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Abstract

We present results referring to the performances of two different thin films, one
composed by two semiconductors exhibiting band alignment of Type | (straddling
gap) and another on of Type Il (staggered gap). The films were grown by means of a
two-step process consisting in depositing first a metallic layer on silicon n-type
semiconductor and subsequently oxidize it in oxygen plasma. For the type | band gap
system we grow a Zr-Ti-Cu alloy, while for, the type Il, we deposited metallic tin (Sn)
considering that upon oxidation SnxOy, SnO SnO- will be produced that are n,p and n
type semiconductors, respectively. The grown films were analyzed by means of X-
Ray Diffraction (XRD) and X-Ray Photoelectron spectroscopy (XPS) for the
structural and compositional characterizations, while we used |-V four probe and
photo-current measurements for the assessment of their photo-electrical
performances. It came out that the systems containing semiconductors having
electronic Type Il band alignment perform significantly better than those of type I,
suggesting that these systems could be promising for photo-electric application.
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Chapter 1: Introduction
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1.1 Semiconductor theory

1.1.1 Electronic properties of materials

From the engineering point of view the electric conductivity is the physical quantity
referring to the ability of a material to allow for electron transfer. The reciprocal
quantity of conductivity is the electric resistivity that refers to the resistance in the
flow of the electric current inside a material. Those two properties are fundamental for
the study of the electronic abilities of a solid. Depending on the case, we can
categorize the materials into groups depending on the amount of electricity that flows.

The first category, in which we have the biggest electron current flow, is the
conductors. A conductor allows the flow of charge in one or more directions. The
most common conductors are the metals like silver (Ag). The opposite category is
known as insulators. In insulators, the electron current inside the material cannot flow
freely. Therefore, insulators possess the highest electrical resistivity. Additively, there
exists a category of materials with a value of electrical conductivity that falls between
the conductors and the insulators, known as semiconductors. Besides the three most
fundamental categories, we can make even larger distribution in electrical abilities of
a material, like semimetals or superconductors, which will not be explained further.
The previously mentioned categorization method can be fully understood by looking
in the electronic structure of the materials.

Partially or Empty Empty
fully filled, conduction conduction
overlapping band band
conduction
band
valence band
Filled -
valence band Filled
valence band

Metals Semiconductors Insulators

Figure 1 : Schematic of categorizing electrical materials.

The most known way of categorizing the materials for their electric properties is via
the electronic structure and the resulting bandgap of a material. As bandgap we define
the energy difference between the top of valence band and the bottom of the
conduction band, and it is measured in eV units, as the schematic shown in Figure 1

1)
Eq = |Eyp — Ecsl (1.1)

In condensed matter physics, the bandgap is defined as the range of energy states in
which no electrons can exist. The electronic bands that contribute with electrons in the
electronic conductivity are in the conduction band as shown in Figure 2 (1). Thus, the
bandgap can also be defined as the necessary energy required for promoting electrons
from the valence to conducting band.
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Figure 2 : A schematic that explains the bandgaps between the electronic states in a configuration.

1.1.2 Semiconductor Physics

As we already mentioned, a semiconductor is a material which is characterized by a
bandgap energy level lower than 4eV and it attains values of electrical conductivity
between the conductors and the insulators. They obey in the Fermi-Dirac statistics
since the electrons which is the most important part in understanding their
mechanisms are Fermions (particle with spin equal to 1/2). In semiconductors
(insulators as well) the Fermi energy is between the energies of the conducting and
valence bands. The general relationship of the Fermi distribution is given by:

1
eﬁ(S_EF)+1

F(e) = (1.2)

Where f = kgT ,and kg is the Boltzmann constant. Since it can be implied that the
distribution is symmetric around Er it can be easily extracted that e = &, — %" (1.3)

By applying the Grand Canonical Ensemble, the average Fermion number for a
certain volume can be defined as:

_ 1
N = GE-/keT4

(1.4)

This relationship is identical with (1.2) with the replacement of the Fermi energy with
the chemical potential of the system, a quantity equal under certain circumstances and
is demonstrated in Figure 3 (2). Since the Fermi energy is only defined in the absolute
zero it can be equalized with the chemical potential. This is the reason that the
conducting bands of the semiconductors are empty at T=0. Hence, for systems which
contain multiple semiconducting materials we expect the Fermi energy to be constant.

10
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Figure 3: The energy dependence in Fermi-Dirac statistics.

Semiconductor theory in the last decades has evolved rapidly. One very important
property of semiconductors that needs to be mentioned is doping. As doping is
defined the small amount of foreign material added to the semiconductor to alter its
physical properties (e.g. magnetic, electric, optical). Semiconductor materials whether
they are pure or doped, they can be categorized into two major categories, intrinsic
semiconductors, and extrinsic semiconductors.

An intrinsic semiconductor is a material without any substances mixed with the
crystal, like Germanium (Ge) or Silicon (Si). Their Fermi level is positioned in the
middle between the conducting and valence bands, since the number of holes is equal
to the number of electrons. When we add extra substances or impurities in the
intrinsic semiconductor, we create the extrinsic ones by a physical process called
doping (3).

The extrinsic semiconductors are the most used in the electronics industry because of
their wide range of applications. They can also be divided into two different
categories depending on the minority carriers (electrons and holes). We have a p-type
extrinsic semiconductor when we have excess of holes in the material and an n-type
where we have more electrons instead. The Fermi levels of extrinsic semiconductors
are positioned close to the conducting or valence band, depending on the doping type.
For a group IV semiconductor like Si (4 valence electrons in its structure) we can
have two basic cases of doping. The first case is the doping with a material from
group V like Phosphorus or Antimony. In this case the new material is called a donor
because it possesses more electrons compared to the host and as a result an n type
semiconductor is created. With the same logic if the dopant is from group Il like
Boron or Aluminum it’s called acceptor, resulting into a p type semiconductor. A
representation of doping is shown in Figure 4 (4).

11
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Figure 4 : Extrinsic semiconductor creation by doping foreign elements in Si.

Besides the metalloids, which have a semiconducting nature, oxidation, nitridation,
etc can also create bandgaps in the materials and infuse them with interesting
properties like the case of Aluminum Nitride (5) (AIN). The combination of two or
more different types of extrinsic semiconductors or even the addition of metals or
insulators, results in the creation of many different types of electronic devices like
diodes, transistors, capacitors etc. The most fundamental type is the combination of
two metals or semiconductors with the creation of a junction, which is the birth
product of the interface between the materials.

1.1.3 I-V Characteristics

One of the simplest devices that can be created by the interface between a p and an n-
type semiconductor is the diodes. The side of the diode with the excess holes (p-side)
is called the anode and the one with the excess of electrons (n-side) is called cathode.
Diodes are one of the fundamental electronics for the creation of electronic circuits.
The performance of a diode or an electronic device in general is the most important
part for creating a suitable device. Electronic devices like diodes have special
graphs/curves, the 1-V characteristics that represent the electric current that flows in a
device and its corresponding supply of voltage. For a p-n diode the I-V curve
characteristic has the form shown in the Figure 5 (6) and is has two characteristic
regions, the forward and the reverse. The I-V curve obeys the following relationship
known as Schottky equation:

%4
Ip = Is[exp (-~ 1)] (1.5)
Where Ip is the forward bias current, Is is the reverse bias current and Vr is the
thermal voltage: V; = % (1.6)

12
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Figure 5: The I-V curve for a p-n diode circuit.

In the forward bias condition (forward region) the positive voltage is applied to the p-
type material of the diode and the negative voltage to the n-type material (7). The
charge carriers (electrons, holes) will recombine with the free ions resulting into a
positive polarization and an increase in the current of the device. In the forward bias,
after a certain amount of positive voltage the current in the diode increases rapidly;
this current value is known as knee voltage, its value depends on the material and for
a Si diode it is 0.7 Volts.

Meanwhile if the positive potential will supply the n-type and the negative potential
supplies the p-type, the reverse effect takes places, an effect known as the reverse
bias. The region in this phenomenon takes effect is the reverse region of the I-V
curve. The ions in this case will be uncovered from the charge carriers of the
semiconductors. The gradual increase of the voltage in the reverse polarization region
the velocity of the minority carriers will increase as well. The ionization process that
will occur from the release of additional charge carriers will combine their
contribution in the establishment of an avalanche current. This current will result in
the creation of a breakdown phenomenon in the circuit.

The characteristic 1-V curves from device to device have significant differences,
Figure 6. Depending on physical properties like the resistivity or the charge carriers’
concentrations the I-V characteristic can obey a different form compared to the
diodes. For example, the curves of a resistor with a small resistance (or large) will
follow a linear relationship obeying Ohm’s Law. Also, the number of p or n type
semiconductors will surely result in a different characteristic. The study of the
electrical characterization of the devices is crucial for the modeling of newly utilized
circuits based on these devices.

13
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Figure 6: I-V characteristics for four different devices: Resistor with large resistance, resistor with small resistance,
diode, battery.

1.1.4 Semiconductor Homojunctions and Heterojunctions

The semiconductor materials can be combined for creating systems that attain
combined properties, forming the junctions. There are two basic junctions which
occur from two semiconductors, the homojunctions and the heterojunctions. As
homojunction we can name the interface that occurs between layers of very similar
semiconducting materials. They usually have different doping but identical energy
band gaps. The most common case is the p-n junction created from the two doping
types of Si. The creation of the p-n Si junction will result in the creation of the first-
generation solar cells that will be explained further below. The energy difference
between the Fermi energies of a semiconductor will result in a phenomenon called
band bending, which is the process in which the electronic structure of the material
curves in the energy area of the junction. The reason for the occurrence of the band
bending is the equalization between the Fermi energies of each component of the
junction. Because of the similarity limitations homojunctions are not so widely
studied as the interface phenomenon of heterojunction that will be analyzed
thoroughly in the next paragraphs. A representation of the p-n homojunction for a Si
diode is shown in Figure 7 (8).
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p-type n-type L@ O __© region
I B T
o € 00O O OO E) conduction band
| © © 6 © I[-‘, bOO(,OOJO“’" S Bl emeenemanenned L'\\\ o00e6 !conduclinn band
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Figure 7 : A schematic illustration of a Si p-n homojunction.

In contrast to the homojunction we have the heterojunction which is referred to the
interface between two layers of quite dissimilar semiconducting materials. Those
materials usually have quite different absolute values of band gap energy. Therefore,
we can have heterojunction independently of the type of the semiconductor.
Heterostructures between one p and one n type, two n or p types or even junctions that
include intrinsic semiconductors are possible. The interface can also happen with the
replacement of one semiconducting material with a metal creating a M-S junction.
The combination of many heterojunctions forms an heterostructure, which sometimes
is referred just as heterojunction, and it has many applications in electronic like
sensors, solar cells, transistors etc.

14
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Figure 8: The three types of band alignment in heterostructures.

Heterojunctions, depending on the energy values (bandgap, valance etc.) can be
divided into three basic types (Figure 8) (9): (1) Straddling gap type, (Il) Staggered
gap type, (111) Broken gap type. In the straddling type heterojunctions, the band
structure of the one material completely fits inside the energy gap of the other
material, since the last one has bigger energy in CB and smaller energy in VB. The
heterojunctions that formed from Type Il are preferred to those of Type | for photo-
applications because of the bigger exciton lifetime (9). Finally, the broken type of gap
is similar with the staggered one, but due to the differences in the band energies it
offers a charge transfer with a significant change in the driving force.

Since many materials coupled in the bibliography are very unlike, there are many
form factors for the determination of the formation of the heterojunction. There are
many important fundamental properties like the lattice constants of the interfacing
materials, the doping concentrations, and the energy band alignment which describes
values like the energies of conducting, valence bands and the electron affinity. The
electron affinity is a very important energy value for a semiconductor, and it is
defined as the required energy for the excitation of an electron from the conducting
band onto the vacuum.

The simplest way of predicting the band alignment of a material is the application of
Anderson’s rule (10), which is used for the creation of the energy band diagrams for
the heterojunction. It is also referred as the electron affinity rule in which we define
the latter as the energy required for the transition of one electron into the vacuum
level. For heterojunctions including alloys the use of Vegard’s law (11) is necessary.
The following Figure 9 represents an example of the Anderson’s rule for a
heterojunction (12).

Vacuum level Vacuum level
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wi wi AE
E ﬂECl Ep; E € Eu T)‘fz
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Epy
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Evy — AE Evy E
V$ g2
Ey,
Disjoint materials Materials at equilibrium

Figure 9: An example of Anderson's rule before and after for a n-N heterojunction.
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For the schematic creation of the Anderson’s rule the most basic step is the alignment
of the Fermi energies for ensuring the stability of the new system. In heterojunctions,
there are discontinuities in the depletion region because of the different values in
electron affinity, which is the necessary amount of energy for extracting an electron
from the conduction band to the vacuum those are called band offsets, and they are
defined as:

Conduction band offset: AE. = y; — x» 1.7)
Valence band offset: AE, = (x; + Ey1) — (x2 + Ej2) (1.8)
Where y is referred to the electron affinity and Egq is the bandgap of the material.

As it can be concluded from the graphic example of the Figure 9, in heterojunctions
all the materials have different Fermi energies and thus for the creation of a stable
interface they must be equalized. The “new” Fermi energy of the heterojunction must
occur from the combination of the two separate ones and hence every other band
diagram energy change must be done with the respect of the chemical potential. The
physical explanation is the approximation of the Fermi energy as the chemical
potential of the system. The chemical potential is a physical quantity that remains
interchangeable independently of the state of the system.

Therefore, the newly formed system needs a kind of stability. For the achievement of
this energy stability, the two materials should have a kind of discontinuity positive or
negative in their merging of their bands. Those discontinuities exist in every type of
interface, and they are physically expressed by the conduction and valence band
offsets that were mentioned. A very important characteristic found in the occurring
potential barriers is the built-in potential which is referred as the energy difference
between the work functions of the two semiconductors.

Vpi = @2 — ¢4 (1.9)

The creation of the heterojunctions can be done with many techniques in many
different forms of materials like nanoparticles and thin films. With thin films
deposition methods like CVD, thermal evaporation or sputtering we can freely control
parameters like the thickness of the interface or the percentages of the components
and hence creating multiple heterojunctions in the system.

1.1.5 Metal-Semiconductor Interfaces

In electronics physics a Metal-Semiconductor (MS Junction) is the interface in which
we have a close contact between a metal and a semiconduction material, instead of
two semiconducting materials (Figure 10).
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Figure 10 : The MS junction at equilibrium.

The classic MS junction usually has two possible outcomes, the rectifying and the
non-rectifying contact. The rectifying contact results in the formation of a Schottky
barrier and the other one in an ohmic contact. The last one is useful for the channeling
of electrical charge in the transistor, whereas the Schottky contact is useful for the
creation of the Schottky diodes and other useful electronics. Schottky diodes can
exploit the phenomenon of Schottky barrier, in which a sufficient voltage must be
applied for the flow of current. Despite they are looking quite similar, the Schottky
barrier of the MS interface and the barrier created in the semiconductor
heterostructures are different types of barriers. The discontinuity of the second one is
not a Schottky barrier, since it has the characteristic heterojunction quantity, the built-
in voltage.

As we can see in Figure 11 (13) we have a total of four cases of junction for a p or n
doped semiconductive material. In cases a) and c) the Fermi level of metal has lower
energy compared to the semiconductor one. In this case the band alignment attains a
negative discontinuity in which voltage must be given for the electrons to be
transferred. The phenomenon occurring is the Schottky barrier we mentioned before.
The necessary energy is usually given in bibliography as ®g and is known as Schottky
potential.
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Figure 11 : Metal - Semiconductor junction for p and n types.
Quantitively we can extract a formula which can calculate the necessary energy for

the overlapping of the barrier. For the metal its work function can be calculated quite
simply by subtracting energy in the vacuum from the Fermi level:
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Dy = Epgc — EF,M (1-10)

Similarly for the semiconductor we have:
(DS = X + EC - EF,S (111)

For the n type semiconductor case we can calculate the Schottky potential using the
following equation:

by =Dy —x (1.12)

Lastly for the case we have a p-type semiconductor in the Schottky barrier, changes
should be done in the last equation so the bandgap of the material can also be inserted
in the formulas. Therefore, we have:

Besides the MS junction there is another important device than can be created by
inserting an oxide between the band alignment of the metal and the semiconductor.
The device that occurs is the MOS capacitor which is the heart of the MOSFET
(Metal Oxide Semiconductor Field-Effect Transistor) transistor. The MOS capacitor is
almost identical with the MIS capacitor but instead of an oxide, which usually refers
to another semiconductor, we have an insulating material with the most known case to
be SiO2. The oxide in the device has the role of the dielectric.

1.1.6 Solar Cells and modern problems

Solar cells technology is one of the most studied for the production of alternative
power sources for energy purposes. As solar cell (or photovoltaic) is defined the
electronic device which creates electricity through the collection and the conversion
of the energy of light. It is based in the photovoltaic effect, a physical phenomenon in
which the exposure of a material to light results in the production of current and
voltage. Solar cells can operate not only in sunlight, but under artificial light as well
and they can be used for extra uses like photodetectors and, electromagnetic radiation.

Figure 12: A crystalline silicon solar cell.

Some solar cells can be created either with a single junction or a multi junction so the
mechanism of charge carriers can be exploited accordingly. A proper solar cell is
made of semiconductors, such as Si which has been fabricated into a junction (p-n
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junction for the case of Si) just like the one from Figure 12. Silicon junctions are
usually made with the doping method that was explained before for the creation of the
p and n types. When a light photon hits the cell, it is absorbed by the semiconducting
material. After the photon absorption electrons from the valence band are transferred
to the conduction band producing electron-hole pairs creating the exciton. An exciton
is a bound state of a semiconductor in which an electron and a hole are jointed by a
Coulomb force. Near the junction the exciton will break, and its components will
move to one electrode each, collecting the carriers. In an unconnected solar cell, the
carriers are recombined into the exciton. The whole process is repeated into a
respectable number of solar cells so a usable amount of electricity can be procured.

For the operation of a solar cell, three basic principles must be taken into
consideration. The first principle is the generation of excitons, plasmons or unbound
electron-holes pairs. A plasmon can be defined as a quantum of plasma periodic
movements. In a material, mostly metals it is used to describe the oscillations of the
electrons in the nanoscale. The second principle is the separation of charge carriers of
opposite types and as a third basic attributes the charge carriers must be extracted to
an external circuit separately as well.

In the first generation of solar cells (or traditional solar cells) the most used material is
the crystalline c-Si. The Si one can either be polycrystalline or monocrystalline. The
most known type of photovoltaic is the p-n junction silicon solar cell which was
described above. Besides the silicon one, because of the high demand of the industry
for creating sustainable energy there were developed many different types of solar
cells. This led to the development of the next generations of solar cells. The second
generation of solar cells is the thin films solar cells. They mostly used at utility-scale
power stations, or small systems. The idea behind the use of thin film coatings as a
photovoltaic is the reduction of the production costs and materials while the
phenomena at nanoscale can take effect. Amorphous silicon (a-Si) thin films solar
cells are some of the most utilized cells of the second generation because they are a
direct evolution of the traditional ones. Other known types are the cadmium telluride
(CdTe) thin films solar cells, gallium arsenide monocrystalline solar cells (GaAs), and
CIGS (cooper indium gallium selenide solar cells). Lastly, the third generation of
solar cells is the evolution of the second generation of solar cells, and they are still in
the research and development phase. They mostly consist of other types of recently
developed thin films cells and the evolution of the second-generation ones. The main
purpose of the generation is the reduction of the manufacturing process of the thin
film photovoltaics. Some types of the new researched materials are perovskites (14),
CZTS solar cells (15), quantum dots solar cells (16) etc. Specifically, perovskite solar
cells research is contained onto the third generation. In these solar cells a perovskite
material -which is a material with the chemical formula A>*B*(X?); - is used in the
layer.

Thin film solar cells are the photovoltaics that consist of semiconducting thin film
layer (or even multi-layers) onto a substrate. The thicknesses of these types of solar
cells vary from some nm up to several um. As it was mentioned before most of the
thin film solar cells belong to the second generation and their further advances in the
third. Their creation originates back in the 1970s from Zhores Alverov, the creator of
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the GaAs solar cells. In the following decades the technology of the creation of thin
films as a renewable energy source have been studied thoroughly.

Compared with the original p-n junction Si solar cells they are quite simpler, lighter,
and transparent. In thin films solar cells many of them consist of transparent
conducting materials that allow the light to enter inside the material of the
photovoltaic. As a result, a lot of the charge carriers are activated resulting in the
generation of current that can surpass the amount of the p-n junction ones. Therefore,
they could be used easily instead of the first-generation solar cells. The relatively
cheap production costs and the easily procuring of the materials make them a quite
attractive concept for the replacement of the old-fashioned silicon ones. The other
main reason is the increase of a very important physical quantity for the photovoltaic
called efficiency. More about the efficiency of solar cells and the challenges of the
current era will be explained in the following paragraphs.

Efficiency as an amount is defined as the portion of sunlight energy that can be fully
converted into electric current via the photovoltaic effect. It is often described as a
percentage number that determines the usefulness of a solar cell as a source for energy
production. This important amount has a big dependence on the environment and thus
the climate the solar cell is placed. The materials used can also be an important factor
for the efficiency as well. For example, when a photovoltaic panel is characterized
with a 10% efficiency this means that only the ten percent of the solar energy is fully
converted into electric current. Silicon solar cells had their effectiveness increase
drastically over the past years and with the creation of multijunction solar cells the
efficiency can be maximized up to 34%. This limit is known as the Schockley-
Queisser limit (17) for a silicon solar cell under direct sunlight with temperatures not
exceeding 300K and it has the form of Figure 13.
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Figure 13: Schockley-Queisser limit of silicon solar cells.

The efficiency of photovoltaics can be affected by various factors ranging from the
fabrication process to thermodynamic properties. The material the solar cell is built is
one of the most important factors since as it was mentioned the Silicon solar cells
have a relatively low limit at 34%, a value not achieved yet. Thin films solar cells, or
various complicated, attractive ideas are still trying to improve this limit with the
additional benefit of the cost reduction. Furthermore, it is crucial that the placement of
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the solar cells to be done in areas brimming with sunlight for increasing the
absorption of the sun’s rays. The reflectance (effectiveness in reflecting radiant
energy) of the cell is important as well. Although thin films solar cells are proposed as
a great alternative their low thickness preserve a low absorption of direct sunlight.
Therefore, in the modern solar cells reflectivity is one problem that needs to be
considered. Other important aspect for the solar cells efficiency is the separation and
the collection of the charge carriers in the semiconducting composite materials. The
collection of the maximum charges as possible will gradually increase the efficiency
of a solar cell. This is the reason heterojunction solar cells or solar cells with smaller
bandgaps are being studied.

Despite all the advances in the photovoltaics industry some problems and challenges
still persist. As it was thoroughly explained the relatively low efficiency of the
modern solar cells and the high production costs of the mass-produced panels are
major drawbacks of their current technology. Also, the maintenance costs with the
combination of the low-life expectancy of the current solar cells make them not an
attractive alternative energy choice. In this era the creation of economic solar cells
with the highest absorption rate possible is still the major challenge of the researchers
and the industries. Researchers are delving into innovative materials, advanced
manufacturing techniques, and novel designs to push the efficiency boundaries and
lifespans further.
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1.2 Surface Science and Thin Films

1.2.1 Physics of 2D surfaces

Surface science is one of the most recently developed aspects of solid-state physics
and materials science. Its goal is the study of the phenomena of the outer atomic
layers of solid materials. As surface of a solid we can define the first atomic layers of
a solid, which only consist in two dimensions instead of three because of its thickness.
Major differences between the surface and the bulk material are often being observed
because of the nature of the surfaces and thus new properties that are not encountered
in the solid may appear. In the schematic of Figure 14 the sizes between solids and
surfaces are compared. The goal of the science of surfaces is the research and the
development of these new abilities and their utilization into the modern technology.
The study of surfaces led to many technological achievements in optoelectronics (like
semiconductor junctions), in metallurgy, in catalysis, in photovoltaics and in the
development of nanostructured materials like thin films.

Thin Films

Surfaces

Figure 14 : A quick comparison between bulk materials (solids), thin films and 2D surfaces.

It was mentioned before that a surface is a part of a solid that consists of the first 3-5
atomic layers of a solid. Considering the average size of an atom (about 0.2nm) we
expect that the three-dimensional properties would follow similar tendency from the
surface ones. Despite the lack of one dimension, surfaces can attain atomic structures
with periodicity, like the one of solids. In the two-dimensional space only five
different crystal structures exist since the options in the atom combinations become
more limited. The five structures are: tetragonal, hexagonal, rectangular, centered
rectangular and oblique/parallelogram. The centered rectangular one is like a special
case that can also considered as rhombic. A schematic approach and their basic
quantities are shown in the following Figure 15 (18).
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Figure 15 : The five lattice symmetries of a typical 2 dimensional solid.

The five following symmetries are followed by every type of two dimensional solid.
Because of their idiomorphs some surfaces may inherit a different (special) structure.
A surface follows certain crystal symmetry when their respective parallel crystal
levels follow the same type of symmetry. The reason behind the change is symmetry
is the phenomenon of reconstructions that happens because some atoms move into
different atomic positions, minimizing their energy.

1.2.2 Introduction to Thin Films

As a thin film we can define the type of nanostructured material which is created by
its attachment on a solid material or a layer, with a deposition mechanism, which can
be physical or chemical. One of the dimensions of the material must be relatively
smaller compared to the other two for the new material to be considered as a thin film.
Unlike surfaces they are motley in fractal dimensions (2D thin films can also exist).
Their thickness varies from some A to some pm in extreme cases. Thin film
technology is fundamental for many technological applications and its excessive study
so far led to the development of many new innovative materials with brand new
abilities. One breakthrough technology of thin films is the combination of the abilities
of many different films in a combined layer or creating many thin film multi-layers in
a “sandwich-like” layered formation. The multi-layer format is especially useful in the
data storage technologies (19), (20).

Their creation usually is done at temperatures much lower comparing to the melting
point of the used material. Because of this, sometimes impurities, defections and
metastable phases are created. In the initial growth of the film a significant number of
atoms or molecules condense, and they form many clusters or islands. This
phenomenon is known as nucleation and growth, and it is the most known method for
crystallite creation into a layer of material.

There are three basic ways of thin film growth, development in islands (Volmer —
Weber method) or development in layers (Franck-Van der Merwe method). Also, there
is the third, special method called Stranski - Krastanov and it occurs from the
combination first two methods consisting of both layers and islands. A quick
description of the three methods is shown in the following sketch, Figure 16, and they
are described analytically:

23



METANTYXIAKH AITIAQMATIKH EPITAXIA ONOMATEIIQNYMO: IQANNHX [TAT'QNHY
TITAOX: Growth and characterization of Type | (Straddling gap) and Type 1l (staggered gap) heterojunctions
alignment in thin films for potential photovoltaic applications

TIMX-Dooikig Turuo Pooikng Hovemortiuo loovvivwv
000000008004 Y 1 1" o‘. °°° ooo

gr 00000033 c.c.ogr 003 gg 0000 9 00000 90000

orl't‘f‘.rl'ffl'l‘l‘efl'l'foo m c.c. °.°°°° ooc

00000000000000000000 2000000 AR 000000204

00000000000000000000 0000000 PY-4-4+44 0000000000040

00000000000000000000 00000000000000000000

00000000000000000000 20000000000000000000

OOOOO‘OG‘O0.0‘0.0 9000000 00000000

00000000 20000000 ooooooom 0000

Figure 16 : Layers growth mode VW (left), islands growth mode(center), Stranski-Krastanov mode(right).

i. Development in islands (VW mode): The deposited atoms of this case interact
strongly between them and weaker with the surface atoms of the substrate. This
results in the creation of islands consisting of atoms of the depositor material. As the
time passes, the islands nucleate, grow and coalescence each other.

ii. Development in layers (FM mode): In this method the deposited atoms are going to
interact more intense with the atoms of the surface sheet compared with each other.
Since, the atoms interact more with the material they will attach, the depositor will
create thin homogenous layers of material beyond the substrate. The film we create is
considered the ideal, since it requires perfect lattice matching between the atoms of
the layer and the substrate. This method is also known as layer-by-layer method since
more than one layers can be shaped, and it is most preferred for the creation of the
smoothest films possible.

iii. Stranski-Krastanov type development (SK mode): The third development mode is
the Stranski-Krastanov type and it acts like a combination of the two others. It is also
known as layer-plus-island growth mode. At first the atoms interact more with the
substrate layer crating a smooth monolayer film. As the time passes the monolayer
will surpass a certain critical thickness. Beyond this point, it will be covered with
islands of the atoms of the depositor that evolve according to the VW mode.

1.2.3 Mechanism of growth

During the deposition of thin films, atomic scale processes take place in the surface.
Absorption and desorption processes happen when deposited atoms collide with the
atoms of the surface of the substrate. Desorption mostly occurs because of possible
anomalies of the substrate, usually referring to the lack of smoothness. The absorption
phenomena in the film can be described by two different mechanisms, the Physical
and the Chemical mechanism of absorption. In the Physical process, we don’t have
the occurrence of chemical bonds between the absorption atoms of the surface.
Therefore, energies less than 0.5eV are created resulting in the creation of Van-Der-
Waals weak forces. In the chemical absorption we have the formation of chemical
bonds and stronger forces greater than 1leV are being created. Along with the
attachment of the atoms in the substrate, phenomena of surface diffusion in which the
deposited atoms move along the surface also occurring with a diffusion mean
depending on the kinetic energy. The atomistic processes happening during the
developed film are shown in the Figure 17 (21).
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Figure 17: Atomistic processes of thin film growth in the surface.

Whether the material is deposited uniformly in layers, in islands or both it is deeply
depended on the type of the material. The substrate can play an important role as well.
The development of tensions during the deposition is crucial for the deposition of the
atoms and they are related to the minimum energy required for the creation of the
film. In the following relationship, Young’s relationship describes the required free
energies of the substrate (22) and the film for the thin-film formation type is
determined by the ¢ angle between the tensions between the film and the substrate
(23):

Ys = ¥Ys—r T YrCOS® (1.14)

For =0, the free surface energy of the substrate is bigger than the energy of the film.
In this case the development of the material in layers is preferrable than the islands,
since with the angle of the tensions equal to zero there is more freedom of movement
for the atoms in the substrate. For ¢>0 the free surface energy of the film is bigger
and therefore the development in islands is the preferable method. For the Stranski-
Krastanov method to happen the lattice constants of the target material and the
substrate must be dissimilar. Therefore, in this case the atoms of the film will try to
coexist with the upper layer of the substrate initially by layering and after the required
tension is achieved in islands.

Depending on the local conditions of pressure and temperature the atoms also can
form different nuclei of different crystalline phases of the deposited material. The
formed nuclei of the phases can keep growing if the conditions are appropriate. The
last referred method is known as nucleation and growth. Nucleation is the first step of
the formation of a brand-new phase in a material. It is usually referred as the process
that determines the estimation time until the appearance of the new phase. From the
thermodynamic scope nucleation is the most common method that describes first-
order phase transitions, and they are quite sensitive in the impurities of the thin film.

Nucleation in thin film technology is a phenomenon that occurs beyond the deposition
of the evaporated atoms in a substrate. It causes the atomic clusters formation, which
create crystalline or even amorphous phase in the deposited film. The nucleation
depending on the condition can attain a 2D or 3D formation and it is deeply connected
with the Gibbs energy for the nuclei. The determination of the nucleation formation is
usually done by studying the Gibbs energy of the system. The Gibbs free energy is a
thermodynamic quantity that determines the type of the phase transition. The
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thermodynamic equation of the First Law of Thermodynamics with respect for the
infinitesimal quantity of Gibbs energy is given by the following formula:

dG = Vdp — SdT + ¥; u; dN; (1.15)

For a system in equilibrium with constant pressures and temperatures only the number
of particles will affect the Gibbs free energy. The macroscopic Gibbs energy therefore
will be given by the sum of the products of the chemical potential and the number of
particles. It is given as:

G =i N (1.16)

In order the hypothesis of equilibrium to be totally solidified the first term should be
equal to zero, so:

ik dN; =0 (1.17)

Thus, an increase in the N; particles of a system will reduce the number of particles of
the other systems. Therefore, the chemical potential of all the systems should be
identical, pi=po=.....=pi=...=p. In every system in phase equilibrium all the phases
should attain the same chemical potential value. Hence, the phase with the lowest
possible chemical potential is the most stable one (Figure 18) (24).

For a state in equilibrium and stable conditions for pressure the entropy can be
calculated as:

s=— (‘;—g)P (1.18)

The “s” is known as the entropy per particle and since it is positive quantity the
derivative should be negative. As it is shown in Figure 18, the stability of a phase is
maximized at the highest entropy (and temperature as well) (24). Since G and S have
different sign, by maximizing S the G is minimized which is crucial for the formation
of the nuclei in the thin film.
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Figure 18: Chemical potential as a function with temperature.
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1.2.4 Thin film deposition methods

Until now some basic characteristics of the thin films like their dimensions and their
nucleation growth. Next is a very important chapter, the thin film production
techniques. The most important techniques for creating thin films and coatings are
Vapor Deposition and Thermal Spraying techniques. The first one is divided in three
major categories depending on the method of production, PVD, CVD and ALD.
Specifically, we have Physical Vapor Deposition (PVD) if the fabrication method
follows a physical phenomenon like evaporation and Chemical Vapor Deposition
(CVD) if the method follows a chemical reaction. The Atomic Layer Deposition
(ALD) method creates thin films by using constantly gas-phase chemical processes.
Some fundamental information about every deposition type is shown in Figure 19.
For the selection of the best possible deposition technique each time, there are some
characteristics about each method we need to know in advance. The most important is
the mechanism of the deposited particles (ex. thermal energy and heat transfer,
chemical reaction, plasma creation, chemical solution, momentum transfer, flame
pyrolysis, high or low energy release.). After the mechanism, the knowledge of the
sample and its deposition degree is also important. Atoms, molecules, particles, ions,
clusters, we need to prepare a suitable substrate or layer as the film host.

In the thermal spray method instead of atomic, deposition of the particles occurs. The
process consists in the production of high energies from flames or plasma with a great
deposition rate, usually resulting in the creation of thick films mostly used for
coatings. Since flames usually affect the material that will be used for the particles,
the substrate of the film has almost no chance from getting damaged.

Growth Rate 0.1-1 nm/min 10-100 nm/min 100 nm = 1 pm/min
. High; 100% Medium; Transport-
] coverage dependent —
Oxides, nitrides, Oxides, nitrides, Metals, elements,
Materials sulfides, metals, sulfides, metals, alloys, some
elements elements oxides/nitrides
Temperature Wide range High Low
Growth R . .
Mechanism Self-limiting Continuous Continuous
Directionality Isotropic Isotropic Line-of-sight

Figure 19: Comparison of different thin film deposition methods.

Chemical Vapor Deposition (CVD) is one of the most widely used deposition methods
for the creation of solid material thin films. The process concerning the CVD always
happens in vacuum conditions and in a typical setup the wafer is exposed to certain
types of chemicals named volatile precursors that react with the substrate in order to
produce the expected film-coating. The extra volatile by-products are expelled from
the system with gas flow as they are not anted in the creation of thin films. The
formats CVD depend on the type of chemical reaction that takes place in the vacuum
chamber.
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Although CVD produces quite reliable thin films, the Physical Vapor Deposition
(PVD) methods are rapidly increasing their influence over the thin film research.
There are many fundamental reasons for this with the most basic one to be the cost of
the creation. PVD methods usually consist of experimental setups much simpler
compared to CVD and that fact has major repercussion in the department of industry.
Also, the films created by most of the PVD methods are relatively “cleaner” from
impurities compared to the CVD ones. One last reason is the freedom of the
parameterization of many aspects of the film creation process like thermal, pressure
change, different voltage usage etc. PVD methods divide into two major categories:
(thermal) evaporation, and sputtering.

— Vacuum

Thermal Evaporation
Methods Laser
— Physical Methods MBE
Sputtering lon Platlng
Thin Film Deposition —| — Plasma CVD — ARE
Methods
—— Laser CVD ICED
— Chemical Methods +—— Thermal CVD
L—— Chemical Solvent

Figure 20 : A schematic of the most basic thin film deposition techniques.

Thin-film development via thermal processes is one of the most widely used
deposition methods. The processes take place in high-vacuum conditions for
increasing the film cleanness. Therefore, it is rather renewed for the quality of the film
it produces with a relatively high deposition rate and low material costs. The number
of materials that can vaporize though is quite limited and therefore it has limited uses.
Also, the capability of interfering in the process of the deposition and hence the
control of the film’s properties is also limited.

The deposition with evaporation is determined by two important factors. The first is
the Mean Free Path (MFP), which is a physical quantity which describes the average
distance in which a moving particle travels before it changes its direction or energy
usually by colliding with another particle(s). MFP is the factor that determines the
cleanness of the films. High vacuum conditions in the chamber means that there will
not be interactions with the atoms of the air, and therefore better-quality films. The
other important factor is the Arrival Rate Ratio (ARR) (25) which describes the ratio
of the flow of deposited particles with the flow of residual gases in the substrate. We
need to control the conditions of the experiment, so the ARR factor is the highest
possible, to avoid interactions of the material and residual gases to be attached onto
the film. Concluding, it is of high importance the development of high-vacuum
chambers with certain distances from the source and the materials to get the best
possible result.
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The other major category of PVD known as sputter deposition (or sputtering).
Sputtering can also be considered as evaporation technique, but it’s a quite different
one compared to the most thermal methods and therefore it is considered as different
category. The whole process is done in high-vacuum chamber conditions. A general
schematic describing the most basic CVD and PVD methods is shown at Figure 20.

In the sputtering process, we have the ejection of particles (or atoms) from a target
material, which is the source, onto a substrate material such as silicon wafer. The
process of sputtering is depicted at Figure 21 (26). The target’s surface is eroded by
the bombardment of energetic particles and thus we have the ejection of the sputtered
ions. Those ions fly from the target, and they are attached in the substrate and the
chamber. The gas which is responsible for the erosion of the sputtering target and the
flow of the ions in the chamber is usually an inert gas like Ar. The selection of an inert
gas is because we usually want to avoid the formation of bonds between the target and
the gas.

Ar A Plasma 3
// Substrate
- ™\
2 H—O
L
Pump

Figure 21 : The physical process of sputter deposition onto the vacuum chamber.

The simplest sputtering method is the DC diode sputtering which consists of a pair of
planar electrodes. In the DC sputtering we mostly use metallic targets. One of the two
electrodes is one cold cathode which contains the material-target to be deposited, and
the other electrode is the anode. The anode is the host for the substrates of the film. In
the vacuum chamber an inert gas (usually Argon) is inserted in the chamber and after
the dc voltage application a glow discharge is created. Argon is the most frequently
used inert gas because of its inventiveness and the relatively low acquisition costs
(27). The Argon gas ions (Ar") are accelerated from the cathode to the target and then,
they head towards the anode creating the thin film.

If instead of a metallic target there is the need of an insulator target (like ZrO), DC
sputtering cannot create the discharge for the creation of the previously described
process. The reason behind this is the creation of a surface charge process from the
positive charged ions that collide in the insulating target. This problem is bypassed
with the use of a RF diode sputtering (radio frequency sputtering) in the insulator
target. Each RF source is characterized by a radio frequency which physically is the
oscillation rate of the alternating current (AC). The frequency range varies from
~30KHz and up to 300GHz. In RF sputtering the atoms of the insulating target can
successfully be deposited in the substrate.
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As it was mentioned before, the choice of the inert gas for the bombardment of the
material-target was done so the formation of extra bonds can be avoided. Besides inert
gases, reactive gases can also be used depending on the preferred properties of the
thin film. The sputtering method allows us to freely control the flow of the gases in
the chamber. There are many parameters that can be changed, which can make the
process a bit complicated, but this allows the user to have freely control over the
process. The sputtering process which contains extra reactive gases like (N2) besides
the inert ones is called reactive sputtering and is very useful for the creation of
nitrides, etc. Reactive sputtering can be used with both types of voltage (DC or RF).

The most known and versatile method of sputtering is the magnetron sputtering.
Magnetron sputtering contains all the other previously methods with the addition of
an applied magnetic field in the cathode, which is parallel with the surface of the
cathode. In almost all the cases the magnets of the sputtering are placed behind the
target so they can alter the direction of the electrons in the plasma. The use of the
magnetic field inside the chamber increases the ionization of the electrons, and
therefore decrease the electron loses in the rest of the chamber. The reason is that the
glow discharges of the electrons are moving within a circular orbit with the center to
be directed in such a way so that a close loop is created. Furthermore, the use of
magnetron sputtering in the stead of the plain RF/DC sputtering is the smaller
voltages during the deposition and hence the protection of the sources from the higher
voltages.

The magnetic field can be used in two different ways in order to minimize the
electron loses. The first way is using a planar glow diode discharge system in which
the electrons have a significant increase in their length of the flow before the collision
with the anode. At the same time an applying magnetic field will keep the electrons in
their course. The second way is the use of a special device in the chamber called
magnetron. The magnetron, in which originates the name of the deposition technique,
is a device which keeps the electrons enclosed to the surface of the target for as long
as possible and therefore it increases the ionization drastically.

A more complex method is the lon Beam Sputtering (IBS for short), which can be
used for more specific types of materials and can guarantee some of the best possible
results. In IBS the thin film is applied to the substrate with the help of an ion source
firing the ions onto the target material, Figure 22. The advantage of this technique is
the full control over the flow and the energy of the ions inside the chamber.
Additively, the angles of the ions coming from the gun can freely change increasing
the sputtering yield. This method has significant advantages over the DC-RF methods
with the only drawback its complexity and the increasing deposition time. For these
reasons, the magnetron sputter deposition is to this day the most frequently used
method of sputtering and thin film creation in general.
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Figure 22: lon beam sputtering schematic illustration.

1.2.5 Vacuum Physics

Most of the previously mentioned thin film deposition techniques belong to the
vacuum sciences and thus they require a clean environment avoiding the atmospheric
elements that could create impure final products. Therefore, vacuum conditions are
crucial for a successful film growth. The first definition given to the term vacuum was
a space clear from other materials. But realistically in physics a fully clear space of
matter is not feasible to be achieved. Thus, the first definition had some problems
because vacuum is a complex system which is neither inert nor it lacks matter.
Therefore, as vacuum we can name a space where its basic pressure it’s below the
pressure of the atmosphere.

There are many measure units for describing the pressure of a certain volume. They
are shown below, in Table 1:

mbar torr (mmHg) pascal (Nm?) Atmospheres
mbar 1 0.75 100 9.87x10*
torr (mmHg) 1.33 1 133 1.32x10°
pascal (Nm™) 107 7.5%107 1 9.87x10°¢

Table 1: The most basic units for measuring the pressure.

In surface physics the manometers, which is the device used for measuring the
pressure of a vacuum chamber, mostly have mbar as its physical quantity. Other very
important units are torr (mmHg) which is useful for medicine sciences, pascal (Nm)
which is the official SI measure and the Atmospheres (atm) used in Atmospheric
Sciences. Depending on the values of pressure we can divide the vacuum in four basic
regions. For units of mbar, we have the following division of areas:

o Low Vacuum (LV): from 1013.25 mbar (atmospheric pressure) to 1-10 mbar
o Medium Vacuum (MV): from 1-10 mbar to 10°* mbar
e High Vacuum (HV): from 10 mbar to 10" mbar
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e Ultra-High Vacuum (UHV): <10"" mbar

For the creation of the thin films and their study of the characteristics (structure,
composition) an appropriate environment in vacuum conditions is necessary. The
creation of the film in vacuum condition results in the creation of clean and smooth
surfaces that are clean from impurities. Additively, a vacuum environment can
minimize the collisions of X-Rays or ions with molecules of the atmosphere,
something that will affect the result. That’s because the atmosphere components cause
extra chemical reactions unnecessary for the thin film. Besides the cleanness and the
extra reactions, the vacuum pressure also guarantees the removal of extra impurities
which reside in the substrate after it’s placement in the chamber like dust or organic
compounds. The achievement of the vacuum conditions in the deposition chambers is
done by using vacuum pumps of all types.

1.2.6 Vacuum Chambers Technology

As it was mentioned before for a thin film deposition (and not only) chamber to
achieve vacuum conditions we have the need of certain devices called vacuum pumps.
A vacuum pump is a device that seals a certain volume (e.g. a chamber) for achieving
certain pressure by drawing outside the gas particles and blocks the entrance of other
external particles. Vacuum pumps can be categorized into three big categories,
depending on their built-in function. The categories are the positive displacement
pumps, the momentum transfer pumps and the entrapment pumps. Some examples of
vacuum pumps used in thin film deposition are depicted in Figure 23.

The positive displacement pumps are pumps that create a partial vacuum condition
after use. For the vacuum achievement the pump keeps creating cycles of pumping
repeatedly. The device closes the gas in the entrance; it compresses it, and pumps
again towards one of the exits in a series of successive cycles until it reaches the low
or medium vacuum conditions. These types of pumps are unable to achieve high
vacuum conditions and therefore the use of another type may be necessary. All the
rotary and mechanical types of pumps belong in this category. The most characteristic
pump of this working type is the classical water pump, which operates with the same
philosophy even though is not a vacuum pump.

As it was mentioned the positive displacement pumps cannot achieve the high (or
more) vacuum conditions which is fundamental for the use of techniques like
sputtering. For this reason, there was the development of other types of pumps. The
second category of vacuum pumps is the momentum transfer pumps. In these pumps
the molecules of the gases of a volume are accelerated from the vacuum side to the
exhaust side. At atmospheric pressures these pumps interact differently compared to
an already made low or medium vacuum condition. That’s because at high pressures
the molecules interact each other and push other molecules creating a viscous flow. If
the pressure decreases, the distance between molecules will decrease as well. In this
case there will be more effective pumping than the first category pumps since the
molecules will collide in the walls and not with each other. That means some types of
these pumps can be combined with a rotary or mechanical pump for more effective
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use. Therefore, with these types of pumps combined the achievement of high or ultra-
high vacuum is possible.

The momentum transfer pumps can be divided into two categories, diffusion pumps
and turbomolecular pumps. In the diffusion pumps the gas transfer is achieved with
the use of high-speed gases from oils, which already reside inside the pump.
Sometimes mercury (Hg) vapors are also used for this process. The pump functions
by pushing the gases stage by stage with the coexistence of the oil gas of the pump,
until it is released from the system. The turbomolecular pumps is quite similar since
they both exploit the momentum of the gas molecules. This type of pump consists of a
rotor with high-speed curved flaps which coexist with some flaps which stay totally
still, of the same type and a stator. The gas molecules gain extra speed and a new
direction of movement thanks to the collisions with the rotor.

Figure 23: Alcatel Adixen rotary pump (left). Turbomolecular pump side view (center). lon pump (right)

The last category is the one of entrapment pumps. This category of pumps can enclose
the gases into their sturdy walls, condense them or change their structure like
soldering them. The most known type of these pumps is the cryogenic pump. The
achievement of very low temperatures which result in the freezing, condensation, and
finally their release from the pump. Solid residues may be created after the
interactions. Another type of entrapment pump is the ionic pump or sputter-ion pump.
The ionic pump uses an electromagnetic field for ionizing the gases of the chamber.
The ionized gases can emit a strong electric potential up to 7000Volts. After the
process, the ionized gases move onto a solid substrate. Those types of pumps can
easily attain the ultra-high vacuum conditions with the combination of rotary and
momentum transfer pumps. They are specifically made so they can be working in
lower temperatures. Therefore, the use of coolant fluids like liquid nitrogen is crucial,
especially for the cryogenic pump. Usually, the liquid nitrogen which is used because
of the low costs is working on a closed circuit inside the pump. The nitrogen is
keeping the pressure at bay, lowering it gradually while escaped molecules of air
cannot manipulate the pressure.
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1.3 Basic Elements of Plasma Physics

1.3.1 About Plasma

In the previous chapter details about the sputtering deposition methods were given in
depth. The ionization of the material-targets by using reactive or inert gases will result
to the etching of the targets atoms and thus in their attachment onto the substrates.
During the ionization of the target by the energetic Ar* ions, the fourth state of the
matter is being formed worldwide known as plasma. As plasma can be defined a gas
which contains both charged/ionized and neutral particles, and it is characterized by
the appearance of phenomena of both collective behavior and quasi-neutrality. Hence,
the statistical behavior of the ionized gases of the sputtering chamber can be fully
described by the plasma physics. The fabrication of thin films with plasma creation is
not exclusively used in sputtering, since there are other methods like PECVD (Plasma
Enhanced CVD) (28) as well. An example of experimental plasma during reactive
sputtering (Sn nitrides) is shown at Figure 24.

Figure 24: Sn nitride pink colored plasma during magnetron sputtering process.

Plasma as a term of physics was first used in 1923 by Langmuir for describing the
states of the gases occurring in electrical discharges experiments. More than the 99%
of the matter of the universe like the stars, the ionosphere of the Earth or the Sun
consist of plasma. The North-South pole selas is a form of plasma occurring from
magnetic phenomena in the ionosphere. Additively, experimental scale plasma has
already been created mostly for the purpose of the nuclear fusion. The study of
plasma is more complicated compared to a gas because of the Coulomb forces that
acting inside the plasma.

1.3.2 Plasma Confinement

One very important utilization of the experimental plasma is the etching, which is
referred as all the plasma processes used for the creation of plasma-based devices like
semiconductor devices. During the process, the plasma etchers create plasma from
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inserted reactive gases into a previously vacuum created chamber. Wafers of materials
like silicon are placed onto the etcher for changing their properties. The plasma
etching can also be used as a post-growth technique for changing the properties of
thin films, like oxidation or nitridation (29), (30). Therefore, the etching process is
quite useful to the thin film creation philosophy.

Although plasma etching is an interesting process, because of its Coulombic nature
there are occurring crucial issues about its gathering and thus its effective utilization.
Plasma has the property to be able to isolate an acting potential and to create a cloud
of charge around that potential. The plasma confinement, as the process is called, is
the collective phenomena used for maintaining the plasma into a discrete volume for
utilizing its properties. Another name for this interesting property is the Debye
confinement, and it can be described mathematically by using the one-dimensional
Poisson equation with n; and ne the ion and electron numeric densities respectively.
The Poisson equation reads (31):

Vg = —4me(n;(p) — n.(9)) (1.19)

With the hypothesis of big distances, the potential is close to zero. Then, the densities
of electrons and ions can be approximated to be equal for simplicity. By using the
Fermi-Dirac distribution the densities can be defined as:

e _ee
Ne=mn-ekT n;=n-e kT (1.20)
As it can be observed from the relationships the plasma confinement is deeply
affected by the temperature. For very low temperatures, some ions may exit in cloud,
resulting into an imperfect confinement.

Replacing the densities into the Poisson equation and applying Taylor’s theorem for
the equation it attains a final form:
_ee ®
Vip = 4men(e ’r — 1) = 4T[n€2k—T (1.21)
The solution of the equation will give the equation describing the potential of the
process:

X

@ = @oe o (1.22)

kT

Where as 1p = (4nne2

length is very important for determining the length of the plasma confinement and it is
depending on the electron density.

1/2
) ,the Debye length of confinement is defined. The Debye

1.3.3 Types of plasma

As it was mentioned in the previous paragraphs, plasma can either exist naturally in
the space (ex. from the Sun) or it can be created in experimental lab scale. As the
following Figure 25 implies plasma can generally exist in many different forms
depending on different factors like the number density of the electrons of the gas, the
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temperature, the existence of magnetic fields, etc. The plasma density in high pressure

arcs can surpass the values of 10'®m= while in the experiments of energy created
from nuclear fusion can generate heat more than 10%V.
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Figure 25: A schematic of types of plasma from different electron energies and densities.

There are many classifications of plasma. For example, categorization based on the
degree of ionization. The degree of ionization of plasma is the degree of the number
of charged particles divided by the total number of particles (charged and neutral). If
n+ refers to the charged particles and n to the neutral, then it if defined as:

Tl+

a= (1.23)

nt+n

The classification of plasma according to the degree of ionization has two basic
categories:

1. Fully ionized plasma: In this type of plasma the degree of ionization is very
close to 1. Example of fully ionized plasma is in the core of the Sun.

2. Partially ionized plasma: In this type of plasma the ratio is smaller than 1. The
ionosphere or glow discharge tubes can attain this type of plasma.

The most important categorization of plasma though is via the temperature it can
produce/the thermal equilibrium occurred in the plasma. By categorizing the plasma
with respect to the temperature, three different categories can be mentioned.

1. Plasma in total thermal equilibrium
2. Plasma in local thermal equilibrium
3. Non-equilibrium thermal plasma

For the magnetron sputtering process the important type of plasma which is created in
discharge tubes is the cold plasma. Specific details about the cold plasma will be
analyzed in the next paragraphs.
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1.3.4 Cold Plasma for sputtering

Plasma, which is characterized from total lack of thermodynamic equilibrium, even in
local scale is known as cold plasma. In the cold plasma the electron temperature is
many times bigger compared to the ions/neutrals temperature and hence the electrons
heating can attain temperatures surpassing 10* degrees Celsius like the case of a
fluorescent lamp with a reactive vaporized gas. While the electrons are surpassing
those temperatures, the ions are still at room temperature. In the case of the
fluorescent lamp the selective electron-only heating enables the user to be able to
touch the bulb even while operating.

Cold plasma can be experimentally created and even utilized for commercial uses. For
sputtering techniques, the cold plasma is crucial for the deposition of thin films while
maintaining an operational chamber temperature low. The heating of electrons will
create plasma of the material target with the essential contribution of the ionized Ar*
gas. For the ejection of the particles the Ar* gas is supplied under a certain voltage to
orient them to the vacuum chamber. Another emerging technology of cold plasma
utilization with the sputtering technique is the cold plasma packaging in the food
industry (32). The deposition of films of biologically based materials is an attractive
alternative for decreasing the use of plastics for food packaging. This application has
several positive effects like the cost reduction and environmental protection.

1.4 Aim of this Thesis

Technology regarding the utilization of the thin films properties has evolved rapidly
over the recent years. To this matter we developed two materials systems one with its
oxides forming heterojunction band alignment of Type | (Straddling gap) and one
with band alignment of Type Il (Staggered gap). For this work we used a two-step
growth procedure consisting of a magnetron sputtering deposition and oxidation in
oxygen plasma conditions. For the Type Il heterojunction we selected the Sn oxides
thin films that are formed upon oxidation of the metallic Sn buffer layer. The system
which forms the Type | heterojunction oxides was a Zr-Ti-Cu alloy that was oxidized
from its respective metallic glass used as precursor layer. The aim of this thesis is the
creation of semiconductor heterojunction interfaces and the study of their potential
utilization for solar cells, photocatalysis or sensing applications. Additionally, we
want to confirm the fact that the heterojunctions belonging in Type Il are more
suitable from those of Type | for these applications because of the exciton
recombination.
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Chapter 2: Materials and Methods
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2.1 Materials

2.1.1 About Tin

Tin (or Sn its chemical symbol) is a silver-colored metallic element (Figure 26), and
its name originates from its Latin word, Stannum. It’s rumored to originate from the
Stone Age (3000BC) when studies of polymetallic ores from this era, shown some
different properties from the expected cooper ores. Back in the Stone Age the
combination of cooper, tin and other metals made it a high demanded material
because of its metallic properties. Despite its metallic nature, tin is quite soft and
brittle and hence it can permanently change its shape by hand. In the latter eras tin
became one of the most used materials for the creation of alloys. The first tin alloy
which originates back in Stone Age is bronze, which is a mixture of 1/8 tin and 7/8
cooper. Since then, many different alloys were created with the most famous to be
pewter, which consists of Sn, Sb, Cu, Bi and sometimes Ag.

Figure 26: A droplet of solidified tin(left), 99%purity tin sample of its two allotropes(right).

It has an atomic number of Z=50 and it belongs in the group 14 of the periodic table
of elements. The electronic configuration is [Kr]4d'°5s?5p2. Metallic tin in bulk form
cannot oxidize easily in the air, despite having the lowest melting point in group 14 at
~230°C. Tin nanoparticles, especially the ones with diameter smaller than 20nm have
an even lower melting point by about 60°C. As metal it consists of four allotropes
(different metallic forms) which are o-Sn, $-Sn, y-Sn, 6-Sn. The two first are the most
basic ones, since the other two can be created at temperatures above 160° and
pressures above GPa. Among these allotropes B-Sn (33) (white tin) is the most
common one, since it can be stable even at room temperatures. It is metallic and it has
a body-centered tetragonal structure (BCT structure). The other common form, a-tin
(34) (gray tin) is non-metallic, and it is created at temperatures below 14°C. The
critical temperature of transformation is 13.2 °C, which can change by impurities. It
can also occur by exposing the white tin in cold environments. Despite having a face-
centered diamond cubic structure it is relatively brittle and it is only used in certain
semiconductor applications.
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2.1.2 Tin Oxides

Tin has many oxidation states with the 4+ state to be the most stable one, since
metallic tin has 4 electrons in its outer shell. The 2+ state can be found as well but it’s
less stable because the metal’s behavior tends to release two more electrons to reach
the full filled configuration. The same happens with the 3+ state as well, a state which
cannot be easily achieved by regular oxidation means. Therefore, the main oxidation
states are 4+ and 2+, which result to the two native oxides of metallic tin, SnO2 and
SnO.

The most stable state when it is combined with oxygen ions is the Tin (IV) oxide
(SnO2). The mineral form of the main tin oxide is called cassiterite. Its empirical
name is stannic oxide, and its main crystal structure is the rutile tetragonal structure
(Figure 27). Under certain circumstances like high temperature, relatively high
pressures, or a combination of both its atoms can move differently and therefore to
form another structure. Some structures like the orthorhombic can also be formed in
those extreme conditions with different properties. In bulk powder form it has a
characteristic white color (like titanium dioxide) and it’s insoluble in water. As for its
physical properties it has diamagnetic nature and it is an n-type semiconductor with
optical band gap around 3-3.5eV (35), (36).

The stannous or Tin (1) oxide (SnO) is the other native oxide of tin, and its main
crystal structure is tetragonal as well (a-SnO). Rarely it can be encountered in nature
as a component in the mineral romarchite. It has a characteristic blue-black form and
can also be produced chemically. Additively, it has a metastable form that is
characterized by a reddish color. The optical bandgap of the material varies from 2.5-
3eV (direct gap) (37) and it’s a p-type semiconducting material. Besides the main gap,
the SnO thin films may also possesses an indirect band gap (38).

N '\

L

Figure 27: Tetragonal structure stannic oxide(left), tetragonal structure of stannous oxide(right).

The interface of the two main oxides of Sn can result into a p-n type heterostructure,
which has the potential to be used into photovoltaic devices (39), an effective
photocatalyst (40) , gas sensor (41) or photoresponsible sensor (42). The band
alignment of the SnO-SnO> heterojunction is shown in the following band diagram of
Figure 28 (41).
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Figure 28: The SnO (p-type) - SnO2 (n-type) heterostructure.

Besides the main oxides, there are many metastable phases that can occur with
thermal oxidation or by a chemical reaction. Therefore, between the stannic and the
stannous oxide, other oxides of tin like Sn203, Snz04 and SnsOs can occur. One of the
most studied cases of metastable tin oxides is the intermediate oxide Sn3Os. The
intermediate tin oxide SnsO4 is a mixed valence tin oxide which consists of both Sn?*
and Sn** oxidation states. It has the general chemical type (Sn?*).Sn**(0%)s, but the
lack of the Sn®* oxidizing state makes this oxide to be distinguished from the spinel
(and reverse spinel) structure materials like FesOs. The distinguishment from the
spinel class of materials creates an interest as for its crystal structure.

In the beginning there were many confusions regarding the formation of SnsOs until
the proven existence of SnzO4 from F. Lawson (43). Lawson proved the existence of
Sn304 as the intermediate oxide between the two main tin oxides by heating the Sn
(I1) oxide at temperature reaching up to 1050K. The X-Rays diffraction in the
crystallites of the experiments proved the existence of the intimidate oxide with a
triclinic (anorthic) crystal structure (Figure 29).

Figure 29: A general triclinic structure unit cell with its parameters.

This triclinic structure as Lawson discovered from his experiments consisted of the
following lattice parameters with a#b#c and a#B+#y for the angles of the structure.
Therefore, he found that:
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e a(A): 4.8600

e b (A): 5.8800

e C(A): 8.2000

e Alpha (°): 93.0000
e Beta (°): 93.3500

e Gamma (°): 91.0000

The further heating of this metastable oxide will eventually create the Sn (IV) oxide
which is the most stable oxide of Sn.

According to Lawson two chemical reactions were necessary. The first is the fast
heating of the SnO so SnO2 won’t be formed immediately.

45n0(s) - Sn304(s) + Sn(l)

The second reaction is the slow heating of the metastable oxide for the final
production of the SnOz. In both reactions metallic Sn in melted form was procured as
a byproduct.

Sn304(s) = 25n02(s) + Sn(l)

Just like the SnO-SnO> heterojunction, the metastable phase of Sn304 can also form
interfaces with both types of main oxides. The SnzO4 has an experimentally calculated
bandgap around 2.2-2.6eV (44), (45) which is relatively lower compared to the main
oxides. In general materials containing the Sn?* state have relatively lower bandgaps
compared to Sn** (46). Even though, as a material it is highly recommended as a
photocatalyst just like the other tin oxides since the formed levels above the O 2p
state make the material suitable for absorption of visible light. The band alignment
with the oxides is shown in the Figure 30 (47).

g el Ty vl p T

Potentials (eV)
SeaE e

g o o TR TR e T T
Shshshshshsin

Figure 30: The heterojunction band alignments formed from the interface of Sn304 with SnO (left), SnO2 (right).

2.1.3 Transparent Conducting Oxides

The oxides of metals like Sn, In, Cd and Zn are very important oxides in the physics
of semiconductors, since at nanoscale depositions they belong to the very small
category of materials called Transparent Conducting Oxides (TCOs) (48). Transparent
conductors are a group of materials that have a high electric conductivity and
simultaneously they are optically transparent (or semi-transparent). The TCOs occur
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from the oxidation of those transparent conductors, and they most exist in the form of
thin films. Because of their optical transparency they can absorb many electrons.
Therefore, they can be used in various optoelectronic applications such as modern
thin film solar cells and LEDs (Figure 31).

Transparent Light
conducting
Antireflection coating
coating

Junction formed
between two
semiconductor
materials of
opposite majority
charge carrier Substrate

Top n-type
Ohmic contact "Window" layer
formed by first
Bottom p-type semiconductor
“"Absorber" layer material

formed by second
semiconductor
material

Figure 31: A cross-section image of a TCO thin film solar cell.

The materials in the category of TCOs usually have a wide bandgap (>3eV) (48), and
they have high optical transmittance in the range of visible light. As for the metals
which are the most suitable to become TCOs, after experiments it has been proved
that the oxides of Indium (In), Cadmium (Cd), Gallium (Ga), Zinc (Zn), and Tin (Sn)
are the best possible transparent conductors. Indium Tin Oxide (commercially known
as ITO) is the most known case (49) and it’s mostly used in high quality LEDs or as
photovoltaic buffer layer. A cheaper alternative is ZTO (Zinc Tin Oxide) (50), which
is also used widely and has similar properties to ITO. The oxides of tin are also used
because they are cheap, and they can be produced easily by many deposition
techniques.

2.1.4 Zr-Ti-Cu Alloys Metallic Glasses

The metallic glasses (also known as amorphous metals) are a special category of
materials that attain a non-crystalline structure like glasses. They are mostly in the
form of alloys (two metals or more) and they can be produced by various methods
like PVD. As a ternary system we refer to the system that is consisted of three
different inorganic compounds. The metallic glasses of three different elements are
ternary systems. The major advantage of metallic glasses over the classical silica
glasses is that they attain high electrical conductivity since they don’t lose their
metallic nature. One of the mostly utilized metals in the metallic glass alloys is the
Zirconium (29), (30).

Zirconium (Zr) is a lustrous metallic element with a melting point around 1850°C and
electronic configuration of [Kr]4s?5s2. It belongs in the same group of transition
metals like Titanium (Ti) and Yttrium (Y) and the second in order. Hence, the
elemental configuration of Ti is 3d24s?. Both materials form the hexagonal closed
package (hcp) crystal structure. The hcp structure has a very dense positioning of the
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atoms and thus the materials with hcp structure are characterized from big bulk
modulus. The materials of the group of Zr are also known about their biocompatibility
as coating materials (51).

The addition of other metals in the interface between the Zr and Ti alloys can result in
additional benefits with the biocompatibility. Some of the most potent cases are the
addition of Cu, Mg or Zn. Cu is a metallic element with atomic number Z=29 with
electronic configuration of [Ar]3d'%s!. It has a vast amount of uses in alloys, electric
wires, building materials and jewelry. Its crystal structure is the face centered cubic
(FCC), Figure 32. The addition of metals like Cu or Zn in the alloys will result in
rather improved glass-forming properties (52).

Figure 32 : A schematic of the FCC structure found on Cu (left) and the HCP structure of metallic Zr and Ti (right).

2.1.5 Zr-Ti-Cu Oxides

The oxides formed from oxidation of metallic glasses will form multiple
heterojunctions depending on the band alignment and the composition of the elements
present. For the Zr-Ti-Cu metallic glasses there are three main oxides formed at
conditions close to room temperature. The main oxide of Zr is ZrO2 (zirconium
dioxide or zirconia for short). Its electron state is Zr** and upon oxidation it attains
insulating electrical properties with optical bandgap around 5eV. ZrO; at room
temperature forms the monoclinic crystal structure (m-ZrOz), while at higher
temperatures the tetragonal (t-ZrOz) or cubic (c-ZrO») structures can also be formed
(29). The required temperatures for the forming of t-ZrO; exceed the 1100 °C while
for the c-ZrO; temperatures between 2350 °C and 2670 °C are necessary (53). The
three crystals structures are shown in the Figure 33.
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Figure 33: The three crystal structures of ZrO2: a) monoclinic, b) tetragonal and c) cubic.

As for Ti, its main oxide is the TiO> (titanium dioxide or titania). It has the electron
state of Ti** like the Zr and its main crystal structure is the tetragonal, in which it
crystallized in two different forms: rutile and anatase. Rutile and anatase are both
tetragonal crystal structures, but with different space groups and lattice constants. The
rutile tetragonal structure is the primary crystal structure, and hence is more stable.
Meanwhile anatase is most observed for further process of TiO,. Besides the rutile
and anatase TiO. has another one mineral form that crystallizes in the orthorhombic
crystal structure, and it is referred as brookite. All the three structures can be observed
in a temperature range varying from 300°C to 1100°C. The crystal structures for the
TiO; structures are shown in the Figure 34.

Figure 34: The three crystal structures of TiO2: Anatase (left), Rutile (center) and Brookite (right).

As for its electrical properties TiO2 is an n-type semiconducting material with
bandgap energy varying from 3.0 to 3.3eV depending on the crystal structure.
Specifically, for the anatase structure it is =3.0eV, for the rutile structure ~3.2eV and
for the brookite ~3.3eV (54). The three semiconducting crystal structures band
alignments (55) are shown at the Figure 35.
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Figure 35: Band alignment of the three TiO, crystal structures.

As we saw in Chapter 4.4 Cu belongs to different
periodic table group and thus different oxidation
states will exist. The most common state is the
Cu?* that results in the formation of CuO also
known as cooper (Il) or cuprous oxide. The
atoms in the lattice form the monoclinic structure
(56), (57). The other main oxide is the Cu.O
which is named cooper (I) oxide or cupric oxide.
Cu20 just like pure metallic Cu has the FCC
crystal structure (58). The Cu20 oxide is formed
at 250-320°C upon oxidation of metallic Cu and
after the temperatures are exceeding the 350°C it
is oxidized further, resulting in the formation of
CuO (59). Both two main oxides of Cu are p-type
semiconductors with bandgaps of 1.3eV - 1.7eV
for CuO and ~2.0eV — 2.4eV for Cu0 (60) (61).

The oxides of Cu have already been studied for
potential same material heterojunctions (62) and
their band alignment is represented in Figure 36.
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Figure 36: The band alignment of the main
Cu oxides.

As it was already analyzed in the Sn oxides section the heterojunctions can greatly
increase the properties of materials by combining their properties. Not only
semiconductors are used for these alignments. Using insulating materials with the
combination of semiconductor has already been studied a lot and the transfer of
charge carriers is highly possible depending on the interface type (63).
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The interfaces between TiO2 and ZrO, has recently caused great interest because of
their potential uses as photocatalysts mostly because of the already known properties
TiO2 (64) (65). The heterojunction TiO2 and ZrO> belongs to the Type | category
(staggered gap) and their heterojunction band alignment can solve major problems the
plain TiO2 photocatalysts face, like the exciton (electron hole pair) recombination
(66). The lifetime of the exciton can greatly be extended by the transfer of charge
carriers in the energy bands of ZrO,. The band alignment between the two oxides is
depicted in the Figure 37 (67).

iE (eV) |
Zr02
=] Tore= pes
+1-
H,0/O
+2- 3,2 eV
50eV
+3 4 —
41—

Figure 37: Band alignment between ZrO, and TiO5.

As we mentioned the heterojunction between TiO2 and ZrO. produces some
interesting results. The referred system has been further evolved so it can attain even
better properties. For this reason, ternary oxides thin films with this heterojunction as
a base have been fabricated. One of these systems is the heterojunction between ZrO,,
TiO2 and SiO2 and its potential use in photocatalytic dye degradation (68). One
promising idea is the combination of ZrO; and TiO2 with the oxides of cooper, and
more specifically CuO and Cu20. Both systems of ternary oxides (Zr-Ti-Cu oxides)
are not thoroughly researched, and they exhibit potential as suitable photo-application
systems. The band alignment of CuO with TiO, are shown in Figure 38 (69). The
Cu20-TiOz band alignment is of the same type.
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Figure 38: The heterojunction formed between CuO and TiO,.
2.2 Methods

2.2.1 Introduction

For this thesis we choose to study two materials systems each for a heterojunction
band alignment type. The first system is a Sn oxides thin film consisted of SnO, SnO-
and SnxOy. As for the second system we choose to use an oxidized Zr-Ti-Cu metallic
glass. The development of these materials systems will follow a two-step procedure of
a) growth of a metallic buffer layer by magnetron sputtering b) oxidation of the upper
area of the buffer layer via oxygen plasma treatment. This two-step method has
already been proposed as an alternative method in recent studies (29) (30) (56). The
as-grown thin films were afterwards characterized by means of X-Rays Diffraction for
determining their structural properties and by X-Rays Photoelectron Spectroscopy
(XPS) as for chemical and compositional characterization. For determining their
photovoltaic/photoelectric properties, |-V characteristics and photocurrent |-t
measurements were conducted. The experimental details of the techniques are
thoroughly expained in the following paragraphs.

2.2.2 Magnetron Sputtering

Back in the theoretical section magnetron sputtering was defined as a thin film
physical vapor deposition (PVD) method which uses magnets behind the position of
the material-target. Those magnets are arranged in circular arrangement, and they
have the purpose of boosting the process of film creation by using magnetic fields to
control the behavior of the charged ion particles in the chamber. The magnetic field
causes a major increase in the ionization and the redirection of the eroded atoms from
the target making easier the deposition onto the substrates. The magnets are
positioned in a circular range behind the metallic sputter targets. A magnet is also
positioned in the center of the magnets facing the opposite orientation. The magnetron
sputtering setup used in this thesis is shown at Figure 39.
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Figure 39: Magnetron sputtering experimental setup of University of loannina.

Depending on the experimental procedure the overheating of the target from excessive
voltage is a possible major problem (70). Additively, the magnets are quite sensitive
to heating and disfunctions from the excess temperature are possible. For the
protection of the magnetron sputtering deposition machines appropriate cooling
systems are applied. The sputtering system used in this thesis uses a deionized H>O
cooling system used in both DC/RF sources that is constantly working during the
whole process. The experimental setup in this work contains a system for the cooling
of magnets of the same logic working in a closed circuit.

The thin films grow by using a confocal dual cathode magnetron sputtering unit using
two unbalanced magnetron sources at 45° with respect to the sample holder. This
geometry is already known from other similar works (29) (30) (56). The chamber
contains a spherical chamber from stainless steel. The sputtering chamber is supported
by an ALCATEL Adixen Pfeifer rotary vacuum pump and a turbomolecular pump
ALCATEL ACT 200T capable of reaching 27000 rpm and can attain high-vacuum
conditions. As for the supported gases, they are inserted with an AALBORG
SDPROC 4-channel command measure unit which precisely controls their flow.
Whether the gases are inert or reactive they can safely be inserted onto the chamber.
Therefore, both magnetron sputtering and reactive magnetron sputtering can be
performed. As for the power supplies, there are two RF/DC sources perpendicular to
each other. Each side has a material-target, the magnets, and the water-cooling system
separately. The magnetron sources are placed at 45° with respect to the sample holder,
a common geometry for Dual Cathode systems (29), (56). Cu shutters can be
manually controlled so the deposition can be fully controlled for the cases of multi-
layer films. High purity targets of metallic materials purchased from Kurt J. Lesker
Company with diameter of 2 inches are used at the magnetron sources. The further
processing of the materials is done by a two-step growth method of a) the previously
explained magnetron sputtering deposition technique and b) post-growth plasma
treatment (usually oxidation).
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2.2.3 Oxygen Plasma Treatment

Depending on the wanted result, sometimes the thin films from the deposition are
undergoing further treatment. The extra process performed in this thesis is the post-
growth treatment and just as its name implies it happens after the deposition of the
metallic thin film. This extra step can result into complete changes of the material’s
surface properties by enhancing some special characteristics. One of the most used
post-growth methods is the oxidation of metallic thin films done separately from the
deposition. There are many ways of oxidizing the film like thermal oxidation,
hydrothermal methods or chemical reactions. The oxidation method proposed in this
thesis is by annealing the thin films with oxygen plasma (the setup is depicted in
Figure 40).

Oxygen plasma is the method where oxygen is introduced to a vacuum chamber for
plasma treatment. Other reactive oxides like Nitrogen can also be used for even more
exotic compounds like nitrides. The vacuum is created by a rotary pump applied to a
borosilicate glass tube. The sample is placed in the middle of a coil and the oxygen
plasma is created by the application of RF power source. Usually, a power >500W is
necessary for a proper oxidation of harder metals creating plasma in H mode, while E
mode plasma with small powers can also be formed (71). The treatment can either can
be done step by step, or at once.

Figure 40: Oxygen plasma setup of post-growth thin film treatment.

Treating the grown film with plasma after the deposition offers many advantages
compared to using O in the chamber alongside other gases (29), (71). Especially,
when other reactive gases like N2 exist in the chamber other compounds like nitrides
can be created. With the appropriate temperature conditions exotic phases and crystal
structures can also be formed with utmost precision. Hence, new properties like
optical transparency can be added to the films. Even compared to classic methods like
gas oxidation, oxygen plasma treatment offers many advantages. Plasma chamber is
relatively safer, since only the vacuum tube and the heatproof substrate holder are
exposed to high temperatures, which are considerably lower than the classical
methods.
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Besides the basic plasma physics of the creation and the spreading of the plasma
which were shown in previous chapter thermal physics is also important in the
process. When a sample is heated because it is radiated by a considerable amount of
heating it can be considered as a blackbody. The blackbody radiation is a type of
radiation emitted by all matter upon heating. The intensity of that thermal radiation
can be approximated by using the Stefan — Boltzmann law (72):

I(T)=0-T* (3.1)

Where o, is the Stefan-Boltzmann constant. This law attempts to create a relationship
between the radiation and the temperature of the blackbody. The temperature in the
chamber which can be estimated by devices like thermistors, thermocouples or
pyrometers can extract a first idea about the phases and crystal structures formation,
and it is deeply depended on the annealing time. Therefore, the temperature has a
major dependence from the treatment time either done step by step, or continuously.

2.2.4 X-rays Diffraction (XRD)

One of the most known types of high-energy radiation is the X-Rays and it was
discovered by Wilhelm Conrad Rontgen in 1895 (that’s why is also known as Rontgen
radiation). Their name originates from their initially unknown nature as a type of
radiation emanating from discharge tubes during certain experiments. Their
wavelength is shorter than UV rays and they have a wavelength area from 10
nanometers to 10 picometers (Figure 41). They are used in a wide variety of
applications like medical applications and materials science.
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Figure 41 : The visible spectrum compared with the other Electromagnetic radiations.

The typical production of X-Rays is taken place with the deceleration of thermally
produced electrons by a thermal filament. Those electrons are at first accelerated by a
potential difference that gets values up to 40kV and therefore they are very fast
moving. The decelerated electrons bombard targets of certain metallic materials like
Cu, Al, Mo, Co, etc. The most widely used one is the Cu radiation, while other types

51



METANTYXIAKH AITIAQMATIKH EPITAXIA ONOMATEIIQNYMO: IQANNHX [TAT'QNHY

TITAOX: Growth and characterization of Type | (Straddling gap) and Type 1l (staggered gap) heterojunctions
alignment in thin films for potential photovoltaic applications

TIMX-Dooikig Turuo Pooikng Hovemortiuo loovvivwv

like Co are also being used. Different metallic filaments will result in the same
diffraction peaks but different peak positions because of the different wavelengths.

'l

K(12
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Figure 42 : Electron transitions in the atom that cause the X-Rays radiation.

From this process a continuous spectrum of photons (Bremsstrahlung radiation)
occurs. At certain wavelength there are the electron transitions Ka, Kby, La, Lb, etc from
the expelled electrons that were described in the previous process (Figure 42) (73).
Those transitions will finally result in the characteristic diffraction lines. For each of
the transitions we may observe more than one line. This is because of the orbital spin
of the outer shells. For example, in Ka transition we see Kai and Ka2. The Ka2 usually
gives no useful information and special filters are used to cut-off their signal. The
most used is the metallic Ni filter with a K absorption edge ~1.488 A. An example of
characteristic K lines for Molybdenum is shown at Figure 43 (73).
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Figure 43 : The characteristic K lines for a Mo target material operating at 25kV.

One of the most fundamental material characterization techniques is the X-Rays
Diffraction (XRD for short). XRD is one of the most widely used techniques for the
phase/material recognition of a solid. Also, XRD is the most important technique for
acquiring information about the crystal structure of a solid material. Crystal structure,
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lattice constant, Miller indices of the materials are some of the information we can
extract from the technique. The instrument used for applying the technique is called
X-Ray Diffractometer, name which originates from the nature of the technique. At
first, it was developed for studying the crystal structure of powder-like samples, but
nowadays it is expanded in a wide variety of samples like bulk solids, surfaces, or
even thin films.

The basic theory behind the technique is based in Bragg’s law of diffraction, which
obeys to every type of crystal structure. The formula of Bragg’s law is given without
proof by:

n-A=2-d-sin(@) (3.2

Where L is the wavelength, 0 is the angle of incidence beam and the lattice plane and
the d are the spacing between two parallel crystal lanes in the solid, which is also
known as d spacing. A schematic for the process of Bragg diffraction is depicted in
Figure 44 (74).

1 X plane normal Y

Figure 44 : Braggs law of diffraction.

The d-spacing (or the angle) is one parameter, which when it is combined with the
knowledge of Miller indices (a set of three integers that represents a family of parallel
planes in a crystalline solid), that we will gain from the experiment we can estimate
the characteristic lattice constants of the materials. The formula varies, depending on
the type of the crystal structure of the material. For example, the formula for the
tetragonal system is given without proof in the following equation:

a

d = (3.3)

A combination of the equations (1) and (2) will create the mathematical relation
between the incident angle and the Miller indices:

sin?f = (g)z N e (3.4)

a? c?

As already mentioned above the device used is called X-Ray Diffractometer. The
diffractometer uses an X-Rays source of a single wavelength for measuring mostly
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polycrystalline materials. Despite there is a single wavelength within the source, the
capability of changing the angle of the X-Rays gun (therefore the change of incident
wave results in an angular change in incidence and diffraction covering a large area).
The result of the measurement is a plot of the intensity of the X-Rays with the angle
between the incident and the diffraction beam. The angles that result in peaks in the
diffractogram, correspond to the identification peaks for the phase of the material and
a triplet of numbers hkl characterizes the peak. Besides the angle, sometimes the d-
spacing is also plotted.
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Figure 45 : X-Ray diffractometer basic geometry of Bragg-Brentano geometry.

The most widely used geometry of an XRD setup is known as Bragg-Bertrano
geometry and it is the most known geometry for the technique, Figure 45. In this
geometry the X-Rays source remains fixed during the measurement, since we have
the movement of the sample holder in the range of 6. We also have movement of the
detector for an angular range of 26. Therefore, we have a 6-20 geometry of the
system. This geometry is commonly used in measuring powder samples.

Figure 46 : Grazing Incidence geometry for thin films measure.

However, for the measurement of surface-like samples like thin films the previously
mentioned geometry is not the most appropriate for the analysis. In Figure 45 the
geometry 0-20 is shown, and in Figure 46, geometry most suitable for surface
sciences (73). The Grazing Incidence XRD (GID for short), which is suitable for
materials produced by coating uses a special optical arrangement for detecting the
crystal structure of films. The X-Rays source is positioned so that the incident beam is
directed at the sample at a very small angle (<1°) as it is shown and at Figure 47. With
that setup only the detector moves in order to obtain the signals of diffraction.
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Figure 47 : Grazing incidence for out/in plane measurements.
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The GID geometry has the great advantage that there is no need of extra sample
preparation for the measurement like grinding, since there is no need to create the
totally flat surface of powder-like samples. The preparation for the thin films was
already done by the deposition part of the experiment. This also means that because
the deposition of the film may include “islands”, the crystal planes of the material
won’t be so well defined. Therefore, the pattern of XRD is not as sharp as the one of
the Bragg-Brentano geometry.

In an ideal XRD graph a diffraction peak should be a perpendicular line similar to a
delta function without any width, something that never occurs in a typical
measurement because of many factors that must be taken in account. An example of a
real peak compared to an ideal peak is shown Figure 48 (73). The first one is because
of the instrument itself, which may include different factors that occur in the
experiment. One of the factors is the intensity of the X-Rays. Most commercial XRD
systems for cost efficiency have limits to their power supply. The second and most
interesting reason is that the peak width can help in X-Rays the calculation of the
crystallite size of the material. The Full Width at Half Maximum (FWHM) is
mathematically defined as the difference between the two values of the independent
variable at which the dependent variable is equal to half of its maximum value.
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Figure 48 : a) FWHM for a diffraction peak b) Ideal diffraction line.
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Crystal lattice Diffraction

A third reason that determines the fine
height and width of a diffraction peak /’\
is the residual stress applied to a \
material, that results in a strained »|do}-= |
material as shown in Figure 49. ’ l l I I \
Depending on the way the stress »—L

. . . No strain
applies, we can either have a uniform
strain that results in an angular shift
or a nonuniform strain and extra
width of the peak. The relationship
that describes the change of crystallite [
size with the stress can be obtained by |
creating the Williamson-Hall plot for — T T )
our peak. Without proof, the <—| _ I ’ ’ ’ l—>/ \
Williamson-Hall (75) relationship that Uniform strain
occurs is given by the following
relationship:

(a)

B-cos(6) =2+2-n-sin(6) (3.5)

Y T \
| o LY

Whereas t is the grain size of the - A—L
material and n is the non-uniform Nonuniform strain

strain factor. An example of a result of (c)

the W-H plot is depicted in Figure 50 Figure 49: The effect of stress and strain in the peak

(76). The Williamson-Hall position and peak width.

relationship can be simplified even

further by supposing that the stress factor is equal to zero. This approximation will
lead us to the most known method for calculating a materials’ crystallite size, the
Scherrer equation:

kA
31/2 cos(6p):+

(3.6)
The Scherrer equation is the most known way of calculating a crystallite’s grain size
with the only drawback to be the fact that it works for particles diameters smaller than
150nm. In (3.6), k is known as the Scherrer constant and in the most cases it is given
the value 0.9, By is the previously mentioned FWHM in radians and 0g is the center
of the diffraction peak we study.
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Figure 50 : Williamson-Hall plot for SrTiO3 perovskite material.

The technique so far only referred to crystalline materials, most of the studied
materials with X-Rays diffraction. However, the technique can partially analyze
amorphous solids, with amorphous referring to the materials that lack a crystalline
periodicity. One very known case is the diffraction pattern of the room temperature
SiO2 which is a ceramic glass and therefore amorphous. Also, for the case of
deposited materials the XRD pattern can determine the formation of metallic glasses
on the thin film. As metallic glass is defined the combination of two or more metals
that acquire an amorphous structure (i.e. lack of periodicity) after the deposition.
Partly crystalline materials usually have great disarrays bust in some cases (mostly at
low temperatures) they become more organized at some spots in the molecule and
form crystallites. Those physically formed crystallites can now be observed and give
diffraction peaks that tend to be very broad.

Concluding what was shown before an X-Rays Diffractogram can be the “identity” of
a studied material. By known the diffraction peaks information about the materials
and their crystal structure can be learned. By using the diffraction peaks and the
corresponding miller indices additional information about the crystal structure can
also be calculated.

The most important part of the analysis is the confirmation of the materials in the
sample and their crystal structure. Different structures are characterized by different
peaks since their d spacing gradually changes as well. The most known way of
identification of a diffractogram is by a qualitative comparison with another similar
one from the bibliography. The things that are compared are the structure of the
crystals, the peak positions, and the Miller indices. This method is not the most
appropriate one because it is mostly suitable for checking the structure of known
materials. For an unknown material or a multi-phases, the diffractogram can become
rater complicated. Another qualitative method of matching XRD data is by using the
diffraction data of a crystallography database. The most known base of data for this
technique is the International Center for Diffraction Data (ICDD) which contains
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almost all the important information of a phase of a material (peaks, Miller indices,
crystal structure, Wyscoff vectors etc). They are stored into Powder Diffraction Files
(PDF) and they can either be bought separately, either they are provided with a
specific software suitable for the analysis of experimental data like Bruker EVA, or
X’Pert Highscore Plus. A free alternative but with a smaller database is the
Crystallography Open Database (COD).

Qualitative analysis offers a good first view of the characteristics of the material, but
for the case of an unknown structure of a material it is not completely trustworthy
since one peak may belong to another dissimilar material that doesn’t belong to the
material. However, to gain the complete information of the characteristics for an
unknown material the qualitative analysis is of utmost importance. The most known
method of quantitative analysis is the Rietveld refinement which can reproduce the
whole XRD pattern with theoretical models and it can be done with special programs
like (FullProf or GSAS). It uses the least squares method for reproducing the
refinement matches the whole profile.

The theoretical background for quantitative method is the calculation for a structure
the theoretical peak positions (angles) by using the types of d-spacing just like the
tetragonal structure one that was mentioned before. The combination of Bragg’s law
and the d-spacing can give the exact theoretical peak positions for every triplet of hkl
in existence and the correspondence with the experiment can easily be done by
comparing theoretical and experimental angles. For the creation of a complete model
of theoretical calculation of the expected peaks, the calculation of the theoretical X-
Rays intensities (or the normalized intensities) is also important. The general formula
that describes the expected intensities of the diffracted X-Ray radiation is the
following.

CFIZ .. (LFC0S?20 1 (4 2R\ om

I'= |F| p (Zsin260059> 2u (1 € 9) € " (3'7)
In the above relation we have the product of several dependence factors that will be
thoroughly explained. The first term is the squared |F|? which is defined as the
squared structure factor of a peak. The structure factor Fna by which occurs is the
mathematical expression of the scattering of matter with radiation.

Fhkl — Z?/I=1Njfjezni(huj+kvj+le) (38)

Where M is the total number of atoms in the unit cell, fj is the atomic scattering factor,
Nj is the occupation factor, which is mostly considered equal to 1 for simplicity and
uj, vj and w; are the positions of the atoms in the unit cell. The three numbers
represent each dimension of the crystal, and they are commonly expressed in 1/2
form.

Another important quantity for calculating the intensities of the theoretical peaks in
powder samples is the second term of the product, also known as multiplicity, p. This
term is a single number, and it is very important for multi-crystalline samples of
powder because all the Miller levels with the same d-spacing will be consisted of a
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single peak at a certain 26 angle. The discrimination of those levels for the same
family of Miller indices can be only done by using single-crystal diffraction patterns.

The third important term which consists of an angular part is known as the Lorentz
polarization factor (it occurs from the combination of Lorentz and the polarization
factors). The polarization factor can be calculated from the angular distribution of the
scattered radiation for a non-polarized X-Rays beam, whereas the Lorentz factor
describes the changes in the intensity of the diffraction in a 26 angular range. The
combination of those two factors will result in the following angular distribution
formula:

1+cos?260 )
2sin20cosf

Lorentz — Polarization factor = ( (3.9

Those three factors are very important parameters for determining the intensities of
the radiation of a pattern. Besides them there are other, secondary factors that can be
also taken account for the best possible result. The absorption factor is one of them
and it has dependence on the thickness of the materials for study. The linear
absorption coefficient, p is responsible for the existence of this factor. Lastly, there is
the temperature factor which describes the thermal fringes because of the broadening
of the crystallites. Furthermore, the temperature factor can directly affect the value of
the atomic scattering factor, f in the following dependence:

f=foe™r (3.10)

2.2.5 X-ray Photoelectron Spectroscopy (XPS)

The X-Ray Photoelectron Spectroscopy (XPS) is one the most known technique from
the family of the electron spectroscopy techniques. Electron spectroscopies are
spectroscopic techniques for elemental analysis, which use excited electrons of a
material for revealing their nature.

The XPS is a surface-sensitive technique based in the photoelectric effect, Figure 51,
with a maximum penetration depth of 10nm, in which an X-Ray source (gun) fires X-
Rays photons in a surface or a thin film. In the photoelectric effect, a phenomenon
occurring naturally in space, an incident ray of light directly hits a metal surface, and
it results in the ejection of excited electrons called photoelectrons.

\
%/
A

Figure 51 : A schematic representation of the photoelectric effect.
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The Kkinetic energy of the electrons is given by the Einstein equation for the
photoelectric effect:

K.E.=hv—B.E.—¢ (3.12)

In this relationship ¢ is the work function of the metal (the minimum energy in order
to remove an electron from the surface to the “infinity”’). In the XPS the work
function is mostly acting as correction factor, and it is absorbed to the instrument.
Even though there have been some attempts for the absolute calculation of work
function from spectroscopies (77). The term “hv” is referred the X-Rays energy of the
anode of the source gun. In the XPS the anode is usually Magnesium (Mg) or
Aluminum (Al). Depending on the anode used, the photoelectron peaks positions will
differ, since the binding energy of the peaks will change drastically. The last term
refers to the Binding Energy of the material (B.E.), which is the necessary energy that
IS needed from separating a particle from a system like the metal we previously
mentioned.
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Figure 52 : The Auger effect, the secondary phenomenon that occurs after the photoelectric effect.

Besides the photoelectrons we also can study a secondary effect that occurs naturally
after the photoelectron excitation, and it is known as the Auger effect and it the Auger
electron which occurs balances the states after the photoelectron excitation. The
process is clearly represented in the upper picture, Figure 52 (73).

After a photon/electron beam hits in the K shell, we have the ejection pf the
photoelectron outside of the material creating a vacancy in the K-shell. For
maintaining balance, an electron from Li-shell drops to the K-shell since the system
becomes more stable with the combination of excited radiation from the Li-shell
electron. Since now there is another vacancy in Li-shell now, the system becomes
totally stable with the excitation of another electron from the Lz3-shell which has
lower energy. The ejected electron is named Auger electron and the process Auger
effect.

The Auger peaks instead of the photoelectron (spin-orbital e.g 2pi») they are
recognized by three letters that symbolize the shells that take effect (e.g. KLL). The
kinetic energy of the Auger electron is given by:

KEKLlLZ,S :BEK_BEL1 _BEL2'3 (312)
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Most modern XPS devices can create a spectrum that include both XPS and (Auger

Electron Spectroscopy) AES peaks, in a single X-Ray chamber. The electron
spectrometer as the device capable of producing the X-Rays, housing the sample, and
analyzing the spectrum is called is represented schematically in Figure 53.
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Figure 53 : The electronic spectrometer for XPS analysis.

Although the source has a single energy depending on the anode, by the analyzer we
can record the entire spectrum of energies from core to valance electrons and even the
Auger peaks. The spectrum consists of the X-Rays intensity and the kinetic energy (or

binding energy). For XPS spectra we are interested in the binding energy and for AES
the kinetic one.

In the XPS spectroscopy we have a material, unknown or known and we want to
confirm its components, or check the existence of any impurities in the sample. There
are two types of scanning: the basic/survey scan and the detailed/high-resolution scan.
The survey scan is a fundamental first step in case the type of the material is
unknown. In this method the analyzer creates a broad scan of the entire spectrum to
confirm the elements that there are present in the material from the excited
photoelectrons and Auger electrons. The spectrum covers a wide variety of energies
and depending on the anode we have a survey scan in energy areas ~1253.6-0eV for
Mg anode and =~1486.6-0 eV for Al anode. The high-resolution scan is used for
material phase (e.g. metal or metallic oxide from the electron states energies), for
chemical identification (e.g. chemical bonds). The first with the deconvolution of the

61



METANTYXIAKH AITIAQMATIKH EPITAXIA ONOMATEIIQNYMO: IQANNHX [TAT'QNHY

TITAOX: Growth and characterization of Type | (Straddling gap) and Type 1l (staggered gap) heterojunctions
alignment in thin films for potential photovoltaic applications

TIM2-Dvoikis Tunuo dvoixns Hovemotiuio Iwavvivov

detailed peak mostly with mathematical fitting we can exactly know all the phases of
the material under study.

Eventually, we may need to identify the elements and their phases, that we got from
the measurement. The most known way is a qualitative analysis of the spectrum
compared to theoretical ones from the bibliography or databases and matching them
with our peaks. In XPS high resolution scan the spectra we obtain may be a result of
one or more curves that can be deconvoluted into parts with Gaussian fitting process,
as we mentioned before. Something that is important for the analysis is a phenomenon
called chemical shift, which results to different energy positions of the peaks. This
occurs mostly because of the sensitivity of hydrocarbon elements, and it can easily be
fixed comparing a carbon peak (e.g. C 1s) experimental value with its theoretically
expected value. The result is subtracted from the binding energy values of the
spectrum.

Figure 54: The SPECS GmbH XPS setup of University of loannina.

The XPS instrumentation we used, is the SPECS GmbH system equipped with the
Phoibos HSA-Phoibos 100 analyser. The X-Rays chamber is capable of ultra-high
vacuum conditions supported by ion pump and the X-Rays can be produced from
anodes of two different metals: Mg and Al. The spectrometer is depicted in Figure 54.
An example of survey for an Aluminum oxide is shown in Figure 55 (78). In the survey
scan a first idea of the present elements can be extracted. To be more precise three
elements are present, Al, O and C which implies that the sample is devoid of
impurities.
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Figure 55 : An example of a survey scan of a multi-atom surface.

In the high-resolution scan we can extract most of the information about the sample.
From the deconvolution of the Gaussian curves of the spectra, as we mentioned before
we can make a phase identification of the material. The deconvolution of the
photoelectron peak can be done with Gaussian fitting with an appropriate code or with
special analysis software like CasaXPS. For example, a high-resolution spectrum for
poly(vinyl trifluoroacetate) is shown in Figure 56 (79). For double peaks in high
resolution scan the spin orbit splitting of electron takes effect.
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Figure 56 : A high resolution scan of an oxidized silicon wafer of 2p orbital.

In most high resolution scans the Oxygen and Carbon peaks must be scanned because
except the energy shift, XPS is able to identify the chemical bonds that occur with
these elements (e.g. Carbon single or double bond). As it was mentioned, the double
photoelectron peaks in high-resolution scan are due to spin-orbit coupling of the p, d
and f orbitals in the electronic configuration of the structure. Additionally, extra peaks
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in a variety of materials are also likely to be observed. The secondary peaks are
generally categorized in three major groups.

The first category is the “shake-up” satellites, which is probably the most usual type
of extra peaks, and they tend to appear in materials like CuO (73). Their occurrence
emanates from the interaction between photoelectrons and electrons from the valence
band. They tend to attain higher binding energy compared to their respective
photoelectrons, because the latter can excite the valence electron in an energy level
which is higher than its normal one. Therefore, it results in the creation of a “shake-
up” peak. For the CuO which was previously mentioned is one useful characteristic
for distinguishing between the Cu2O (56) (73). The Cu.O oxide does not possess
those extra satellite peaks or possesses one very weak extra satellite peak (80).

Another common type of extra peaks in the spectrum is called multiplet splitting in
core-level peaks (73). The phenomenon of multiplet splitting usually occurs in an
element or a compound with unpaired valence electrons. It is mostly studied in the 2p
orbitals of transition metals like Ni, Cr, Mn but they are not the only cases. Despite
its existence makes the spectrum more difficult to understand, if the material phase for
study is known it can be used for phase recognition with qualitative comparison with
another phase of the material that lacks the extra peaks. One common comparison is
NiO, in which multiplet splitting occurs with Ni(OH).. The understanding of this
property of the spectrum is based in the quantum theory of the electronic structure.

The last widely known type of extra peaks is the peaks created from plasmonic loses
(73). The satellite peaks from plasmon loss are not useful for the analysis of the
spectrum since they only complicate it without giving any information about the
specimen. The plasmonic losses are expressed from the loss of kinetic energy because
of the excitation of collective vibrations from conductive electrons (plasmons) in
metallic materials like Ag.

Now let’s return to the analysis of the deconvoluted peaks of the high-resolution scan.
As it was stated before each fitted curve can be matched to a chemical bonding that
occurs to the studied specimen. The C 1s and O 1s peaks exist almost in all
photoelectron scans, since they are important atmospheric components, and some
residues may still exist in the vacuum chamber. Besides them for the study of a
material like Sn the deconvolution of the peaks will also reveal if there are any oxides
(or some other type of combination like nitrides). Each Gaussian fitted curve has a
designated area, which can be calculated by using a finite integral of the Gaussian or
normal distribution curve:

Area = szﬁ (3.13)
1 oV2r :
The “1” and “2” limits in the integral refer to the lower and upper limits of the
binding energies of the Gaussian respectively, A is a normalization factor that can be
considered as the X-Rays intensity of the y-axis, p is the mean value that can be
explained as the center of the Gaussian and ¢ the standard derivation at the FWHM of
the curve. This formula works for all types of Gaussians fitted curves, including the
photoelectron peak itself. That means that by dividing the deconvoluted peak with the
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area of the total area of the peak, it is possible the calculation of the %composition of
the phase in the surface without using any extra technique. The %composition is
given in the following process:

Area of deconvoluted curve

%Phase Composition = (3.14)

Area of photoelectron curve

This is a versatile method that works regardless the intensities measuring unit because
of the remnant between two similar quantities and it is useful even if the raw data are
not normalized since it also works like a type of normalization of the peak. For
compositions between many photoelectron peaks the last statement is true only if the
high-resolution scan for these peaks was performed with the same parameters.
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Chapter 3 : Experimental Results
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3.1 Experimental Results for Sn Oxides Thin Films

3.1.1 Growth of the Sn thin films samples

In this chapter the experimental details and results from the deposition of the Sn thin
films samples will be discussed. The deposition of metallic Sn thin films as a buffer
layer were created in the rutile tetragonal structure. The geometry and the capability
of the sputtering chamber were already mentioned in previous chapter. All the Sn
films follow a certain sputtering process for easier comparison that is characterized by
the deposition with RF power with a frequency of 13.5MHz, and a total deposition
time of 25 minutes with periodic breaks in order to avoid possible melting of the
target.

For the deposition of the Sn films as substrate there were used single-crystalline Si
(001) foils. The foils were fitted to the sample holder with the use of a diamond cutter
avoiding damaging the substrate. For the complete preparation of the surface, the Si
substrates were cleaned with acetone and methanol. Clean substrate is important for a
smoother deposition of the material in the vacuum chamber and the removal of extra
organic substances. The sample holder can hold up to three substrates and is
diagonally placed in the chamber so both target’s ions can be attached onto the
surface. For a smooth deposition it can spin in varying speeds. In the chamber high-
vacuum conditions, which achieved with the combination of mechanical and
turbomolecular pump, are characterized by basic pressure that varies from about 10°
to 10° mbar depending on the duration of pumping. For every sample the chamber
was filled with Argon gas with a flow of approximately 50sccm. The pressure of the
working conditions due to the insert of the gas was reduced by three measurement
units.

Presputtering in Ar conditions was performed for 5min with the same conditions as
the sputter deposition. For avoiding the melting of the low melting point metallic Sn,
the deposition was done in separate steps and with a relatively low working power.
The conditions of the depositions are shown below (Table 2), with MS in the samples
to stand for Magnetron Sputtering.

Sample | poasic(mbar) | pworking(mbar) | Prr Deposition Process

(W)
MS731 25x10° 3.6 x 107 5 | 5min deposition, 5 min wait
MS732 1.2x10° 3.6 x10? 5 5min deposition, 5 min wait
MS733 1.2x10° 3.6 x 107 5 | 5min deposition, 5 min wait

Table 2: Sputter deposition conditions of the samples. MS stands for Magnetron Sputtering.

3.1.2 Oxygen plasma oxidation of the Sn thin films

In the last chapter the deposition conditions for the film creation were thoroughly
explained. After the sputtering process, which was the first growth step, every sample
for the creation of the potential heterojunctions between the tin oxides, the thin films
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were processed further in the oxygen plasma treatment chamber, which is the second
step of the growth process. The upper surface of the films was oxidized for all the
samples in a fixed amount of time but with a different annealing step each time.
Meanwhile the Sn metallic layer will now act as a buffer layer. The difference in
annealing step was necessary for two basic reasons. The low melting point of metallic
tin is the most basic reason and the second is the observation of surface differences in
the nucleation of each crystalline phase of the tin oxides by implicitly controlling the
chamber temperature.

In the oxygen plasma enter the placing of the sample below the coil, vacuum
conditions are applied by a rotary mechanical pump for achieving pressure conditions
about 8-9 x 10 mbar. The plasma is produced by ionizing Oz gas which is inserted
onto the treatment chamber. The plasma is formed in H mode (inductive mode) by the
usage of RF power supply (13.5MHz). The H mode of plasma is formed by applying
high RF power and it is characterized by high electron density (81). The high electron
density results into the formation of atomic oxygen, which is reactive and boosts the
oxidation process. The details for the oxidation of the Sn samples are shown in the
following Table 3.

Sample Pbasic(mbar) | pworking(mbar) | P_RF(W) | Time | Treatment Process
(sec)

MS731_OP69 | 9.5x 107 2x10% 550 70 | Annealing 5sec, wait
1,30 min

MS731_OP70 | 9.5x 107 2x10% 550 70 | Annealing 3sec, wait
1,30 min

MS731_OP71 9x 1072 2x10? 550 70 Annealing 7sec, wait
1,30 min

MS732_OP72 | 9.5x 107 2x10? 550 70 Annealing 9sec, wait
1,30 min

MS732_OP73 | 9.5x 107 2x10? 550 70 Annealing 11sec, wait
1,30 min

MS733 OP74 | 9.5x 107 2x10? 550 70 Annealing 8sec, wait
1,30 min

MS733 OP75 | 9.5x 107 2x10? 550 70 Annealing 13sec, wait
1,30 min

Table 3: Summarization for all the treated samples with oxygen plasma.

3.1.3 Structural Characterization of Sn oxides thin films

For the study of the identification of the phases and the crystalline structure of the Sn
oxidized thin films measurements of X-Ray Diffractions were taken place. The films
were measured in a Bruker D8 Advance diffractometer with the Bragg-Bertrano
geometry consisting of a Cu X-Rays tube (A=1.5406A). A wide angular range was
scanned for each sample. Since, all the samples have almost all the same sputtering
conditions it was expected that the results will be quite similar. Some of the peaks
may differ from sample to sample indicating the effect of the annealing time. As for
the Sn oxides, with the peak identification from the bibliography, it occurs that the
oxidized thin films have multiple phases and exotic crystal structures.

68




METANTYXIAKH AITIAQMATIKH EPITAXIA ONOMATEIIQNYMO: IQANNHX [TAT'QNHY

TITAOX: Growth and characterization of Type | (Straddling gap) and Type 1l (staggered gap) heterojunctions
alignment in thin films for potential photovoltaic applications

TIMX-Dooikig Turuo Pooikng Hovemortiuo loovvivwv

As for the main Sn oxides, with the accurate peak identification from the
bibliography, it occurs that the oxidized thin films have multiple phases of different
tin oxides: SnO; in the rutile tetragonal crystal structure, SnO in rutile tetragonal
crystalline structure. The peaks corresponding to the SnO. are matching with the
(101), (111), (211), (220), (002) directions- (82) (83) (84). As for the SnO we have
matching of the (001), (101), (110), (002), (200), (102), (211) directions- (85) (86).
Some peaks metallic Sn from the buffer layer can be seen as well in the same
tetragonal structure at the (301) direction- (87) (88). Additively a peak corresponding
to the Si (002) was recorded at 33°. The Si (002) peak is because of the detection of Si
from the substrate, and it is considered as a forbidden reflection (89). It can be
attributed to Si lattice disorientations because of its incompatibility with the buffer
layer (90).

Furthermore, the metastable phase of the intermediate oxide of SnzOs in triclinic
(anorthic) crystal structure was also found. For the metastable, sub-oxide of SnzO4 the
main peak (003) was measured as it can be seen from the intensities of the
diffractograms according to the crystal structure Lawson proposed (43). Additively,
we also find the (112) and (112) diffraction peaks for the Sn3Oa.

It can be observed from the diffractograms for all the samples the existence of the
metastable phase is due to the post-growth plasma treating. The oxygen plasma
treating of the metallic Sn thin films tends to create some uncommon cases of the Sn
oxides not often found on the bibliography. Furthermore, the most logical reason
behind the theoretical explanation of those changes is probably due to the high
temperatures inside the oxidation chamber.

For the complete study of the characteristic values of the materials an approximate
study of the crystallite’s grain size was also done. Both the Scherrer’s equation and
the Williamson-Hall method were applied to the samples for a first evaluation of the
grain size. The grain size for was estimated to be about 21nm to 89nm with the use of
Scherrer’s method to calculate bigger grain sizes compared to the fitting from the
Williamson-Hall plot. The results from the W-H plots differ slightly with an average
grain size for the samples around 36nm to 110nm. The difference in the values of the
two methods indicates the effect of microstrains in the lattices of the samples
according to equation (3.5).

The results of the XRD patterns of the samples with the 5sec, 7sec annealing step and
their respective Williamson-Hall fits, are shown in the following figures. We can
conclude not only the existence of the multiple phases with the directions we
mentioned above but the additional decrease of the metastable oxide of Sn3O4 with
the increase of the annealing step.
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Figure 57: The XRD pattern for the Sn oxides thin film with 5sec annealing step.
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Figure 58: The W-H plot for the Sn oxides sample with 5sec annealing step.
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Figure 59: The XRD pattern of the Sn oxides for the 7sec annealing step.
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Figure 60: The W-H plot for the 7sec annealing step.
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3.1.4 Chemical Characterization of Sn oxides thin films

The X-Rays Diffraction results showed some promising results for the components of
the oxides in the films. Both native oxides and the metastable phase Sn3O4 coexist
uniformly in the layers of the deposited material. Their crystalline structure was also
determined by the matching of the diffraction peaks. With the additional use of
Photoelectron Spectroscopy, the existence of the corresponding phases can be
confirmed. Additively the concentrations of the phases in the surface can be
calculated.

With the use Mg anode for the XPS spectra for each sample the survey scan recorded
photoelectron peaks and Auger for three different elements: Sn, O and C. The
existence of only three elements indicates the cleanliness of the two-step process we
followed. High resolution XPS spectra were obtained in the Sn 3d, O 1s and C 1s
photoelectron peaks which are considered the main peaks of these elements. The
existence of a rich O 1s peak is crucial since the films were oxidized and therefore it
is expected the corresponding bonds of Sn and O to be shown as well. The C 1s peak
is due to atmospheric elements since there is not perfect vacuum. The survey scan for
all the samples remained almost interchangeable indicating that all the samples have
been successfully fabricated. It is shown for the sample with 3sec oxidation in the
Figure 61 with no differences existing in the other samples.

Intensity (cps)

T T T T T T T T T T
1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 61: The survey scan for the Sn oxides thin films.

For the main photoelectron peaks high-resolution scan were conducted and by the
deconvolution of the Gaussian peaks, complete details about the bonding were
matched with the corresponding phases. The Gaussian fitting of the high-resolution
peaks was done with CasaXPS v2.3 analysis software, which is suitable for analyzing
XPS data directly from the analyzer. From the deconvolution of the peaks a lot of
information can be found. In the C 1s peak which exists in all samples the single and
double bonds of C and the single bond of C and O can be measured. Additively the C
1s peak was used for the removal of the chemical shift that existed during the
scanning. The C 1s peak is depicted in Figure 62 and remains interchangeable for the
samples indicating the quality of the vacuum conditions.
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The interesting part is the deconvolution and the comparison of the O 1s and Sn 3d,
the main peaks of O and Sn respectively. From the Gaussian fitting of the Sn 3ds),
peak totally three or four phases of the Sn components can be found in fully
agreement with the XRD data. Those phases are metallic Sn, SnO, SnO, and SnxOy.
The SnxOy oxide is highly possible to correspond to the SnzO4 (91) as we expected
from the results from XRD. The binding energies of the centers of the Gaussians of
each the oxides and the metallic Sn are matching with the expected binding energies
from bibliography (47) (92) (93). It is expected the same phases to exist in the Sn
3ds2 peak due to spin-orbit coupling with a binding energy difference about 8.4eV. By
numerically integrating the deconvoluted high-resolution peaks of the Sn 3d orbital
(both 3dz, and 3ds2 photoelectron peaks) some first information about the hundredth
percentage compositions in the surface can be extracted. The concentrations are
calculated automatically by CasaXPS and the mathematical formalization of the
integration of the curves is explained at the APPENDIX A : XPS Concentrations Script
(Sage Math v9.1), where an exemplary code is shown. The results of the high
resolution XPS spectra for all samples are shown below.
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Figure 62: High resolution XPS spectra of the C 1s peak.
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Figure 63: High resolution XPS spectra for the 3sec oxidation step (a) O 1s (b) Sn 3d.
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Sample MS731_0OP069 (5sec)
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Figure 64: High resolution XPS spectra for the 5sec oxidation step (a) O 1s (b) Sn 3d.
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Figure 65: High resolution XPS spectra for the 7sec oxidation step (a) O 1s (b) Sn 3d.
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Figure 66: High resolution XPS spectra for the 8sec oxidation step (a) O 1s (b) Sn 3d.
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Figure 67: High resolution XPS spectra for the 9sec oxidation step (a) O 1s (b) Sn 3d.
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Figure 68: High resolution XPS spectra for the 11sec oxidation step (a) O 1s (b) Sn 3d.
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Sample MS733_OPQ75 (13sec)
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Figure 69: High resolution XPS spectra for the 13sec oxidation step (a) O 1s (b) Sn 3d
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From the numerical integrations of the Gaussian fitting of the Sn 3d peak we gain the
% (percentage) concentrations of the Sn oxides in the surface. The evolution of the
concentration dependence on the oxidation time is depicted in the following graph,
Figure 70. As we can conclude the concertation of the metastable oxide is decreasing
with the annealing step, which is logical considering the higher temperatures that
boost the formation of the main oxides and especially SnO,. At the 9sec annealing
step we have the closest ration of concentrations for the main oxides strongly
indicating the maximum heterojunction alignments. The results from the
characterization are crucial for the results of the following electrical measurements.
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Figure 70: The evolution of the concentrations of the Sn oxides with the annealing step.

3.1.5 Electrical Measurements Results

In this chapter the results from the measurements of the electric properties of the
samples are discussed. The I-V characteristics of the thin films were measured in a
SUSS Microtek PM5 4-probe station and a Keithley 2400 Source Measuring Unit
(SMU) multimeter under three different conditions, dark, yellow light, and white
light. A DC power supply provided voltage to the film and the data were recorded
with Tektronix Kickstart software with the add on I-V characterizer. The lamp spectra
referred as yellow and white are shown in the Figure 71 and they correspond to
halogen lamp and cool white LED respectively (94). The spectra of these lamps were
already studied for the development of low-light indoor solar cells appliances. The
yellow light emits at wavelengths greater than 600nm and it has an intensity of
20W/m?, while the white light emits at wavelengths of 450nm and 535nm and has a
measured intensity of 450W/m?. Hence, both wavelength and lamp intensity affect the
maximum current and regardless the annealing step white lamp produces stronger
current.

From the electric measurements the average values, which were calculated by
averaging each recording cycle, of the 1-V are shown in the following graphs, and
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they tend to have the characteristic form for a semiconductor interface. In most cases
the resulting current attains values surpassing 2mA, especially in the cases of 9 and
11-seconds annealing step.
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Figure 71: The emission spectra for yellow(left) and white(right) light.

The maximum current of the samples was plotted for V=+8V, and they are at similar
values. The n-type semiconducting effects seem to be significantly stronger in the
3sec sample strongly suggesting the effect of the intermediate oxide as an n-type
semiconductor. The values of current seem to be weaker for the samples with
annealing step 8sec and less for this very reason. The reason seems to be the high
concentrations of Snz04 which can act like an electron trap and decreases the effect of
the main oxides heterojunction. The reason behind the behavior of the intermediate
oxide as an electron trap is the possible existence of empty vacant oxygen positions
and the creation of a new energy state within the range of the energy gap (95).

MS731_OP070 (3sec)

0.003

0.002

0.001 ~

I (A)

0.000

-0.001 H

-0.002

— no light
— yellow light

1— white light

10 8 -6 -4

V(V)

Figure 72: The I-V characteristics of the 3sec oxidation step sample.
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Figure 73: The I-V characteristics of the 5sec oxidation step sample.
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Figure 74: The I-V characteristics of the 7sec oxidation step sample.
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Figure 75: The I-V characteristics of the 8sec oxidation step sample.
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Figure 76: The I-V characteristics of the 9sec oxidation step sample.
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Figure 77: The I-V characteristics of the 11sec oxidation step sample.
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Figure 78: The I-V characteristics of the 13sec oxidation step sample.
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For the samples the evolution of the maximum current for each oxidation step for

V=£8V is shown in Figure 79:
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Figure 79: Maximum current evolution depending on the annealing step.

Additional electrical measurements were conducted in the samples for determining
their photoresponse properties as potential photovoltaic or photosensing devices under
real sun conditions. The measurements were based in checking their photocurrent
change in illumination on and off conditions for a certain period. The photorepsonse
measurements were done with the use of Sciencetech Inc 550-200-PS solar simulator
in 2-probe mode. The solar simulator contains a Osram XBO 150w/cr Xenon lamp
with intensity of (100mW/cm?) with an AM 1.5 filter with an emission spectrum of
200-900nm as it is depicted below, Figure 80.
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Figure 80: The spectra of the solar simulator lamp with the effect of AM1.5 filter.
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For all the samples three minutes of illumination time of one Sun and three minutes of
dark conditions were used as conditions with additional 30sec dark at the first cycle.
The process was repeated for three cycles for determining if the phenomenon of
photoresponse is repetitive. The results of normalized photocurrent response are
shown in the Figure 81 in which we can realize that the Sn oxides as-grown thin films
have behavior totally responsive to the drastic light changes making them suitable as
potential photodetecting devices. The normalized photocurrent or photocurrent
density (J) is the amount of current generated for a specific area of the film and it can
also be referred as photocurrent density.

Comparing the results, we observe that the samples up to 7sec oxidation step we have
lower photodetecting properties as we can conclude from the 1-V characteristics as
well because of the smaller current density increase upon illumination. Additionally,
their required time for reaching saturation is much longer. For the samples from 8sec
and more not only we have major increase in the photocurrent, the saturation also is
rapid. The rise and recovery times of the samples indicate that they show excellent
photoresponse properties. As rise time is named the necessary time for the current to
rise from the 10% to the 90% of its maximum value, with recovery time to be named
the opposite property (96) (97). At Figure 82 a schematic for the 7sec step and its
characteristic photoresponse values is depicted. The results for the estimated
photoresponse times are shown in Table 4. The samples with annealing step of 8sec
and greater are exhibiting excellent photoresponse results with rise times smaller than
one sec. The reason behind this drastic boost is the decrease of the concentration of
the intermediate oxide (SnsO4) which seems to act as an electron trap (95) which is a
major handicap for the samples, as we also concluded from the evolution of maximum
current of 1-V characteristics. The results for voltage of 1V are the following:
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Figure 81: Photoresponse curves of the samples for V-+1V.
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For the samples the rise and recovery times are estimated at the following table.

Oxidation Step (sec) | J,.., (A/em?) | Rise Time (sec) | Recovery Time (sec)
3 9.7x10™ 42.00 4.60
5 0.0017 34.00 4.00
7 0.0040 40.00 0.60
8 0.0049 0.80 1.00
11 0.0056 0.04 0.06
13 0.0051 0.11 0.07
Table 4: Characteristic values for the photo response measurements of the samples.
| 1 | 1 | | 1 | | 1 |
0.004 - :
| <—90%
0.003 -
&g :
o | ~0.6sec
3 0.002 :
i I
0.001 4 |
10% : <~—10%
0.000 - | |
I I I I ! I ! I I ! I
0 40 80 120 160 200 240 280

time (sec)

Figure 82: The photoresponse characteristics of the 7sec step sample.

Additional measurements were conducted to the 11sec sample with increased bias to
2V, Figure 83. The comparison showed that the photocurrent was increased about 1.7
times showing very positive results for the sample’s evolution as potential

photodetecting devices.
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Figure 83: Photoresponse plots for the 11sec sample for V=+1, +2V.

3.2 Experimental Results for Zr-Ti-Cu Thin Films

3.2.1 Two Step Growth Method

The second category of the materials we choose will be presented in this chapter. The
same philosophy of the two-step process was used as well. For the growth of the
alloys the dual source RF/DC magnetron sputtering was used. As a buffer layer we
deposited an alloy of Zr-Ti-Cu which is characterized as a metallic glass. The
reasoning behind the material selection was about the formation of the resulting Type
| heterojunction. The pressure of the vacuum chamber was around 2.5x10°mbar. All
the samples follow a certain sputtering process for easier comparison of their results,
which is characterized by deposition of metallic Zr supported by 50W DC power and
metallic Ti supported by RF power at 60W with a frequency of 13.5MHz. Also, two
Cu foils were placed onto the surface of the Zr target. High purity Ar gas (99.999%)
was inserted in the chamber dropping the base pressure to a working pressure of
2.7x10mbar for a fixed gas flow of 50sccm. The growth was conducted for a total
deposition time of 20 minutes for the alloys buffer layer. The presputtering of the
chamber was performed for a total of 10min in the same conditions.

For the second step of the two-step procedure, the as-grown Zr-Cu-Ti metallic glasses
were annealed in oxygen plasma. The plasma chamber is consisted of a borosilicate
glass tube supported by rotary pump with vacuum conditions of 3.3x102mbar. Inside
the chamber high purity Oz gas (99.999%) was inserted, and the pressure changed to
7.4x102mbar. The samples were oxidized for a total of 15sec annealing time with a
power supply of 500W forming oxygen plasma in H mode (81).
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3.2.2 Structural Characterization of Zr-Ti-Cu oxides thin films

A first identification of the crystal structures of the annealed Zr-Ti-Cu alloys was
conducted by performing measurements of X-Ray Diffraction (XRD). Both metallic
alloys and annealed films were measured in the same diffractometer with the Bragg-
Bertrano geometry consisting of a Cu X-Rays tube (A=1.5406A). An angular range
from 15° to 65° was scanned for the oxides. The XRD pattern of the Zr-Ti-Cu alloys is
depicted in the following Figure 84 and it attains an amorphous metallic glass nature
because of the disorientations formed from the multiple crystal structures (29) (30).

Intensity (a.u.)

20 30 40 50
2theta (degrees)

Figure 84: The XRD pattern of Zr-Ti-Cu alloys indicating amorphous structure.

The diffractogram from the oxidized Zr-Ti-Cu alloy is shown in Figure 85. As for the
Zr-Ti-Cu oxides, with the peak identification from the bibliography, it occurs that the
oxidized thin films have different crystal structures, as expected from the annealing
process of plasma treatment. The results correspond to the Cooper oxides (CuO,
Cu20), Titanium dioxide (TiO2) and Zirconium Dioxide (ZrO>) in both tetragonal and
monoclinic crystal structures. The extra peaks from the Si substate in the patterns
indicate the Bragg-Bertrano geometry’s downside in the measurement of thin films.
For the Cooper oxides characteristic peaks we detect the (110) and (220) for the Cu2O
at the body centered cubic structure (98) and as for the CuO, the (110), (112) and
(113) peaks at the monoclinic structure corresponding to the tenorite mineral- (99)
(100). For the TiO2 we find two peaks at the tetragonal anatase structure
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corresponding to the (200) and (204)- (101). Meanwhile for the TiO; rutile tetragonal
structure we have peaks for the (211), (220), (002) and (310) directions- (102). As for
the ZrO> peaks we have two crystal structures the monoclinic and the tetragonal with
their respective peaks at (200), (220), (122), (122), (113), (311), (230) for the
monoclinic structure- (103) and (001), (112), (200), (202) for the tetragonal structure-
(104) (105). The existence of the main peak of tetragonal ZrO, indicates its
excessiveness over the other oxides. The prevalence of ZrO; in tetragonal structure in
small annealing times has already been shown in other recent works (30). Also, the
lack metallic peaks were matched since the buffer layer was amorphous indicating
fully oxidation of the surface.
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Figure 85: The XRD pattern of the Zr-Ti-Cu Oxides thin films.

By evaluating the characteristics of the diffraction peaks (position and FWHM) we
used the Scherrer’s formula (eqg. 3.6) to estimate the average grain size of the sample
with a value around 55nm.

3.2.3 Chemical Characterization of Zr-Ti-Cu oxides thin films

By performing X-Rays Photoelectron Spectroscopy measurements (XPS) we
chemically characterized the as-grown samples. Additionally, we performed a first
elemental composition of the phases concentrations in the surface. The XPS spectra
were measured with the use of Mg anode (1253.6eV). Five different elements were
identified from the survey scan of the samples: Zr, Ti, Cu, O and C. The identification
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of these elements indicates that the two-step process used for the fabrication of the as-
grown samples has not produced any impurities. The three metallic elements
correspond to the sputter targets indicating the successful deposition of the alloy, the
strong O peak the successful oxidation and C detected as atmospheric element. The
survey spectrum is shown below, Figure 86:
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Figure 86: (a) The survey spectra of the oxidized Zr-Ti-Cu thin films.

High-resolution XPS spectra from the main peak of each element were measured for
the Zr-Ti-Cu oxides. The spectra were measured for the Zr 3d, Ti 2p, Cu 2p, O 1s and
C 1s orbitals. The detected photoelectron peaks were deconvoluted with Gaussian
fitting by using the CasaXPS v2.3 analysis software. For the Zr, the 3ds peak was
detected at 182.0eV and the 3ds2 at 184.4eV, a strong indication the presence of ZrO-
oxide (Zr* state) according to bibliography (29) (30) (106). Also, the Ti 2ps/ peak
wad detected at 458.3eV and the Ti 2p1 at 464.1eV respectively. The peak positions
strongly suggest the presence of TiO, (Ti** state) (56) (107) (108). As for the high-
resolution spectra for the Cu 2p peak we detect two peaks from the fitting
corresponding to the Cu20 and CuO main oxides. Specifically for the peak of Cu 2ps.2
we observe two deconvoluted peaks at 932.6eV and at 934.2eV with complete
agreement with the Cu 2p1» detected peaks that appear at 952.5eV and 954.1eV
respectively (109). In addition, there are two additional weaker peaks that confirm the
existence of the shake up satellite peaks that are characteristic of the spectrum of CuO
oxide (56) (73). From the integrated Gaussians we estimated the percentages (%) of
the oxides as: ZrO>/TiO2/CuO/Cu20 = 65.6%/15.0%/11.7%/7.7%. The deconvoluted
curves come into complete agreement with the phases recognized from the XRD data.
The lack of the respective metallic peaks in XPS spectra indicates that the surface was
completely oxidized indicating the advantage of the metallic glass as the buffer layer.
From the fitting of the O 1s peak, the main peak appears at 529.9eV and it’s attributed
to the metallic oxides (56). The C 1s peak does not give any extra information for the
properties of the sample, and it is only used for the determination of the chemical
shift. It has a similar form with the C 1s peak of the Sn oxides samples. Hence, the
high-resolution XPS spectra are shown in the following graphs of Figure 87.
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Figure 87: High resolution XPS spectra (b) Zr 3d (c) Ti 2p (d) Cu 2p (e) O 1s.
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3.2.4 Electrical Measurements Results

We wanted to model the total results of the Type | and Type Il heterojunctions for
their photodetecting properties by performing a first comparison of the
photoresponsivity of the Sn oxides with the Zr-Ti-Cu alloys. The samples were
measured in the same light spectra and instrumentation as the one mentioned in the
previous chapter. The characteristics are shown in the following Figure 88 for dark
and white light conditions. The films do not seem to react in the same way as for the
Sn oxides samples. It came out that there is a major difference between the
illumination conditions something that indicates that the films are not so capable as
potential devices. There is a very high possibility that the I-V characteristics
correspond to the so-called S-shaped I-V curves a common phenomenon in solar cell
research and originates from the growth parameters of the devices (110).
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Figure 88: The I-V characteristics of the Zr-Ti-Cu oxides.

Additional photoresponse measurements were performed both at solar simulator and
the Keithley setup for biases of 1V and 2V respectively. The results indicate no
photoresponse from the exposure of the sample in solar simulator as it is shown at
Figure 89. Meanwhile for the 4-probe measurement a total of four ON/OFF cycles of
photoresponsivity were measured with ~30sec duration of each cycle. Some
indications of photoresponse are shown, but with a small current increase step of
~0.13mA. Additively, the total current decreases over time indicating another
drawback, Figure 90. Even though, the characteristic rise and recovery times at 0.7sec
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and 0.1sec respectively indicate some promise. Although some positive results were
extracted at the white light exposure, it is concluded that the films are not suitable as
potential photoelectric devices as the Sn oxides system we developed. Still, the
samples are promising as low light photodetectors and there might be still a chance of
being appropriate photocatalysts.

0.0250 .
0.0245
0.0240

0.0235

0.0230

0.0225

Photocurrent (Ampere)

0.0220 -

0.0215 B

0.0210

T T T T T T T T
0 100 200 300 400 500
t (sec)

Figure 89: Photoresponse plots of Zr-Ti-Cu oxides under solar simulator for V=+1V.

—2V
0.02425 - OFF -

0.02420 ! M\ -
0.02415

0.02410 -

Photocurrent (Ampere)

0.02405 - =
Ll L
T T T T T T T T T
0 50 100 150 200 250 300
t (sec)

0.02400

Figure 90: Photoresponse measurements under white light for V=+2V.
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Conclusions

In this thesis we present experimental results from the growth of two types of
heterojunction band alignment (I and Il types). These materials were grown with a
two-step process of magnetron sputtering deposition and oxygen plasma oxidation.
The first system of Type Il band alignment, we developed was the heterojunction of
Sn oxides. Specifically, we produced rutile tetragonal SnO, SnO2 and SnxOy which
has been identified as Sn3O4 intermediate oxide with the triclinic structure from the
XRD. The oxides were confirmed by XPS measurements. As for the electrical
measurements, |-V characteristics and photocurrent I-t measurements were conducted
for the determination of their suitability as potential photodetectors or photovoltaic
devices. The existence of SnzOs in big concentrations seems to create electron traps
decreasing the resulting current. We conclude that these films could potentially be
used in photodetecting, photocatalytic, or sensing devices.

The other material system we grew is an oxidized alloy of Zr-Cu-Ti metallic glass.
The oxides of these materials are forming the Type | band alignment. The existence of
the oxides was confirmed with the XRD diffraction pattern. Additionally with the use
of XRD pattern we determined the crystal structures of the grown oxides. The
existence of the elements was confirmed with the survey spectra of XPS, with no
impurities detected. From the deconvoluted high resolution spectra we confirmed the
existence of ZrOz, CuO, Cu20 and TiO2 and estimated the percentages of the oxides
in the outer surface. By the I-V measurements we concluded that they don’t have the
same behavior as the Type Il Sn oxides. The photocurrent measurements indicated
small photoresponse at the white light but at the overall results they are not suitable as
potential solar cells. Generally, from the results we determined, we can conclude that
the heterojunctions that form the Type Il band alignment are more suitable for
potential photovoltaic, sensing or photocatalytic uses.
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APPENDIX A : XPS Concentrations Script (Sage Math v9.1)

x = var('x")

# Fit parameters for a deconvoluted peak
A value = 6000

FWHM value =1

mu_value = 486.0

# Gaussian parameters for the photoelectron peak
A2_value = 8000

FWHM2_value = 2

mu2_value = 487.0

# Define the Gaussian function with constants
gaussian = A_value * exp(-((x - mu_value)**2) / (2 * (FWHM _value / (2 * sqrt(2 *
l0g(2))))**2))

# Define the Gaussian function with constants for the photoelectron peak
gaussian2 = A2_value * exp(-((x - mu2_value)**2) / (2 * (FWHM2_value / (2 *
sqrt(2 * log(2))))**2))

# Set the integration limits
lower_limit =484.5
upper_limit = 488.5

# Set the integration limits for the photoelectron peak
lower_limit2 = 484
upper_limit2 = 489

# Numerically integrate the Gaussian function. Error estimate represents the accuracy.
area_numeric, error_estimatel = numerical_integral(gaussian, lower_limit,
upper_limit)

# Numerically integrate the photoelectron peak. Error estimate2 represents the
accuracy.

area_numeric2, error_estimate2 = numerical_integral(gaussian2, lower_limit2,
upper_limit2)

# Result of Area of the deconvoluted curve (phase or state)
print("Numeric Area under the curve:", area_numeric)

# Result of Area of the photoelectron peak
print("Numeric Area of the photoelectron peak:", area_numeric2)

# Calculation of the %percentage of a denconvoluted curve (phase or state)
print(*"Percentage of the phase in the peak :",(100*area_numeric)/area_numeric2,"%")
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