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ABSTRACT

Evaluation of the thermoelectric properties of transparent Sh-doped zinc oxide thin films

Global energy demand has significantly increased in the past decade, to a point that modern
technologies might not keep up, and the search for clean energy also takes part in making the
development of proper solutions difficult. Wasted heat recovery systems have become popular due to the
large opportunity for this technology associated with the tremendous loss in energy through the form of
heat. Several new ways of heat harvesting are being developed, but thermoelectric technology has gained
significant relevance. The advancements in thermoelectric materials and devices have paved the way for
new strategies in heat harvesting systems. Transparent conducting oxides have gained popularity in
thermoelectric technology as they can transport electricity while being optically transparent. Furthermore,
transparent oxides can have thermoelectric properties, as is the example of ZnO, but tend to be limited
by their inherent properties. ZnO does not have the conducting properties necessary for this type of
application, but studies focused on the doping of this material have shown that those properties can be
enhanced.

This study focuses on understanding the influence of Sb-doping in the ZnO electrical, optical and
thermoelectrical properties, with the addition of also studying its structural and morphological parameters.
For that, several samples with different doping levels were produced through magnetron sputtering and
their respective important properties were measured in several analyses. As a result, thin ZnO:Sb films
with an average transparency greater than 80% were produced, with an absolute Seebeck coefficient of
100 uV/K and respective Power Factor of 1.1 mW-m~-K?, effectively modifying the electrical, optical and

thermoelectrical properties of the material and ensuring its suitability for thermoelectric applications.

Keywords: Antimony; Seebeck Coefficient; Thermoelectric; Thin films; ZnO.
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RESUMO

Estudo das propriedades termoelétricas de filmes finos transparentes de dxido de zinco

dopado com Sh.

A procura global de energia aumentou significativamente na ultima década, de tal forma que as
tecnologias modernas podem nao acompanhar, e a procura de energia limpa também contribui para
tornar dificil o desenvolvimento de solucdes adequadas. Os sistemas de recuperacdo de calor
desperdicado tornaram-se populares devido a grande oportunidade para esta tecnologia associada a
tremenda perda de energia através de calor. Varias novas formas de captar calor estdo a ser
desenvolvidas, mas a tecnologia termoelétrica ganhou relevancia de forma significativa. Os avancos nos
materiais e dispositivos termoelétricos abriram o caminho para novas estratégias nos sistemas de
captacdo de calor. Os oxidos condutores transparentes ganharam popularidade na tecnologia
termoelétrica, uma vez que podem transportar eletricidade mantendo-se opticamente transparentes.
Além disso, os déxidos transparentes podem ter propriedades termoelétricas, como é o exemplo do ZnO,
mas tendem a ser limitados pelas suas propriedades inerentes. O ZnO ndo tem as propriedades
condutoras necessarias para este tipo de aplicacdo, mas estudos focados na dopagem deste material
tém demonstrado que essas propriedades podem ser melhoradas.

Este estudo centra-se na compreensao da influéncia da Sbh-doping nas propriedades elétricas,
oticas e termelétricas do Zn0, e de também estudar os seus parametros estruturais e morfologicos. Para
tal, foram produzidas varias amostras com diferentes niveis de dopagem através de pulverizacao
magnética e as suas respetivas propriedades importantes foram medidas em varias analises. Como
resultado, foram produzidos filmes finos com transparéncia superior a 80%, e um coeficiente Seebeck
absoluto de 100 puV/K e o respetivo Fator de Poténcia de 1.1mW-m-Kz foram alcancados, modificando
efetivamente as propriedades elétricas, oticas e termoelétricas do material e assegurando a sua

adequacao as aplicacoes termoelétricas.

Palavras chave: Antimodnio; Coeficiente de Seebeck; Filmes finos; Termoelétrico; ZnO.
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1. INTRODUCTION

Energy is and will continue to be a crucial part of the everyday life of our society. With the increasing
growth of the human population and its technological advancements, the demand for more energy grows
coupled with humanity's evolution. Alongside the necessity for more and more energy, grows the demand
for a clean way to produce it. It's crucial for new developments to search for environmentally friendly
solutions, both to replace and to improve current technologies, but also to preserve the planet at the
same time.

According to the Annual Energy Outlook 2021 made by the EIA [1], by 2050, global energy use is
expected to increase nearly 50% compared to 2020, mostly caused by economic and population growth
in countries that are on developing stages of their economy. These countries’ rapid growth pressures a
big increase in technology usage, transportation necessities and other means to boost their economy,
which are demanding on energy consumption. Furthermore, developed countries also contribute to this
increase with higher levels of electricity usage, for instance, in construction, appliances and lighting. Even
though developed countries grant more clean energy solutions, when compared to their less developed
counterparts, these are still not enough to keep up with demand.

Similarly, the World Energy Outlook 2021 [2] found evidence supporting the energy demand growth
and its effect on carbon emissions. According to this study, the two-third energy-related carbon dioxide
(CO:) emission decline caused by the global pandemic in 2020 was quickly on track to rise in 2021 as a
reflection of the global situation returning to normal and energy demand also normalizing as production
and consumption return to standard levels, which, simply put, means that the effects of the global
pandemic, which caused energy consumption and CO. emission to decline, are rapidly being reverted
and coming back to the standard growth they had before the pandemic. Beyond transportation and
production, electricity is a key factor in energy demand and consumption. As more technologies become
a part of everyday life, more electricity is needed to accommodate buildings, lighting, air-conditioning,
and other apparatus. This effect is so prevalent that in 2020 electricity was responsible for 36% of all
energy-related CO. emissions. Furthermore, in the past decade, the level of emissions rose about 9%,
associated with a rise in electricity demand of 25%, according to the study. This also reflects positive

aspects of the evolution of renewable energy that prevented the rise of emissions to be as drastic as the
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1. Introduction

rise in demand. Nevertheless, it all comes together as motivation to implement and improve solutions for
clean energy as demand does not show any signs of slowing down, possibly reaching an 80% increase in
electricity demand by 2050.

Even though changes and new developments are taking place, the demand for energy, and in
particular electricity, motivate an imperative search for new solutions, with the ultimate goal of being able
to fuel the world with zero emissions. Of course, this objective is far from reachable at the current stage,
but every step toward its accomplishment is crucial. Therefore, renewable energy and its increase in
efficiency is the main focus of present strategies. Wind and solar-related systems are the most efficient

current solutions, but other technologies begin to show some promise.
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2. HEAT

With the growing concern for avoiding the exhaustion of the earth's resources as well as the rising
threat regarding global warming and the impact of technology on the environment, engineering industries
are challenged with the task of reducing greenhouse gas emissions, while at the same time improving
the efficiency of their systems to cope with the increasing global demand. There are several renewable
sources of energy, such as water, wind, or solar, and their employment in today's global energy
production has been significant. But, as previously mentioned, these technologies still need time to
become a primary source of energy. Therefore, they have been stepping out of the spotlight of promising
energy sources because of their current limitations. Consequently, heat has become a prominent subject
in this area. Researchers have always been aware that heat is everywhere, and it represents a big slice
of potential energy not being used, and as technologies advance heat promises to be a valid solution.

The focus of heat-related technologies lies in wasted heat. Wasted heat is the energy that is
generated in any given process which is not put to any practical use and is lost, wasted, and dumped into
the environment [3]. This type of waste is so prevalent that a study conducted by [4] found that 41% of
global primary energy consumption is energy in the form of heat, but only 5% is useful in appliances such
as heaters and burners. About 36% of the energy produced is lost in heat transfer processes, therefore
more than a third of the global energy produced is wasted heat. With such potential for energy saving in
today’s big industrial environments, Wasted Heat Recovery (WHR) systems have become an important
part of industrial processes, being one of the major areas of research to reduce fuel consumption, improve

efficiency and lower harmful emissions.

2.1 Wasted Heat Recovery Systems

WHR is a group of systems and technologies that reutilize wasted heat. They are typically used in
industrial environments because, there, the amount of heat produced and dissipated is larger. On top of
that, some systems focus on redistributing this heat or even reutilizing it in the machine that produced it.

In a nutshell, they compose all the technologies that focus on making efficient systems that have

none or minimal heat loss. Powered by the interest in new energy-related systems previously mentioned,
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2.1 Wasted Heat Recovery Systems

WHR has gained significance over the last decade with the development of new devices and technologies

aiming to reduce wasted energy.

2.1.1 Heat transport and recovery

There are several types of WHR systems with different functions and different types of operation,
but the most common are burners. These structures can be regenerative and recuperative, and they
optimise energy efficiency by incorporating heat exchanger surfaces to capture and use the waste heat
from the hot flue gas from the combustion process [3]. More simply put, these systems use the wasted
gas produced in the combustion to heat the machine and keep the combustion going. They are typically
used in large industries, but this technology is also employed in commercial appliances and shows gains
in efficiency.

Economisers are other WHR systems which are mainly used for heating liquids and are commonly
used in daily apparatus. The system consists of tubes, which the liquid passes through, covered by
metallic fins to maximise the surface area of heat absorption and heat transfer rate. The device lets the
liquid travel within these finned tubes perpendicularly to the flow of exiting gas allowing it to absorb the
heat, transferring heat from the flue gases into the water flow and increasing efficiency by reutilizing the
heat that would be lost in the exiting exhaustion [5].

Waste heat boilers are similar systems in the way that they use several water tubes that are placed
parallel to each other and in the direction of the heat leaving the system aiming to generate heat as
output, which is then used for power generation or directed back to the system for energy recovery [3].

Comparably to heat boilers, air preheaters work by the same principles but are designed to heat
air before another process, increasing efficiency. There are different types of air preheaters that vary in
the configuration: regenerative preheaters, where heat is transferred from the flue gases to a solid matrix
which is then cooled by the combustion air, thereby preheating the air; rotary regenerators, which work
the same way but with a rotative device functioning as the heating matrix; and recuperative preheaters,
which reutilize the flue gases as the combustion air, resulting in the return of energy in the system
reducing the amount of energy that has to be supplied [6].

Plate heat exchangers are used to transfer heat from one fluid to another. These systems consist
of a pack of corrugated metal plates with portholes for the passage of the two fluids between which the
heat transfer will take place. These plates are packs typically assembled between a fixed frame plate and

a movable one, and the number of plates is determined by the flow rate, physical properties of the fluids
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and working pressures and temperatures desired. The objective of this setup tends to be heating one
fluid using the other, generally to refuel the system where it's being used creating a cycle [7].

Heat pipe systems are highly effective passive devices used to transfer heat at high rates over
considerable distances with extremely small temperature drops, have exceptional flexibility, are simple to
construct, and are easy to control, not needing external pumping power. Their configuration consists of a
sealed container, a wick structure and a working fluid that is in equilibrium with its own vapour [8]. In a
nutshell, when heat to applied in one end of the pipe, it is conducted along the wall and wick and
evaporates the working fluid. As result, a vapour pressure is created which drives the vapour to the other
end of the pipe. There, the vapour condensates, transferring the heat to its destination, and the fluid
cycles back to the origin of the pipe to be repurposed. On the other hand, heat pumps are a type of
system that serves the same purpose as a heat pipe, but they typically collect heat from air, water, or
soil, and because of their simplicity they are often utilized in domestic settings. They are generally used
to heat air or water and are most employed as alternatives to furnaces or air-conditioning, proving to be
an efficient solution even though they need electricity to function [9].

All these systems can, of course, be implemented together depending on the desired application.
A good and common example is the heat recovery steam generator (HSRG). This system’s most common
application is in a combined-cycle power station, where the hot exhaust gas produced from a gas turbine
is fed to an HRSG to produce steam to drive a steam turbine [10]. The system can additionally recover
the wasted heat from the exhaust. As previously said, the HSRG is a combination of several heat recovery
systems, for example, an Evaporator, Super heater, Economizer, and Drum. This is but an example of a
mix of some of the existing heat-recovering systems as there are many more.

Once again, there are many other systems and combinations of systems designed to harvest
wasted heat and turn it into usable energy, but most, if not all of these examples are typically employed
in an industrial environment because, in order to achieve efficiency levels that justify the investment in

this technology, there needs to be a big quantity of heat flux in the system.

2.1.2 Direct electrical conversion

Some systems that are designed to produce electricity directly from wasted heat, not requiring

converting heat into mechanical energy in between. The most common examples are thermoelectric (TE),
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piezoelectric (PE), thermionic and thermos-photo-voltaic (TPV) devices and phenomena designed for

electricity generation.

2.1.2.1 Piezoelectric power generation

The piezoelectric effect is the production of electric charge generated in certain materials in
response to mechanical stress applied. This phenomenon is widely used in many fields because of its
versatility. Mechanical stress can be induced in several ways, and its presence is typically a side effect of
a natural action taking place, from wind blowing into a rod on top of a building causing it to shake, to a
person pressuring the ground just by running or walking. Therefore, this effect and materials can and are
used in several daily-basis energy-harvesting contexts, such as fluid-structure interaction, human
movement, vibration and many more [11].

Piezoelectric Power Generation (PEPG) is the process of converting low-temperature heat energy
directly to electricity. Typically, these heat recovery systems are constituted by a simple cantilever setup,
which tends to be a simple but efficient solution. Assembled with thin-film membranes made with
piezoelectric materials, these setups are applied in gas exhaustion systems, where heat causes oscillatory
gas expansion. These vibrations are then turned into electricity that powers the apparatus where the
structure resides or other systems nearby, effectively transforming the mechanical energy caused by
wasted heat into usable electricity [12,13]. Even though these systems sound promising, PEPG
technology comes with many technical challenges associated, such as low conversion efficiency, high
internal impedance, the requirement for oscillatory heat loads and electrical signals, complex oscillatory
fluid dynamics within the liquid/vapour chamber, and difficulty achieving long-term reliability and
durability [14]. But the main issue associated with these systems is their very high cost. PEPG devices
need high power generation capacity to achieve economic efficiency, high reliability for low maintenance
cost, and high stability for easy control and wide application, becoming systems with a high cost of

manufacturing [15].

2.1.2.2 Thermionic generators

A thermionic generator, or thermionic energy converter (TEC), is essentially a diode valve in which
electrons from a hot cathode flow to a cooler anode, producing an electric current which can be used in
an external circuit, with, usually, a gas or vapour introduced to provide ions to neutralize the space-charge

of the electrons [16].
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In its basic form, a TEC consists of two electrodes, a hot cathode (Emitter), which is heated to a
sufficiently high temperature to emit high-energy electrons, and a cooler anode (Collector), which receives
the emitted electrons and is operated at a significantly lower temperature. They are separated from one
another by an interelectrode gap, which can be comprised of vacuum, vapour, or plasma. Furthermore,
there’s also an electrical load and an electrical connection. As the trapped electrons on the surface of the
Emitter gain kinetic energy via the heating of said material, they overcome the energy barrier that keeps
them trapped and escape the surface. These electrons then travel through the interelectrode space and
are collected into the colder Collector. When a negative charge is accumulated, the electrical connection
between the two electrodes creates a voltage difference that will drive a current through the electrical
load, generating electricity. The electrons finally return to the Emitter and the cycle continues [17].

The application of these systems, however, shows to be limited. TEC devices need high
temperatures (above 1200 K) to become efficient, lowering the number of devices where this technology
can be used drastically. More so, the capability of this technology is still in development, but it shows
promise, even in solid-state thermionics, where new advances are being made as materials are improved

and become more efficient without creating additional pollution [18].

2.1.2.3 Thermo-photo-voltaic generators

A TPV generator is a system capable of converting the radiant energy emitted by an artificial heat
source, for instance, the combustion of a fuel, into usable electrical energy via photovoltaic cells. These
devices are comparable to solar panels, but use wasted heat as fuel for energy production [19].

A TPV generator consists of a pre-heating system, utilizing combustion to produce a fuel gas,
working as the heat source, that will power a three-part array of an emitter, a filter, and photovoltaic cells.
The emitter, when heated by the heat source, emits electromagnetic radiation. The filter ensures that
only the radiation waves with the correct wavelength matching the photovoltaic cells pass through and,
finally, the cells convert the radiation to electrical energy [20]

TPV generators tend to find good efficiency ratios on energy conversion but are limited by operating
temperature range, where the increase in temperature decreases their efficiency [21]. Nevertheless,
these devices are common and a good solution for large combustion and high efficiency photovoltaic cells
that can withstand high temperatures exist, however, they are expensive. Therefore, one of the main

focuses in TPV technology development is to reduce cost-efficiency levels [22].
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2.1.2.4 Thermoelectric generators

TE generators have gained significant interest in the past decade as developments increase
efficiency and make this technology viable. In short, the TE effect is the conversion of temperature
differences in electric voltage and vice versa. When a TE material is subjected to different temperatures,
creating a temperature gradient, it generates a current. Conversely, when these materials are subjected
to different voltages, they generate heat. Therefore, an obvious use for these types of material is WHR,
but their significance was always overlapped by the difficulty of creating an efficient system that could
compete with other types of technologies, both in price and capability. These systems have already shown
a wide range of relevant applications such as automotive, engines, industrial exhaust systems and even
glass or metal furnaces [23,24]. Nevertheless, even though this technology shows great promise, and
keeps improving, it still has issues and challenges at present, mostly around heat transfer rates and,
more importantly, viable materials.

Nonetheless, an opportunity for enhancement arises as new materials are studied, and new setups
are created. From here comes the main focus of this thesis: the study of materials to utilize and improve

electrical generation with TE technology.

2.2 Thermoelectric effect

As previously mentioned, TE-based technology has had a positive impact on modern recovery
systems. It bases itself on the harvest of energy in the form of heat which would otherwise be lost. Systems
like this have ensured that it is possible to use this, once thought, unusable energy. Thermoelectricity, as
the name implies, is a phenomenon in which thermal energy, or heat, can be directly converted into
electricity. This capability, acknowledging that thermal waste takes a large portion of all wasted energy,
is, clearly, very appealing, but it has been paid small attention to because of the absence of ways to apply
it efficiently. Probably, the biggest example is the struggle with the choice of materials. Not all materials
have TE characteristics, and the few studied ones tend to have their specific problems, whether it is price
or scarcity, toxicity or even sometimes challenges in efficient application. Therefore, it's imperative to
explore more possible TE materials to work in parallel with the new developments made in this area.
Going into more detail, the TE effect is the direct conversion of temperature differences to
electric voltage and vice versa via a thermocouple. More simply put, a TE material creates a voltage when
it is submitted to different temperatures on each side, and conversely, the opposite happens when a

voltage difference is applied.
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2.3 Thermoelectric materials

Necessarily, TE materials must be able to conduct electricity and heat, therefore they typically fall
in the categories of conductors and semiconductors, and, because the intrinsic properties of most
materials display less advantageous values of conductivities, most of the time, the used materials are
compounds such as alloys and complex crystals. By creating complex bulk materials and creating layered
structures, it's possible to maximize the efficiency of materials and devices.

The objective of enhancing the efficiency in TE materials, whether by doping or combining said
materials, is to increase the electrical conductivity and the Seebeck coefficient, and, at the same time,
lower the thermal conductivity, maximizing the figure of merit (ZT). Although there is no known theoretical
limit to ZT, in practice it has been difficult to achieve high ZT values because of the inherent coupling of
electrical conductivity and thermal conductivity in most materials [14]. Nonetheless, the most commonly

used materials tend to achieve ZT lower or equal to 1 in their primary form but can be enhanced.

2.3.1 Thermoelectric materials with common applications

Certain materials have had the spotlight as good TE materials for some decades. A good example
is bismuth telluride (Bi:Tes), which is one of the best-performing room-temperature TE materials with a
temperature-independent ZT, between 0.8 and 1.0 [25]. They have been used extensively in TE
refrigeration applications and some niche low-power generation applications, and have a useful
temperature range of 180 to 450 K. Furthermore, nanostructuring this material to produce a layered
superlattice structure of alternating Bi.Tes and antimony telluride (Sb.Tes) layers results in a device with
good electrical conductivity, but poor thermal conductivity, with enhanced ZT of approximately 2.4 at 300
K for p-type [26]. Many other variations of Bi.Te: have shown high ZT and are commonly used in room
temperature applications, namely refrigeration, but these compounds tend to be limited by the toxicity
and rarity of tellurium.

Another ordinarily used TE material is lead telluride (PbTe), which showed a ZT value of 1.5 at 773
K [27] when doped with thallium and 1.4 at 750 K with sodium (Na) doping [28]. Additionally, a ZT of
1.8 was demonstrated in Na-doped PbTewSe. alloy [29]. Many more combinations of PbTe have been
studied and these materials have been used extensively in higher temperature power generation

applications, particularly spacecraft power generation, having a useful temperature range of 500 to 900

K, typically.
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An interesting material, and target of great focus in many areas, is silicon (Si). Si finds its way into
thermoelectricity too, even though bulk Si shows ZT values of 0.01. It reveals promising results when
combined and configurated in specific ways. For instance, it can reach values of 0.6 for ZT when turned
into nanowires. Moreover, Si is commonly combined with germanium (Ge) improving ZT values, being
the current best TE material around 1300 K, but limited by the high price and still moderate values of
efficiency. Nonetheless, its ZT can be increased to 1-2 with SiGe nanostructures, greatly owed to the
reduction in thermal conductivity [30].

Other significant examples are compounds of magnesium (Mg) and group-14 elements, such as
Mg.Sioss-SnosGeoosBix which showed ZT values of 1.4 at 800 K [31], or Skutterudites, which combine rare-
earth materials to reduce thermal conductivity by producing sources for lattice phonon scattering, without
reducing electrical conductivity, and have shown ZT values of 1.0 or higher [32].

Among these, many other types of compounds and materials are relevant to TE applications and

find their way into refrigeration and power generation devices within all temperature ranges.

2.3.2  Transparent Conducting Oxides

Among TE technology we find transparent conducting oxides (TCOs), which are electrically
conductive materials with high transparency in the visible range. TCOs have been investigated for a wide
range of applications in optoelectrical devices including photovoltaics, displays, transparent electrodes in
touch panels, optoelectrical interfaces and window glass technologies [33,34]. They represent a good
solution in the field of thermodynamics and energy production, more and more due to the advancements
in transparent technology propelled by the growing demand for devices like phones, tablets, TVs, and so
on, that, more than ever, are basic utilities for the consumer. Just like most other TE-based devices, when
TCOs are applied they harvest wasted energy passively, connecting to an apparatus or network and
collecting the energy that would’ve been wasted without affecting the normal functionality of the system.
Practical daily examples of possible ways to implement such technology are easy to come up with. For
instance, applying a TCO layer on the screen of a cell phone or TV, any device with a screen or display,
would give the possibility of harvesting energy to power that same device by the natural temperature
difference between the inside and outside of said device. Another passive and promising way of utilizing
TCOs would be to apply them in skyscrapers or building windows, where, typically, the sun would heat
the external part of the glass, which would oppose the colder interior, standard to daily working

environments. However, as good or revolutionary as these ideas, and many others, may seem, there is
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still a lot of work to be done to make these materials and technology viable for these types of applications.
Materials need to be studied and optimized, and geometry and devices for their usage must be developed
to justify the investment.

The most utilized TCO is tin-doped indium oxide (ITO) [35], being commonly used because it is
easy to fabricate and possesses good conductive properties, essential for its application. However, it's
difficult to access because of the scarcity of attainable indium (In). Furthermore, its poor chemical stability
in hydrogen atmosphere and high toxicity create a great interest in the development of new alternative
TCOs. /DTechEx research forecasts that transparent conductive films alternative to ITO will reach a
combined market value of $220 million and new market opportunities will represent nearly 45% of the
total TCO market in 2027 [36]. On the other hand, the market for TE energy harvesters is estimated to
reach over $1.5 billion by 2028 [37] so the already growing interest in TCOs is justified by this new
opportunity that presents itself. Associated with this is the fact that, even though TCOs are well understood
and widely used commercially, and they have been tested for their TE capabilities, their performance is
far below that needed for industrial deployment [38]. This shows a promising opportunity in developing
a new solution in optically transparent conducting materials and gives grounds for this paper.

Concerning the proper creation of an implementable solution, it's necessary to improve certain
characteristics of the TE materials, specifically a TCO. It has been shown that reducing the lattice thermal
conductivity is vital for improving the TCO TE efficiency, as it was found to be the most variable parameter
between the TCOs, making it a crucial factor in their ZT. This happens because of the very long phonon
mean free paths, making them strong candidates for nanostructuring to increase performance [38]. Even
though a wide range of TE materials have been studied and explored, some of which were previously
mentioned, a high ZT value remains connected to bulk materials [39]. The problem is that, because of
their small band gap, these types of materials tend to be optically opaque, not constituting a valid solution
to the intended applications [40]. This opens the way for thin films based on TCO materials, which can
be optimized to become a good solution for TE applications, having a high ZT without losing the

transparent characteristics of the material.

2.3.3 Seebeck Effect

In 1821, Thomas Johann Seebeck, following experiments with voltaic current and magnetism,
found that a circuit made from two dissimilar metals with junctions at different temperatures would deflect

a compass magnet. He believed that this was due to magnetism induced by the temperature difference,
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reasoned by the lack of knowledge of the electron at the time, so he elaborated a table relating different
metal junctions and the deflexion of the compass. At the time, discussions about different beliefs arose
with this experiment. Seebeck and others believed in the polarity of Nature, focusing on forces of Nature
such as electricity, magnetism, heat, etc. Others pursued explanations based on Newton's concept of
force. Ultimately, after the discovery of the electron and its fundamental charge, scientists concluded that
Seebeck’s effect was not a manifestation of magnetic properties, but an electric current induced by the
temperature difference, which then deflected the magnet, following Ampere’s law. So, this experiment
became the “birthplace” of the TE effect.

Now we know that the Seebeck effect is the electromotive force that develops across two points of
an electrically conducting material, conductor or semiconductor, when there is a temperature difference
between them. To describe it there’s the Seebeck coefficient which is the ratio between the electromotive

force and the temperature difference.

AV
AT

With AT being the difference between the temperatures applied on the edges of the material and

S = (1)

AV representing the respective measured potential difference, the Seebeck Voltage [41]. This value is of
extreme importance when characterizing a TE material.

To explain the atomic behaviour of this effect a simple setup just like the one in Figure 1 is enough.
It is a TE generator, such as the ones describes in the previous chapters, and it is composed of two
materials of different Seebeck coefficients, one p-doped, known as an acceptor because it is lacking in
electrons, so it's positively charged, and one n-doped, known as a donor, which, inversely, has extra
electrons than the original undoped material, creating a negative charge. Both these materials are
connected to a heat source and a heat sink, creating a heat flux between them. This causes the charges
to follow the direction of the heat transfer in both TE materials, generating a voltage along them, creating
a current from the p-type material to the n-type material, and the magnitude of the voltage produced is
proportional to the temperature gradient. On a quick side note, the other configuration in the picture is
one to describe the Peltier effect, which is the inverse of the Seebeck effect, i.e., it is the generation of a
temperature gradient between the junctions of two conducting materials caused by an applied voltage,
and it has the same working principle, but does not deserve much explanation because it is not relevant
for this study.

This simple setup shows the basic working principle of the Seebeck effect on which all TE systems

are based. The physics behind the configuration are always the same, but the parts used to create it
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dictate its efficiency. Apart from charges, cables, decent heat sources and sinks, and other basic elements
depending on the desired application, the materials used in the structure will determine its capacity to

convert heat into electricity. Therefore, these materials must have certain properties to be viable.

Seebeck Peltier
(1821) ’ (1834)

AN s

Active cooling

Heat flow, Q
Heat flow, Q

Heat rejection

Current flow, / Current flow, /
A

Power generation mode Active refrigeration mode

Figure 1: TE generators to exemplify the Seebeck and Peltier effect: Seebeck (left) and Peltier (right).

2.3.4  Important properties of thermoelectric materials

In order to have a good configuration in a TE generator, the following general characteristics are

desirable in a good TE material [42]:

e High Seebeck coefficient, for maximum conversion of heat to electrical power;

e High electrical conductivity, to minimize Joule heating (Joule or resistive heating is the process
by which the passage of an electric current through a conductor produces heat);

e Low thermal conductivity, to retain maximum heat for conversion at the hot junction and avoid

losses down the limbs to the cold sink, preventing thermal conduction through the material.

All these characteristics are combined in the previously mentioned quantity denominated ZT,

which equates all properties above and is given by:
2
Zr==°T 2)

Where T is the operating temperature in Kelvin (K), S is the Seebeck coefficient (V/K), o is the

electrical conductivity (Q*-cm* or S:cm) and k is the thermal conductivity (W-m-K+).
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This important parameter dictates the magnitude of the maximum power conversion efficiency of
performance for TE materials and devices [14].
An alternative type of comparative measurement for TE materials is the Power Factor (PF), usually
measured in W-m-K2:
PF = S?%¢ (3)
Which is a quantifier that does not use thermal conductivity in its calculation, typically used for

comparisons and evaluations where the thermal conductivity can't be determined.
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FOR THIN FILM TECHNOLOGY

Thin film technology has been implemented for over half a century and it has become an intrinsic
part of everyday appliances, both domestic and industrial. They offer different ways of utilizing common
materials, and they have opened several possibilities, both in industrial processes, such as in coatings
for wear or corrosion protection, in energy-related systems, such as solar cells and panels, and even in
day-to-day objects as in coatings for food storage. By applying materials in a thin layer, which can vary
from nanometres to several centimetres, when several layers are applied, the materials showcase
different properties, which often greatly differ from their bulk material form. Furthermore, it unlocks the
way to combinations and intercalations of different materials. These different properties vary within the
same materials as deposition conditions are altered, such as making a thicker or thinner film, or by
changing environment characteristics such as temperature or ambient gases. For instance, by simply
changing the film thickness it's possible to manipulate the optical properties of dielectric films to transmit
or absorb specific wavelengths. This offers a wider spectrum of capabilities to all types of materials, giving
a big focus of interest to this technology in recent years. Furthermore, certain thin films can retain features
from their bulk form, such as electrical properties, but be optically transparent to visible light. This
becomes particularly important when working with conducting materials, making TCO-based applications
possible. Yet, thin film applications depend strongly on the electrical, optical, and physical properties of
the materials chosen. These properties depend, in turn, strongly on the techniques and processes used
to fabricate the films. As previously mentioned, surrounding conditions and settings directly affect the thin
film and its properties. The same deposition tool and technique used, for example, to deposit a clear,
dielectric film with excellent optical properties can, with small changes in the parameters, result in
opaque, metallic films more suitable for electrical conduction than optical applications [43].

Such versatility finds its way into several fields of application. In the 1900s, when this technology
was still in development, it was used in optical applications, such as mirrors for telescopes and then

evolved to modern types of optical coating. It then gained relevance for their physical properties, such as
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hardness and wear resistance, being used in instrument hard coatings and, further down the line, in
microelectronics, for example in automobile parts, and even in normal day-to-day environments, such as
windows in skyscrapers and as metal coatings present inside of bags of potato chips [43]. In more recent
years, thin films have shown potential and have been widely studied for TE applications, making use of
TE materials such as TCOs [44].

The range of materials used in thin film technology is limitless and there are examples of their
application in all types of areas. Probably, the most commonly known are metals like copper (Cu), In and
gallium (Ga) that, together with Si and other dielectric or ceramic materials, are used as semiconductors
and other fundamental parts of electronics and microelectronics. Other metals, namely aluminium (Al),
are applied as optical coatings to make mirrors. Still within the metal category, precious metals are more
and more common in thin film applications. A big example is gold which is used in sensors and
microarrays, or in biomedical applications, where films made of pure gold help to prevent contamination
in sensitive cell cultures. Also, a lot of polymers are used as thin films, for instance, polyaniline are utilized
in OLEDs for displays, and even oxides are ordinary materials in this technology, sometimes used in
batteries or fuel cells [45]. Objectively, the examples of thin films being applied in modern technology are

abundant, and, within these examples, there are also TE materials and applications.

3.1 Inorganic-based thin film thermoelectric materials

Inorganic TE materials found their way into thin film technology due to limitations in their bulk form,
namely their low efficiency and high cost. Furthermore, recent studies found that the low-dimensional
material design improves TE efficiency through more effective phonon scattering, contributing to a
reduced lattice thermal conductivity, and, at the same time, increasing the PF [46]. Thin films and
nanostructures have become popular due to this improvement, and this section will showcase common

examples of fabricated thin films of typical inorganic TE materials and their performance.

3.1.1 Bi-Te-based thin films

Bismuth telluride and its solid solutions are good TE materials whose bulk forms are commonly
used. They possess good TE characteristics, and, in recent years, their TE performance has increased by
doping, more specifically, in thin film technology. In a study that carried out measurements with Bi.Tes

composites dispersed with silver (Ag) nanoparticles, the samples exhibited much lower thermal
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conductivity and higher PF. A maximum ZT value of 0.77 at 475 K from the bulk Bi.Te; dispersed with
2.0 vol% Ag nanoparticles, approximately three times higher than that of the Bi.Te: matrix [47]. This
increase in the bulk’s form parameters goes to show how doping can affect the material’s properties, and
so the researchers found it to be a good study point. There are many examples of doping phenomena to
be beneficial for the TE performance of several materials. A good example is bismuth telluride doped with
lead (Pb) thin films, where the optimization of the carrier concentration significantly increased the Seebeck
coefficient of the Bi.Te: film and reduced the carrier thermal conductivity. For the as-deposited and
annealed films doped with 0.38 at.% Pb, PFs of 2.50 and 2.15 mW-m-Kz are achieved at 473 K,
respectively [48]. Nonetheless, Bi.Tes thin films are still useful when undoped. A recent study was able to
develop flexible Bi.Tes thin films using RF magnetron sputtering and achieving a maximum PF of 1.20
mW-m--K2 [49]. However, even though Bi.Te: is common in TE devices, other materials such as Zn and

Cu and their thin film form have been studied recently due to their lower cost and higher abundance.

3.1.2 Cu-based thin films

Cu-based composites, both in bulk form and thin film, are of great interest to TE technology. Bulk
copper selenide (Cu.Se) has been reported to reach the highest ZT value of 2.4 at 1000 K when mixed
with carbon nanotubes [50]. On the other hand, Cu.Se thin films exhibit lower performance than that of
their bulk form, but they have found relevance due to their flexibility. A flexible TE Cu.Se thin film was
fabricated by a low-cost and scalable spin coating process using ink solution and exhibited a PF of 0.62
mW-m--K2 at 684 K on rigid aluminium oxide (Al.O:) substrate and 0.46 mW-m-K2 at 664 K on flexible
polyimide substrate, being among the highest values reported in all flexible TE films in recent years [51].
Furthermore, flexible and optically transparent copper iodide (Cul) thin films were assembled by reactive

sputtering and achieved a ZT of 0.21 at 300 K, potentializing TCO technology [52].

3.1.3 Cobalt oxide-based thin films

There are several cobalt oxide composites, which largely vary in their formula, and there are many
examples of their utility in TE technology. NaCo:0. single crystal thin films showed a Seebeck coefficient
of 100 pV-K* in the in-plane direction, and CasCo.0s was found and presented a satisfactory thermopower
performance, with a Seebeck coefficient of 125 pV-K+, with an electrical resistivity of 10 to 40 m{-cm,
both at room temperature [53,54]. In more recent years, a flexible nanostructured CasCo.Os thin film was

developed, showing a PF above 1 mW-m*-K2, and its flexibility made it bendable without any deterioration
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of the TE performance [55]. When introducing nanoporous structures into CasC0.0s thin films, the TE
performance improved due to the selectively scattering phonons, and this porosity can be controlled,
determining the TE properties of the respective film. The lowest electrical resistivity found was around 7
m{-cm yielding a PF of 2.32 mW-m*.K2, near room temperature [56]. Furthermore, these films are
transferable from the primary substrates to other arbitrary polymer platforms by simple dry transfer,

which opens an opportunity for wearable applications.

3.14 Titanium oxide-based thin films

Titanium dioxide (TiO:) is a material of particular interest and has been extensively investigated
due to its optical and electronic properties and good stability in the adverse environment, which makes it
a very versatile material [57,58]. Even though work has been done in improving this material’s electrical
conductivity, it is still necessary to reduce the thermal conductivity to effectively create a competitive TE
material. Doping appears to be the best solution to ultimately reach a high ZT and PF, but the optical
properties of the film are strongly dependent on the dopant. Recent studies in TiO. doped with niobium
showed promising results as n-type films with a thickness of 120-300 nm and maximum average optical
transmittance in the visible range of 73% reached a maximum TE PF of 60 uW-m*-K2 and ZT of 0.014,
due to a reduced thermal conductivity of 1.5 W-m-K* [59]. In a similar study, niobium-doped reached a
maximum PF and ZT of 0.5 mW-m-K2 and 0.18 at a temperature of 300 K, respectively, for a 150 nm
thick film, yielding a thermal conductivity of 1.3 W-m*-K* [60]. The modifications to the optical, electric,
thermal and TE properties of the thin films enable their suitability for applications as transparent

electrodes in photovoltaic systems and touch displays, amongst other devices [59].

3.2 Organic-based thin film thermoelectric materials

Organic polymers inherently possess a low thermal conductivity, which gives them a significant
advantage over conventional TE materials [61]. Additionally, they can be flexible and lightweight, contrary
to other examples. Today's TE materials of choice for low-temperature energy conversion are bismuth
antimony telluride alloys, elements that have a low natural abundance and some level of toxicity, making
them expensive, which limits the widespread use of TE installations for waste heat recovery. This opened
space for widely available, although less efficient, organic TE materials to become the subject of interest

to the scientific community. These materials bring possibilities for mass production at low cost and are
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solution-processable [62]. However, most polymers suffer from poor efficiency, requiring suitable doping
agents to improve their TE performance. Therefore, numerous doped polymers have been researched for

their TE properties and are commonly used, with the next section resuming some examples.

3.2.1 Polyacetylene-based thin films

Polyacetylene is a common organic polymer with high electrical conductivity but is unstable in
the atmosphere, which is a fatal flaw in its application. Nonetheless, developments and studies with this
polymer have been carried out and found that doping polyacetylene can increase its electrical
conductivity, from 3x10: S-cm* in un-doped polyacetylene to 10x10: S-cm in iodine-doped polyacetylene
[63]. Other tested dopants, such as metal chlorides like iron(lll) chloride (FeCls), molybdenum(lll) chloride
(MoCls), niobium(lll) chloride (NbCls), and zirconium(lV) chloride (ZrCl:), which were doped with
polyacetylene and their properties were measured. As a result, the FeCl-doped polyacetylene film
exhibited the highest value for electrical conductivity of approximately 30x10: S-cm, which is still an

increase compared to the previous example [64].

3.2.2 Polyaniline-based thin films

Polyaniline is a flexible well-known polymer that gain significance when its high electrical
conductivity was verified. Furthermore, unlike polyacetylene, the electrically conducting emerald salt form
of polyaniline is air-stable and can be produced on large scale at a low cost due to its easy synthesis and
processing [65,66]. This polymer becomes interesting when doped with different elements, such as when
combined with camphor sulfonic acid (CSA), where it showed good electrical conductivity between 10
and 300 K. The ideal doping level was 60% where the electrical conductivity reached its peak of 583
S-cm [67]. Analogously to polyacetylene, polyaniline can't compete with inorganic TE materials when it
comes to TE properties such as PF and thermal and electrical conductivity, but it can reach decent values

and bring along advantages such as price, ease of production and flexibility.

3.2.3 Polypyrrole-based thin films

Polypyrrole (PPy) is a relevant polymer because it shows higher conductivity than the examples
previously mentioned. In a series of PPy samples synthesized using different methods, using different
dopants and relating different temperatures, the highest conductivity, 340 S-cm, was obtained for PPy

doped with hexafluorophosphate [68]. In a more recent study, PPy films have been prepared by an
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electrochemical method, and their TE properties were measured. The electrical conductivity peaked at
160 S-cm, but in that same instance, the Seebeck coefficient hit its lowest value of 6.7 uV-K+, dropping

from 51.0 pV-K+, where the electrical conductivity was 15 S-cm [69].

3.24 Polythiophene-based thin films

Polythiophene is yet another conducting polymer used in several electronic devices, such as
diodes and biosensors. Polythiophene nanofilms showed to have decent TE capabilities, showcasing an
electric conductivity of 47 S-cm?, a Seebeck coefficient of 130 uV-K+, and reaching a ZT of 0.029 at 250
K, higher than that of many other conducting polymers [70]. Although this does not surpass the TE
capabilities of other types of materials, it gives grounds for a theoretical route of study for these types of

polymers.

3.2.5 Poly(3,4-ethylenedioxythiophene)-based thin films

Poly(3,4-ethylenedioxythiophene) (PEDOT) also possesses conducting capabilities, but it has the
added benefit of being optically transparent in its conducting state. In nanofilm form, it has shown electric
conductivity of 73 S-cm* and a Seebeck coefficient of 76 pV-K*, culminating in a ZT of 0.031 at 250 K,
which is also higher than that of many other conducting polymers [70]. In a different study, poly(3,4-
ethylenedioxythiophene) was combined with poly(styrenesulfonate) (PEDOT:PSS) and the TE properties
were tuned utilizing two different methods, by adding dimethyl sulfoxide (DMSQO) into the PEDOT:PSS
solution, and with posttreatment of thin films with a mixture of DMSO and ionic liquid, 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMBF.). The addition of DMSO to PEDOT:PSS solution improves
the electrical conductivity with a concomitant minor reduction of the Seebeck coefficient. Nonetheless,
the DMSO post-treatment shows to be more effective in improving the electrical conductivity with a trivial
change in the Seebeck coefficient. The PF is increased up to 30.1 mW-m--K= for the film with DMSO
posttreatment, while the optimized PF by DMSO addition is 18.2 mW-m--K2. When EMIMBF. is applied,
an optimized PF of 38.46 mW-m--K2 is achieved, which is the highest reported so far for PEDOT:PSS thin
films, with a corresponding ZT of 0.068 at 300 K. This demonstrates potential in post-treatment of
PEDQT:PSS for the enhancement of its TE performance.
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3.3 Inorganic-Organic based thin film thermoelectric materials

Conducting polymer thin films have great properties such as low density, low thermal conductivity,
good electrical conductivity, and provide easy synthesis at a low cost, but they can't compete with
inorganic TE materials due to their limitations in electrical conductivity and ZT value, therefore, it has not
been feasible to apply these materials alongside TE generators. The combination of inorganic materials
and organic polymers searches to take advantage of both benefits from these two types of materials and

presents significant potential for producing relatively low-cost and high-performance TE materials [71].

3.3.1 Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are a relatively new class of porous, crystalline materials with
a broad range of applications. MOFs are composed of metal ions or clusters, which act as the joints,
bound by multidirectional organic ligands, which act as linkers in the network structure. These networks
go from one to three dimensions forming periodic structures. The joints and linkers assemble in such a
way that regular arrays are formed resulting in robust, and often porous materials. MOFs are the highest
reported surface area materials known, and most porous MOFs reported to date are microporous,
therefore they have pore diameters of less than 2 nm, however, there have been a limited number of
recent examples of demonstrated mesoporous MOFs, which means they can have pores with diameters
reaching 50 nm. Besides much greater internal surface areas, MOFs offer significant advantages, when
compared with materials of similar properties such as zeolites, in the prospect of predictable alteration
of organic units to provide tailored materials for given applications. For example, the length of the organic
linker often defines the size of the resulting pores of a given material. Furthermore, the functionalization
of the organic unit can provide predictably functionalized pores [72]. Nevertheless, even though MOFs
provide significant advantages, such as high surface area, high degree of porosity, intrinsically tunable
chemical structure, flexible architecture, and multifunctional properties, the practical use of these novel
materials has been restricted due to certain drawbacks including high fabrication costs, poor selectivity,
low capacity, and difficulties in recycling/regeneration [73].

When it comes to TE applications, MOFs have been a point of interest since their electrical
conductivity and potential for conductive opportunities have been reported [74]. A recent example of a
successful conducting MOF was the composite of Cu with benzene tricarboxylate (BTC) of Cus(BTC). and
the guest molecule TCNQ (tetracyanoquinodimethane), which, when added, can increase the MOFs'

electrical conductivity. That fact was verified and a Seebeck coefficient of 375 uV-K* at room temperature
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was measured. This value is comparable to that of the best organic materials and exceeds that of bulk
Bi.Tes, but even though the electrical conductivity increases with temperature it is still much lower than
the conductivity of the materials referred before, therefore the TE properties of this composite are much
lower than the best organic and inorganic materials [75]. Having said that, this still proves the potential
of MOFs in energy-related technology. Other examples of conductive MOF materials are gradually
emerging in many fields and exhibit outstanding performances, and although the field of electrical
conductivity has not yet become the prime focus of research for MOFs, it has witnessed tremendous
growth in the past ten years and various MOFs with high charge mobility and electrical conductivity have

been successfully constructed [76].

3.3.2 Carbon Nanotubes

Simply put, carbon nanotubes (CNTs) are tubes made of carbon with diameters typically
measured in nanometres. They can be divided into two categories: CNTs in which the wall structure
consists of a single graphite sheet closed in a tubular shape are called single-walled carbon nanotubes
(SWCNT), while those consisting of a plurality of graphite sheets each closed into a tubular shape and
nested one within the other are called multi-walled carbon nanotubes (MWCNT) [77]. Like their building
block graphene, CNTs' chemical bonds are strong, and when this cylindrical structure is formed, the
nanotubes natural tendency to stick together, due to their Van der Waals forces, which provides the
opportunity to develop ultra-high strength, low-weight materials that possess highly conductive electrical
and thermal properties. With stiffness compared to diamonds and strength larger than steel, CNTs are
commonly used in industrial and mechanical environments, but the added properties of very low weight
and thermal and electrical properties make it a very interesting possibility for TE applications. They have
gained significant interest mostly due to their remarkable electrical properties and low cost, and they have
been used in many diverse implementations, such as enhancing the TE properties of TE material, for
instance, organic materials like polyaniline [78,79], or in energy storage materials [80-82]. When it
comes to thin film TE applications, CNT’s electrical properties can achieve values that compete with some
of the materials from this chapter. A good example is an excellent n-type and p-type SWCNTs network
film which showed very good PF values, large enough to compete with the best flexible TE materials,
respectively 1.5 mW-m*-Kzand 1.8 mW-m--Kz, and with a long working lifespan up to three months [83].
In other examples of CNT in organic TE materials, such as the ones referenced above, SWCNTs-

polyaniline composite films were developed and reached a PF of 217 mW-m*-K2, at room temperature,
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and showed a good electric generation ability and stability. When assembled in a TE module, it was able
to generate 10.4 mW-m-K2 of power efficiency, which is superior to most reported results obtained in
organic TE modules [84]. CNTs are a good enhancer of TE materials but their usage is still reduced,
nevertheless, their potential is worth the research, not just for TE applications but also for many other

fields and technologies.

3.4 Superlattices

All the different types of materials mentioned above have different types of advantages, such as
improved PF, better performance at room temperature, easy fabrication and low cost, flexibility, etc.,
thus, sometimes, these benefits come coupled with disadvantages that tend to be the exact opposite of
the advantages of other materials, such as low electrical conductivity, toxicity, high cost, difficult
production, and many more. Therefore, some approaches, similar in concept to the inorganic-organic
composites, try to take advantage of combining materials and uniting their advantages while overlapping
their limitations.

One good and common example of these approaches in thin film technology is superlattices.
Simply put, a superlattice is a periodic structure of layers of two, or more, thin film materials. They were
first discovered by Johansson and Linde in 1925 [85] and, since then, a lot of research around them was
done, boosted by the interest in their mechanical properties, which offered more resistant structures and
mechanical hardness. But the enhancement of properties wasn't restricted to mechanical properties,
quickly, the benefits of superlattices structures in semiconductors structures became apparent. When
two different semiconductors with different band gaps are layered successively, it influences the flow of
charges and manipulates electrical and thermal properties. This also gave ground to effects such as
guantum confinement and quantum wells and dots, which are phenomena that are now useful in modern-
day semiconductor structures and technology.

In thermoelectricity exist several common strategies for modulating thin films and their properties,
scilicet orientation regulation, magnetic manipulation, strain engineering, formation of two-dimensional
(2D) electron gas systems, and superlattices. The latter is relevant for this paper as it utilizes similar
systems to be produced and takes advantage of similar properties for the enhancement of raw materials.
It's the most advanced and commonly employed of all the strategies referred and it can take advantage
of all the material mentioned in this chapter. The most conventional ones are inorganic materials, such

as PbTe, Bi.Te;, etc.
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PbTe-based superlattices are well-researched and common, mostly because this was the first time
that the quantum-well effect was verified experimentally, and it increased the ZT [86]. In another study,
PbTe/Te superlattices were fabricated and were able to increase the value of ZT at 300 K of bulk PbTe,
from 0.37 to 0.52, via scattering mechanisms for the Seebeck coefficient manipulation with the
introduction of the Te layers [87]. With the introduction of quantum dots (QD), a further higher ZT of
approximately 0.9 was achieved in a PbTe/PbSeussTeo: Superlattice [88], but this wouldn't be the final
value delivered. Through Bi-doping and Na-doping, the PbTe/PbSeTe quantum dot superlattices (QDSP)
showed n-type and p-type conduction behaviour and the n-type QDSP presented an impressive ZT of
approximately 1.6 at 300 K and 3 at 550 K, while the p-type superlattice presented an, also remarkable,
ZT of 1.1 at 300 K [89]. Despite these impressive results, some data turned out to be unreliable due to
inaccurate carrier concentration measurement instead of confinement effect. The re-evaluation of the
results showed a 25% and 35% decrease in the mobility of the n-type and p-type PbTe/PbSe
nanostructure, respectively. Although this causes a diminish in the PF, the Seebeck coefficient maintained
its value for both samples, and the significant decrease of lattice thermal conductivity ensures a higher
ZT for these samples when compared to bulk PbTe [90]. Since then, the interest in PbTe-based
superlattices decreased significantly, mostly due to the discovery of better solutions.

Bi-Te composites are also a big part of superlattice technology. Intending to develop a good TE
generator, a system based in a Bi.Tes/Sb.Te: superlattice reached a ZT value of approximately 2.4 along
the cross-plane direction at room temperature, through control of the transport of phonons and electrons
in the superlattices, which represents a much greater value than the one’s found in the bulk material.
This ZT value surpasses the value of 1.5 at 300 K of the Bi.Tes/Bi:.Te:s:Seo:; superlattice because of the
intermixing at the interface, which causes phonon interference to lower, resulting in a higher thermal
conductivity [91]. Although a 2.4 ZT value is splendid, it was achieved using metalorganic chemical
vapour deposition (MOCVD) which, even though it allows a good and controlled deposition of complex
materials such as these, utilizes precursors very hazardous and toxic and it generates exhaust equally
toxic, making it a non-ideal deposition method for common applications. In addition, the difficulty of
replicating this value with other deposition methods becomes a hindrance because common, safer, and
low-cost techniques, such as physical and chemical deposition processes, cannot replicate such values.

Silicon-germanium (SiGe) is an alloy commonly used in modern electronics, such as transistors
and solar cells, as a semiconductor material. It is somewhat sustainable and easy to be processed and
has been commonly applied in radioisotope TE generators, being mostly used as a TE material for high-

temperature applications, typically higher than 1000 K. In its bulk form, it has presented an optimized
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value for ZT of 1.3 at about 1173 K, for the n-type [92], while the p-type showed a ZT of 0.95 for the
same temperature [93]. Contrarily to others, SiGe-based superlattices have achieved a considerable
decrease in thermal conductivity. Whether it was Si/Ge [94], Si/SiGe [95], Ge/SiGe [96] or SiGe/SiGe
[97], all superlattices developed with this compound showed lower thermal conductivity than bulk
materials, implying great potential in practical applications. In terms of electrical properties, fewer
investigations have been performed, mostly due to difficulties in measurement. Even so, the creation of
Si/Ge QDSL results in improved mobility, greatly reduced thermal conductivity and increased ZT value by
several orders, culminating in a promising TE structure [94]. Similarly, the introduction of doping and
nanostructures in the other types of superlattices enhances the TE performance, but the lack of electrical
studies and mostly the high-temperature working conditions limit their implementation.

As a representative of antimonide-based superlattices, GaSb/InAs superlattices are widely used as
a cooling material in infrared detectors due to their excellent Seebeck coefficient at low temperatures
[98]. However, the investigations on the electric properties of these superlattices are scarce and therefore,
there are no experimental results of ZT values reported. Nonetheless, this structure shows good thermal
performance, hence its common presence in cooling systems, with values of thermal conductivity ranging
from 1 W-m.K* to 8 W-m-K* from 13 to 300 K [98]. Even though this represents a good solution, the
lack of abundant material and difficulties in deposition limits interest in these superlattices, resulting in
insufficient research.

In a nutshell, superlattices go hand in hand with other types of structures in the way they try to
take advantage of the material’s inert properties to develop an efficient TE structure. Some examples
were presented for all ranges of temperatures, antimonides type Il superlattices such as GaSb/InAs are
suitable for low temperatures, Bi.Te:/Sb.Te; superlattice equipment ought to be used at room
temperature, PbTe/PbSeTe structures work well in a medium-high temperature environment and Si/Ge

superlattices are useful in high-temperature TE devices.
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Zinc oxide (Zn0) is a well-known inorganic compound quite common in modern electronics, mostly
due to its abundance and versatility. It has a direct band gap, and it crystallizes in the hexagonal wurtzite
structure, displaying an intrinsic n-type conductivity. Furthermore, added to the possible conductivity
characteristics, the optical properties of ZnO make it a viable solution for TCO technology, but its naturally
high electrical resistivity is a constraint that is usually countered by doping. Most common dopants are
elements from the third group, but controlling the conductivity remains a major issue because even small
concentrations of impurities can affect the electrical and optical properties of semiconductors.
Nonetheless, due to its unique and fascinating features, ZnO is considered an appropriate substitute for
gallium nitride (GaN) in several types of applications, and it has the possibility of targeting others such as

TE technology.

4.1 Relevant properties and applications

41.1 Crystal structure and lattice parameters

Like some other of the group-Il-VlI binary compound semiconductors, ZnO crystallizes in a
hexagonal wurtzite structure, where each anion is surrounded by four cations at the corners of a
tetrahedron, and vice versa. Although at ambient conditions, the thermodynamically stable phase is
wurtzite, a cubic zinc-blende ZnO structure can be stabilized by growth on cubic substrates, and a rocksalt
structure may be obtained at relatively high pressures. The wurtzite structure’s unit cell is characterized
by two lattice parameters, a and ¢, respecting the ¢/a = 1.633 ratio. For the ZnO structure at room
temperature, experimental measurements were performed, and the lattice constants mostly range from
3.2475 10 3.2501 A for the aparameter and from 5.2042 to 5.2075 A for the cparameter [99]. The ¢/a
ratio varied in a slightly wider range from 1.593 to 1.6035.
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Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)
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Figure 2: Stick and ball representative of ZnO Crystal structures: (a) cubic rocksalt (B1), (b) zinc blende (B3), and (c) hexagonal wurtzite
(B4). The shaded grey and black spheres denote Zn and O atoms, respectively.

4.1.2 Thermal properties

The lattice parameters of semiconductors are temperature dependent and quantified by thermal-
expansion coefficients, and they increase with the increase in temperature. Thermal conductivity, which
is a kinetic property determined by the contributions from the vibrational, rotational, and electronic
degrees of freedom, is an extremely important material property when high-power/high-temperature
electronic and optoelectronic devices are considered [99]. Furthermore, it is a crucial characteristic for
TE applications, and it can compromise the viability of this material’s usage. Heat transport is associated
with phonon-phonon scattering, and therefore it is directly affected by defects, such as vacancies or
impurities. Here lies a solution to decrease the thermal conductivity by doping if the application requires
it. The overall thermal conductivity generally decreases with increasing carrier concentration, because the
decrease in the lattice component of the thermal conductivity due to increased phonon scattering from
both the impurities and free electrons outweighs the increase in the electronic contribution to the thermal
conductivity. Bulk ZnO presents high thermal conductivity and studies found that there’s a direct relation
to surface roughness, more specifically that higher roughness tends to result in lower thermal
conductivity, so different points of the same surface and different surface treatments showed different
results for thermal conductivity, with relevant differences [99]. Because the conductivity of ZnQO thin films
is very sensitive to the exposure of the surface to various gases, there have been instances where this
was used to produce cheap sensors, making ZnO suitable for gas sensing technology [100].

Although the high thermal conductivity of ZnO is not advantageous to TE technology, it makes it
useful as an additive in specific areas, for example, it is added to rubber for tires to handle the heat

generated by the friction of motion, as a high thermal conductivity means high efficiency of heat removal
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during operation [101]. But, when it comes to applications in electronics, although it can be useful in
heat dissipation, high thermal conductivity can be an obstacle for TE devices.

In any case, a recent study showed that a monolayer of ZnO has a significantly lower thermal
conductivity that the bulk form, specifically of 4.5 W-m-K?, where the phonon transport is affected by the
monolayered structure and causes its decrease [102]. For TE applications, it is still necessary to decrease
this value and the main solution tends to be doping, but the choice of dopant must not negatively affect

other properties, such as optical and electrical, or the material will not be viable for TCO applications.

4.1.3 Electrical properties

As a direct and large band gap material, ZnO is attracting a lot of attention for a variety of electronic
and optoelectronic applications, because the large band gap comes with advantages associated including
higher breakdown voltages, the ability to sustain large electric fields, lower noise generation, and high-
temperature and high-power operation [99].

Although ZnO shows an intrinsic n-type conductivity, in recent years, it has become a target of
interest due to its semiconductor properties as researchers try to control the unintentional n-type
conductivity and achieve p-type conductivity [101]. This would mean that ZnO could achieve good values
of electrical conductivity and be used in TE applications. But, once again, in its natural form, ZnO does
not possess good enough electrical properties to rival other semiconductors. Nonetheless, the doping

solution can increase its value and produce a decent material for TE devices.

414 Optical properties

Zn0 shows a direct and wide band gap of 3.44 eV at low temperatures and 3.37 eV at room
temperature [103]. This enables applications in optoelectronics in the blue/UV region, including light-
emitting diodes, laser diodes and photodetectors [99,101,104]. Furthermore, this allowed for optically
pumped lasing to be reported in ZnO, with some examples in thin films and platelets [105,106]. One
particularly interesting feature is the high exciton binding energy, which, at 60 meV, should ensure that
excitonic emission mechanisms are significant at temperatures well above room temperature. This, in
turn, offers the prospect of practical lasers with low thresholds even at high temperatures [105]. Also,
Zn0 exhibits luminescence in the visible region, more specifically the green band, manifesting peaks at
around 500-530 nm, but the cause of this is still a controversial topic. One explanation emerges

from oxygen vacancies [99], but other justifications have been considered. Still, this particular
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characteristic can be useful, for example, in vacuum fluorescent and field emission displays [101] and,
additionally, the luminescence can be tuned to other colour bands by doping [99].

Zn0 crystals and, in particular, thin films exhibit second and third-order non-linear optical
behaviour, suitable for non-linear optical devices. The linear and non-linear optical properties of ZnO
depend on the crystallinity of the samples. ZnO films grown by laser deposition, reactive sputtering and
spray pyrolysis show strong second-order non-linear response [101].

Summarizing, ZnO shows great potential and is commonly used in optoelectronic devices due to
all kinds of advantages, from luminescence to laser phenomena, and has the added benefit of being able

to retain transparency in thin film form, making it a suitable solution for TCO development.

415 Mechanical properties

The mechanical properties of materials conjugate several concepts, like hardness, stiffness,
piezoelectric constants, yield strength, etc. In terms of hardness, ZnO is usually at the centre of the Mohs'
scale, with around 5.0 GPa, and it is not the material that stands out the most because of this lack of
strength and hardness [99]. Its stiffness accompanies this trend, as it is not a material that has the best
stiffness, but it does not show flexibility.

On the other hand, the low symmetry of the wurtzite crystal structure combined with a large
electromechanical coupling in ZnO gives rise to strong piezoelectric and pyroelectric properties [101].
There are many examples of piezoelectric ZnO films with uniform thickness and orientation that have
been grown in a variety of substrates through different deposition techniques, with sputtering being the
most ordinary and efficient one [107-109], but other examples like chemical deposition are also prevalent
[110]. The piezoelectric properties of ZnO are used in many types of applications, but generally, they're

applied in modern electronics as sensors, transducers and actuators.

4.1.6 Growth and substrates

Due to these characteristics, the growth of ZnO thin films has been extensively studied for many
types of devices on various kinds of substrates, such as glass, sapphire, and diamond [99]. It's a very
versatile material when it comes to deposition as it is often deposited by several different techniques,
namely pulsed laser deposition (PLD) [111], molecular beam epitaxy (MBE) [112,113], atomic layer
deposition (ALD) [114], chemical vapour deposition (CVD), sol-gel synthesis [115], spray pyrolysis [116],

and physical vapour deposition (sputtering), but earliest reports utilized magnetron sputtering [117,118]
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and CVD [119,120]. Throughout the evolution of techniques and studies on ZnO, sputtering remained
the most commonly used technique for ZnO thin film growth due to low cost, simplicity, and low operating

temperature [99].

4.2 Doping of ZnO

Aiming to fully control and take advantage of ZnO’s promising properties, researchers resorted to
doping to effectively produce both high-quality n-type and p-type ZnO. Attaining proper doping and
enhancing its properties is indispensable for making ZnO a suitable solution in optoelectronic device
applications, including TE applications. However, several difficulties in both doping types created different
setbacks for this material's implementation.

Usually, n-type doping of ZnO is relatively easy compared to p-type doping, because ZnQO is naturally
an n-type semiconductor. Group-lll elements, like Al and Ga, can act as substitutional elements for Zn
and group-VIl elements, like chlorine (Cl) and iodine (I), can serve as substitutional elements for oxygen
(0) and be used as n-type dopants. Doping with Al, Ga, and In has been attempted and achieved by many
groups, resulting in high-quality, highly conductive n-type ZnO films [99] , and these elements have been
tested to create materials for TE applications. Al is a cheap, abundant and non-toxic material [121], and
aluminium-doped zinc oxide (AZ0) has been commonly researched for several practical applications, such
as transparent electrodes, where it was crucial in achieving low electrical resistivity and high optical
transmittance. Transparent and conductive ZnO:Al thin films were deposited by pulsed direct current (DC)
magnetron sputtering and it was shown that a lower argon (Ar) pressure leads to lower film electrical
resistivity. Additionally, post-treatment of hydrogen plasma proved to be very efficient in enhancing the
electrical properties of these films, achieving an electrical resistivity of 1.2 m{) - cm and a transmittance
of approximately 80% in the visible region for a film with 200 nm of thickness. In terms of TE properties,
the study also showed a maximum PF of 7.27 x102 mW-m*-K2 at 350 K [122]. But the maximum power
output of Al-doped Zn0 is 2.3 nW, for a temperature gradient of 20 K near room temperature yielding a
ZT of above 0.1, which is much higher than other ZT values found before the study, at least for room
temperature [123]. A more recent examination showed that nanostructured AZO could reach a ZT value
up to 0.44 at 1000 K, making it 50% larger than the non-structured counterpart [124]. Finally, Al-doping
even went beyond the hard substrates and thin films were deposited on a flexible substrate, where an n-
type AZO and p-type Zn-Sb-based thin film TE generator reached a power of 246.3 pW when the

temperature difference is 180 K [125]. As shown by these examples, Al is typically the most versatile and
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common choice among group-lll elements for n-type doping of ZnO, but Ga and In are decent rivals for
the same purpose. Gallium-doped zinc oxide (GZO) films grown by CVD reported resistivities as low as
0.12 mQ-cm and proved that the increase in doping levels would not affect the film's optical transmittance
[126]. More recently, a study produced GZO films which could achieve a PF up to 1.4 mW-m*-K= at 850
K, and a TE generator module using GZO was fabricated to attain a maximum power output of 230 nW
at AT = 138 K [127]. Similarly, in a study of Indium-doped zinc oxide (IZ0), an optical transmittance in
the order of 80% was obtained for all films fabricated, and the lowest resistivity value was 0.045 Q-m
[128]. Summarizing, n-type doping with third-group elements potentializes ZnO thin films for TE and TCO
applications, as the electrical resistivity can be decreased with finetuned doping without compromising
the transparency of the film and, in some cases, it can produce a decent ZT value, making it possibly
useful for practical applications.

P-type is not as straightforward as n-type doping because it is very difficult to obtain p-type doping
in wide band gap semiconductors and these difficulties can arise from numerous causes. Dopants may
be compensated by low-energy native defects, or it can be due to low solubility of the dopant in the host
material, or even deep impurity levels can also represent a source of the doping problem, causing
significant resistance to the formation of shallow acceptor level [99]. Known acceptors in ZnO include
group-lA elements such as lithium (Li), Na, and potassium (K), or group-IB elements like Cu, and Ag, and
group-V elements such as nitrogen (N), phosphorus (P), and arsenic (As). However, many of these
elements form deep acceptors and do not contribute significantly to p-type conduction. Group-V elements
have been catalogued as the most promising dopants for p-type ZnO, although theory suggests some
difficulty in achieving shallow acceptor levels [129]. With doping with elements from group-, it is intended
to substitute these elements for Zn sites and, when doping with group-V elements, it is expected that they
occupy the O sites. However, group-l elements tend to occupy the interstitial sites rather than
substitutional sites, in part mitigated by their small atomic radii, and, therefore, act mainly as donors
instead [99]. Additionally, some elements from this group, like Na and K, have significantly larger bond
lengths than the ideal Zn-O bond length, inducing lattice strain, increasingly forming native defects such
as vacancies which compensate the very dopants, making it counterproductive. Similarly, some elements
of group-V have the same effect, possessing larger bond lengths. A study on the effect of bismuth (Bi)
doping in the structure of ZnO concluded that the large Bi* ions do not enter the ZnO lattice and are
instead likely located in the disordered environment at the ZnO grain boundaries. This conclusion also
explained why, in a previous related study, Bi-doping resulted in a decrease of the Seebeck coefficient

despite a decrease in electrical resistivity [130], effectively showing that sometimes doping negatively
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4.2 Doping of ZnO

affects the TE performance of ZnO. Nevertheless, other elements of group-V have been extensively studied
because they can achieve p-type doping, by effectively infiltrating the ZnO lattice, namely nitrogen (N).
Many studies focused on N-doped ZnO films have successfully achieved p-type doping with high nitrogen
concentrations and decent values for hole concentration, mobility and resistivity, through a big variety of
deposition methods [131-137]. Some of these corroborated that, Zn-poor samples are generally of p-
type because the combination of a high concentration of zinc vacancies plus the insertion of nitrogen and
the coexistence of oxide and peroxide groups can lead to the stabilization of positive charge carriers.
Furthermore, since the substituting nitrogen is not shallow, the researchers suggest that zinc vacancies
play a crucial role in the p-type nature of the material. Additionally, undesired forms of nitrogen will
critically reduce the efficiency of nitrogen doping and compensate for the acceptors, so the compensation
must be greatly suppressed for high-quality p-type conduction to be achieved [138]. Consequently, some
groups transferred their efforts from thin films to nanostructures, producing several structures such as
nanoparticles and nanowires, and the results show that these structures can accommodate for an easier-
to-achieve p-type conduction in ZnO doping. However, the relatively high resistivity and low hole mobility
have not been substantially improved [138]. Even though N has been one of the most popular materials
for p-type doping of ZnO, it has not shown promising results for the development of a good TCO for TE
applications. Other group-V elements have been studied, and a promising, yet also commonly researched

element with good potential is Antimony (Sb).

42.1 Antimony-doped Zinc Oxide

Antimony-doped zinc oxide (SZO) is a possibly good solution for achieving p-type conduction in ZnO
thin films. Contrarily other counterparts, like Bi, when Sb is used in ZnO doping, it can infiltrate the lattice
structure, although, due to the large radius of its ions, unlike N-doping, it tends to occupy de Zn sites
[138]. Either way, Sb has been used to achieve p-type conductivity and to produce transparent and
conducting films with decent TE properties.

Table 1 resumes most of the recent studies performed on SZ0 regarding electrical conductivity
and TE properties. It is proven that Sb allows for achieving p-type conductivity, both in thin film technology
and nanostructuring, with decent electrical properties, namely mobility, carrier concentration and
resistivity. Nevertheless, the lack of study of the TE and optical properties of SZO becomes apparent and
its possible use for TCO technology remains vaguely unanswered, as only recent studies focused on the

Seebeck coefficient and PF and didn’t obtain the most promising results. The focus of this paper is to fill
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4. Zinc Oxide

that vacant space in research and perform a full analysis of the optical, electrical and TE properties of

SZ0.

Table 1: Resume of the recent studies performed on SZO and their respective properties.

Seebeck Carrier
T it Mobili s
Methods '(:/"sl:'vi:; ¢ (cm‘: /'V't_ys) n(;s.s;:;y Coefficient z"v";‘;":’?‘z’)’ c ation  Conductivity  "P°  Year  REF
’ (WV'/K) W (em™3) type
Electron-Cyclotron-
Res;nanze MR;E 200 02 - - 17 x 10 ptype film 2005 [139]
PLD - 1.23 3 - - 23 %108 ptype film 2007 [140]
RF Magnetron
Spuﬂgering 200 %107 0.042 - - 7% 102 pype film 2010 [141]
Spray Pyrolysis 75 54.05 0.185 - - 6.25 X 1017 pype film 2015 [142]
Oxidative 20 y
Evaporation 2944 0.05 - 46.79 2.25x 10 pype film 2018 [143]
Sol-gel and 207
hydrothermal . 1922 x 10* By . : 0.16 x 10%° plype fano 2019 [144]
methods structure
DC Magnetron
Spuﬂgering 82 : - ~—160 406 - nype film 2022 [145]
Magnet.ron . . > 100 56 02 -~ 1025 n-type and p- fim 2023 [146]
Sputtering type
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9. EXPERIMENTAL DETAILS

5.1 Film production

Undoped Zn0O and SZ0 thin films were prepared by a custom-made magnetron sputtering system
conceived at the Centre of Physics of the University of Minho (see Figure A.1 for the setup's schematic).
A confocal geometry was associated with two circular magnetrons, each with a diameter of 10 cm. One
was a target of ZnO with 99.99% purity fabricated by FHR Anlagenbau GmbH (Germany), and the other
was an Sb target also with 99.99% purity fabricated by Photon Export. A series of depositions were
executed but, before each one, the chamber was evacuated with a primary rotary pump and a turbo
molecular pump to achieve a base pressure of around 10+ Pa. The films were deposited on 76 x 26 x 1
mm: glass substrates from Normax Lda (Portugal) and four 10 x 10 x 0.5 mm: Si substrates, cut from
P/B doped Si-wafer <1002, from Siegert Wafers GmbH (Germany), following the schematic in Figure A.2.
Before assembling the substrates inside the chamber, they were cleaned with isopropyl alcohol (2-
propanol) and acetone in an ultrasonic bath, both for 15 min, removing contaminants on the surface of
the substrates that may arise during storage and handling, in order maximize the adhesion at the
film/substrate interface. The substrate holders were mounted onto a support controlled by a motor that
operated in continuous rotation during deposition to ensure uniformity. The distance between the targets
and the substrate was kept at 8 cm and the substrate holder was heated before and during depositions.
Research grade Ar with 99.999% purity was used as a working gas to enable plasma formation. Ahead of
every deposition, a 3 min of ion etching at 500 V was performed in an Ar atmosphere at a pressure of
1.6 Pa. This process was used to remove oxides and impurities that possibly accumulated and were
retained on the surface of the substrates, which could create atomic defects in the substrate, enabling
better nucleation of the film during deposition.

The series of depositions started with a dummy deposition of 2 hours for target cleaning (burn) of
the ZnO target, which was new. This was followed by a control deposition where the Sb target had no
current and was covered with an Al sheet to prevent unwanted interactions with the plasma. Then a series
of depositions, of 35 minutes each, were performed where the current applied in the Sb target was

gradually increased with steps of 2 mA, starting from O mA in the first deposition, 1 mA for the second
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5. Experimental Details

and ending with 21 mA. This was the only parameter that suffered variations, as all others were kept the
same between depositions, intending to effectively study how it would change doping levels and how that
change would affect the thin film properties. Already tested deposition parameters used in other studies
in the same setup were followed. Target current density, bias voltage, voltage applied in the ZnO target
and Ar flow were fixed at 10 mA-cm?, - 60 V, 400 V and 40 sccm, respectively, maintaining a working
pressure between 18 and 21 mPa. Optically transparent and conducting films were effectively fabricated,

and their properties were accordingly studied.

5.2 Characterization methods

Throughout this work, several characterization processes were utilized to properly measure the
morphological, electrical, thermal and optical properties of the films. This sub-chapter resumes the

techniques and devices used for the testing.

h.2.1 Electrical properties

An in-depth study of the electrical properties of the ZnO:Sb thin films was carried out based on the
Hall effect. This effect was first discovered by Edwin Hall in 1879 [147], and it is the development of a
transverse electric field in a solid material when it carries an electric current and is placed in a magnetic
field that is perpendicular to the current [148]. This electric field is the product of the force that the
magnetic field exerts on the moving positive or negative particles that constitute the electric current, which
causes a displacement of the moving electric charges, resulting in the accumulation of charge on one
side, leaving the other oppositely charged, creating a difference in potential designated the Hall voltage
(V). With this, it's possible to calculate several electrical properties of interest for this paper, such as
carrier concentration (n), conjugating the applied magnetic field (B), the film thickness (t) and the injected

current (l), as shown in equation 4.

B|-1
n= L (4)
e |Vyl-t
Furthermore, it is then possible to calculate the mobility (1) using equation 5.
1
U= (5)
e'p'n

Utilizing an Ecopia AMP55T HMS-5000 Hall effect measuring system, with a DC four-point probe

apparatus in the Van der Pauw configuration, values for the electrical properties were measured for each
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5.2 Characterization methods

sample of the thin film. These measurements were conducted under atmospheric pressure at room
temperature, with an applied magnetic field of approximately 0.560 T. Ten measurements were
performed for each Si sample of deposition and an average was computed for each of the significant

properties referred above, in an attempt to obtain a more accurate result.

Figure 3: Ecopia AMP55T HMS-5000 Hall effect measuring system for electrical measurements.

5.2.2 Optical properties

Values for optical transmittance and reflectance were acquired through measurements in a
Shimadzu UV-2501PC UV-Vis spectrophotometer. The glass samples were analysed in the 300 to 900
nm wavelength range and the average for each quantity was estimated between 400 and 700 nm for
posterior calculations and analysis. For the transmittance, primarily a baseline was established using two
samples of glass without any film deposited on them. Then one of them was replaced with each sample
that needed to be measured while the other served as a reference. As for the reflectance, a baseline was
defined using two mirrors and, similarly to the transmittance, one of the mirrors was kept as a reference
throughout the measurements while the other was substituted by the samples with the thin film. Finally,
with the transmittance spectra and a custom-made software called Dcalc, the thickness and optical
properties of each sample were calculated. The software utilizes interference patterns to determine the
refractive index of the film and, consequently, its thickness and follows the Swanepoel method to

determine the optical properties, namely absorption index and band gap [149].
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Figure 4: Shimadzu UV-2501PC UV-Vis spectrophotometer for transmittance and reflectance measurements in the Vis/UV range.

5.2.3 Film morphology and composition

Figure 5: FEI NOVA NanoSEM 200 for SEM analysis, EDAX- Pegasus X4M for EDX analysis (top) and Nano-
Observer Atomic Force Microscope for AFM analysis (bottom) [151].

54



5.2 Characterization methods

A study on the morphology and cross-section of the thin films was performed with scanning electron
microscopy (SEM), performed with an FEI NOVA NanoSEM 200. To perform cross-section imaging, the
samples were cut with a diamond tip and fixated in the sample table with double-sided carbon tape.

Atomic force microscopy (AFM) was also used to study the surface properties of the film, namely
roughness, on a Nano-Observer Atomic Force Microscope. Several measures of specific samples were
taken and, for each sample, two different measurements in two different zones of the film, typically one
near the centre and one near the edge were determined. A mean of both values was performed afterwards
for a more accurate evaluation.

The surface chemistry of the produced ZnO:Sb films was studied with an XPS spectrometer (Kratos
Axis-Supra instrument, at 3Bs Group, University of Minho) equipped with a monochromatic Al-Ka X-ray
radiation source (1486.6 eV) operated at an X-ray power of 225 W. The photoelectron spectra were
collected at the take-off angle of 90° with the sample surface by means of a hemispherical electron energy
analyser operated in the constant analyser energy lens mode (CAE). The pass energy of 160 eV and 40
eV was used for the survey and high-resolution spectra, respectively. The binding energy was referenced
by setting the binding energy of the Cls hydrocarbon peak (the most intensive component of the Cls
spectrum) at 284.8 eV. An electron flood gun was used to compensate for surface charging effects.
Furthermore, to improve the composition study, energy-dispersive X-ray spectroscopy (EDX) was

performed in an EDAX- Pegasus X4M.

5.2.4  Structural properties

s W

Figure 6: Bruker AXS D8 Discover diffractometer for XRD analysis [151].
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X-ray diffraction (XRD) analyses were performed to study the crystallographic structure of the thin
films using a Bruker AXS D8 Discover diffractometer operated in 8 — 26 geometry with CuKa radiation.
XRD patterns were obtained with a step size of 0.02 and an integration time of 1.5 s. Afterwards, with

the help of the software Fifyk, the XRD diffraction patterns were analysed.

525 Seebeck coefficient

The Seebeck coefficient is one of the most important properties of this project. Its evaluation was
made using custom-made equipment that consisted of three main parts: the chamber, the pump and a
custom-made controlling software and hardware system. The pump ensured a low vacuum of
approximately 1 Pa inside the chamber upon analysing. Inside the chamber were placed the holding
system and the temperature control setup. Two Peltier devices (Quick-Ohm Kupper & Co. GmbH) operate
as heater and cooler for the edges of the sample, applying their effect in a 25 x 75 mm? area. These
devices ensure the difference in temperature necessary for calculating the Seebeck coefficient, and the
potential difference is measured using a 2-probe contact geometry, proven to be efficient even with high
temperatures [150].

For each sample, the thermal gradients applied on the film deposited on the glass varied between
35 and 60 °C, with a step of 5 °C, resulting in six measures for increasing AT. For each measurement,
10 minutes for stabilization were given to obtain a good and coherent value. These values are controlled
and registered by the third part of the system, the hardware and software, where a custom-made interface
is responsible for controlling the applied temperature in each Peltier device, controlling its evolution along
the analysis and registering each respective potential difference. After the experiment, and with all the
values registered, the obtained AV values were plotted as a function of AT and linearly fitted to determine
the slope, and subsequently the Seebeck Coefficient, similar to other applications of this same system

[59].
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6. RESULTS AND DISCUSSION

In total, 13 samples were deposited for this study. The first one, an undoped ZnO thin film (ZnOX)
served as a control sample, as it was deposited with the Sb target covered so it would not affect the
normal deposition of ZnO. Then, the rest of the samples were deposited with normal conditions and an
increasing current was applied to the Sb target. This allowed studying the effect that the deposition
parameters, namely the current applied, have on the Sb integration. Furthermore, it allowed examining
the influence of Sb doping in the structural, optical and electrical properties of the ZnO thin films.
Additionally, the comparison between the first film and the one where no current was applied in the Sb
target allowed verifying if the presence of the Sb target affects the deposition and film parameters, even

with no current applied to its target.

Table 2: Produced samples and their deposition process parameters.

Initial Conditions During Deposition
Sb Target Current

Sample (mA) Temperature Pressure Temperature Pressure
(°C) (mPa) (°C) (Pa)
Zn0OX 0 49 0.32 78.5 0.19
Zn0:Sb00 0 70 0.12 89.5 0.20
Zn0:Sbh01 1 50 0.05 73.5 0.20
Zn0:Sb03 3 51 0.08 75.0 0.20
Zn0:Sb05 5 48 0.09 75.5 0.20
Zn0:Sh07 7 50 0.07 75.0 0.22
Zn0:Sb09 9 51 0.08 72.0 0.20
Zn0:Sb11 11 54 0.09 59.0 0.21
Zn0:Sb13 13 54 0.12 69.0 0.21
Zn0:Sb15 15 53 0.09 65.5 0.21
Zn0:Sb17 17 48 0.10 73.0 0.22
Zn0:Sb19 19 52 0.12 72.5 0.20
Zn0:Sh21 21 47 0.11 71.0 0.19

*Constant parameters in all depositions: Bias voltage (-60 V), Current applied to the ZnO Target (400 mA), Ar Flow (40 sccm).
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6. Results and Discussion

For sake of simplicity, the title of each film corresponds to the current applied in the Sb target
during deposition (Zno:SbXX = the film deposited with XX current applied in the target, in mA). Table 2

summarizes the depositions that were made for a quick consultation of the deposition parameters.

6.1 Compositional and structural analysis

Starting with the SEM analysis, a couple of samples, namely the control sample ZnOX and the
doped samples Zn0:Sb00, Zn0:Sb01, Zn0:Sb11, and Zn0:Sb21, were chosen to be tested as they
represent the control, start, middle and end of the sample sequence, to verify the evolution of the sample
properties through increasingly higher doping parameters, because it was not possible to analyse all the
samples. As result, several pictures of the cross-section and surface of each sample were taken (see
Figure B.1). With the data, an average thickness was measured and calculated for each film. For the rest
of the samples, an estimation was calculated with a logarithmic regression, which was the one that
adjusted better to the obtained results, and the plots are represented in Figure 7. Even though this

estimation is not perfect, it shows a steady increase in thickness as the doping level increases, which is

expected.
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Figure 7: Logarithmic regression for the (a) Zno:Sb01 to Zno:Sb11 and (b) Zno:Sb11 to Zno:Sbh21.

Afterwards, with the transmittance spectra, the thickness of each film was calculated with the
software Dcalc. The results showed an increase for each sample when compared with the SEM cross-
section measurements and calculations. Nevertheless, that difference never reached 100 nm and only 5
samples had a difference larger than 50 nm. Most of the results matched the SEM measurements with
just a small difference. This corroborated the results from the SEM analysis and calculations as the largest
differences can be attributed to calculation errors in the software or imperfections of the film due to

imperfect deposition that affected the transmittance and its spectrum, but the most probable one would
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6.1 Compositional and structural analysis

be behind the Dcalc calculations as it performs several approximations when estimating refractive index,
etc. Table 3 resumes the results.

Furthermore, still with the Dcalc software, the Tauc plot of each sample was printed, and the
energy band gap was calculated (see Figure B.2). The energy band gap averaged at around 3.25 eV,
which is lower than the 3.37 eV of ZnO, at room temperature, even than just slightly, showing the effect

of the Sb doping in the films.

Table 3: Thin film thickness by sample from SEM measurements and calculations, and from Dcalc calculations alongside the respective
difference between the results. The energy band gap of each film obtain in the Dcalc software is also tabled.

Thickness (nm) Energy band
Sample
SEM analysis Dcalc calculations Difference gap (eV)

Zn0OX 578.47 597 18.53 3.26
Zn0:Sb00 627.03 707 79.97 3.26
Zn0:Sh01 702.30 710 7.70 3.25
Zn0:Sh03 719.01 794 74.99 3.25
Zn0:Sb05 740.74 799 58.26 3.25
Zn0:Sb07 757.60 790 32.40 3.24
Zn0:Sb09 771.38 794 22.62 3.26
Zn0:Sb11 778.07 787 8.93 3.25
Zn0:Sb13 782.57 802 19.43 3.25
Zn0:Sb15 785.20 826 40.80 3.24
Zn0:Sb17 787.07 814 26.93 3.25
Zn0:Sb19 788.52 790 1.48 3.25
Zn0:Sh21 789.70 818 28.30 3.24

The same samples selected for the SEM analysis were chosen for the EDX analysis. It was expected
to see an increase in the at.% of Sb with the increase in the current applied to the target, meaning that
the doping level is higher, but as it is possible to see in Table 4, that does not verify. The at.% of Sb
showed very low results and they stayed essentially the same or even decreased when compared with
the sample with O mA of current applied. This must be related to the fact the limit of solubility of Sb in
the wurtzite structure is around =0.5 at.%, and further increase in the Sb target current density does not

overcome this threshold. The absence of Sb in the control sample verifies that covering the target
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prevented impurities, but the Zn0:Sb00 sample shows the presence of Sb, which means that, even with
no current applied to the target, its presence still affected the deposition. Nevertheless, even though the

at.% is low, it is still relevant and it shows the presence of Sb in the ZnO cell.

Table 4: Zn, O and Sb content in at.% for the samples submitted to EDX analysis.

Sample Zn (at.%) 0 (at.%) Sb (at.%)
ZnOX 57.06 42.94

Zn0:Sb00 57.27 42.26 0.47

Zn0:Sh01 57.42 42.07 0.51

Zn0:Sh11 57.50 42.38 0.12

Zn0:Sh21 57.37 42.29 0.34

Table 5 presents the experimental results of the XPS analysis, more specifically the fitted spectra
for the Zn 2p (doublet), O 1s (singlet) and Sb 3d (doublet) core line levels for an undoped sample (ZnOX)
and a Zn0O:Sb sample (ZnO:Sb21). The composition is approximately stoichiometric for the undoped
sample, with a slight deficiency in Zn (48.7 at.%). It should be noted that XPS is only sensible to the
topmost atomic layers (=7 nm below the surface), hence, this slight zinc deficiency may be attributed to
some evaporation of this material, which competes with sputtering due to its low melting temperature.
For the case of the Sb-doped sample, the sub-stoichiometry is reversed, being the film deficient in oxygen
(48.8 at.%) due to the promotion of oxygen vacancies upon Sb doping (1.0 at.%) in the wurtzite structure.
The latter value of Sb doping is larger than that was measured by EDX (0.34, in Table 4), since EDX
averages the film bulk, while XPS only the topmost atomic layers, hence the registered increase in Sb at
the surface, possibly by diffusion processes. From Figure 8 (a) and Figure 9 (a) it can be seen that the
shape and position of the Zn2p:.peak (1021.3 V) is practically unaltered with doping, being the doublet
separation the same (AE=23.1 eV), and the peaks full width at half maximum (FWHM, ) are within 1.5
- 1.7 eV. However, for the O1 core line the impact of Sb-doping is readily viewed (Figure 8 (b) and Figure
9 (b)). Since the O 1s core line overlaps with the Sb3ds. main doublet peak, the fitting of these two core
lines presents a challenge. The strategy that was used was to first fit the Sb3d doublet (Figure 9 (c)) and
from the position of the lower intensity doublet peak (Sb3ds.), the relative areas between the 3ds.:3d:.
(3:2) doublet peaks, the determined spin-orbit splitting (9.6 eV) of these peaks, using the position of 3ds.
(530.2 eV) and its FWHM (1.2 eV), it was then possible to fit the O 1s core line (Figure 9 (b)) by forcing

the insertion of the 3ds. in its envelope structure (component CSb in Table 5 and Figure 9 (c)). For both
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6.1 Compositional and structural analysis

samples, the O 1s core line was fitted with two contributions as follows. For the lower binding energy
(529.9 - 530.0 eV) component C1 is ascribed to Zn-O bonds and Sb-O bonds (doped sample), and its
position only varies marginally (0.1 eV), with unaltered FWHM. Whereas component C2 (531.6 - 532.0
eV) is attributed to adsorbed oxygen and OH groups, mostly from surface contamination, and C2 was not
taken into account to determine film composition. The area of C1 is slightly larger (66%) for the undoped

sample, in comparison to the Sb-doped sample (63%).

Table 5: Composition and core line binding energy positions derived from the XPS fits to the ZnO:Sb films data. AE is the spin-orbit separation
of the Zn 2p and Sb 3d doublets. (3 is the FWHM of the fitted peaks. A relative area percentage (%) is given for the two O 1s contributions
(C1 and C2) with respective FWHM (1 and 32). CSb in the O1s spectra is attributed to the Sb 3d:-(530.2 eV) doublet peak.

Zn 2p 01s Sb 3d
" C1(B) % "
. Position Position
Sample Composition (at.%) CSb (B) %
/ AE/ c2 (B / AE/
(B) (V) ° (B) (V)
(eV)
n 49.7 529.9
(1.1)
66%
1021.3
Zn0OX 0 50.3 23.1
(1.7)
531.6
(1.7)
Sb - 34%
530.0
Zn 50.2 (1)
63%
1021.3 530.2 530.2
Zn0:Sh21 0 48.8 23.1 (1.2) 9.6
(1.5) 13% (1.2)
532.0
Sh 1.0 (1.9)
24%
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Figure 8: Zn 2p and O1s XPS core lines and respective fits for the undoped ZnO film (ZnOX).
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Figure 9: Zn 2p, O1s and Sb 3d XPS core lines and respective fits for the Sb-doped ZnO film (Zn0:Sb21).

As for XRD, because, once again, it was not possible to study all the samples; the ZnOX, ZnO:Sb01,
Zn0:Sb03, Zn0:Sb07, Zn0:Sb13 and Zn0:Sb21 thin films were chosen for the study.

Figure 10 shows the XRD patterns of these films, for 25° < 28 < 65°, with an incident angle of
1.5° (glancing angle diffraction). The registered diffraction peaks were assigned to a ZnO phase with
hexagonal wurtzite crystal structure, P63mc, and the highest intensity peak, referent to the (002) atomic
plane, places itself at around 34.5°, which corroborates with the information from the crystallographic

card 1011258 from the ICSD database, which served as a study reference. Furthermore, a small peak
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at around 36° appears for the films with theoretical Sb content (see Figure B.3). According to the
crystallographic card 1007077, referent to an Fd-3m space group, ZnO:Sb presents a peak around 34.6°
for the (311) atomic plane and another peak at around 36.1° for the (222) atomic plane. The appearance
of a peak at around 36° for the Sb-doped, and the increase in its intensity the samples deposited with
higher current applied to the target, corroborates the increasing doping level as ZnO:Sb becomes more
present. Added to the doping confirmation, from Figure 10, the highest (002) peak intensity is associated
with the sample deposited with the highest current density; so, the higher presence of Sb improves
crystallinity. This is also shown in the SEM images (see Figure B.1), where more highly doped samples
also showed better crystallinity. Although these differences are visible, they are not obvious and that is to
be expected because, even though there was Sbh-doping, the Sb at.% is low.

The results presented in Table 6 show the lattice parameters (g, ¢), grain size (g) and full width at
half maximum (FWHM), from the XRD analysis and Fityk adjustments. The lattice parameters are slightly
but not significantly higher than the reference’s parameters of 3.22 A and 5.2 A for aand ¢, respectively,
which shows that there's no relevant lattice strain. But, between the control sample (21 nm) and the
doped samples (=25 nm), there's a small difference in grain size and FWHM, where the grains of the
doped samples are slightly larger. This fits well with the previous results, as it also shows the effect and
presence of Sb. Even more, the uniformity in grain size of all doped samples agrees with the stability of

Sb content measured in the XRD analysis.

Table 6: Lattice parameters (a, ¢), crystallite grain size (g) and FWHM of the (002) plane peak obtained with XRD analysis and calculated
with the Fityk software. Additionally, mean roughness (Ra) and quadratic roughness (Rq) are also tabled.

a c g FWHM (002) Ra Rq

Sample . .
(A) (A) (nm) (rad) (nm) (nm)
ZnOX 3.27 5.25 21 0.0068 4.97 6.35
Zn0:Sb01 3.28 5.25 25 0.0058 4.82 6.35
Zn0:Sb03 3.28 5.24 25 0.0058 9.52 11.84
Zn0:Sb07 3.29 5.24 26 0.0057 5.23 6.59
Zn0:Sb13 3.27 5.24 25 0.0058 8.93 11.21
Zn0:Sh21 3.29 5.24 24 0.0060 9.84 12.10
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Figure 10: XRD patterns for ZnOX, Zn0:Sb01, Zn0:Sb03, Zn0:Sb07, Zn0:Sb13 and Zn0:Sb21 thin films.
To more accurately analyse the influence of Sb-doping in these properties, the graphs for lattice
parameters, grain size and FWHM, as function of Sb at.% were plotted in Figure 11. With these graphs,
the data from the samples studied in the EDX analysis was crossed with the data from the XRD analysis,

and it was concluded that, for the lattice parameters, there’s no significant change and no correlation

can be stated, but, for the grain size, there’s a tendency for higher Sb content to result in larger particles.
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6.1 Compositional and structural analysis
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Figure 11: Plots for (a) lattice parameters as function of the Sb content and (b) grain size and FWHM (002) also as function of the Sb

content.

Finally, a surface study of the samples was conducted with AFM in a resonance mode of 54 kHz.

The respective results are in Table 6 and show the average roughness (Ra) and the quadratic roughness

(Rq) of each studied sample, and, because for each film, at least, two measurements were performed,

these values are averages. Both roughness values are slightly larger for Sb-doped films (=9.43 nm and

=11.72 nm for Ra and Rq, respectively) when compared with the undoped samples (=4.90 nm and 6.35

nm for Ra and Rq, respectively), except for the Zn0:Sb07 sample which presented only a slight increase

(5.23 nm and 6.59 nm for Ra and Rq, respectively), which is visible in the AFM images (see Figure B.4).

Its plausible to conclude that Sb increases the roughness of the film, and that there was an error in the

Zn0:Sb07 sample making it unviable for this specific analysis. But, looking at Figure 12 (b), this relation

stops making sense, as a larger Sb content does not result in a higher roughness value. Nevertheless,

higher roughness tends to mean a lower thermal conductivity, so it's expected that the doped films have

better TE characteristics, even though this can’t be verified due to the lack of study of thermal properties.
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Figure 12: Plot of average (Ra) and quadratic roughness (Rqg) as function of (a) the target current applied at the Sb target during deposition

and (b) Sb content.
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6. Results and Discussion

6.2 Electrical properties

With the Hall measurements, electrical resistivity, carrier concentration and carrier mobility were
determined, and then tabled and plotted in Table 7 and Figure 13. In the previous analysis, it was
observed and verified that there was doping in the samples where the Sb target was subjected to a current
density. The resistivity levels of each sample show a similar conclusion. Furthermore, the presence of Sh
generates a big decrease in the resistivity, which would imply that higher doping level results in also
higher resistivity. The lowest value for resistivity, 0.08 Q-cm, corresponds to sample Zn0:Sb03, which
also showed an increased absolute value of 23.10x10* cm?= for carrier concentration and lower value for
mobility of 1.41 cm2V-.st, properties that are all connected. For carrier mobility, doping showed to cause
a slight reduction in its value while the opposite happened for carrier concentration. More specifically, the
carrier mobility of the undoped samples ZnOX and ZnO:Sb00 was 2.57 and 3.46 cmzV+-s1, respectively,
but the doped samples showed lower values around approximately 1.50 cmz2-V+-st, with the lowest value
of 0.83 cmzV+-st corresponding to sample Zn0:Sb13. As for carrier concentration, the absolute base
values of the undoped samples of 4.48 and 2.94 x10% cms, for the ZnOX and Zn0:Sb13 samples
respectively, had a significant increase with doping, reaching the highest absolute value of 104.08 x10:
cms, once again, corresponding to the sample Zn0:Sb13. This samples exhibits the normal correlation
between these two quantities, as the increase in carrier concentration comes associated with a decrease
in mobility. Furthermore, this sample also shows a reduced electrical resistivity of 0.18 Q-cm and,
although this does not represent the lowest value, it is more than likely linked to these other electrical
properties. Finally, the negative nature of the carrier concentration shows that the films have n-type

conductivity, preserving this inherent characteristic of the ZnO.
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Figure 13: Electrical resistivity and carrier concentration and mobility as function of the sample.
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6.3 Optical properties

Table 7: Electrical properties of each sample, namely resistivity, conductivity, carrier concentration and mobility.

Electrical Resistivity  Carrier Concentration Carrier Mobility

Sample (Q-cm) (x 1018¢cm™3) (cm?/V - s)

Zn0OX 4.46 -4.48 2.57
Zn0:Sb00 2.60 -2.94 3.46
Zn0:Sbh01 0.19 -12.57 1.22
Zn0:Sb03 0.08 -23.10 1.41
Zn0:Sb05 0.09 -53.25 1.39
Zn0:Sb07 0.13 -49.28 1.30
Zn0:Sb09 0.11 -20.00 1.79
Zn0:Sb11 0.11 -15.87 1.91
Zn0:Sb13 0.18 -104.08 0.83
Zn0:Sb15 0.16 -43.32 0.92
Zn0:Sb17 0.22 -13.30 1.33
Zn0:Sb19 0.20 -13.53 1.07
Zn0:Sb21 0.28 -32.70 0.58

6.3 Optical properties

As previously mentioned, a study on the optical transmittance and reflectance of each sample was
performed between 300 and 900 nm. Then an average value between 400 and 700 nm for each measure
was calculated and these values are summarised in Table 8 and plotted in Figure 14. The results show
that the increase in Sb-doping, caused by the higher current applied, generates a slight decrease in the
average transmittance, but the lowest value remains higher than 80%, so all samples have good optical
transparency. As for reflectance, there’s no relevant change in its value as it seems that it is independent
of the doping level, at least for the samples studied.

Furthermore, as it is possible to observe in the transmittance and reflectance spectra in Figure 15,
the lines tend to overlap with no significant differences, which, simply put, means there’'s not a big

alteration in both spectrums, except for the ZnO:Sb01 sample. When it comes to transparency, from 400
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6. Results and Discussion

nm to 900 nm the films all have large values and, added to the non-alteration of the spectrum, the films

keep the natural good transparency of ZnO in the Vis and UV, independently of doping level.
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Figure 14: Average transmittance and reflectance as function of the current applied on the Sb target.

Table 8: Optical properties of each sample, namely transmittance and reflectance.

Average Transmittance Average Reflectance

Sample
(%) (%)
ZnOX 87.41 16.74
Zn0:Sb00 87.50 16.54
Zn0:Sb01 87.01 15.21
Zn0:Sb03 85.83 16.54
Zn0:Sb05 85.00 16.45
Zn0:Sb07 85.35 16.69
Zn0:Sb09 85.03 16.42
Zn0:Sbh11 84.83 16.33
Zn0:Sb13 84.59 16.69
Zn0:Sb15 81.80 15.65
Zn0:Sb17 83.69 15.99
Zn0:Sb19 84.66 16.39
Zn0:Sh21 81.91 15.93

*Average transmittance and reflectance calculated between 400 and 700 nm.

68



6.4 Thermoelectric results
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Figure 15: (a) Optical transmittance spectra of each sample, (b) Optical reflectance spectra of each sample.

6.4 Thermoelectric results

The Seebeck coefficient of each film was measured in a custom-made setup and it presented
interesting values. As expected, the control sample and the Zn0O:Sb00 sample have significantly low
values, - 2.8 and - 6.5 pV-K: respectively, but the Seebeck coefficient quickly rises for the other films,
with small exceptions. In most cases it reached absolute values close to 100 uV-K?, in module, with the
highest of 100.4 uV-K* corresponding to the ZnO:Sb13. As is observable in Figure 16 (a), the Seebeck
coefficient stabilizes for higher currents. Furthermore, its negative nature corroborates what was
previously concluded, that the films display n-type conductivity. When associated with electrical
conductivity, the films showcased interesting values for PF, with the highest being 1.1 mW-m+-Kz, which
is much higher than all the values found in the literature. As expected, the highest PF value corresponds
to the sample with the highest absolute Seebeck coefficient (ZnO:Sb13), but this sample also showed the
highest absolute value for carrier concentration, and this and other beneficial electrical properties, such
as resistivity, also influenced the PF value of the sample, making it the most successful film fabricated
and the best example of the positive effect of Sb-doping in terms of TE performance.

Finalizing and considering all the properties previously mentioned, several films with good
characteristics were developed and the results fundament the potential for ZnO:Sb thin films in practical
applications.

In a more general sense, all thin films have a thickness under 800 nm and retain the good inherent
optical properties of ZnO, preserving transparency, with an average transmittance of over 80 % for all

samples. Therefore, optically transparent TE thin films were successfully fabricated.
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6. Results and Discussion

Table 9: Seebeck coefficient measured with a custom-made system, electrical conductivity calculated from the resistivity measured with the
Hall effect and the resulting PF.

Seebeck coefficient Electrical Conductivity Power Factor

Sample
(uV/K) @?t-em™1) (mWw-m1-K?%)
Zn0OX -2.8 0.22 0.2x 10~*
Zn0:Sb00 -6.5 0.39 0.2x 1073
Zn0:Sb01 -27.1 5.18 0.4x 1072
Zn0:Sb03 -95.9 12.20 1.1
Zn0:Sb05 -69.2 10.60 0.5
Zn0:Sb07 -74.7 7.61 0.4
Zn0:Sb09 -93.0 9.29 0.8
Zn0:Sb11 -74.4 8.96 0.5
Zn0:Sb13 -100.4 5.43 0.5
Zn0:Sb15 -96.2 6.12 0.6
Zn0:Sb17 -94.5 4.62 0.4
Zn0:Sb19 -86.1 4.93 0.4
Zn0:Sh21 -96.9 3.53 0.3
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Figure 16: (a) Seebeck coefficient as function of the current applied in the Sb target. (b) Seebeck coefficient and electrical conductivity as

functions of the Sb content.
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6.4 Thermoelectric results

Table 10: Samples and respective important properties, Seebeck coefficient in module |S|, electrical resistivity (p), carrier concentration
(n), carrier mobility (i), mean and quadratic roughness (Ra, Rg), thickness calculated and measured by SEM analysis (t (SEM)), Sb content,
average transmittance and reflectance (T, R) and energy band gap (Eg).

Sample S| P n u Ra Rq t(SEM) Sb T R Eg
(uV/K) @-em)  (x10%cm3)  (em?/V's) (nm)  (nm) (nm) (at. %) (%) (%) (eV)

ZnOX 2.8 4.46 -4.48 2.57 4,97 6.35 578.47 - 8741 16.74 3.26
Zn0:Sb00 6.5 2.60 -2.94 3.46 - - 627.03 0.47 8750 1654 3.26
Zn0:Sb01 27.1 0.19 -12.57 1.22 4.82 6.35 702.30 0.51 87.01 1521 3.25
Zn0:Sb03 95.9 0.08 -23.10 1.41 9.52 11.84 719.01 - 85.83 16.54 3.25
Zn0:Sb05 69.2 0.09 -53.25 1.39 - - 740.74 - 85.00 16.45 3.25
Zn0:Sb07 747 0.13 -49.28 1.30 523  6.59 757.60 - 85.35 16.69 3.24
Zn0:Sb09 93.0 0.11 -20.00 1.79 - - 771.38 - 85.03 16.42 3.26
Zn0:Sb11 74.4 0.11 -15.87 1.91 - - 778.07 0.12 8483 1633 3.25
Zn0:Sb13 100.4 0.18 -104.08 0.83 8.93 1121 78257 - 8459 16.69 3.25
Zn0:Sb15 96.2 0.16 -43.32 0.92 - - 785.20 - 81.80 15.65 3.24
Zn0:Sb17 94.5 0.22 -13.30 1.33 - - 787.07 - 83.69 1599 3.25
Zn0:Sb19 86.1 0.20 -13.53 1.07 - - 788.52 - 84.66 16.39 3.25
Zn0:Sh21 96.9 0.28 -32.70 0.58 9.84 12,10 789.70 0.34 8191 1593 324
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7. CONCLUSIONS

The goal of this paper was to perform a full study on the effects of Sb-doping in optically transparent
Zn0 thin films to evaluate the relevance of this material for TE applications, more specifically TCO
technology. Several samples were fabricated with variating deposition parameters, namely the induced
current in the doping target of Sb, to study the effect of this dopant on the film properties and, additionally,
to understand the effect of the inducing current in the deposition.

For the study of these thin films, several techniques were used according to the desired properties:
an extensive Hall effect study was performed to obtain the electrical properties; optical properties, more
specifically transmittance and reflectance, were measured; film thickness was verified with SEM analysis
and calculations with the transmittance spectra; surface morphology was studied with AFM analysis; film
composition was analysed with XPS and EDX analysis; XRD analysis was performed to study the
crystallographic structure of the thin films; and lastly the Seebeck coefficient was measured, and the PF
calculated.

The thin films produced ranged in thickness between 600 and 800 nm and shared an energy band
gap of 3.25 eV, without relevant variations, and high transmittance, above 80 %. Unfortunately, the
composition study was limited and the results were not the ones anticipated. Before the depositions, it
was expected that the Sb content would increase alongside the induced current in the Sb target, but this
was not verified. This could have happened due to errors in measurements or deposition, but more tests
would be needed for clearer results. Nevertheless, the presence of Sb was verified, even though in low
quantities, and its effect on the films’ properties was prevalent. The doped thin films showed significantly
lower electrical resistivity values, with the lowest being 0.08 Q-cm, and higher carrier concentrations, with
an highest absolute value of 104.08x10* cm=?, which leads to conclude that the produced films were
significantly enhanced in electrical conductivity because of the presence of Sb. Additionally, since the Sb
content was low, not surpassing 0.51 at.% in the EDX analysis and only showing 1.0 at.% in the XPS
analysis, and it still had a relatively high effect on the conducting properties of the samples, it's reasonable
to assume that, if it's possible to increase doping and Sb content level, it's plausible to expect even better
results for the electrical conductivity of the film. Furthermore, the films achieved excellent TE performance

reaching the highest absolute Seebeck coefficient of 100 uV-K*, in module and a respective PF with an
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7. Conclusions

impressing value of 1.1 mW-m-Kz. Once again, these values were obtained with low Sb content, so this
doping process has the potential for better results. Two of the three conditions for the production of a
good TE material were fulfilled, respectively, enhancing electrical conductivity and improving the Seebeck
coefficient. The one missing is the enhancement of the thermal conductivity, which, with higher roughness
values for the doped films, might've taken place but, without testing, couldn’t be verified by this study.
Moreover, the optical transparency remained with the doping so it was proven that Sb-doping of ZnO is a

good and promising solution to TCO-based applications.

73



8. FUTURE WORK

Although this study helped show the potential for ZnO:Sb thin films in TE technology and TCO
applications, there is still much more to be done. More studies on the effect of Sb content must be
performed, with a proper focus on the integration of the Sb particles in the film. Additionally, these studies
must take into account the thermal conductivity, which lacked in this case. Without considering all the
thermoelectrical, optical and electrical properties it's impossible to discover the optimal deposition
techniques for this material and its viability as a TE material. Furthermore, it's possible to achieve ZnO p-
type doping with Sb, but the research around this is still lacking.

When the fundamental properties of the material are well understood, it would be interesting to
test its performance in practical applications. A good approach would be to search for good substrates
and create a TE generator or test nanostructures, which tend to show very good results in TE applications.
With appealing results, it would be possible to implement those applications in electronic devices and,
perhaps one day, use this material in display screens and windows of skyscrapers for thermal heat

harvesting, positively contributing to solving the global energy emerging problem.
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APPENDIX

A. DEPOSITION SCHEMATICS
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Figure A.1: Schematic of the sputtering deposition chamber.

Figure A.2: Layout of the substrate holder.

90



Appendix

B. RELEVANT PROPERTIES AND IMAGES

Figure B.1: : SEM images of the cross-section and surface of the (a) ZnoX, (b) ZnOSb:00, (c) Zn0:Sb01, (d) ZnO:Sb11 and (e) Zn0:Sh21
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Figure B.2: Examples of Tauc plot calculated with Dcalc for sample (a) Zn0:Sb00, (b) ZnO:Sb11 e (c) Zn0:Sh21.
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Figure B.3: Zoomed in XRD patterns for ZnOX, Zn0:Sb01, Zn0:Sb03, Zn0:Sb07, Zn0:Sh13 and Zn0:Sh21, to highlight the small
peak at around 36°, that belongs to the (002) plane of Sh, which was not visible in the other graphic with the full XRD pattern.
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Figure B.4: AFM images of (a) ZnOX, (b) ZnO:Sb01, (c) Zn0:Sb03, (d) Zn0:Sb07, (e) ZnO:Sb13 and (f) Zn0:Sb21 thin films.
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