.

In this work, EDS is used to compare the oxygen and nitrogen content between samples. The

accuracy of the measured atomic content is not reliable, meaning that the percentage of each

element is infected with large uncertainties. However, the precision of the EDS measurements

is high, and this technique can be used to investigate the trend and changes in atomic content

between similar samples.
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Chapter 4

Experimental Procedures

4.1 Equipment and procedures

Sputtering deposition

Sputtering depositions were performed using the magnetron chamber of the Flextura Cluster

system with a HiPIMS power source. The depositions are reactive HiPIMS processes with

oxygen and nitrogen as the reactive gases. The target used was 3” metallic zinc with a purity

of 99.995 % and a thickness of 6mm. All samples are deposited at room temperature for 5

hours. Seven series of samples was deposited to investigate the effect of process parameters

such as HiPIMS frequency, average power, chamber pressure and HiPIMS pulse duration on

the material properties of the deposited samples. To enable all the following characterization

techniques, both silicon and quarts substrates were used. All samples were stored in a glove

box in a nitrogen atmosphere to avoid degradation of the oxynitride.

The Flextura Cluster system

The Flextura Cluster system is an equipment for sputtering deposition and characterization.

There are three process chambers, all connected to the same transfer chamber and load lock,

see Figure 4.1. This enables automatic transferring of the samples between samples without

breaking vacuum. The sputtering process is automated, and up to 10 samples can be loaded at

the same time with an associated deposition recipe for each samples. The system runs through

the planned processes, and the samples are stored in vacuum before and after deposition. The

vacuum in the transfer chamber is held at ∼ 6 ∗ 10−8 mBar.

The three process chambers are an annealing chamber, a remote plasma sputtering chamber
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(a) (b)

Figure 4.1: a) Sketch of the Flextura sputtering system. Here, 1 marks the load lock where the
samples are loaded. 2 is the magnetron sputtering chamber used in this work. Chamber two is
the remote plasma sputtering chamber. 4 is the analysis chamber where UPS characterization
can be performed, and chamber 5 is an annealing chamber. In the middle of the system is
the transfer chamber, here a robotic arm moves the samples in the system. The whole system
is kept under vacuum. b) The magnetron chamber (right) and the load lock (left) of the
Flextura equipment.

and a magnetron sputtering chamber. In this work, the magnetron sputtering chamber is used

with a HiPIMS power source. There are also possibilities of using a HiPIMS power source

in the remote plasma sputtering chamber. There are 5 targets in the magnetron chamber,

allowing for co-sputtering using both RF and DC power sources as well as HiPIMS. Lastly,

there is an analysis chamber where UPS analysis can be performed before the samples are

exposed to air.

There are room for 10 sample holders in the transfer chamber at the same time. Each sample

holder can hold 25 substrates with dimensions of 1× 1 cm2. Alternatively, the load lock can

be loaded with 10 6” wafers.

X-Ray diffraction

XRD measurements were executed using Bruker AXS D8 Discover with a Cu x-ray source.

The characteristic peaks of the source are at wavelengths kα1 = 1.5406 and kα2 = 1.54444Å.

The samples are investigated with a θ/2θ-scan and the diffracted intensities are measured for

a 2θ range of 20 to 80 degrees. The kα2 signal is filtered out using a Göbel mirror.
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Transmittance measurements

To measure the transmittance of the thin films a Shimadzu SolidSpec-3700 DUV was used

measuring for wavelengths in the range of 290-2500nm. Tauc analysis is performed to deter-

mine the optical band gap of the samples.

Hall effect measurements

Hall effects measurements were performed using a Keithley 2182 nanovoltmeter, a Keithley

6221 current source and a Keithley 7001 (w 7065) switch system. The magnetic field was

1.02 T and the samples were contacted using a Van der Pauw geometry.. Hall effect measure-

ments were used to determine the carrier type, carrier concentration, resistivity and carrier

Hall mobility of the deposited samples.

Profilometer

The thickness of the deposited thin films was measured using a Veeco Dektak 8 stylus pro-

filometer. The samples were partially covered by aluminum foil, so that deposition on the

samples produced a step from the substrate to the thin film. This enables thickness mea-

surements with a profilometer equipment. Three thickness measurements were performed per

sample to determine an average thin film thickness and the standard deviation was calculated.

Scanning electron microscopy

Cross-section images were used to determine the thin film thickness, and top view images

were use to investigate the surface of the samples. The equpiment used was a SEM model

JSM-IT300 w LaB6 filament. The same equipment was used with a ThermoFisher UltraDry

EDS detector to investigate the atomic composition of the samples.

Substrates

Silicon and quarts substrates were used for all depositions. Prior to sputtering, the substrates

were cut to a size of 1 × 1 cm using a laser cutter equipment to fit the sample holder in the

sputtering system and to enable Hall measurements as the system requires samples of this size.

The silicon substrates was cleaned using a RCA cleaning procedure. The quarts substrates
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were cleaned using RCA step 1 and 3 before a 10 minutes bath in piranha solution and finally

rinsed in DI water. Both silicon and quarts substrates were dried with N2 gas. Samples

deposited on quartz were used for XRD, Hall measurements and transmittance measurements

while the samples deposited on silicon were used for profilometer measurements as well as

SEM imaging and EDS analysis.

4.2 Sources of error in this work

Determination of thin film thickness

The thickness of the deposited thin films were measured using a profilometer. Three mea-

surements were performed per sample, and the average thickness and the standard deviation

were calculated for all samples. Shadowing from the sample holder during deposition yielded

uneven thin films. Furthermore, the substrates were partially covered in aluminum foil to

make a step to allow for thickness measurements using a profilometer. Aluminum foil can

also shadow the substrate, yielding a gradient in the thin film in stead of a step. This would

also cause challenges determining the thin film thickness. The unevenness in thickness for

each individual sample is not visible in the standard deviation, as the measurements were

performed in an area close to the middle of the sample to try and get measurements of the

full film thickness. However, these measurements were not successfully due to the shadowing

of the samples.

The thickness of the samples in the pulse duration series, see Chapter 5.2, were measured

by performing cross-section SEM. Here, the samples were cut at the middle to ensure that

all samples were equally affected by the shadowing from the sample holder. Also here were

three measurements performed per sample, and the standard deviation was calculated. These

measurements were used to calculate the refractive index of the deposited material (Eq. 3.3.5).

The refractive index was calculated for all samples in the pulse duration series, and the value

used for further calculations is the average of the calculated values. Lastly, the thickness of

all samples was calculated using the refractive index and transmittance data for each sample.

Here, the calculated thickness can only be considered estimates. Errors from the cross section

measurements and the transmittance data will affect the final calculated thickness. To both

calculate the thickness and the refractive index, the position of interference maxima has to be

read out manually. Also, the refractive index is assumed to be constant for all wavelengths

and band gaps, when it in reality depends on both of these parameters.
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Band gap calculations

The optical band gap is obtained from transmittance data by performing Tauc analysis. This

method relies on linear regression, and a well defined linear region is necessary to obtain

reliable values for the band gap. The linear fit also relies on a good choice of region for

regression. Also, the calculations are performed by assumption of the nature of the transition

of an excited electron. Here, a direct band gap is assumed, as zinc oxynitride is assumed

to be an amorphous material. Both ZnO and Zn2N3 are direct band gap material, so the

assumption of a direct band gap is valid also if these compounds are present in the deposited

material. The calculated band gaps in this work can be assumed as good estimates, and the

trends observed can be assumed to be reliable. The linear fit of all samples are included in

Appendix A.

Electronic characterization

Hall effect measurements are performed under the assumption of thin films of uniform and

known thickness. The thin films deposited in this work are uneven due to shadowing from

the sample holder during deposition. The charge carrier concentration depend on the sample

thickness, and the unevenness in the samples can lead to an underestimate of the charge

carrier concentration. Also, errors in the calculated thin films will also affect the charge

carrier concentration from the Hall effect measurements.

Atomic composition

The atomic composition of the samples were investigated by performing EDS measurements.

These measurements have intrinsic challenges detecting light elements such as oxygen and

nitrogen, see Chapter 3.6. The error of each measurement is difficult to evaluate. In general,

the atomic content of each sample is not reliable. However, the technique can be used to

evaluate how the concentration of each constituent atom is affected by altering the deposition

process parameters.
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Chapter 5

Results and Discussion

This chapter is dedicated to the results obtained in this work. There are two groups of

samples, one deposited at high sputtering pressure, 1.7 × 10−2 mBar, and one deposited at

a lower chamber pressure, 1 × 10−2 mBar. The high pressure samples were deposited first,

and sputtering frequency and average power was varied. Due to difficulties with lowering

the charge carrier concentration to a level allowing for rectifying junction, other sputtering

pressures were investigated. This lead to the conclusion that a lower sputtering pressure was

more promising to achieve zinc oxynitride as a solar cell material.

When the chamber pressure was lowered to 1×10−2 mBar, a gas flow variation was conducted

to find the optimal flow of the reactive gases at the new pressure. This was followed with

two series of samples deposited with varying HiPIMS frequency and average power. Finally,

a series of samples was deposited with varying HiPIMS pulse duration to find out if this has a

similar effect on the sample properties as the sputtering frequency. The series of samples will

be presented in the same order as they were deposited to illustrate the progress of the growth

development. In Table 5.1, the sputtering parameters of the different series of samples are

presented.

The results for each series of samples will be presented and discussed in the first part of this

chapter. In the following discussion section, the series will be compared and the work will be

discussed as a whole.

All SEM and EDS measurements were performed by Kjetil Karlsen.
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Table 5.1: Overview of the sputtering parameters of the different series of samples.

Pressure [10−2 mBar] Avg. power [W] Frequency [Hz] Pulse [µs] O2 /N2 flow [sccm]

High pressure depositions
Frequency 1.7 50 400-2000 10 0.7 / 9.3
Power 1.7 30-70 1400 10 0.7 / 9.3
Pressure 1.0 - 2.5 50 1400 10 0.7 / 9.3

Low pressure depositions
Gas flow 1.0 50 1400 10 0.6-1.3 / 19.6-18.7
Frequency 1.0 50 600-2000 10 0.7/19.3
Power 1.0 30-70 1400 10 0.7/19.3
Pulse 1.0 50 1400 2-30 0.7/19.3

5.1 High pressure depositions

Three series of samples were deposited at a sputtering pressure of 1.7×10−2 mBar. A reference

sample was deposited with an average power of 50 W, gas flows of 0.7 sccm O2 and 9.3 sccm

N2. The sputtering frequency used was 1400 Hz and the pulse width was 10 µs, see Table

5.1. Series of samples with variation of the sputtering frequency, average sputtering power

and sputtering pressure was performed to investigate the effects of process parameters on the

deposited oxynitride.

Prior to the depositions described below, optimization of gas flows and deposition time was

performed.

It can be noted that several attempts to deposit the reference sample were made, but all

samples were too resistive to perform successful Hall effect measurements. This is probably

due to deposition at the end of the target lifetime, introducing impurities in the material.

Improper cleaning of substrates can also result in poor conductive properties. The Hall

measurements of the reference sample is not included in the electronic characterization of the

three high pressure series.

5.1.1 Frequency series

All samples in this series were deposited using the parameters described in Table 5.1 with

sputtering frequencies ranging from 400 to 2000 Hz. According to the literature, more nitrogen

should be incorporated in the thin film at higher sputtering frequencies [9]. As the band gap

of ZnOxNy is reported to be dependent on the nitrogen content, the band gap is assumed to

decrease as the nitrogen concentration in the material increases.
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Thin film thickness

The thin film thickness is an important parameter to measure, at it is used in Hall effect mea-

surements to determine the charge carrier density. A profilometer was first used to measure

the thickness of the deposited material. A silicon substrate was partially covered by aluminum

foil to make a step from the substrate surface and the thin film surface, allowing the thickness

to be determined using a profilometer. However, there was shadowing on the samples during

deposition from the sample holder. This caused uneven thickness of the deposited thin films,

and it was challenging to achieve reliable measurements using this technique. Also, due to

this particular shadowing effect was not known before after depositions were performed, the

aluminum foil was not placed carefully at a similar position for all samples, making thin film

thickness measurements even less consistent.

Figure 5.1: Thin film thickness for sputtering frequencies in the range of 400 to 2000 Hz.
The measured thicknesses were obtained using a profilometer, while the calculated values are
found using transmittance data. Both the calculated and the measured thicknesses shows an
increasing trend when the HiPIMS frequency is increasing.

To obtain a better estimate of the thin film thickness, cross-section images of the samples

in the low pressure pulse series was obtained. These was used to determine the thin film

thickness, and the refractive index of the samples was determined using equation 3.3.5, for

wavelengths in the range 900-1500 nm. This resulted in a refractive index of 1.34. Using

the same equation, the thickness of all other samples presented in this work was calculated

under the assumption of a constant refractive index for all wavelengths in the range 900-

1500 nm. This is a simplification. The refractive index is a wavelength dependent material

parameter and decreases with increasing wavelength. The refractive index can also be band
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gap dependent. Since the refractive index is assumed to be constant for all wavelengths and

band gaps, this can result in error in the calculated thickness. However, the error in the

profilometer measurements are assumed to be larger than that of the calculated values, and

the calculated values are used to determine charge carrier density and optical band gap. Both

the measured and the calculated thin film thickness for samples in the frequency series can

be found in Figure 5.1.

For the frequency series, the calculated thicknesses of the samples are generally somewhat

larger than the measured ones. For both the measured and the calculated values, there are

indications of increasing thin film thickness when the sputtering frequency is increased. This

can be related to longer on-times when the frequency is increased. The calculated sample

thickness was used to determine the charge carrier concentration and the band gap of the

samples.

Transmittance measurements

Transmittance measurements were performed to evaluate the effect of the sputtering condi-

tions on the optical properties of the samples. The transmittance was measured for both

visible and ultra violet light, with wavelengths in the range 290 to 2500 nm. However, the

most important information from these measurements are at which wavelengths the absorption

dominates, and the transmittance at longer wavelengths. For all samples, no new information

apart from interference fringes can be found at wavelengths longer than 1500 nm. Therefore,

to enhance the readability of the plot for the reader, the transmittance results displayed only

include wavelengths up to 1500 nm.

As can be seen in Figure 5.2, the transmittance measurements of samples in the frequency

series show that a higher sputtering frequency shifts the absorption onset of the deposited thin

films towards larger wavelengths (lower energy). Tauc analysis was performed to determine

the optical band gap of the samples, with the assumption of a direct band gap. A figure

showing the linear fit for these samples can be found in appendix A, Figure A.1. The Tauc

analysis reveals that the band gap of the deposited material changes with the sputtering

frequency ranging from 3.16 to 2.17 eV. The lowest band gap is achieved at the highest

sputtering frequency of 2000 Hz. As the nitrogen content is related to the band gap of the

material, this indicates increasing nitrogen content with increasing sputtering frequency.
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(a) Transmittance measurements (b) Calculated band gap

Figure 5.2: a) Transmittance measurements of samples deposited using a range of sputtering
frequencies. As the arrow shows, the absorption onset is shifted towards larger wavelengths
for increasing sputtering frequencies. b) Tauc analysis reveals a decrease in band gap as
sputtering frequency increases.

Energy-dispersive spectroscopy measurements

To investigate the changes in zinc, oxygen and nitrogen concentrations when the sputtering

parameters were varied, EDS measurements were performed. These measurements gives an

estimate of the atomic percentage of the constitutional elements for each sample.

For the samples in the frequency series, the EDS measurements show a decrease in oxygen

content and an increase in nitrogen content with increasing sputtering frequency, as can be

seen in Figure 5.3. The nitrogen content is within the range of 15-20 at.%, while the oxygen

content is in the range of 35-40 at.%. Measuring the atomic content of light elements using

EDS has an intrinsic and significant uncertainty, as discussed in the method chapter. The

absolute content measured with this technique is therefore not reliable, but the trend can be

assumed to be valid. The decreasing nitrogen content with increased HiPIMS frequency is

also supported by the transmittance measurements, as a decreasing band gap can be related

to an increased nitrogen concentration.
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Figure 5.3: The atomic content of the samples in the high pressure frequency series was deter-
mined using EDS. The content of zinc in these samples is relatively stable, while the oxygen
content decreases and the nitrogen content increases with increased sputtering frequency.

X-Ray diffraction measurements

To investigate the material structure of the deposited samples, XRD measurements were

conducted. Here, crystalline phases can be detected and eventually identified by comparing

detected intensities with a database of XRD patterns of materials. The diffracted intensities

was measured for a 2θ in the range 20 to 80 degrees.

The XRD measurements of the samples in the frequency series. The only significant peak was

found at approximately 38 ◦, and can be seen in Figure 5.4. This peak is low and broad, and

the height of the peak increases with increasing sputtering frequency. However, the peak does

not align with the expected crystalline materials found in the samples, such as metallic zinc,

zinc oxide or zinc nitride. XRD measurements was performed for all samples deposited at

high pressure, but due to similar results for all samples, all remaining measurements, as well

as the full 20-80◦ degrees measurements for the frequency series can be found in appendix B,

Figures B.1 to B.4.
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Figure 5.4: XRD measurements of samples deposited using varying sputtering frequency.
There are no significant intensities measured, but there is a low, broad peak at ∼ 38 ◦. This
peak alone is not enough to identify any structure. A measurement of only the substrate is
included as a reference.

Hall effect measurements

To investigate the electronic properties of the deposited samples, Hall effect measurements

were conducted. These measurements determine the charge carrier density, resistivity and

Hall mobility of the samples. To determine the charge carrier density, the thickness of the

samples must be known.

As can be seen in Figure 5.5, the Hall effect measurements of the samples in the frequency

series revealed that the carrier density and carrier mobility both increase with increased

sputtering frequency. The measured carrier density ranges from 8.1×1016 to 3.2×1019 cm−3,

and the lowest concentration is achieved at the lowest sputtering frequency. For application in

solar cells, one has to assure that the semiconductor is not degenerate to be able to produce

a rectifying junction. In practice, this means to ensure that the carrier concentration in

the material is sufficiently high for conduction, but low enough to avoid degradation of the

junction and too small depletion zone (absorption region). In this case, the lower range of

the measured carrier density can be assumed to be suited for rectifying devices. However, the

mobility associated with these values is 4.0 cm2/Vs. This mobility is significantly lower than

that reported in the literature, and a higher mobility is desired to ensure sufficiently charge

separation in the solar cell device.
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Figure 5.5: Carrier density, resistivity and carrier mobility for sputtering frequencies ranging
from 400 to 2000 Hz, determined by Hall effect measurements.

Scanning electron microscopy

Scanning electron microscopy was performed to investigate the surface of the samples. For

the samples in the high pressure frequency series, there are little variation between samples,

see Figure 5.6. There are small grains visible for all samples, and the largest grains are

found at the highest sputtering frequencies. However, the size of the grains indicates that

the structure of the samples in the frequency series is disordered. To determine the degree of

disorder, transmission electron microscope should be used to investigate the sample structure

closer. The surface of the samples looks relatively smooth. However, atomic force microscopy

should be performed to evaluate the roughness of the sample surfaces.

Discussion

The Hall mobility of samples in the frequency series increases with increasing charge carrier

density. Normally, these properties are expected to be inversely proportional for the typical

and moderately doped semiconductor. Increasing mobility with charge carrier density is also

reported by Yamazaki et al. [28]. On the other hand, Park et al. [12] experiences that carrier

mobility both increases and decreases with increasing charge carrier concentration, depending

on the deposition parameters. Further, Park suggests that the electron transport is closely

related to microstructure, chemical composition and chemical bonding. This complicated

transport process can however be altered by tuning of the growth conditions.
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(a) 600 Hz (b) 800 Hz

(c) 1000 Hz (d) 1400 Hz

(e) 1600 Hz (f) 2000 Hz

Figure 5.6: SEM images of samples in the frequency series with a 20 000 times magnification.
The HiPIMS frequency increases from a) to f) with frequencies in the range of 600 to 2000 Hz.
There are small grains visible for all samples with litle variation with increasing frequency.
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The transmittance measurements showed that the lowest and best suited band gap in this

series of samples was found for 2000 Hz sputtering frequency. This series confirms that an

increased sputtering frequency decreases the band gap of HiPIMS deposited ZnOxNy , but

efforts have to be done to decrease the carrier density and to increase the carrier mobility also

for the lower band gap material. It should be noted that the band gaps obtained from Tauc

analysis should be considered estimates of the real value. This method depends on a well

defined linear region as well as knowledge of the optical transitions occurring in the material.

As the zinc oxynitride is a disordered system, it is reasonable to assume a direct transition.

The band gap values obtained by Tauc analysis should be considerate as sufficiently accurate

to evaluate the trends, and give a reasonable estimate of each individual band gap.

Concerning the atomic content of the samples, Tiron and Singhi [9] reported samples with

band gaps in the range 2.0-3.2 eV with nitrogen concentrations of 0-4 at.%. In their work,

the lowest band gap was associated with the highest nitrogen concentration. The measure-

ments of nitrogen content of Tiron and Singhi were performed using a X-ray Photoelectron

Spectroscopy (XPS) equipment. This method is more reliable detecting light elements such

as nitrogen and oxygen, and can also be used to determine the chemical bonds in the sam-

ple [49]. The nitrogen content measured is significantly lower that measured in this work.

The differences can be assigned to the large uncertainties detecting light elements using EDS.

However, since the XPS measurement can be used to distinguish between nitrogen atoms in-

corporated in the material and nitrogen gas, this disagreement can also be caused by nitrogen

bubbles incorporated in voids in the material. DFT calculations performed by Park et al.

[50] show that formation of N-N dimers in ZnOxNy is thermodynamically probable, and that

the probability for formation increases with nitrogen concentration in the material. If this

phenomenon occurs, it would be visible in an XPS measurement, but in an EDS measurement,

all nitrogen present in the sample will be reported as a part of the material structure. Finally,

XPS is a surface characterization tool, while EDS probes further into the samples. Thus,

the differences in measured nitrogen concentrations can also be caused by different nitrogen

concentration at the surface and in the bulk of the samples.

The XRD measurements revealed a low, broad peak originating from an unknown phase.

Nanocrystallites in a material will cause significant strain in the structure that can cause

a shift in observed peaks. Thus, nanocrystallites present in the samples could make the

identification of crystalline phases challenging. Furthermore, there are peaks originating from

metallic zinc, zinc oxide and zinc nitride within the 2θ range of 36 to 37 degrees, as well as

peaks originating from both metallic zinc and the nitrde at ∼ 39 degrees. The broad peak

can in theory originate from all these phases, but the source of the peak can not be identified.

The peak could also originate from amorphous structures, with changes between samples due

to changes in the chemical bonding with increasing sputtering frequency. Thus, these results

only indicate a low degree of crystalinity in the samples, but is insufficient for an unambiguous
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identification of the phases or the degree of disorder.

Altering the sputtering frequency successfully tuned both the band gap and the electronic

properties of the deposited material. Still some optimizing of the material has to be performed,

the charge carrier densities are too high to expect functioning rectifying junctions for most

samples. The measured Hall mobility is also significantly lower than the record high mobilities

reported in the literature. Lastly, an even lower band gap is desired for application in silicon

based tandem solar cells.

It can be noted that the refractive index calculated at 1.34 is somewhat low, and lower than

that of glass. However, the refractive index is normally given for a wavelength of 633 nm,

but this value is calculated for wavelengths in the range 900-1500 nm. As the refractive index

normally decreases with increasing wavelengths, this could be some of the reason for this low

value. Furthermore, if the density of the samples is low, incident light would travel through

both zinc oxynitride and air or nitrogen filled voids. As a result, the calculated refractive index

consists of both contribution from the oxynitride and air and/or nitrogen. Air has a lower

refractive index than most solids, and air present in the sample would yield a lower effective

refractive index. The thickness calculations agrees with the trend observed in profilometer

measurements, and the calculated thicknesses are in the same range as the measured. As a

result, the calculated refractive index is assumed to be sufficiently accurate for this purpose.

5.1.2 Power series

Since the sputtering frequency had a large impact on the material properties of the deposited

oxynitride, it is reasonable to assume that altering the average sputtering power has similar

results. A series of samples was deposited with varying average sputtering power to optimize

the deposition process, and to compare the effects of altering frequency and average power

on the deposited material. The average power ranges from 30 to 70 W, in intervals of 10 W.

The other sputtering parameters can be found in Table 5.1.

Thin film thickness

The trend in calculated thickness of the samples in the power series are in agreement with

the measured thickness, see Figure 5.7. The calculated thin film thickness yielded values

similar to the measured thicknesses. However, the increasing trend is more pronounced in

the calculated values than for the measured. There is a deviation in the two estimates of

the thickness for the 70 W sample, where the calculated thickness is 300 nm larger than the

measured. Still, the calculated thickness is assumed to a better estimate due to the challenges
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Figure 5.7: Thin film thickness as function of average sputtering power. The measured
thicknesses are obtained using a profilometer, while the calculated values was found using
transmittance data. The calculated thickness increases for increasing average power, while
the measured thickness increases with power in the range of 40-60 W.

with the profilometer measurements.

The trend with increasing thickness with increasing sputtering power can be explained by

a higher impingement rate of the target as the average power is increased. An increasing

impingement rate can be related to higher deposition rates. This means that an increased

thin film thickness is as one would expect when the average process power is increased. Also

here, the calculated thin film thickness will be used to calculate the charge carrier density and

the optical band gap.

Transmittance measurements

As can be seen in Figure 5.8, the transmittance measurements of the power series revealed

that the absorption onset changes with the average sputtering power. A higher sputtering

power shifts the absorption onset towards longer wavelengths. Tauc analysis was performed

assuming a direct band gap, the linear fit can be found in appendix A, Figure A.3. This

analysis reveals that the band gap decreases for increased sputtering power, a sputtering

power of 70 W resulted in a band gap of 1.8 eV, close to the target band gap of ∼ 1.7 eV. The

decreasing band gap indicates increasing nitrogen concentration in the samples with increasing

sputtering power, as an increasing nitrogen concentration is expected to decrease the band

gap of the material [9].
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(a) Transmittance measurements (b) Tauc analysis

Figure 5.8: a) Transmittance measurements for the power series. The arrow show how the
absorption onset is shifted towards longer wavelengths for increasing sputtering power. b) The
band gap calculations shows that the optical band gap decreases when the average HiPIMS
power is increased.

The strong decrease in overall transmittance for an average power of 70 W suggests either

increased thin film thickness compared to the other samples or a change in atomic composi-

tion. Precipitates of metallic zinc in the deposited samples could be the reason for the low

transmittance observed.

Energy-dispersive spectroscopy measurements

EDS measurements of the power series show a decrease in nitrogen content with increased

average power, see Figure 5.9. The oxygen content show a small increase with increasing

power. However, the Tauc analysis of the transmittance measurements of the same samples

indicates increased nitrogen content with increasing sputtering power. The measured oxygen

content is in the range of 30-35 at.% while nitrogen content is in the range 12-20 at.% . The

oxygen concentrations are somewhat lower than that observed in the frequency series, and the

nitrogen concentrations are higher. Also, the band gaps measured for this series are decreased

compared to the frequency series, which supports the relation with increased nitrogen content

and decreased band gap of the material.
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Figure 5.9: The atomic content of the samples as function of average power. These measure-
ments indicates that the nitrogen content decreases when the average power is increased while
the oxygen content increases. The zinc content is stable for all average powers.

Figure 5.10: Charge carrier concentration, Hall mobility and resistivity as function of average
power as determined by Hall effect measurements.
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Hall effect measurements

The Hall effect measurement for the samples in the power series are shown in Figure 5.10,

and indicate that the resistivity of the samples can be decreased by increasing the average

sputtering power. There are large variations in the electronic properties, but the measured Hall

mobilities shows a decreasing trend with increasing sputtering power. Similarly, the carrier

concentration is decreased with decreasing power, and at 30 W the carrier concentration dips

below 1018 cm3. The resistivity is measured below 1 Ωcm for all samples, and decreases in

the interval 30-60 W.

Scanning electron microscopy

SEM images reveal that the grain size of samples in the power series increases with increasing

average power, see Figure 5.11. For all samples, there is a 20 000 times magnification. The

increase in grain size is most pronounced when the average is increased from 60 to 70 W.

For the 70 W sample, there are grains with a diameter of ∼ 250 nm. If these grains are

crystalline, they might be visible in XRD measurements. However, no crystalline phases were

observed when XRD measurements were performed. In SEM, physical grains are observed,

and XRD measurements detect crystalline phases. A physical grain, or particle, can consist

of amorphous material or several crystalline phases. The large grains found for the 70 W

sample might be related to the low transmittance measured for this sample. However, a more

thorough compositional and structural characterization of the sample is needed to make any

conclusions.

Discussion

Due to the challenges with the electronic characterization of the 50 W sample, and the large

variations in the electronic properties of the samples measured, it is difficult to draw any

conclusions on the evolution in the electronic properties when the average power is varied.

Ideally, these samples should be reproduced and with a smaller power increment to obtain a

higher resolution of the changes in the samples with changing average power. It can however

be noted that a Hall mobility of 16.7 cm2/Vs and a charge carrier density of 8.2×1017cm−3 is

observed for a average power of 30 W, making it interesting to explore low power deposition

to improve the electronic properties of the samples.

The transmittance measurements and the Tauc analysis clearly shows a decrease in optical

band gap of the samples. According to Tiron and Singhi [9], this indicate an increasing nitro-

gen content with increased average power. However, EDS measurements indicate a decreased
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nitrogen content with increasing average power. As discussed in the method chapter, EDS

measurements are challenging to interpret when the atomic content of light elements is of

interest. Still, the trend of atomic content in a series of samples can be determined using this

tool. One explanation for the deviation between the Tauc analysis and the EDS measurements

could be caused by an increased incorporation of gaseous nitrogen within pores in the material

when average power decreases. This could result in an increased signal in EDS measurements

without more nitrogen being incorporated in the material to alter the band gap.

(a) 30 W (b) 40 W

(c) 60 W (d) 70 W

Figure 5.11: SEM images of samples in the power series with a 20 000 times magnification.
The average powers are in the range 30 to 70 W, and the power increases from a) to d). The
grain size observed increases when the average sputtering power is increased.
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5.1.3 Pressure series

A series of samples was deposited with sputtering pressures in the range 1.0×10−2 to 2.5×10−2

mBar, while the flow of the reactive gases was held constant, see Table 5.1. The way the

sputtering system is designed, the flows of the reactive gases and the total chamber pressure

are input parameters. The argon flow is adjusted to obtain the requested chamber pressure.

Ideally, the oxygen and nitrogen flow should have been adjusted to obtain the same partial

pressures of the reactive gases to properly evaluate the effect of sputtering pressure on the

deposited material. This would ensure that the equal sputtering conditions for all samples,

and the variation seen in the samples could be assumed to originate from only changes in the

total chamber pressure. Thus, the partial pressures of the reactive gases should be investigated

closer. To calculate the partial pressures during the sputtering process, the following equation

was used.

pi =
Ptotvi
vtot

(5.1.1)

Here, pi is the partial pressure of gas i, Ptot is the total pressure, vi is the volumetric flow

rate of gas i and vtot is the sum of all gas flow rates in the system. The calculated partial

pressure for chamber pressures in the range of 1.0 ×10−2 to 2.5 ×10−2 mBar can be seen in

Figure 5.12.

Figure 5.12: The partial pressure of argon, oxygen and nitrogen in the sputtering cham-
ber during deposition for different chamber pressures. The partial pressures of oxygen and
nitrogen are constant for all process pressures.
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From Figure 5.12, it can be seen that the partial pressures of nitrogen and oxygen are more

or less constant for all sputtering pressures, and that the partial pressure of argon increases

with increasing sputtering pressure, as expected. As a result, the trend in material properties

in this series can be assumed to be caused in the difference in sputtering pressure between

depositions.

Thin film thickness

The calculated and measured thin film thickness can be found in 5.13 which display the film

thickness as a function of the chamber pressure. Both the calculated and the measured thin

film thickness are showing very similar trends, a decreasing trend when the sputtering pressure

is increased. However, there is a significant deviation of the thickness of the samples for the

lowest sputtering pressures.

Figure 5.13: Measured and calculated film thickness for sputtering pressures in the range 1.0×
10−2 to 2.5× 10−2 mBar. In both cases, the thin film thickness decreases when the chamber
pressure is increased. The measured values were obtained by profilometer measurements,
while the calculated thicknesses were found using transmittance data.

66



CHAPTER 5. RESULTS AND DISCUSSION 5.1. HIGH PRESSURE DEPOSITIONS

(a) Transmittance measurements (b) Tauc analysis

Figure 5.14: a) Transmission measurements showed that the absorption onset was shifted
towards shorter wavelengths for increased sputtering pressures, as the arrow show. b) The
band gap calculations for the pressure series reveals that samples deposited at higher pressures
have larger optical band gaps than low pressure depositions.

Transmittance measurements

The transmittance measurements of the samples in the pressure series show that the ab-

sorption onset of the samples is shifted towards shorter wavelengths with increasing process

pressure. This can be seen in Figure 5.14 which display both the transmittance of the samples

as function of wavelengths and the calculated optical band gap of the samples. The optical

band gap of the samples was determined by performing a Tauc analysis assuming a direct

band gap, the linear fit can be found in appendix A, Figure A.3. The Tauc analysis reveal

that the band gap of the samples is at a minimum of 1.67 eV, the ideal band gap for a tandem

top cell, for a chamber pressure of 1×10−2 mBar. When the process pressure is increased, the

band gap increases and the highest band gap of 2.95 eV is measured for the highest sputtering

pressure at 2.5× 10−2 mBar.

Energy-dispersive spectroscopy measurements

EDS measurements was conducted to measure the atomic composition of the deposited sam-

ples. Figure 5.15 show the atomic content of Zn, O and N as function of the chamber pressure

during deposition. The concentration of zinc is just below 50 at.% for all samples. The ni-

trogen concentration decreases and the oxygen content increases as the sputtering pressure is

increased from 1× 10−2 to 2.5× 10−2 mBar.
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Figure 5.15: EDS measurements for the pressure series, indicating a decrease in nitrogen
concentration when sputtering pressure is increased.

Figure 5.16: Charge carrier density, Hall mobility and resistivity as function of sputtering
frequency. The Hall mobility can be significantly increased by lowering the sputtering pressure.
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Hall effect measurements

Performing Hall effect measurements of the pressure series revealed a decreasing resistivity

when sputtering pressure decreases, as showed in Figure 5.16 which display the charge car-

rier density, Hall mobility and resistivity as function of the sputtering pressure. Both the

Hall mobility and the charge carrier density increases for increasing chamber pressure. The

highest mobility in the work so far, 30 cm2/Vs, is measured for the 1.7 eV band gap sample.

Even though the carrier concentration for this sample is 4.3× 1019cm−3, the results are very

promising for tandem cell application as the carrier concentration was successfully decreased

by tuning of the HiPIMS sputtering frequency and the average power.

Scanning electron microscopy

The surface of the samples was investigated by performing SEM. The grain size decreases

with increasing chamber pressure, see Figure 5.17. However, the grains are small for all

samples. For both the high pressure power and pressure series, the grain size increases when

the band gap decreases. As the band gap is related to the nitrogen content, this indicates

that the grain size increases with increasing nitrogen concentration in the samples. As for the

frequency series, the grains are small, indicating a disordered structure.

Discussion

The deviation in the calculated and measured thickness can be caused by several factors. The

most probable reason is poor placement of the aluminum foil on substrates to create a step for

profilometer measurements. Placing the foil towards the edges of the samples would result in

a underestimate of the thickness due to shadowing from the sample holder during deposition.

Normally, an increase in chamber pressure would be assumed to increase the growth rate as

a higher pressure results in increased impigment of the target with a following larger flux

of sputtered material. Here, the deposition rate decreases when the chamber pressure is

increased. The EDS measurements show that the oxygen concentration in the deposited ma-

terial increases with increasing sputtering pressure. A possible explanation for the decreasing

thin film thickness could be that the target is more readily poisoned at higher sputtering

pressures. An other explanation can be that samples with a higher nitrogen content have a

less ordered material structure, resulting in less dense thin films.

The Tauc analysis revealed larger band gaps at higher sputtering pressures, indicating that

oxygen rich compounds are deposited for the highest chamber pressures. From Figure 5.12, it
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(a) 1.0 ×10−2 mBar (b) 2.0 ×10−2 mBar

(c) 2.2 ×10−2 mBar (d) 2.5 ×10−2 mBar

Figure 5.17: The surface of the samples in the pressure series was investigated using SEM.
Here, the chamber pressure increases from a) to d) in the range of 1.0 ×10−2 to 2.5 ×10−2

mBar. Here, the grain size decreases with increasing sputtering pressure.

can bee seen that there is less oxygen than nitrogen present in the sputtering gas mixture at

all pressures. However, oxygen gas is far more reactive than nitrogen gas. The highest band

gap measured is close to that of ZnO, possibly indicating low nitrogen concentrations in these

samples. It can then be assumed that there is a lower limit of the nitrogen concentration in

the sputtering gas that ensures incorporation of nitrogen in the samples. This is supported

by Gao et al. [51]. Gao reports similar results, the nitrogen flow needs to be significantly

larger than the oxygen flow to achieve notable nitrogen incorporation in the oxynitride.

Again, comparing atomic content of the samples with the findings of Tiron and Singhi [9], the

nitrogen content is significantly larger in this work. While Tiron reports a nitrogen content at

6.2 at.% for a band gap of 1.67 eV, while here a 24 at.% is measured. Due to the uncertainties

in the measurement of the oxygen and nitrogen concentration using EDS, the high content
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of nitrogen measured is unreliable. However, the decreasing nitrogen concentration is also

indicated by the increase in band gap, so the decreasing trend can be assumed to be valid.

The measurements of the heavier element zinc are more reliable than that of the lighter

elements. The zinc content of the nitride is higher relative to that of the oxide, due to the

different ratio of zinc and anions in ZnO and Zn3N2. A decrease in the zinc concentration

is thus an indication of an increase in the oxygen concentration of the samples. Thus, the

oxygen content can also be assumed to increase with increasing sputtering pressure.

5.2 Low pressure depositions

After the high pressure deposition series, it was evident that the optical and electronic prop-

erties can be tuned by depositing with different HiPIMS frequency and average power. The

pressure series indicated that the Hall mobility of the samples could be increased by lowering

the process pressure. This resulted in four new series of samples, where gas flow, frequency,

average power and pulse duration was varied to further investigate the effects of sputtering

parameters on the material properties.

The first optimization step was the gas flow. It was attempted to reproduce the 1×10−2 mBar

sample, but only nitrogen doped ZnO was deposited with gas flows of 0.7 sccm oxygen and

9.3 sccm nitrogen. To incorporate higher concentrations of nitrogen in the samples, the flow

of nitrogen was increased so that the total flow of the reactive gases was 20 sccm. The other

sputtering parameters was kept as they were in the high pressure depositions. The sputtering

frequency was 1400 Hz, the average power was set to 50 W, the HiPIMS pulse duration was

10 µs and the deposition time was 5 hours. All samples were deposited at room temperature,

and the sputtering parameters are listed in Table 5.1.

Due to the covid-19 outbreak and the subsequent closing of the lab facilities, EDS measure-

ments, SEM imaging and XRD measurements were not performed for all the low pressure

depositions even though a full characterization was planned for all samples.

5.2.1 Gas flow series

The gas flow series was deposited to find the optimal flows of the reactive gases, oxygen and

nitrogen at a chamber pressure of 1 × 10−2 mBar. The sum of the two gas flows was set to

20 sccm, and the ratio of oxygen and nitrogen was changed between each deposition. The

oxygen flow was varied from 0.6 to 1.3 sccm in intervals of 0.1 sccm, the nitrogen flow was

adjusted to give a total nitrogen and oxygen flow of 20 sccm. All other sputtering parameters

was set as described above.
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Figure 5.18: Calculated and measured thin film thickness for oxygen flow in the range 0.6 to
1.3 sccm. The estimate of the thin film thickness was improved significantly by calculation
the thickness of the deposited material compared to the measured values. The measured
thicknesses were obtained using a profilometer, the calculated values were found using trans-
mittance data of the samples.

Thin film thickness

After performing measurements of the thin film thickness using a profilometer, it was difficult

to draw any conclusions. There are no trend in the measurements, and the big variation

between samples was assumed to be due to the shadowing of samples during deposition. This

would result in a underestimate of the thin film thickness. Calculating the thin film thickness

shows that the thickness of the samples show a weak decreasing trend when the oxygen flow is

increased. The calculated and the measured value are equal for the 1.2 sccm sample, meaning

that the measurements of this sample successfully avoided shaded areas of the sample. The

calculated and measured thin film thicknesses as function of the oxygen gas flow can be found

in Figure 5.18.

Only considering the calculated thin film thickness, there are less variation in sample thickness

in the gas flow series than that of the high pressure depositions.
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(a) Transmittance measurements (b) Tauc analysis

Figure 5.19: a)Transmittance measurements shows how an increase in oxygen flow shifts the
absorption onset towards shorter wavelengths as indicated by the arrow. b) The band gap is
decreased when the oxygen flow increases

Transmittance measurements

As can be seen in Figure 5.19, the transmittance measurements of the low pressure gas flow

series reveal that the absorption onset is shifted towards shorter wavelengths for increased

oxygen flow. Tauc analysis was performed with the assumption of a direct band gap. The

linear fit can be found in appendix A, Figure A.5. The Tauc analysis shows that the lowest

band gap is achieved for the material deposited with the lowest oxygen flow. However, there

were difficulties performing a linear fit for the 0.6 sccm oxygen flow sample, and the band gap

calculated can be discarded. For the remaining samples, the band gaps are in the range of

1.5-1.7 eV. The optical band gap increases with increased oxygen flow. This is as expected,

as a larger band gap is related to a material with a higher concentration of oxygen. The 1.7

eV sample is achieved by depositing with a oxygen flow of 1.3 sccm and a nitrogen flow of

18.7 sccm.

X-Ray diffraction measurements

Due to covid-19 closing of the lab facilities, the gas flow series is the only of the low pressure

deposition series that was investigated using XRD, and not even all samples in this series has

been measured. However, the measurements do not indicate any significant crystalline phases,

even at low deposition pressure, as can be seen in Figure 5.20. The oxygen flow seems to have

an impact on the height of the broad peak at 2θ = 39 degrees, but there is no evident trend in

the peak height as function of the oxygen flow. The changes in the height can also be related
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to thin film thickness. The peak width at the full width half maximum is a better indication

of crystallinity, and the width of the peak is similar for all samples. The full measurements

can be found in appendix B, Figure B.4. Ideally, XRD measurements of all samples in the

gas flow series would enable evaluation of the effects of the gas flows on the sample structure.

Figure 5.20: XRD measurements of the gas flow series. This low, broad peak at ∼ 38◦ is the
only difference between the samples, all other peaks can be assigned to the substrate and the
XRD equipment. There are no clear indication of crystalline phases in these samples.

Hall effect measurements

As can be seen in Figure 5.21, the Hall effect measurements of the gas flow series shows that

the charge carrier density is successfully decreased by lowering the sputtering pressure. All

samples has a carrier density in the range 4.4 ∗ 1015- 1.1 ∗ 1017 cm−3, which can be assumed

to be sufficiently low for application in rectifying diodes and solar cells. The Hall mobility of

the samples also decreases with an increase in oxygen flow, and the mobilities are measured

in the range of 8.8 to 17.7 cm2/Vs. The resistivity of the samples are in the range of 1 to 100

Ωcm and increase with increasing oxygen flow.

Discussion

The Hall mobilities measured for the gas flow series are somewhat lower than the 30 cm2/Vs

measured in the pressure series for a chamber pressure of 1 × 10−2 mBar. Still, due to
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Figure 5.21: The Hall mobility, charge carrier density and resisivity of the samples as function
of the oxygen flow.

the reduction in carrier concentration, these samples are assumed to better suited for solar

application. Further, the high pressure depositions showed that the mobility of the samples

can be increased by depositing at higher sputtering frequencies.

The Tauc analysis of the gas flow series determined the optical band gap of the samples in the

range 1.5-1.7 eV. This is somewhat low for tandem cell application. However, the earlier fre-

quency series showed that the band gap can be tuned by decreasing the sputtering frequency.

Comparing the Hall measurement results and the Tauc analysis, it is evident that the oxygen

flow has a larger impact on the electronic proprieties than the optical properties. There is

little change in the band gap between the samples, but the charge carrier concentration is

tuned from 4.4× 1015 to 1.1× 1017 cm−3, and the mobility is tuned form 8.8 to 17.7 cm2/Vs.

When a desired band gap is achieved, it can be assumed that one can hold all other sputtering

parameters constant and alter the ratio of nitrogen and oxygen to achieve the desired charge

carrier density and mobility.

The trend in the calculated thin film thickness is very similar to the trend seen in the band

gap of the samples. Tiron and Singhi [9] and Futsuhara [52] reports that the band gap is

dependent on the nitrogen content of the samples. Further, there are reports of deposition

rates dependent on the band gap of in the growing material [26]. The small changes in

both band gap and thickness of the samples could indicate a relatively constant nitrogen

concentration for all samples in the oxygen flow series.
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5.2.2 Frequency series

Due to the high Hall mobility measured for gas flows of 0.7 sccm oxygen and 19.3 sccm nitro-

gen, the remaining series of samples were deposited using these parameters. The frequency

series was repeated for a lower pressure both to confirm the trends observed at higher pro-

cess pressure and to explore the material properties achieved at different HiPIMS frequencies

also at low pressure. The gas flow series indicated improvement of the electronic proper-

ties at frequencies above 1400 Hz, while improving the optical properties at lower sputtering

frequencies.

The samples were deposited with frequencies ranging from 600 to 2000 Hz in intervals of 200

Hz. Unlike at higher sputtering pressure, it was not possible to obtain a stable plasma at 400

Hz, so this frequency is not included in the low pressure frequency series. Other sputtering

parameters was set as described in Table 5.1.

Figure 5.22: Thin film thickness as function of HiPIMS frequency. The frequencies was in the
range of 600 to 2000 Hz. Thickness measurements was performed using a profilometer, while
the calculations are based on the transmittance data for the samples.

Thin film thickness

When profilometer measurements were performed, it was difficult to draw any conclusions on

the effect of the sputtering frequency on the thin film thickness, see Figure 5.22. However, an

increasing trend with increasing HiPIMS frequency was observed at high deposition pressures,

and a similar trend was expected for the low pressure frequency series. Calculating the sample
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thickness resulted in an increasing trend with increasing sputtering frequency with thicknesses

in the range of 900-1700 nm. These results deviates significantly from the measured values,

but are in better agreement with the results from the high pressure series.

Transmittance measurements

Measuring the transmittance of the low pressure frequency series shows the same trend as

for the high pressure series, the absorption onset is shifted toward longer wavelengths for

increased HiPIMS frequency, see Figure 5.23. Performing Tauc analysis of the transmittance

data shows decreasing band gap for increasing sputtering frequency, also similar to the high

pressure frequency series. However, the decrease in band gap is 0.25 eV when increasing the

HiPIMS frequency from 600 to 2000 Hz, compared to 1.0 eV at higher sputtering pressure.

(a) Transmittance measurement (b) Tauc analysis

Figure 5.23: a) The transmittance of the samples as function of the wavelength of the in-
cident light was measured and showed that the absorption onset was shifted towards longer
wavelengths as the sputtering frequency was increased, as indicated by the arrow. b) Tauc
analysis was performed to determine the optical band gap of the samples. The band gap
shows a decreasing trend when the sputtering frequency is increased.

Hall effect measurements

Measuring the electronic properties of the low pressure frequency series reveal the same trend

as the high pressure series, both carrier concentration and mobility shows an increasing trend

increasing HiPIMS frequency. This can be found in Figure 5.24 which show the charge carrier

concentration, resistivity and Hall mobility as function of HiPIMS frequency. As in the oxygen

flow series, the carrier concentrations are in the range of 1 × 1016 - 1 × 1017 cm3, and are
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significantly decreased compared with the high pressure frequency series. However, the highest

carrier density is measured for 1400 Hz, and the lowest at 1000 Hz. The resistivity of the

samples decreases for increased sputtering frequency, and the lowest resistivity, 1.6 Ωcm, is

also measured for the sample deposited at 1400 Hz. The highest mobility is measured for the

2000 Hz sample, at 24.9 cm2/Vs.

Figure 5.24: The charge carrier density, the Hall mobility and the resistivity as function of
the sputtering frequency. Both carrier density and mobility increases with the sputtering
frequency.

Discussion

There was a large deviation from the measured to the calculated thin film thickness. The

thickness of the samples can be related to the nitrogen content of the material, as a higher

nitrogen content is reported to result in higher deposition rates [26]. The optical band gap

is decreased when the sputtering frequency decreases, this is an indication of an increasing

nitrogen concentration [9]. This means that the Tauc analysis supports the thin film thickness

calculations showing a increasing trend with increasing sputtering frequency.

The trends observed for the low pressure frequency series is similar to that observed at high

pressure. The band gap of the samples decreases when sputtering frequency is increased,

while both charge carrier density and Hall mobility increases. However, the desired band

gap is achieved at the lowest sputtering frequencies in this series, meaning that the highest

mobility is associated with samples with band gaps smaller than the desired 1.7 eV. At 800 Hz,

a sample with a band gap of 1.7 eV, a charge carrier concentration of 1.8× 1016 and mobility
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of 18 cm2/Vs is achieved. These properties are promising for tandem cell application.

5.2.3 Power series

As for the frequency series, the power series was repeated at lower process pressure both to try

and confirm the effects observed at higher pressure and to investigate the possible properties

of the deposited ZnOxNy . The oxygen flow was 0.7 sccm, the nitrogen flow was 19.3 sccm.

All other parameters were as described in Table 5.1.

Thin film thickness

Both the calculated and the measured thin film thickness show an increasing and similar trend

with increasing average power, this can be seen in Figure 5.25 which display the calculated

and measured thin film thickness as function of the average power. Overall, the calculated

thickness is higher than the measured values, and the difference increase with increasing

thickness. The calculated sample thicknesses are used in the determination of charge carrier

density and optical band gap.

Figure 5.25: The calculated and measured thickness of the samples in the power series for
average powers in the range 30 to 70 W. The thin film thickness increase with increasing
average power. The measured values was obtained by performing profilometer measurements,
while the calculated values uses transmittance data for the samples.
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Transmittance measurements

There were some difficulties measuring the transmittance of the low pressure power series due

to the thickness of the samples deposited at 60 and 70 W. New samples were deposited with

shorter deposition time to be able to characterize the samples, but has not been measured due

to closing of the lab facilities. However, the measurements indicate samples deposited at lower

pressure following the same trend as seen in the high pressure power series. The absorption

onset is shifted towards longer wavelengths and the band gap decreases for increasing average

sputtering power. Both the measured transmittance and the calculated band gap can be

found in Figure 5.26. The band gap calculated for the 60 W sample is somewhat unreliable,

due to a short linear region in the Tauc plot.

(a) Transmittance measurement (b) Tauc analysis

Figure 5.26: The transmittance as a function of the wavelength of the incident light was
measured, a), and Tauc analysis was performed to calculate the optical band gap for all
sputtering powers, b). The band gap decreases when the sputtering power is increased.

Hall effect measurements

The electronic properties of the low pressure power series confirm that the resistivity of

ZnOxNy can be decreased by depositing the material at higher average sputtering power,

see Figure 5.27. The carrier density is lower than that of the high pressure power series, but

also at low pressure the carrier concentration can be lowered by decreasing the average power.

At 30 W the charge carrier density is 2.1× 1015cm−3, and is the lowest charge carrier density

measured in this work. The carrier hall mobility increase with sputtering power for powers

up to 60 W, but decrease substantially when the power is further increased to 70 W.
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Figure 5.27: The charge carrier density, carrier Hall mobility and the resistivity as function of
the average sputtering power was determined by performing Hall effect measurements. These
measurements indicate that the Hall mobility and the charge carrier density increases with
average power.

Discussion

An increased deposition rate is observed when the average power is increased. This is as

expected as an increased power will result in a higher impingement rate of the target, and

thus increased sputtering of the target material.

The decreasing band gap calculated in the Tauc analysis indicates a higher concentration

of nitrogen in samples deposited at higher average powers. Here, an analysis of the atomic

composition would be valuable to determine how the material properties of the deposited

material changes with average power.

From the Hall effect measurements, it seems that the Hall mobility of the oxynitride can

be somewhat increased by depositing samples using a higher average power. However, the

charge carrier density also increases when mobility is increasing, meaning that the average

power should be chosen with the material application in mind.
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5.2.4 Pulse duration series

At last, a series of samples was deposited with pulses in the range 2 - 30 µs. As the sputtering

frequency could be used to tune the properties of the oxynitride, it was speculated that altering

the pulse length could have some of the same effects. The frequency was held constant at

1400 Hz, the average sputtering power was 50 W. The nitrogen and oxygen flow was 19.3 and

0.7 sccm respectively, and all depositions were performed at room temperature for five hours,

see Table 5.1 for the process parameters.

Thin film thickness

The profilometer measurements of the thin film thickness of the samples in the pulse series

did not show any clear trend. Because of the big variation in the measured thickness, the

cross section of these samples was investigated in a SEM. This gives a significantly more

accurate determination of the sample thickness. These measurements was used to calculate

the refraction index that has been used to determine the thickness of all the other samples

in this work. Both the thicknesses measured using profilometer and SEM as function of the

pulse duration can be found in Figure 5.28. The deposited material increases in thickness with

increasing pulse duration. The increase is most significant at short pulses, where changing

the pulse from 2 to 5 µs increases the sample thickness from 750 to 1000 nm. When the pulse

length reaches 20 µs and longer little to no change in the thin film thickness is observed.

Figure 5.28: The thin film thickness of samples in the pulse duration series measured using
both profilometer and SEM. The SEM measurements are assumed to be reliable ans shows
increasing thin film thickness with increased pulse duration.
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(a) Transmittance (b) Tauc analysis

Figure 5.29: a)Transmittance measurement reveal that the absorption onset is shifted towards
longer wavelengths when the pulse duration is increased, as indicated by the arrow. B) Tauc
analysis of the low pressure pulse duration series show that the band gap of the samples is
decreased when the duration of the HiPIMS pulse is increased.

Transmittance measurements

Figure 5.29 reveal that the transmittance of the samples in the pulse duration series can be

tuned by increasing the pulse duration. The absorption onset is shifted from short to longer

wavelengths when the pulse duration is increased from 2 to 30 µs, indicating a diminishing

band gap. Tauc analysis confirms that the band gap of ZnOxNy changes with the duration

of the HiPIMS pulse, and is tuned from 2.0 to 1.4 eV when the pulse duration is increased.

The effect on the band gap is most pronounced at short pulse durations, increasing the pulse

duration from 2 to 5 µs decreases the band gap with 0.3 eV. When the pulse approaches 30

µs, the band gap decreases less for each increment and seems to approach a minimum limit.

A pulse duration of 5 µs yields a 1.7 eV band gap material.

Energy-dispersive spectroscopy measurements

The composition of the samples in the pulse duration series was investigated using EDS mea-

surements, the results can be found in Figure 5.30. Here, the zinc concentration is relatively

stable at just below 50 at. %. The nitrogen content increases with increasing pulse duration,

while the oxygen concentrate decrease. This is as expected, the decreasing band gap seen

in the Tauc analysis indicated an increasing nitrogen content when pulse duration was in-

creased. However, the nitrogen content is higher than the oxygen content. This is surprising,
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oxygen gas is far more reactive than nitrogen gas, making an oxygen rich material more likely.

It should be noted, the nitrogen flow is increased from 9.3 to 19.3 from the high pressure

deposition to the low pressure depositions, and an increased nitrogen concentration is to be

expected. Still, a larger concentration of nitrogen than oxygen is unlikely. The high nitrogen

content can be assumed to be caused by the low accuracy measuring the atomic content of

light elements using EDS. Due to the high precision of the technique, the increasing trend in

the nitrogen content can be assumed to be reliable. The same goes for the decreasing oxygen

concentrations.

Figure 5.30: EDS measurements was used to investigate the atomic content of the samples
in the pulse-series. The nitrogen content increases with increasing pulse duration, while the
oxygen content decreases.

Hall effect measurements

Performing Hall effect measurements of the samples in the pulse duration series shows that

the electronic properties of ZnOxNy can be tuned by depositing the material with different

pulse duration, as cab be seen in Figure 5.31. When the pulse duration is increased, both

the Hall mobility and the carrier concentration of the samples is increased. However, the

highest carrier concentration is measured for a pulse duration of 10µs at 9.7× 1016 cm−3. At

a HiPIMS pulse of 30 µs, the Hall mobility is 34.2 cm2/Vs. This is the highest Hall mobility

measured in this work. The carrier concentration and Hall mobility of the 1.7 eV sample (10

µs) is 1.2×1017 cm−3 and 18.9 cm2/Vs respectively. Although the Hall mobility is lower than

the record mobilities reported in literature for ZnOxNy , these properties are promising for

solar cell application.
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Figure 5.31: Charge carrier concentration, Hall mobility and resistivity for pulse durations
in the range 2- 30 µs. Both the Hall mobility and charge carrier density increases when the
pulse duration is increased.

Scanning electron microscopy

SEM images of the samples in the pulse duration series show that the grain size increases with

increasing pulse duration, see Figure 5.32. The increase in grain size is most pronounced for

shorter pulse durations, there are less change in grain size between samples deposited with

pulses of 20 µs and longer. For the 30 µs sample, the diameter of the grains are in the range

of ∼ 300 to 500 nm, while the grains in the 2µs has a diameter of ∼ 150 nm. The EDS

measurements showed that the nitrogen concentration was increasing with increasing pulse

length, indicating increasing grain size with increasing nitrogen concentration in the deposited

material.

Compared with SEM images of samples deposited at higher process pressure, the surface of

the samples seem rougher. The grains look faceted, maybe indicating that they are made up

of several small grains.
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(a) 2 µs (b) 7 µs

(c) 13 µs (d) 20 µs

(e) 25 µs (f) 30 µs

Figure 5.32: The surface of the samples in the pulse series was investigated by SEM with a
20 000 times magnification. The pulse duration increases from a) to f) in the range of 2 to 30
µs. Here, the grain size seems to increase with increasing pulse duration.
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Discussion

By variation of the HiPIMS pulse, the band gap of the oxynitride was tuned from 2.0 to 1.4

eV. The effect was most pronounced at short pulses, and the change in band gap between

samples diminished as the pulses were increased. The lowest band gap recorded in this series

of samples are close to that of zinc nitride at 1.1 eV which can be assumed to be the lower

limit for the band gap in this work. It would be interesting to explore even longer pulse

durations to investigate if zinc nitride could be deposited in this system and the lower limit

for the band gap of the oxynitride.

Increasing the pulse length had similar effect on the electronic properties as increasing the

sputtering frequency. However, higher hall mobilities was achieved in the pulse duration series.

Also, changing the HiPIMS pulse had a larger impact on the charge carrier density than what

was achieved by altering the frequency for the low pressure depositions. When depositing the

frequency series, the pulse duration was 10 µs. However, it would be interesting to perform

new depositions using a longer pulse duration and repeat the frequency variation. The effect

of varying frequency could be larger when each pulse is longer due to larger changes in on-time

between each increment in frequency. This can possibly be the key to achieve even higher

carrier mobilities.

5.3 Discussion

The optoelectronic properties of zinc oxynitride are easily tunable by altering the sputtering

frequency, the average power, chamber pressure, reactive gas flows and pulse duration. prop-

erties. To achieve desired material properties all these parameters should be explored. The

changes in both electronic and optical properties were larger at high pressure depositions than

at low pressure depositions when altering both sputtering frequency and average power.

5.3.1 Optoelectronic properties of ZnOxNy

So far, the discussion has mostly concerned the effect of sputtering parameters on the prop-

erties of the material. This section will review the properties of the material deposited and

evaluate the relation of electronic and optical properties of zinc oxynitride.

In general, the Hall mobility of ZnOxNy decreases when the band gap increase, see Figure 5.33.

The highest mobility of 34.2 cm2/Vs is associated with a band gap of 1.37 eV, and the lowest

Hall mobility measured is 4.0 cm2/Vs for a band gap of 3.15 eV. The samples deposited with
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lower pressure and a higher nitrogen flow has in general a higher Hall mobility than the high

pressure series. The pressure series deposited with lower nitrogen flow shows Hall mobilities

competing with the low pressure series, but at slightly higher band gaps. The highest mobility

in the pressure series, 29.8 cm2/Vs is associated with a band gap of 1.67 eV, which is the ideal

band gap for application in tandem solar cells. The samples with similar band gap deposited

at lower sputtering pressures has mobilities at 18.5-20.0 cm2/Vs. However, there are large

differences in carrier concentration for the low and high pressure series.

The Hall mobilities measured in this work are lower than the record high 200 cm2/Vs reported

by Yamazaki et al. [28]. Yamazaki suggests that nanocrystallites present in the samples result

in scattering of carriers at the grain boundaries. Thus, nanocrystallites in the sample results in

a lower carrier mobility, and higher mobilities can be found for a purely amorphous material.

An unidentifiable peak was found in all XRD measurements, which can indicate nano sized

crystallites in the samples. This can be the origin of the somewhat low mobilities measured in

this work. Transmission electron microscope investigations should be conducted to determine

if there in fact are nanocrystallites present in the samples, or if there are other mechanisms

that inhibit the flow of carriers in the material. Further, pores and voids present in the sample

can cause scattering of carriers. EDS measurements showed high nitrogen concentrations for

all samples, and higher than expected comparing with Tiron and Singhi [9] who measured the

nitrogen content with higher precision. This can as discussed be caused by the uncertainties

of EDS measurements of light elements, but can also originate from nitrogen filled pores in

the samples. If there are pores present in the samples, this could also decrease the carrier

mobility of the material.

The charge carrier concentration also decreases when the band gap increases, but the differ-

ences between the high pressure and the low pressure series is more pronounced for the charge

carrier density, se Figure 5.34, than in the case of the Hall mobility. The high pressure series

has in general a higher carrier concentration, only three samples has a carrier concentration

under 1018cm−3, and most samples are found in the range 5× 1018 − 1020cm−3. This means

that most samples deposited at high sputtering pressures has a carrier concentration too high

to allow for rectifying junctions, as e.g. tunneling effects would reduce the charge separation.

At lower sputtering pressures, and also an increased nitrogen flow, the carrier concentration is

significantly reduced. The majority of the low pressure samples has a carrier concentration in

the range 1016−3×1017cm−3, and the lowest carrier concentration measured is 2.1×1015cm−3.

It also becomes evident that the band gap of ZnOxNy has been successfully tuned from 1.37

to 3.16 eV, covering almost the whole range between the band gap of zinc nitride at 1.1 eV

and that of zinc oxide at 3.3 eV.

To summarize the electronic properties of ZnOxNy , the lowest charge carrier density and the

highest Hall mobility was measured for the low pressure depositions. The pressure series
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Figure 5.33: The mobility of all samples as a function of the associated band gap. The
mobility decreases as the band gap increase. The low pressure samples has a higher mobility
than the high pressure samples in general.

indicated an increase in mobility when the sputtering pressure was decreased. Figure 5.35

shows that the decrease in pressure alone will not yield these promising properties. The low

pressure series has both higher Hall mobility and significantly lower carrier density than the

sample deposited at 1× 10−2 mBar in the pressure series. This means that the improvement

of the electronic properties of the samples also can be caused by the increased nitrogen flow

in the low pressure series compared to the high pressure series.

For a typical semiconductor, large carrier concentrations are associated with a decrease in

mobility due to impurity scattering of the carriers. This may also be the mechanism behind

the differences in charge carrier density and mobility for the high pressure and low pressure

depositions. If the high charge carrier densities achieved at high process pressures is caused

by defects in the material, this would explain the low Hall mobilities measured. Also, at high

sputtering pressure, the sputtered atoms have a lower energy than at low sputtering pressure.

This leads to a low surface mobility of the adatoms, increasing the probability of defects in

the growing thin film.

According to Tiron and Singhi, the band gap of zinc oxynitride and the nitrogen content

are related, where an increase in nitrogen concentration is related to a decrease in band gap.

To easier evaluate the relation of nitrogen content and band gap, the band gap and nitrogen

content was plotted in the same figures for all series where EDS measurements were conducted,

see Figure 5.36. For the pulse duration series, the expected trend with decreasing band gap
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Figure 5.34: The carrier density of all samples and the related band gap. The carrier density
is decreased significantly by lowering the process pressure and simultaneously increasing the
nitrogen flow.

with increasing nitrogen content is evident. However, the high pressure power series shows an

opposite trend, the band gap decreases with increasing nitrogen content. This is most likely

caused by nitrogen incorporated as gas in pores and not in the material itself. The material

structure of samples in the power series should be investigated more closely to determine if

this is the case, or if there are other mechanisms affecting the band gap of the samples. For the

high pressure frequency series and the pressure series, there are larger variations and difficult

to draw any conclusions. In the case of the pressure series, an increasing band gap with

decreasing nitrogen content can be observed for the lowest and highest chamber pressures in

the series.

As can be seen in Figure 5.33, the Hall mobility changes with the band gap of the samples,

and decreases when the band gap increases. From Figure 5.36 there are indications that the

nitrogen content is related to the band gap of the material. Assuming the band gap decreases

with increasing nitrogen content as in the case of the pulse duration series, this indicates

that the Hall mobility is increasing with increasing nitrogen concentration in the material.

Changes in nitrogen concentration can change the micro structure of the material, and a

higher mobility for higher nitrogen concentration can indicate a more amorphous structure.

The SEM images of the samples indicates that the most disordered samples are found in

the high pressure frequency and pressure series. In the frequency series, the smallest grains
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Figure 5.35: The charge carrier density as function of the Hall mobility for all samples. The
highest mobility and lowest charge carrier density is achieved for the low pressure depositions.

are found for the lowest frequencies, and in the pressure series, a higher chamber pressure is

related to smaller grains. In both cases, the Hall mobility is low for the samples with the

smallest grains. The smallest grains are also found for samples with the largest band gaps.

However, for the high pressure power series and the pulse duration series, the largest grains

are associates with the smallest band gaps, and for the pulse duration series, also the highest

Hall mobility. A low Hall mobility for the smallest grain can indicate that the charge carriers

are scattered at the grain boundaries.

It is interesting that the smallest band gaps are found for the samples with the largest grains.

The band gap is related to the nitrogen content of the material, and a higher concentration

of nitrogen could be expected to yield a higher degree of disorder, and thus smaller grains.

However, the grains in the pulse duration series has a popcorn-like appearance. This can

indicate that the grains visible in the SEM images are built up of several small grains, yielding

a rough surface. Here, atomic force microscopy in combination with transmission electron

microscopy could give answers on the relation of observable grains and material structure.
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(a) High pressure frequency series (b) High pressure power series

(c) Pressure series (d) Low pressure pulse duration series

Figure 5.36: The band gap and nitrogen concentration of the samples in the high pressure
frequency, power and pressure series and the low pressure pulse series as function of the
respective varied sputtering parameter.
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Conclusion

Several series of samples of zinc oxynitride were deposited to investigate how varying the

HiPIMS parameters affect the properties of the material. It was shown that both the electronic

and the optical properties of ZnOxNy can be tuned by changing the ratio of nitrogen and

oxygen in the chamber, HiPIMS frequency, average sputtering power and sputtering pulse

duration as well as chamber pressure.

The optical band gap of ZnOxNy was determined by performing Tauc analysis of data obtained

from UV-VIS measurements of the transmittance of the samples. The band gap was tuned

from 1.37 to 3.15 eV by altering the sputtering parameters. The largest band gaps were

achieved by a sputtering pressure of 1.7× 10−2 mBar, and band gaps below 1.5 eV were only

measured for a sputtering pressure of 1×10−2 mBar. Application of the oxynitride in tandem

solar cells with bottom cells of silicon demands a band gap of ∼ 1.7 eV, which was achieved

both at high and low pressures.

The Hall mobility and optical band gap of zinc oxynitride seems to be related, a higher mobility

was measured for samples with smaller optical band gaps. In the high pressure series, the

carrier concentration decreased when the band gap increased. However, the charge carrier

density was most successfully lowered by decreasing the sputtering pressure and increasing

nitrogen flow. Furthermore, considering the high pressure and low pressure series separately,

the carrier concentration increases with increasing Hall mobility, in contrast to the normally

expected inverse proportionality of these properties.

The charge carrier density was measured to be in the range of 2.1× 1015 to 4.3× 1019 cm−3.

Carrier concentrations below 1018 cm−3 were deposited for a sputtering pressure of 1× 10−2

mBar and a nitrogen and oxygen flow totaling to 20 sccm. Higher sputtering pressure and a

lower flow of the reactive gases yielded higher concentrations of charge carriers.
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When it comes to the mobility of the samples, Hall mobilities were measured in the range of 4.0

to 34.2 cm2/Vs. The lowest mobilities were measured for samples deposited at 1.7×10−2 mBar,

decreasing the sputtering pressure to 1×10−2 mBar while increasing the nitrogen flow resulted

in an increase in hall mobility. There were three samples with a optical band gap of ∼ 1.7 eV,

the Hall mobility of these samples was measured to 29.8, 18.5 and 20.0 cm2/Vs. However,

the highest of these mobilities is associated with a carrier concentration of 4.3 × 1019cm−3.

This carrier density is too high to produce rectifying pn-junctions. Furthermore, in a hetero

junction with ZnOxNy , a charge carrier density of 4.3× 1019cm−3 can be assumed to be too

high to ensure that the absorption occurs in the oxynitride. Thus, the 1.7 eV samples with

the lower mobilities are better suited for tandem application.

The most promising samples in this work are deposited at 1× 10−2 mBar. Here, a band gap

of 1.7 eV can be achieved with a Hall mobility of 20 cm2/Vs and carrier concentration that

can be tuned from 4.4 × 1015 to 1.1 × 1017 cm−3 by tuning the oxygen and nitrogen flow in

the chamber. The resistivity of these samples is measured between 1 to 100 Ωcm. It should

be noted that the improved properties also can be assigned to the increased nitrogen flow.

No crystalline phases were identified in the samples. Crystalline phases could be detected in

the XRD measurements, but nano-sized crystallites with possible strain could be the source

of the broad, low intensities detected.

Intrinsic challenges using EDS to determine the concentration of light elements means that

these measurements alone is not enough to determine the atomic percentage of oxygen and

nitrogen. The concentration of nitrogen measured was significantly higher than reported in

the literature [9]. This is believed to be due to uncertainties of measuring nitrogen using EDS,

but could also stem from pores in the material containing nitrogen gas. EDS measurements

both showed increasing and decreasing nitrogen content for decreased band gap. Possibilities

of nitrogen gas in voids makes it difficult to connect the nitrogen content in the samples with

the calculated band gap. However, it can be assumed that an increased nitrogen content would

decrease the band gap of the material due to reports of this phenomenon in the literature [7,

9, 31, 51]. Also, the higher end of the band gaps measured are approaching that of ZnO, the

lower end of the range approaches that of Zn2N3, indicating that nitrogen tunes the properties

from that of ZnO to Zn2N3.

94



CHAPTER 6. CONCLUSION

Suggestions for further work

This work has focused on the electronic and optic properties of ZnOxNy , investigating how

the Hall mobility and charge carrier density are related to the sputtering parameters and the

optical band gap. However, some structural characterization still remains, as well as attempts

to relate the optoelectronic properties to the structure, morphology and atomic composition of

the material. This might reveal the mechanisms behind the tunable optoelectronic properties

of the material.

First, XRD measurements of all samples were originally planned, but this was not possible due

to closing of the lab during the covid-19 outbreak. Nevertheless, the measurements performed

could only determine that the samples are disordered, but not to what degree. The next step

to reveal the atomic arrangements of the samples could be to perform transmission electron

microscope investigation of the material. This would make it possible to determine if zinc

oxynitride deposited is amorphous or if there are nano sized crystals present in the samples

[42]. Since a smooth surface of the material has been related to higher electron mobility [28],

atomic force microscopy could be used to investigate the relation of the thin film morphology

and electronic properties.

To determine the atomic composition of the samples, X-ray photoelectron spectroscopy could

be performed. This technique can both determine the elements present in a sample and their

concentration, as well as analysis of the oxidation state of the constituents [49]. This would

allow for more precise measurements of the atomic composition of the samples, as well as

revealing whether the nitrogen present is incorporated in the material or precipitated as gas

in pores.

For most series of samples deposited, the Hall mobility increased with increasing charge carrier

concentration. This is the opposite than what normally is seen for semiconductors, where an

increasing carrier concentration is associated with a decrease in the carrier mobility. Temper-

ature dependent Hall effect measurements could allow for further investigation of the charge

carrier transport in the oxynitride.

Finally, to test the rectifying properties of the material, hetero-junctions with a suited p-type

material should be produced. To perform this investigations, efforts should be made to find a

well suited contact material. Contacts are also important for a zinc oxynitride based solar cell,

and enables defect characterisation. Further, zinc oxynitride solar cells should be made to test

the materials performance in a solar device. Finally, p-type doping should be investigated to

enable homo-junctions of ZnOxNy .
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Appendix A

Tauc analysis

This appendix contains the linear fit for all Tauc analysis in this work. Tauc analysis is used

to determine the optical band gap of the samples deposited.

High pressure depositions

Frequency series

Figure A.1: Tauc analysis for the high pressure frequency series shows that the band gap of
these samples are in the range of 3.2-2.2 eV, decreasing with increased sputtering frequency.
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Power Series

Figure A.2: Tauc analysis performed on samples in the high pressure power series reveals
band gap ranging from 2.9-1.8 eV.

Pressure series

Figure A.3: Tauc analysis of the pressure series shows that the optical band gap of these
samples ranges from 3.0-1.7 eV
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Low pressure depositions

Gas flow series

Figure A.4: Tauc analysis of the gas flow series shows little variation in the band gap for
different gas flows, here the band gap ranges from 1.65-1.35 eV.

Frequency series

Figure A.5: The Tauc analysis of the low pressure frequency series shows that the band gap
of these samples are in the range of 1.8-1.5 eV.
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Power Series

Figure A.6: The Tauc analysis of the power series resulted in band gaps calculated in the
range 2.0-1.2 ev

Pulse series

Figure A.7: Tauc analysis of the pulse duration series show that the band gap was tuned from
2.0-1.4 eV by increasing the pulse duration.
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Appendix B

XRD measurements

This appendix contains X-Ray Diffraction measurements not included in chapter 5. There

are no clear indication of crystalline phases in any of the measurements.

High pressure depositions

Frequency series

Figure B.1: XRD measurements of all samples in the high pressure frequency variation series.
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APPENDIX B. XRD MEASUREMENTS

Power series

(a)

(b)

Figure B.2: XRD measurements of the high pressure power series, there are no indications
of a ordered structure. The total scan is showed in a), while b) shows the range 30-40 ◦ to
highlight the differences between the samples.
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APPENDIX B. XRD MEASUREMENTS

Pressure series

(a)

(b)

Figure B.3: XRD measurements of the pressure series show no long range crystalinity in
the samples, but rather indicates nanocrystalites and/or amorphous phases. Both the entire
scan a), and a figure showing the range 30-40 ◦ is included to show the changes between the
samples.
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APPENDIX B. XRD MEASUREMENTS

Low pressure depositions

Gas flow series

Figure B.4: XRD measurements of the samples deposited with varying nitrogen and oxygen
flow. There are no significant peaks indicating crystalline phases in the samples.
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