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Chapter 1
Introduction
1.1

Aims and Objectives

Energy consumption has always been the epicenter issue for the world of technology. Any
sort of technology is based on one or more forms of energy, but usually the source of these
energies comes from just a single type of fuel. Batteries, for example, can be found in almost
all handheld portable electronic devices. The chemical fuel that they contain is converted
into electrical energy that powers up the electronic parts of the device. Another form of fuel
is oil (diesel and petrol) that undergoes combustion so that mechanical work is produced
from heat. The known and widespread disadvantage of these sources of energy is that they
are non-renewable, costly and environmentally non-friendly. The high demand of energy
nowadays, as a result of our consumerist nature, leads to the discovery of new ways that deal
with the above drawback. Lately, there is indeed a tendency for shifting from non-renewable
to renewable sources of energy with the help of technologies based on photovoltaics, windturbines etc. Nonetheless, it is not only enough to just use renewable sources, since there is
still a great need to minimize any waste of energy by recycling to powering up low-energy
electronics. This is called energy harvesting.
The energy to be harvested, is always derived from primary processes, from which
it is released to the surrounding environment where those processes take place. For this
very reason, it is usually called ambient energy. This is a free energy, and if it is not
used, it will be lost one way or another. Furthermore, the electromagnetic energy due to
the broadcasting antennae can be found almost everywhere, and the thermal energy from
combustion engines and nuclear reactors found in power-stations, are the most well-known
ambient energies among the others. Although these specific ambient energies come from
large-scale applications, there can still be a remarkable amount of ambient energy found in
isolated applications from individual users.
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In particular, portable electronic devices generate a huge amount of energy loss compared
to their power source. Such portable devices can be tablets, laptops, mobile phones and
video-game players amongst others. All these devices have a display unit in common. This
is where most of the ambient energy originates, and happens to be in the form of thermal
energy. This is extensively discussed in Subsection 1.3. The aim of this thesis was to find
an effective way to approach and take advantage of these heat losses and convert them into
electrical energy using thermoelectricity. Therefore, the objective set for the accomplishment
of this idea was to design a device that would consist of thermoelectric materials, which
could successfully convert heat into electricity. The objective of the present research was
exclusively focused on the scientific scope of thermoelectricity and on how to enhance the
different thermoelectric parameters. A series of studies were required in terms of material
investigation and processing, applicable at room temperatures. Once the ideal materials
were selected, they then had to be tailored accordingly and integrated into a device for
thermal-energy harvesting and electricity generation.

1.2

Energy Harvesting

Energy harvesting is an increasingly recognized field, and the process of discovering new
structural designs and materials is evolving rapidly. It can cover a broad spectrum of technologies and scales with the main purpose of capturing and re-using the wasted energy.
Furthermore, it is a form of energy recycling and can be performed through different energy harvesting schemes, depending on the source of ambient energy. Magnetic-induction,
electrostatic, piezoelectric, photovoltaic, pyroelectric and thermoelectric effect or even a
combination of these technologies can be used to harvest energy. In this section, a brief
introduction will be provided on these various technologies, their applications and why
thermoelectrics is the ultimate tool for potential energy harvesting in certain portable devices.
The best way to describe these technologies is by categorizing them according to the energy
source that they can harvest as discussed in the following sections.
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Fig. 1.1 Energy harvesting devices based on mechanical, solar and thermal
energy. The main processes utilize (a) magnetic-induction [? ]; (b) tribopiezoelectric [? ? ]; (c) concentrated solar power; (d) photovoltaic [? ];
and (e-f) thermoelectric effects [? ? ].

1.2.1

Mechanical and Kinetic Energy

To begin with, mechanical and kinetic energy is realized in moving parts and is closelyassociated with the transfer of momentum. Due to this momentum transfer from one object
to another, the energy can be conserved and otherwise dissipated. Additionally, there will
always be some sort of dissipation in the realistic world, but the mechanisms designed for
harvesting kinetic energy are solely based on momentum transfer. Examples of sources of
such energies can be identified in the motion of our bodies, vehicles or other machines, and
the vibrations caused by them. Ways to harvest these energies are through magnetic-induction
(MI), variable capacitance (VC) and piezoelectric (PE) systems. In the first case, a magnet
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oscillates back and forth relative to a coil of wire. The magnetic flux then changes through
the coil and as a result, a voltage difference between the two ends of the coil gets generated,
known as Faraday’s law of induction. Furthermore, the overall power generated by an MI
system depends on its size and the resonant frequency of magnetic oscillations.[? ] Existing
products in the market based on MI technology are the PMG27 micro generator and VEH360
generator by Perpetuum Ltd. and Ferro Solutions Inc. respectively.[? ? ] In the case of
a VC system, the capacitance plates have a degree of motion away from each other. This
particularly takes advantage of external vibrations. When the distance between the plates
increases, energy is stored in the capacitor and vice versa. Furthermore, PE systems, on the
contrary, are the most prevalent along a variety of applications. They produce electricity by
crystal deformations occurring to the PE material. When the material is stressed or stretched,
its internal dipole density changes and this produces an impact on the surface charge density.
This can also be done in reverse, by inducing deformations via an external electric field. In
the past few years we see a lot of interest in the research for biocompatible PE materials that
can be integrated as implanted medical devices in human bodies, such as pacemakers.[? ]
Another well-known existing example is found in wrist watches based on the quartz. In the
Seiko Kinetic watches, the combination of quartz with a micro-generator harvesting kinetic
energy via electromagnetic-induction technology through an eccentric rotor can reach an
average power of about 5 µW on a daily walking activity.[? ]

1.2.2

Electromagnetic Energy

An example of electromagnetic energy is solar energy that is coming from the sun and
particularly light itself. Harvesting of solar energy can be performed by either converting
light into electricity directly through photovoltaics (PV), or indirectly through concentrated
solar power (CSP). In the first case, photons are absorbed by certain electrons that get excited
to higher energetic levels. Additionally, the energy required for the excitation to occur needs
to match the energy of the photons absorbed. Once the electrons have moved to higher-energy
states, they diffuse into the rectifying junction of the material and then get accelerated by a
built-in potential. This finally produces a potential difference between the initial and final
states of an electron’s journey.
In the case of the CSP, a large number of lenses and mirrors are used to concentrate
sunlight onto a small area where it is converted into thermal energy. This is later used to
drive a steam turbine in order to generate electricity like in conventional power plants. The
PV system though is the most popular, with its highest implementation observed in houses
and buildings as well as power plants. However, the CSP does not fit in the category of
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energy harvesting on portable devices as it requires strong sunlight and functions with a great
complexity. Furthermore, PV can be fabricated on a smaller scale and be able to generate
comparable electricity or even higher with respect to the systems harvesting mechanical
energy. Despite the high-power efficiencies of photovoltaics, there is a strong limitation when
it comes to their in-door applications. According to Schuss et al. [? ], the power density of a
photovoltaic device being outdoors at noon time can reach values of 15 mW cm−3 , whereas
if it is placed indoors, the power density drops down to 20 µW cm−3 .
Another source of electromagnetic energy is also found in the ambient environment due
to radio frequency (RF) communication transmitters. Such RF signals usually emanate from
the telecommunication antennae, which according to Piñuela et al. can reach a threshold
power density of 782 nW cm−2 at the London Underground stations.[? ] Based on their work,
an efficiency conversion of 18 % and 40 % could be achieved with a GSM900- and 3G-tape
harvester, reaching output power densities of 7.5 and 1 µW cm−3 , respectively.

1.2.3

Thermal Energy

Thermal energy is widely understood as the energy transferred by heat, from a hot area to
a less hot one. This can happen via radiation, convection and conduction. Radiation in
thermodynamics occurs when the charged particles of a material vibrate at such frequencies
that electromagnetic radiation is generated. According to Wien’s displacement law, most of
the emitted radiation occurs between the infrared (IR) and visible-light spectrum. Thermal
energy is mainly transferred via infrared waves, whereas visible-light radiation does not
noticeably occur at temperatures below 3,000 K (e.g. only a very small portion of photons at
such temperatures radiate heat from a tungsten filament in the visible spectrum, compared
to the predominant IR range). In fact, there has been an emerging effort for harvesting
IR-radiation through rectifying antennae, which is similar to electromagnetic radiation
harvesting.[? ? ] Convection, though, takes place in systems consisting of a fluid that
carries heat as it expands to lower temperatures due to density changes. It is a technique
particularly used in power plants where superheated steam drives a high-pressure turbine to
generate electricity. Similarly to CSP, it is believed that due to the complexity required, it
will probably not realize any realistic utilization for energy harvesting in portable solid-state
devices. Finally, heat transfer by means of conduction occurs when a temperature gradient
is established within a body or between two bodies that are in conduct. It is based on the
transfer of internal energy through microscopic collisions happening in molecules, atoms
and electrons.
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Examples of energy harvesting schemes based on conduction can be met with pyroelectric
or thermoelectric materials. Pyroelectricity is similar to piezoelectricity, since both of them
are based on crystal deformation. When the pyroelectric material undergoes a temperature
difference, its crystal deforms and this leads to a potential difference.[? ] However, a disadvantage occurs in pyroelectricity since it only functions under temperature changes and
not under constant heat flow. Interestingly, this is where thermoelectricity compensates for
this limitation. Thermoelectricity involves energy conversion between heat and electricity.
Furthermore, it can be used to either pump heat (i.e. refrigeration/heating) via Peltier cooler
systems, or to generate electricity via thermoelectric generators (TEG).[? ] The main advantage of TEGs compared to pyroelectrics, is that they can generate electricity upon a constant
temperature gradient and further information on TEGs is provided in Section 1.2.4.

The following Table provides some power conversion efficiency and output numbers for
a general comparison between some of the above energy harvesting technologies so that the
reader gets familiar with the current status and capabilities of them:
Table 1.1 Comparison of energy harvesting technologies.
Harvesting method
Photovoltaic
Piezoelectric
Vibrational
Thermoelectric
Radio frequency
∗ source depended

Conversion efficiency
(%)

Power density
(µW cm−3 )

Refs.

28
∗
∗
<5
18

15 000
330
116
30
7.5

[? ? ]
[? ]
[? ]
[? ]
[? ]
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Thermoelectric Phenomena

Thermoelectric phenomena arise from an interchange between heat and electricity. Both heat
and electricity together with their potentials, are categorised as irreversible processes. An
example of such an irreversible process between these two potentials is given by the Joule
effect described above. Joule heating, compared to thermoelectric phenomena, takes place in
all circuits since in a real-life situation all circuits present some sort of resistance (except of
superconductors). Thermoelectric effects, on the other hand, demonstrate thermodynamically
reversible processes that generally appear when there are junctions of dissimilar materials
with temperature gradients occurring throughout them.
It is not suitable, though, to describe these effects via conventional thermodynamic
theories of equilibrium states and systems. Since entropy changes occur in both reversible
and irreversible energy flows, they must be considered simultaneously.[? ] A more proper
way to express the different thermoelectric effects is through transport equations for particles,
which are widely preferred as they utilise the microscopic theories for a closer approach to
what really occurs in macroscopic experimental circumstances. A further description of the
thermoelectric effects is provided in Section 2.1.
Thermoelectric Materials
Thermoelectric research has been ongoing for more than fifty years, yet still not much has
been achieved on discovering ideal materials. It is shown in Fig. 1.2 that a maximum figure
of merit (zT ) of 1 was achieved around 1957 using the material bismuth telluride (BiTe), but
negligible progress was observed afterwards. Furthermore, BiTe was and still is the most
popular thermoelectric element operating optimally at room temperature and it is widely
used in Peltier coolers for refrigerating systems. Having a material with a high zT value is
very important in TEGs as it determines their conversion efficiency. If a TEG device has its
hot and cold sites at 30 and 20 ◦C, respectively, with a zT of 1, then the maximum possible
conversion efficiency will be 6.6 %. Such a low efficiency results from the restriction of
the Carnot cycle principle that all TEGs follow. Therefore, it does not only depend on the
value of zT but also on the magnitude of temperature gradient. Further information on this is
provided by Eq. (2.29) in Section 2.1.5.
Indeed, Bi alloyed with antimony (Sb) was the thermocouple responsible for the discovery
of the Seebeck effect in 1821. The reason that Bi, Te and Sb show such interesting results
is because they belong to the semimetal category of elements. The semimetal electronic
structure is similar to that of semiconductors, and their electron-hole concentrations are
smaller than those of the metals.[? ? ] Additionally, in comparison to metals, they have the
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Fig. 1.2 Figure of merit of several thermoelectric materials between 1950 and 2000. Modified from reference [? ].
advantage of getting doped, show anisotropy and, finally a stronger phonon-drag effect like
that of a semiconductor. Furthermore, the band structure of Bi represents a non-parabolic
short direct band-gap, giving special transport mechanisms [? ] due to the small effective
mass of electrons [? ] (∼ 0.001mo ). It also shows small Fermi surfaces and in order for
electrons to conserve energy and momentum, they tend to scatter only with phonons of low
energies. In addition, because of their low Fermi energy, hence longer Fermi wavelengths
and according to Rayleigh scattering, there will be smaller probabilities to scatter with point
defects. All these factors mean that the electrons will have longer relaxation times and thus a
higher mobility.
However, BiTe is not highly desired due to some critical drawbacks. It is highly toxic,
rare and costly and has serious processability issues. Due to these problems, more attention
was paid to discover other materials that could perform well, but, no promises were given
for room temperature applications. The majority of the research performed reached values
of zT close to that of BiTe but at different temperature ranges. TAGS (Te-Ag-Ga-Sb) is one
of those composite materials that has shown a promising zT value of 1.1, while another
example of new materials found is that of the Si-Ge solid solution alloys [? ? ], but still this
was achieved only for temperatures above ∼ 700 K (see Fig. 1.3). The main difficulty posed
was that of the interdependency of transport parameters in a material. In order to achieve
this goal, a new approach should be considered and instead of modifying current materials it
would be better if new ones are fabricated and engineered.
According to Ioffe [? ] a guideline should be followed in order to achieve low thermal
conductivities, which states that the heavier the mean atomic weight of the elements used in
the material the harder it would be to achieve large amplitude lattice vibrations. This was
not enough because a way was needed to increase the mobility of electrons too. A very
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then the degrees of freedom for lattice vibrations will be 3zx. The acoustic modes do consider
only the 3x and the optical modes consider the rest, 3x(z − 1). It is known that lattice thermal
conductivity is mostly associated with the low-energy acoustic phonons, therefore, if z has
high values, optical phonons will be many more than the acoustic phonons, and then κ p will
decrease.
Thermoelectric Generators
The majority of the research that has been carried out is based on large scale applications,
such as in power plants and the automotive industry where exhaust systems can reach very
high temperatures.[? ] On the other hand there is the micro-scale world of electronics
where heat losses are likewise common and can reach high temperatures as well. There are
devices that produce an increase in their internal temperature that might not be significantly
high but this can still be a great amount of heat-loss compared to their size. For many
years, thermoelectrics had been kept aside due to their low-efficiency conversion and costly
materials. Around 1995, a push was given to the thermoelectrics research with the theoretical
introduction of nanostructuring engineering. This suggested that nanomaterials could exhibit
high efficiencies.[? ? ] It increased the interest of many researchers worldwide and now
thermoelectrics is one of the most common topics in research. Nanostructuring TEGs do
promise a feasible application in thin handheld devices in the recent future, both due to their
expected high efficiencies and also their size effectiveness.
A real TEG is generally made of multiple thermoelectric cells that are connected in series,
and are being sandwiched by two ceramic plates of high thermal conductivity so heat can
be carried in and out of the cells. In order to understand how a TEG works, let’s begin
with a simple thermoelectric cell. This will be used as an example from which a concise
presentation will be given on the thermal/electrical equations of the cell and how these can
be used to achieve a maximum conversion efficiency. A thermoelectric cell consists of two
different materials, called thermoelements. These materials need to be connected electrically
in series, and thermally in parallel configurations as depicted in Fig. 1.4.
The thermoelements used are generally n- and p-type semiconductors, which give the
ability of the electric current to flow only in one direction. The Seebeck thermoelectric
effect is preferably dominant in a TEG. Furthermore, the Seebeck emf generated in the
thermoelectric cell depends on both thermoelements, as discussed in the previous section.
According to Eq. (2.1d), the larger the difference between the Seebeck coefficients of
thermoelements, the bigger the Seebeck emf will be. This agrees perfectly with the use of the
combination of n- and p-type elements, since the first presents a negative Seebeck coefficient
value, whereas the latter a positive value. When the thermoelectric cell is subjected to large
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temperature differences, each thermoelement may show different Seebeck coefficient values
along the temperature gradient. Furthermore, usually a material has a maximum Seebeck
coefficient value only within a limited range of temperatures, hence, the result on the overall
efficiency will be unfavourable. There are two solutions to deal with this; either using a
functionally graded thermoelectric material or by segmented thermoelectric materials. In
the first case, the charge carrier concentration varies along the length of the material with
the help of the Bridgeman technique.[? ] There is a strong correlation between the carrier
concentration and Seebeck coefficient, therefore, changing one will affect the other, which
is very common in p-type materials. When it comes to n-type materials, the spatial carrier
concentration is more difficult to work with; hence it is preferred to form a combination of
different n-type materials along the gradient in a segmented configuration. This means that a
thermoelectric cell may consist of more than two materials. In general, the overall Seebeck
emf does not exceed several hundreds of µVs.

Fig. 1.4 Schematic of a thermoelectric cell.

1.3

Energy Losses in a Display

The present study is focused on thermal energy harvesting on display units of portable
devices. Therefore, some introduction is given about the latter. Not only does the number
of portable devices increase every year but also the number of their functions follows the
same trend. This means that more energy is required for their functionalities while the users
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request a higher battery lifetime. Existing portable devices can barely last one day of normal
usage before a new charge cycle is required. Therefore, there is a real need to increase the
battery lifetime of such devices, however, lowering the energy consumption is not the easiest
task. Recycling of energy through harvesting schemes is the solution to this problem as it
feeds the device back with the energy losses that occur inside it.
The majority of portable devices have display screens and most of them are based
on Liquid Crystal Display (LCD) technology. An LCD cell requires a backlight source
of scattered light, a pair of polarizers sandwiching the liquid crystals and a colour filter.
The backlight source is where unpolarized white light is produced and directed across the
remaining layers. The liquid crystal material is aligned appropriately between two glass
substrates that are usually coated with indium tin oxide (ITO). Such liquid crystal materials
exist in the form of molecules that have fluidic properties but can coexist in crystalline
orientation. This inherent characteristic allows the user to orient them in such a way in order
to act as tunable optical waveguides. Furthermore, there are multiple mechanisms to do this,
with two of the most common being the twisted nematic (TN), and in-plane switching (IPS)
technology.[? ? ] Finally, the IPS LCD technology is notably used in mobile phones, having
its polarizer filters in a crossed alignment.

Fig. 1.5 Schematic of an LCD-cell structure consisting of (i,vi) polarizers, (ii) colour filter, (iii,v) glass substrates, (iv) liquid crystals and
(vii) back-light unit.
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Each polarizer acts as an absorptive filter, and at its best efficiency will block 50 % of
the incoming unpolarized light. While considering both polarizers, only 25 % of the initial
unpolarized light reaches its final destination, i.e. the viewer. In other words, there is a huge
amount of optical loss inside the display unit and this consumes much of the battery when
it is used for a prolonged period of time. The way that these absorptive filters work is by
having free electrons that are permitted to move only in one direction and not transverse to
that direction. Furthermore, such a confined motion can be achieved by films of polyvinyl
alcohol (PVA) semi-crystalline polymers doped with iodine that is responsible for valence
electrons, which are stretched in one direction so that the PVA chains align in that particular
direction where electrons will move along.[? ? ] If the light propagating across a polarizer
has its electric field aligned parallel to the direction of the stretched PVA chains, it will get
absorbed by the valence electrons. These electrons, then, start moving along the direction of
the absorbed electric field introducing numerous interactions and collisions with the atomic
ions. Consequently, the effect of these collisions result into Joule heating that would rise the
temperature of the polarizer. Assuming that the PVA chains are isotropic and uniform along
their length, they can be treated as ideal strands of wires obeying Ohm’s law. Therefore, the
Joule heating equation representing the energy dissipated per unit time in the system by each
wire can be given as:
P = I2R

(1.1)

where I is the number of electron charges passing through each wire per unit time and R is
the resistance of each wire.

Fig. 1.6 Schematic representation of a polarizer blocking the unpolarized
light and allowing only a single polarization of it to pass. The arrows on
the external planes represent the electric field vector of propagating light.
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Smartphones are an excellent example of display-based devices. They clearly represent
how technology has evolved in recent years from bulky electronic devices into light-weight
and portable ones. The main reason of this progress has arisen from the scaling of the
electronics. As electronics get fabricated into smaller sizes, their power consumption should
also decrease. In other words, thin-film batteries of lower capacity would be enough to power
up portable wireless devices. According to Fig. 1.7, in the last 10-15 years there was a
big revolution in the technology of different component parts of a laptop as computational
capabilities increased. Almost all the main components used in laptops can also be found
in smartphones and other portable devices. What is observed in this figure is that the
performance of these components grew exponentially, whereas the sector of batteries did
not follow the same trend. Unfortunately, there is a limitation in a battery’s capacity when
scaling comes into account. If the device needs to be lighter and thinner, the battery must
do so, but since with the current technology the energy density did not change much, hence
the capacity may even decrease. Therefore, different routes for solving such issues must be
found.

Fig. 1.7 Technology performance trends of key components in laptop
devices.[? ]
Studies have also been done on energy consumption in smartphones per several generations of production. It was found that the maximum power consumption has indeed increased
and this is mainly due to the fact that the technology of their individual key components
demand higher power. This is probably happening while display resolution, camera, CPU,
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RAM and GPU workloads increase as they are meant to fulfil the requests of the users and the
hundreds of applications available in the market.[? ] In addition, Fig. 1.8 shows the power
consumption of the different components found in a smartphone. For example, in Fig. 1.8(a),
the main components shown are the backlight, GSM, CPU, RAM, Graphics, LCD and rest
(i.e. Wi-Fi, audio etc.). These results are derived from a video playback operation. It can be
clearly observed that the backlight consumes most of the power, even if its brightness level is
at 67 %. The battery consumption of the device from its backlight with respect to the different
brightness levels is shown in Fig. 1.8(b). According to Harbers et al. a combination of colour
filters, aperture ratio, polarizer and analyzer reduces the initial transmission of backlight
down to around 5 %.[? ] Unfortunately, due to such a multiple number of filters and layers
within the LCD cell, a high brightness level is required. The combination of such brightness
and high polarizer absorption will definitely lead to great energy losses. As discussed above,
this generally occurs in terms of heat. Although there has been an attempt for redesigning
the interconnect of the key components and rewriting an energy-saving systematic-code for
killing inactive processes, disabling cores and reducing operation frequencies, thermal energy
produced in display-units will continue to be an issue.[? ] In other words, ambient energy
will constantly be present in these systems regardless and if an energy harvesting scheme is
going to be applied on a portable device, then it is that specific part of the display where it
should take place.

Fig. 1.8 (a) Power consumption breakdown in the different parts of a smartphone. (b) Power
consumption in display backlight with varying brightness levels.[? ]
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1.4

Introduction

Thesis Outline

The material presented in this thesis covers work on the fabrication of a complete thermoelectric generator device for energy harvesting in a polarizer film. This consists of the
understanding and development of a range of materials, their thermoelectric characterization,
their implementation in the device and the requirements for a successful design of such an
application.
Chapter 2 provides a concise insight of the thermoelectric phenomena with a specific
emphasis on the efficiency of a thermoelectric generator, the several deposition techniques
required for the fabrication of the materials and the analytical methods utilized for their
physical and thermoelectric characterizations.
Chapter 3 demonstrates all the work performed for the p-type PEDOT:PSS-based mixtures. The thermoelectric parameters of different doping concentrations are shown, as well as
further post-treatment results. Studies with respect to their molecular composition and optical
transmission were also performed. In addition, a systematic investigation was followed for
the effects of thickness by inkjet printing of different pattern configurations of PEDOT:PSS.
Chapter 4 describes the fabrication of ZnO nanowires at relatively low temperature
conditions with the help of inkjet-printing and hydrothermal growth. A simplified sol-gel
synthesis was followed for the formulation of the precursor ink. Furthermore, a flexibility in
the morphological control of the nanowire properties is demonstrated with the help of certain
capabilities of the Dimatix printer, and further applications of these nanowires are seen in
Chapter 5.
Chapter 5 introduces the exploration of ZnON as a potential thermoelectric material at
room temperature. This material has never been examined before in terms of thermoelectrics.
With the help of reactive sputtering, it shows that by varying the O2 /N2 ratios the ideal power
factor value can be obtained. Further investigations were performed in terms of plasmatreatment and thickness effects. Furthermore, additional shelf-life stability characterization
was executed with respect to their transport parameters.
Chapter 6, which is the most important section of the thesis, exhibits the realization of a
complete thermoelectric generator device. An appropriate structure was fabricated consisting
of the materials studied in the above Chapters. A 2-thermocouple pair device was attached
on a polarizer and with a specific set-up built for this project’s purpose a 30 pW power was
harvested under backlight illumination.
Finally, the conclusions and further future work to be done are described in Chapter 7.

Chapter 2
Materials, Processing and their
Characterization
A brief description will be given in this Chapter about the thermoelectric phenomena in
general and what will the efficiency conversion of a TEG device be. Additionally, in this
Chapter we will discuss the materials used throughout the present study, fabrication steps
followed, and how the way by which they were characterised. It is well known that for
a complete TEG device, at least two different materials are required. The fabrication of
these materials was done with several thin-film deposition techniques; both solution and
vacuum-based processes. Characterization of their physical properties was done as well
as measurement of their thermoelectric parameters. According to the outcome of these
analytical results, a systematic investigation was performed in order to find a correlation
between their physical and thermoelectric parameters. Understanding the correlation of these
parameters could lead to an enhanced power factor that is ideal for a high-efficiency TEG
device.

2.1

Thermoelectric Effects

These thermoelectric effects (i.e. Seebeck, Peltier and Thomson effects) will be briefly
described in the following sections. Their individual coefficients will be defined, while Kelvin
relations will be used to derive their absolute coefficients and how they are interconnected
with each other.
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Seebeck Effect

The Seebeck effect was initially discovered by the physicist Thomas J. Seebeck in 1821 and
subsequently revised by Hans C. Ørsted.[? ? ] It is one of the three thermoelectric effects
and exists when a circuit consisting of two dissimilar materials has its two junctions set at
different temperatures. This results into an electromotive force (emf ), otherwise known as
the Seebeck emf. The Seebeck emf is directly dependent both on the material properties as
well as on the temperature difference along the two junctions. Such an example is given by a
thermocouple in Fig. 2.1(a). Assuming that the materials are homogeneous, being dissimilar
between themselves and obeying Ohm’s law, then the relation between Seebeck emf and
temperature difference should be independent of any non-uniform temperature distribution
within these materials. According to these assumptions, the Seebeck emf can be given as
follows:
Z
Ti

VAB =

To

Z Ti

=
To

Z Ti

=
To

(2.1a)

SAB dT
Z To

SA dT +
SA dT −

Ti

SB dT

(2.1b)

SB dT

(2.1c)

Z Ti
To

where SAB is the relative Seebeck coefficient between materials A and B, with one junction
set at temperature To and the other at Ti = To + ∆T . If the temperature difference, though,
is small enough, then the Seebeck emf will be directly proportional to that temperature
difference, hence:
VAB = (SA − SB )∆T
(2.1d)

Fig. 2.1 (a) The Seebeck effect in a simple thermocouple and (b) when
material A has arbitrary points of different temperatures.

19

2.1 Thermoelectric Effects

Furthermore, if a circuit consists of two dissimilar materials that may have multiple
different temperatures at particular arbitrary points other than their junctions (see Fig. 2.1(b)),
then the net Seebeck emf can be given by:
V=

Z T
β
To

2.1.2

Z To

SA dT +

Ti

Z Ti

SB dT +

Tα

SA dT

(2.2a)

= SA (Tβ − To ) + SB (To − Ti ) + SA (Ti − Tα )

(2.2b)

= SA (Tβ − Tα + ∆T ) − SB ∆T

(2.2c)

= SA (Tβ − Tα ) + (SA − SB )∆T

(2.2d)

Peltier Effect

The Peltier effect was discovered by the physicist Jean C. A. Peltier in 1834.[? ] It occurs
when an electric current flows in a circuit that consists of two dissimilar materials and
draws heat from one junction to the other (see Fig. 2.2). This process is thermodynamically
reversible, hence, if current flows in the opposite direction, heat will be drawn in reverse.

Fig. 2.2 The Peltier effect in a simple thermocouple.

In contrast to the Joule heat, the Peltier heat is linearly proportional to the current. The
rate at which Peltier heat is transferred is independent of any arbitrary temperatures within
the circuit and depends only on the current magnitude and the material properties:
Q̇AB = ΠAB I

(2.3)

where Q̇AB is the rate of Peltier heat transferred from one junction to the other, ΠAB is the
relative Peltier coefficient of materials A and B, and I is the electric current. Additionally, the
sign of the relative Peltier coefficient plays a dominant role on the direction of heat transfer.
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For example, if the sign of the relative Peltier coefficient is negative in Fig. 2.2, then heat
should be absorbed from To to Ti .

2.1.3

Thomson Effect

William Thomson (now known Lord Kelvin) with his new thermodynamic perceptions,
discovered in 1851 that there is a third thermoelectric effect as well. The Thomson effect
states that heat is absorbed or generated when a homogeneous material is set under a
temperature gradient while the electric current passes through it. This effect is different from
the Peltier effect since it does not require two dissimilar materials. It is also distinct on its
own as it takes into account the different spatial Seebeck coefficients occurring due to the
temperature gradient occurring along the material. The rate of heat absorption per unit length
is given by:
dT
q̇A = NA I
(2.4)
dx
where NA is the Thomson coefficient of material A and (dT /dx) is the temperature gradient.
According to the sign of the Thomson coefficient, the heat will either be absorbed or generated.

2.1.4

Kelvin Relations

In order to derive the Kelvin relations, William Thomson used the first and second laws of
thermodynamics. Assumptions were made though, by neglecting the two main irreversible
processes that happen in an electric circuit system, the Joule heat and thermal conduction
process. If the circuit in Fig. 2.3 is taken into account, then the work done on a unit charge,
δ q, moving around the circuit in a complete cycle should be equal to the thermal energy
absorbed by the unit charge from the system. Following the first law of thermodynamics (i.e.
conservation of energy in a system):
δU = δ Q − δW

(2.5)

where δ Q is the heat absorbed and δW is the work done by the circuit on the unit charge.
Furthermore, if the materials A and B are isotropic and homogeneous, then δW = V12 δ q,
where V12 is the Seebeck emf.
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Fig. 2.3 Schematic circuit used to derive Kelvin relations.

Moreover, if we include the remaining two thermoelectric processes that are responsible
for heat absorption, and take into account that δW = δ Q, then we derive the following:
V12 = Π1 − Π2 +

Z Ti
To

(NB − NA )dT

⇒ dV12 = dΠ + (NB − NA )dT

(2.6a)
(2.6b)

Additionally, if the second law of thermodynamics is considered, the net change in
entropy within the system by the flow of charge should remain zero as the above conditions
are reversible. This means that no electrical energy should be generated, i.e. dV12 = 0, hence:
Π2
Π1
−
+
0=
To To + ∆T

Z Ti
N B − NA
To

T

dT

(2.7)

Equations (2.6b) and (2.7) are what Thomson used in his studies. By differentiating these
two equations with respect to temperature, we get the following:
dE
dΠ
=S=
+ (NB − NA )
dT
dT
dΠ Π
0=
− + (NB − NA )
dT T

(2.8a)
(2.8b)

Next, if the Thomson coefficients are eliminated from the above equations, then we get
the first Kelvin relation:
Π = TS
(2.9)
The second relation, between Thomson and Seebeck coefficients, is obtained by substituting (dΠ/dT ) of Eq. (2.8b) by the derivative of Eq. (2.9) with respect to temperature,
thus:
dS
NB − NA = T
(2.10)
dT
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Efficiency and Figure of Merit

When it comes to power generation, the different thermoelectric phenomena need to be used
in such a way in order to introduce high output efficiencies. This requires the adjustment
of both material and circuit parameters. To identify how efficiency is dependent on such
parameters, some standard methods are used to develop the critical equations described
below. [? ] The circuit device shown in Fig. 1.4 consists of two elements of dissimilar
materials that are connected in series with an external load, RL . They have one junction
connected with a source of heat at Ti and the other virtual junction with a sink at To . The
temperature difference between these two junctions is kept constant. This results in a Seebeck
emf, SAB ∆T , which produces a current, I. Furthermore, it is assumed that material properties
are invariant with any temperature changes, hence the Thomson effect can be neglected.
In addition, further assumptions are made on negligible thermal and electrical resistances
between the source/sink and junctions. This means that the heat introduced from the source,
Qin , is wholly transferred by means of conduction, Qk , and Peltier heat, Q p , produced by the
evolved current. Moreover, there is a generation of Joule heat, Q j , in the thermoelements,
which adds up to the source heat. Finally, by assuming that the thermoelements are isotropic,
the Joule heat should spread evenly along them, so that half of it will appear at each junction.
All these can lead to the resulting circuit’s thermal equation:
1
Qin + Q j = Q p + Qk
2

(2.11)

Q p = ΠAB I = SAB ITi

(2.12a)

Q j = I 2 (RA + RB )

(2.12b)

Qk = (KA + KB )∆T

(2.12c)

for which,

where RA , RB are the electrical resistances and KA , KB are the thermal conductances of the
thermoelements A and B, respectively, and ∆T = Ti − To .
If the above equations get substituted in Eq. (2.11), then:
Qin = SAB ITi −

I2
(RA + RB ) + (KA + KB )∆T
2

(2.13)

In addition to this, the heat transferred to the cold junction can also be calculated by:
Qout = SAB ITo +

I2
(RA + RB ) + (KA + KB )∆T
2

(2.14)
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By following the first law of thermodynamics and assuming that there are no heat losses
within the TEG module, then the power generated should be equal to the following:
Pout = Qin − Qout

(2.15a)

= SAB I∆T − I 2 (RA + RB )

(2.15b)

This power generated can also be expressed by the power drained from the load, RL , by:
PL = I 2 RL

(2.16)

By equating Eq. (2.15b) and (2.16), then the voltage across the load can be obtained:
V = SAB ∆T − I(RA + RB )

(2.17)

Since the load’s voltage and resistance are known, then the current can be derived:
I=

SAB ∆T
R + RL

(2.18)

where R = RA + RB . Furthermore, by replacing I of Eq. (2.17) with that from (2.18), then
SAB ∆T
VL =
RL /R + 1



RL
R


(2.19)

and by multiplying Eq. (2.18) by (2.19), then power output can be found:
Pout =

2 ∆T 2
SAB
RL /R
R (RL /R + 1)2

(2.20)

In order to achieve the maximum power transfer to the load, the internal resistances of the
TEG should match the load resistance, i.e. RL = R. According to this, the maximum power
output will be:
S2 ∆T 2
Pmax = AB
(2.21)
4R
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Since the power output and heat provided into the TEG are known, then the conversion
efficiency can be derived:
η=

Pout
(SAB ∆T )2 /8 (RA + RB )
=
2 ∆T T /2(R + R ) − (S ∆T )2 /8(R + R ) + (K + K )∆T
Qin
SAB
i
B
B
B
A
AB
A
A

=

∆T
2Ti − ∆T /2 + 4(KA +KSB2)(RA +RB )

(2.22a)

(2.22b)

AB

The following extracted term from Eq. (2.22b),
(KA + KB )(RA + RB )
2
SAB

(2.23)

contains material properties and circuit parameters that play a significant role on the conversion efficiency. This term can be rewritten in the following form:
(κA DA + κB DB )(1/σA DA + 1/σB DB )

(2.24)

where κ is the thermal conductivity, σ is the electrical conductivity and D = A/ℓ is the form
factor of the cross-sectional area, A, divided by the length of the thermoelements, ℓ. In order
to get the maximum possible efficiency based on the existing material properties, the circuit
parameters (i.e. A and ℓ) must obey the following criteria:
DA
=
DB



σB κB
σA κA

1/2
(2.25)

Furthermore, when the above condition is met, the reciprocal of the term in Eq. (2.23) can
be used to give the figure of merit shown below:
2
SAB
z = hp
i2
p
κA /σA + κB /σB

(2.26)

z can now be used to express the conversion efficiency equation, Eq. (2.22b), in its most
simplified version:
∆T
η=
(2.27)
4
2Ti − ∆T
2 +z
It is important to remind the reader that the criteria chosen in impedance matching was
to optimize the power output. Nevertheless, this does not give the maximum conversion
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efficiency, as it can never go beyond 50 % of the ideal Carnot efficiency (i.e. ηc = ∆T /Ti ).
For this reason, the impedance matching needs to be shifted so that dη/dm = 0, where
m = RL /(RA + RB ).[? ] According to Ioffe, the above condition happens when,
s
m=

zT̄ (To − 1)
To

(2.28)

where T̄ is the average of the temperatures Ti and To . Additionally, by implementing this new
value instead of m = 1, should give a maximum conversion efficiency of:
√
1 + zT̄ − 1
ηmax = ηc √
1 + zT̄ + TToi

(2.29)

Because of this, the figure of merit is regularly written as zT̄ . As a matter of choice, it is
widely used in thermoelectrics, and somehow replaces the conversion efficiency equation for
convenience reasons. In fact, it can be solely used for individual thermoelectric materials as
a way of direct comparison in terms of their thermoelectric abilities:
zT̄ =

S2 σ
T̄
κ

(2.30)

Moreover, the higher the zT is, the better the performance of the material will be. Therefore,
when research is undertaken on materials for TEG applications, the workers try to achieve a
high power factor (S2 σ ) and low thermal conductivity. Unfortunately, this is not as simple
as it sounds. For naturally occurring materials, this property combination is not possible as
these parameters are strongly interdependent on each other. For example, if a material (i.e. a
metal) has a high electrical conductivity, then it should posses a high thermal conductivity as
well, and vice versa. Furthermore, since there are many materials that already have a high
power factor, research in thermoelectrics is mainly focused on how to lower their thermal
conductivity. This is because if the thermal conductivity is high, then heat will travel rapidly
from the hot to the cold junction and equilibrate both sides with the same temperature, which
would result in no Seebeck emf. Furthermore, thermal conductivity is actually made of
two parts, electronic and the phononic. The first is directly dependent on the electrical
conductivity, whereas the latter comes from the contribution of phonons, and further details
on these parameters will be given in the following section.
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Materials

The materials used in the present study can be divided into two categories according to their
Seebeck coefficient sign. A positive Seebeck coefficient indicates that electron holes (a.k.a.
holes) are responsible for the charge diffusion towards the cold region, whereas a negative
coefficient indicates that electrons are responsible. An easier way to reflect their Seebeck
coefficient sign is by the n- or p-type terms. Usually, these terms apply to semiconductor
materials that are extrinsically doped with donors or acceptors, however, they will be used
throughout this text independently whether the material is a conductor, a semiconductor or a
semimetal.
The n-type materials fabricated in the present study are zinc oxynitride (ZnON) and zinc
oxide (ZnO). ZnON was formed by sputtering from a pure zinc target under the reaction of
gases such as oxygen (O2 ), nitrogen (N2 ) and argon (Ar). ZnO was fabricated in terms of
nanowires with the help of a hydrothermal method using a zinc-based salt as the precursor.
Further information on these is provided in Sections 5.2 and 4.2.
The p-type materials fabricated are based on PEDOT:PSS dispersions, which were
prepared either from re-dispersible dry pellets or from a pre-modified commercial ink. These
polymeric dispersions were deposited via solution-based techniques, such as inkjet-printing
and spin-coating. For this particular study, different mixtures were produced followed by
secondary doping and post-treatment methods with dimethylsulfoxide (DMSO) and ethylene
glycol (EG). Further information on the different mixtures produced is provided in Section
3.2.

2.3
2.3.1

Solution-based Thin-film Deposition Techniques
Spin-coating Technique

The spin-coating technique is used to deposit thin films on a smooth and flat surface. The
process followed can be split into four parts, as shown in Fig. 2.4. Initially, a small amount
of the material is transferred to the central region of the substrate. Next, the substrate begins
to rotate at high angular speeds where spin-up and spin-off stages occur. In the meantime,
although the material evaporates throughout the process, it still dominates at the very end. The
spin-coater is programmed by the user with the required angular acceleration, steady-speed
and duration of the spinning procedure.

2.3 Solution-based Thin-film Deposition Techniques
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Fig. 2.4 Schematic diagram showing the spin-coating procedure: (a) fluid
dispensation, (b) spin-up stage, (c) spin-off stage and (d) drying dominated.

The deposition of the material on the substrate is usually done with the help of a pipette.
This can be done when the substrate is stationary, or during the accelerating procedure. The
amount of the material must be such that it can cover the whole surface before it evaporates,
particularly for solvents with low boiling points.
In the spin-up stage, the acceleration of the substrate takes place, until it reaches the
preset steady-speed. During this stage, the fluid is pushed from the central region towards the
edges of the substrate with the help of the centrifugal forces that have just emerged. Once
the steady-speed is reached, the fluid keeps moving outwards from the substrate where the
spin-off happens. This means that a large unwanted amount of the initial material is removed
from the substrate. Both the angular speed and time-duration play an important role on the
physical morphology of the thin film. The thickness of the thin film mainly depends on the
magnitude of the angular speed. Controlling the angular speed, determines the amount of the
material being removed; with higher speeds resulting in thinner films. As for the duration,
the longer it keeps spinning, the smoother it becomes. Other factors that can be important
on the outcome of the film are the consistency of the fluid and the solvent’s boiling point.
For example, under the same parameters a fluid with a higher viscosity would result into a
thicker thin-film when compared to another one of lower viscosity.[? ] Additionally, if the
solvent’s boiling point is quite low, the film may have discontinuities and defects.
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The thickness of the thin films deposited by this technique usually lie in the range of
nano to micrometres. Typically, thicker films can be formed by performing multiple coatings.
This method is occasionally followed when there is not much freedom to play around with
the above parameters once a specific configuration of them already gives a high quality film
that could not occur with other configurations (usually because of high volatility).
The spin-coating technique was used with both PEDOT:PSS-based mixtures and sol-gel
precursors of zinc acetate dihydrate. Further details on these can be found individually in
Sections 3.2.2 and 4.2.2.

2.3.2

Inkjet-printing Technique

Inkjet-printing technology falls under the additive-fabrication techniques that can produce
a patterned film without the need of masks and templates. The thickness of the films are
rather thicker than those produced by spin-coating. It is a very well-known technology of
high flexibility that ranges from conventional paper printing to industrial-sized applications.
Furthermore, it is fundamentally divided into two categories; the continuous inkjet (CIJ) and
drop-on-demand (DoD) technology. In the CIJ, a continuous stream of ink is initially ejected
and then deflected appropriately on the substrate; whereas, in the DoD technology individual
droplets are ejected per demand. CIJ was primarily used in marking products with dates
and barcodes, something that required high speeds but not great definition. Even though
this technology developed, it was still not good enough for printing high-resolution details.
The DoD technology that was developed made this possible since it was capable of printing
images with the means of digital reproduction. The inkjet-printer used in the present study is
based on the DoD, hence the information given below only reflects this particular technology.
DoD technology functions by printing individual droplets of ink (liquid) on the demand
of the user, or better to say, the programmed system itself. These droplets generally have
volumes of pico litres and diameters of micrometers. They are created by the print-head
while ejected through a nozzle towards the substrate. The formation of the individual droplets
can be acquired by a pressure pulse that is produced inside the cartridge from either a thermal
or piezoelectric actuator. In the thermal DoD, a current passes though a thin film located
inside the chamber of the cartridge that gets thermally heated, producing in this way a small
bubble of gas that causes an inner pressure. In this process the inks used must be aqueous
and volatile, otherwise a bubble cannot be formed. In the case of a piezoelectric mechanism,
a current passes through a piezoelectric material (i.e. PbZrTi), which undergoes a shape
deformation. Such a deformation of the ink volume in the cartridge chamber is responsible
for the production of the pressure pulse. The piezoelectric-based actuator mechanism does
not require a volatile solution, hence, this makes it a versatile technology that can be used
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for a wide range of materials.[2] While the main droplet is ejected from the nozzle, a long
ligament is followed attached on it. As the droplet moves away from the nozzle, this ligament
breaks down and either gets pulled towards the droplet to form a union or separates on its
own (due to capillary instability) to form a secondary smaller droplet (a.k.a. satellite drop).

Fig. 2.5 Schematic diagram showing the DoD inkjet-printing technology
with (a) a thermal and (b) a piezoelectric actuator.

The two most physical properties of the ink for a droplet formation are its viscosity and
surface tension. Based on these two and the inertia of the ink attached to the nozzle, a value
can be calculated, called the Ohnesorge number. This value is calculated using the following
equation:
η
Oh = p
(2.31)
σ ρd
where η, σ and ρ are the viscosity, surface tension and density of the ink respectively, and, d
is the diameter of the nozzle. The ideal Ohnesorge number for a successful droplet formation
is believed to be between 0.1 and 10.[? ] If the Ohnesorge number is higher than 1, the
viscous forces will prevail, opposing the separation of the droplet from the ink. On the
other hand, if it is lower than 0.1, a large number of satellite droplets will get produced.
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If the number falls in these extremes, then the ink must be modified with additives and
surfactants that can change the above physical parameters. If the ink is chemically sensitive
to such additives, then another way to alter at least one of these parameters (its viscosity) is
by changing the chamber’s temperature. Apart from the ideal Ohnesorge number, external
contributions are important too. For example, if the driving force (pressure pulse) is low,
then due to the insufficient kinetic energy there will be no droplet formation; whereas if it is
too high, then splashing will occur on the substrate.[? ]
The printer used in the present study (DMP-2831, Fujifilm) is a piezoelectric DoD printer.
One of its main characteristics is the integration of a drop-watcher viewer with a piezodrive waveform controller. The first one is used to survey the formation of droplets and
their trajectory path, while the second is used to modify the voltage waveform applied to
the piezoelectric material. Through this combination, the user can change the waveform
parameters (i.e. voltage, amplitude and slope) so that it could help with the formation of the
droplet and the reduction or even elimination of its satellites. This is very important when
the ink consists of organic polymers that posses viscoelasticity. It is a characteristic property
of non-Newtonian fluids that introduces both elastic and viscous behaviours resulting in a
time-dependent strain. This is usually observed in the stretching of the ligament region of
the droplet before it fully detaches from the nozzle. Once the ligament stretches, it acts like a
spring that obeys Hooke’s law; causing a reduction in the droplet’s jetting speed, creation of
multiple satellites or even no jetting at all.[? ? ]

Fig. 2.6 Fujifilm Dimatix printer (DMP-2831).[? ]
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Any deposition processes used in the present work, under vacuum conditions fall in the
category of physical vapour deposition (PVD). This describes any process where the material
of interest is initially evaporated from its condensed phase by physical means into the vapour
phase, and finally back to a condensed phase once coated onto a surface. The thickness of the
thin-films can be controlled to span a range of a few nanometres to several micrometers.[?
] Furthermore, the materials used in these processes can either be pure elements or even
compounds of molecules. Two of the most common PVD processes are sputtering and
evaporation, which are discussed below.

2.4.1

Sputtering Technique

This technique is performed under moderate to low vacuum (10−6 to 10−1 mbar) and it
is believed to be the most common process of mainstream use. Generally, the sputtering
mechanism is based on collisional principles where energetic ions, typically argon ions,
bombard the surface of the target (material of interest). This results into several atomic
collision-cascades that eventually eject a vast number of target atoms (a.k.a. recoils), responsible for the condensible vapour, which then impinges on the surface of the substrate.
Additionally, the target is placed on the cathode and the substrate on the anode. When a
voltage is applied between the two electrodes an electric field is produced, and electrons flow
from the cathode to the anode. During this motion, the electron-impact reactions with argon
gas generate argon ions and extra electrons through discharge, which is what we call plasma.
These ions, then, get accelerated by the electric field in order to bombard the target surface
where recoils and new electrons (secondary) are produced. Due to this production of excess
electrons, the gas discharge is self-maintained and results in a constant plasma density, that
glows in a rather purple colour.[? ]
There are different types of sputtering technologies currently available; the direct current
(DC) and the capacitive radio frequency (RF) discharges and the planar magnetron combined
with either DC or RF. However, only the DC and RF discharges will be discussed in the
following sections.
DC Sputtering
DC discharge is the simplest concept amongst all and was therefore used first in the present
study. In brief, a DC voltage, Vo , is applied between the anode and the cathode that makes
it responsible for the generation of plasma. As shown in Fig. 2.7, the target is placed at
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the cathode towards which the plasma is accelerated. Furthermore, the cathode itself is
negatively driven by a power source, while the anode is grounded.

Fig. 2.7 DC sputtering mechanism showing a DC gaseous discharge from
where ions strike the target. Atoms from the target sputter on the substrate that
is located on the anode.

The plasma produced is mainly found just above the anode and has a small drop in
voltage, Vp compared to the remaining of the applied voltage that is found near the cathode
sheath. This extreme voltage drop in the sheath region is responsible for the powerful plasma
bombardment on the target, which leads to a cascade of further target atom interactions and,
finally, to the ejection of recoil atoms and secondary electrons. The recoil atoms with their
high momentum then sputter to all different directions, with the prevalent one being towards
the anode where the substrate is placed. In addition, the secondary electrons produced at the
target tend to move faster towards the plasma region due to their lighter mass. This increases
in such a way the number of electron-argon collisions, leading to a new gas discharge and,
hence, maintaining the plasma density. It is important to mention that glow gas-discharge
(i.e. visible plasma) occurs only when the kinetic energy of the electrons matches that of
the ionization levels of argon. Therefore, no plasma is observed near the cathode and anode
sheath regions where electrons have very high and very low energies, respectively. According
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to these characteristics, the voltage applied between the electrodes is usually in the kilovolt
range, and the separation between them is around a few centimetres.
The main usage of the DC sputtering process in present study was for electrode deposition
with metallic materials of either molybdenum or aluminium. Furthermore, a shadow mask
could be used to give a patterned configuration of electrode pads by allowing the target
atoms to pass only through the perforated openings. Finally, the thickness of the electrodes
deposited was set to either 100 or 200 nm.
RF Sputtering
RF discharge is based on the capacitive gaseous discharge between the vacuum walls and
the target cathode. The plasma created by this mechanism also follows the same atomistic
processes that occur in the DC one. However, instead of using a DC voltage, an alternating
voltage is applied with oscillating frequencies of about 13.56 MHz.[? ] During the positive
cycle, the electrons travel towards the anode to form a negative bias, while in the negative
cycle, the positive plasma ions travel towards the cathode for target bombardment. The
reason of using such a high frequency is to prohibit the plasma ions, which are heavier than
electrons, to follow the quick potential alternations; resulting into plasma triggering at lower
voltages and neutralising any charge built-up near the target surface. The latter phenomenon
is absolutely necessary for high resistive materials where positive ions have the tendency to
gather near the target surface and reducing the current, which is one of the requirements for
plasma generation.
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Fig. 2.8 RF sputtering mechanism showing potential sheaths of equal length
and a plasma volume larger than that shown in the DC mechanism.

In the present study, RF sputtering is used as a reactive process to deposit the semiconducting material, ZnON. As shown in Fig 2.8, reactive gases, in this case nitrogen and
oxygen, are added into the vacuum chamber. The inert nitrogen gets ionized in the plasma
region and under further chemical reactions with the condensible vapour of sputtered zinc and
oxygen, zinc oxynitride is formed. This type of technique falls under the reactive sputtering
procedures category.[? ]

2.4.2

Thermal-evaporation Technique

Thermal evaporation is a technique that is broadly used due to its simplicity when compared
to other PVD techniques. What is really needed is a high-vacuum chamber, a heating source
(a.k.a thermal module) that can evaporate the material of interest and a substrate holder.
The high vacuum is required to remove any unwanted vapours of materials other than the
source, ensuring high quality thin-films. To avoid such contaminations, the required vacuum
pressures need to be set much higher than in the sputtering systems. This results into a very
directional deposition due to the long mean-free path of gas molecules. In the particular
equipment used in the present study, the thermal module is based on the principle of filament
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evaporation. Large amounts of current (e.g. 100 A) pass through the evaporation source that
heats up via joule heating. The evaporation source can be made of a twisted-wire coil, a
dimpled boat and a heat-shielded crucible amongst other materials. The material of interest,
usually in the form of short wire or small pellets, is placed inside the evaporation source and
gets heated to reach its melting point. The vapours then rise through the vacuum to reach
the inverted substrate that is positioned above the source, where film deposition proceeds
atomistically.

Fig. 2.9 Schematic diagram of the thermal evaporator
used for gold thin-film deposition.

The thermal-evaporator technique was used in the present work for depositing gold
electrodes with the help of a tungsten-coated, dimpled and boat-shaped ceramic. The
pressure used was around 10−6 mbar with a source-substrate separation distance of 20 cm in
order to produce a 100 nm thickness of thin-film electrodes.
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Analytical Methods
Profilometry

Profilometry is a way of measuring the surface profile of a sample from which both thickness
and roughness can be provided. Generally there are two ways to do this; either through
non-contact (see the next Section on ellipsometry) or contact methods.[? ? ] Veeco Dektak-8,
the instrument used in the present work, is a contact-based stylus profiler. The stylus is made
of a diamond tip whose radius may vary from a few micrometres down to tens of nanometres.
It has the ability to measure the different surface variations by vertical displacements, which
is controlled through a physical force feedback, while moving laterally across the area of
interest. Furthermore, it features a vertical range between 5 nm and 1 mm with a possible
resolution of 0.1 nm.[? ]

Fig. 2.10 Schematic diagram of the stylus-type profilometer.

This was mainly used for measuring the thicknesses of patterned samples that were fabricated either by sputtering or inkjet-printing. According to the height and lateral dimensions
of the pattern, the stylus force and lateral resolution were selected appropriately. Furthermore,
all the data recorded were smoothed in such a manner in order to remove any unwanted noise
without imposing any further alterations to the important details of the results.

2.5.2

Ellipsometry

Ellipsometry is a spectroscopic-based technique that uses elliptical polarization of light
to investigate the dielectric properties of a thin film. This is performed by measuring
the polarization changes upon reflection or transmission from the sample. The change of
polarization is measured in terms of the amplitude ratio, Ψ, and the phase difference, ∆. With
the help of an ellipsometric analysis program (WVASE® in this case), a model is built with
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which the quantified data is compared. Using this method, several film properties can be
characterized, for example: the thickness, crystallinity, roughness and doping-concentration
amongst others.[? ] Typically, ellipsometers consist of a laser that shines a beam of light on
the sample from which it is then reflected towards a CCD camera. In between the laser and
the sample there is a combination of both a polarizer and a quarter-wavelength compensator
used to transform the initial beam into elliptically polarized light. The same configuration
applies in-between the sample and the detector as well.[? ]
M-2000 (JAWCo) is the ellipsometer used in the present study in order to calculate the
thicknesses of the thin films and compare these results quantitatively to the ones obtained from
the profilometer. M-2000 (JAWCo) was also used to calculate the thickness of some films that
could not be derived by stylus profilometry. Such films were either too thin or were covering
the whole substrate (reference area of bare substrate is required for profilometry). In the
models built in WVASE® it was assumed that the samples were optically homogeneous and
isotropic. Furthermore, the incident angle used was 75°, and the experiment was performed
under normal room temperature and ambient light.

2.5.3

SEM

The scanning electron microscopy (SEM) is a technique that is used to examine the topography and composition of a sample’s surface. It is based on a raster-mode scan of secondary
electrons. These electrons are excited from the sample’s atoms when the latter get exposed to
an electron beam. They tend to get ejected via inelastic scattering interactions, and because of
their low energies (< 50 eV), the ones that successfully make it are those that are excited from
atoms that are close to the surface of the sample.[? ] For this reason, a very high-resolution
image can be built for that surface. Additionally, thanks to the narrow size of the electron
beam, the depth of the field becomes large enough to produce an image that almost appears
to be three-dimensional. This is achieved by the different brightness variations of the signal
from each point of the rasterised image. Since the brightness depends on the amount of secondary electrons being detected, an edge would be imaged that is brighter than a flat surface
due to the larger interaction volume of the beam producing more secondary electrons.[? ]
The interaction volume has a teardrop shape while the primary electron beam spreads into
the sample. Additionally, both the teardrop and the spot sizes of the beam are greater than
atomic distances, hence the resolutions achieved are limited by a few nanometres.
The samples are generally attached to a specimen stub with the help of an adhesive layer
in between them. This layer is usually made of carbon tape because it is conductive and
has the ability to ground the sample. If the surface of the sample is not conductive and no
grounding is applied, then charging would accumulate on the surface and in the best case
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scenario, distort the image. Furthermore, the whole system is set to high vacuum so that no
gas atmosphere interacts with the electrons from both the electron beam and the secondary
ejected ones. If the samples are not that conductive, usually a layer of gold is sputtered
onto their surface to help with imaging. With regard to the samples used in this technique,
there was no further preparation by any other means as they were conductive enough for
high-quality imaging. Additionally, the energy used for the electron beam was around 8 keV
and the instrument used was called Leo Gemini.

2.5.4

UV-VIS Spectroscopy

UV-VIS stands for ultraviolet-visible, referring to the spectrum of light that is measured in
terms of absorption or reflection by spectroscopic means. This method is mainly used for
understanding the electronic and vibrational mode of the material of interest. The sample
under consideration is exposed to light of intensity Io , with wavelengths ranging from the
near-infrared (NIR) to the near-UV spectrum, and measures the transmitted wavelength of
intensity I. The ratio of these two intensities, I/Io , should give the transmittance in terms of
percentage. The absorbance can be calculated as well via the following equation:
A = − log (%T /100%)

(2.32)

where T is the transmittance. Furthermore, the same principle can be used to calculate the
reflectance as well, by measuring the intensity of light reflected rather than that transmitted.
The typical set-up of the instrument consists of a combination of light-sources (tungstenfilament and deuterium-arc lamps) that can cover the whole spectrum, a prism to separate
the different wavelengths and a photodetector. The Agilent/HP-8453 instrument used in the
present work is a single-beam based spectrophotometer, which means that a bare substrate
needs to be initially measured as a reference before any further samples are tested. The
substrate used for all the fabricated films was quartz glass, which is known to have a very
wide transmission window (190-2500 nm).
The mechanism of spectrophotometry relies on the absorption of such radiation through
the excitation of electrons in both organic and inorganic materials. In organic materials,
the atoms in the molecular bonds have their orbitals merged into a group of molecular
orbitals. Furthermore, these orbitals are occupied by electrons of different energies. Such
electrons can be of single bonds (σ -electrons), multiple bonds (π-electrons) and non-bonding
(n-electrons). When these electrons absorb radiation, they get excited from their highest
occupied molecular orbital (HOMO) to their anti-bonding molecular orbitals in the lowest
unoccupied molecular orbital (LUMO). Based on the type of bond transition, the particular
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wavelength of radiation is absorbed. For example, PEDOT:PSS, which is one of the materials
of interest, has many π-electrons that are responsible for most of the absorbed radiation in
the UV range. Exactly the same mechanism is followed in the inorganic counterparts but
instead of having anti-bonding transitions, there are ligand-centred orbital to half-occupied d
orbital charge-transfer transitions.

2.5.5

FTIR Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is based on absorption as in UV-Vis, but
instead of illuminating the sample with a monochromatic light, it uses a range of frequencies
at once. The source light covers the full spectrum but with the help of a Michelson interferometer, several wavelengths are selected each time. This is used to generate different data for
different wavelengths. By changing the angle between the light source and the interferometer,
different wavelengths are produced. Furthermore, this is repeated quite a few times with
different angles until a range of frequencies has been used. Finally, all the raw data are
processed with the help of a Fourier-transform algorithm into the desired information. The
instrument used in the present work was the PerkinElmer FrontierTM Optica in combination
with an attenuated total reflectance (ATR) unit. In ATR, the sample is pressed against the
surface of a single crystal. An infrared radiation is then directed through the crystal towards
the interface of the two media, where an evanescent wave results via total internal reflection.
When using a solid sample, it is important to make sure that there is no air-gap between
the surfaces of the crystal and the sample, otherwise the evanescent wave will disappear.
However, when a liquid sample is used there is no concern about this air-gap issue.
The results are usually plotted in means of absorbance against frequency. The frequency is provided in terms of reciprocal centimetres (a.k.a. wavenumbers). Additionally,
the frequencies that were used by the above instrument, (4000-400 cm−1 ), lie in the midinfrared spectrum, which is responsible for studying fundamental vibrations and associated
rotational-vibrational structures. According to the structure of the molecule and the masses
of its individual atoms, the molecule can vibrate only to certain frequencies (i.e. resonant
frequencies). When mid-infrared light is shined onto the sample, absorption at different
intensities will occur at particular frequencies that correspond to the resonant frequencies
of the vibration. Furthermore, for a vibrational mode to be active there must be a change
in the dipole moment.[? ] Therefore, this limits the detection of such vibrations down to
asymmetrical-stretching and bending (in-plane, out-of-plane, rocking and twisting).[? ]
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Electrical Conductivity

To calculate the electrical conductivity of the materials used and produced in the present
study, both their sheet resistance and thickness should be known. The product of sheet
resistance and thickness of the material gives its electrical resistivity, which is the inverse of
the electrical conductivity (as shown):
σ = ρ −1 = (ρst)−1

(2.33)

where ρ is the electrical resistivity, ρs is the sheet resistance and t is the thickness of the
sample.
The sheet resistance is a parameter that can be straightforwardly measured. There are two
ways to do this measurement; the van der Pauw and the linear-configuration four-point probe
method. In the first method, the material can be of any arbitrary shape with the electrode pads
set at the perimeter of the sample, whereas, in the linear four point-probe case, the electrode
pads are set equidistant to each other as shown in Fig. 2.11. The linear-configuration
four-point probe was the one selected for the sheet-resistance measurements, as it is more
practical in terms of electrode fabrication. Additionally, the two external probes act as a
source of a certain current, I, and the two inner ones for sensing the resulting voltage, V .
With this method, any contact resistance caused between the probes and the film is eliminated,
promising high accuracy measurements. The method was performed with both positive and
negative currents so that the average value was found, while an IV curve was run for each
sample in order to make sure that the electrode-film contact was Ohmic. Furthermore, all
of the measurements of sheet resistance were performed with a combination of the Keithley
4200-SCS and the Signatone 1160-series probe stations.

Fig. 2.11 Schematic diagram of the four-point probe
method used for sheet resistance measurement.
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It is required that the distance between the electrode pads, s, is greater than the thickness
of the film, t. Based on the study of Valdes [? ], for semi-infinite volumes, the bulk resistivity,
ρ is given by:


ρ=

V
2π


1
1
1
1
I
+
−
−
s1
s3
s1 +s2
s2 +s3

(2.34)

Now, if the linear-configuration has its probes separated with an equal distance, i.e. s1 =
s2 = s3 = s, then Eq. (2.34) would simplify to:
ρ=

V
2πs
I

(2.35)

However, when the sample is a sheet-film of thickness, t ≪ s, and its sheet resistance is given
by the reduction of Eq. (2.35) to:
ρs =

V π
V
≈ 4.5324
I ln 2
I

(2.36)

This is what is used by the majority of researchers, assuming that the sample is infinite in
surface area. In reality, though, the samples used in the present work have a finite thickness,
width and length. Therefore, instead of relying on the assumption made above, it is better to
use a correction factor, C, which was derived by Smits [? ], and it is shown in table 2.1.
Table 2.1 Correction factor C for sheet resistance measurements. Adjusted from [? ].
d/s

a/d = 1

a/d = 2

a/d = 3

a/d ⩾ 4

1.0
1.5
2.0
2.5
3.0
4.0
5.0
7.5
10.0
15.0
20.0
40.0
∞

2.4575
3.1137
3.5098
4.0095
4.2209
4.3882
4.4516
4.5120
4.5324

1.4788
1.9454
2.3532
2.7000
3.2246
3.5749
4.0361
4.2357
4.3947
4.4553
4.5129
4.5324

0.9988
1.4893
1.9475
2.3541
2.7005
3.2248
3.5750
4.0362
4.2357
4.3947
4.4553
4.5129
4.5325

0.9994
1.4893
1.9475
2.3541
2.7005
3.2248
3.5750
4.0362
4.2357
4.3947
4.4553
4.5129
4.5324
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Since all the samples used were of 10 x 10 mm size, with thicknesses being in the nanomicrometre scale (much smaller than s = 1 mm), then the correction factor to be used should
be C = 4.2209. Therefore, the sheet resistance equation used throughout the present work is:
ρs =

2.5.7

V
4.2209
I

(2.37)

Seebeck Coefficient

When researchers refer to the Seebeck coefficient of different materials, they refer to their
absolute value. In reality though, to obtain the absolute Seebeck coefficient of a material
is not an easy task to perform, unless a superconductor is used at low temperatures.[? ]
As discussed in Section 2.1, the Seebeck emf measured through a voltmeter will be the
result from a thermocouple and not of a single material. Therefore, the Seebeck coefficient
calculated from both the Seebeck emf and temperature difference will be the relative Seebeck
coefficient of the two materials.
SAB = SB − SA = VAB /∆T

(2.38)

If a sample is connected from its two ends with the voltmeter leads, then the measured Seebeck
emf would include the contribution from both the sample, SA , and lead, SB . Therefore, the lead
contribution must be subtracted from the relative Seebeck coefficient in order to calculate the
sample’s one. The relative Seebeck coefficient can be extracted by measuring the individual
temperatures at each end of the sample and the voltage generated between these two ends.
Furthermore, this can be performed either through the integral or the differential technique.
In the integral method, one of the ends of the sample is set at a constant temperature,
while the other one is varied gradually by ∆T . This is usually used for large temperature
differences in long samples, wires, metals and semimetals where the Seebeck coefficient is
less temperature-dependent; however, it still is essential to implement curve-fitting methods
.[? ]
In the differential method, the temperature difference used between the two ends of the
sample is much smaller and its aim is to extract the Seebeck coefficient near the temperature
of interest, which is the average temperature between the two ends. The slope of the plotted
data values of voltage against temperature difference should give a linear regime, from which
the Seebeck coefficient should be easily extracted. Furthermore, there are three different
ways to perform the differential method: (i) the steady-state, (ii) the quasi-steady-state and
(iii) the transient conditions,[? ? ? ] all of which are based on a time-scale acquisition of
data (both V and ∆T ) between two successive temperature changes.
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Overall, in order to obtain a reliable Seebeck coefficient, the following criteria must be
met for any method selected:[? ]
1. Both the temperature and voltage values must be acquired simultaneously and the
probes for both temperature and voltage sensing must be set as closely as possible.
2. The temperature and voltage probes must be in a very good thermal and electrical
conduct with the sample, respectively.
3. The measured voltages need to be much higher than the errors caused either from
systematic (e.g. equipment) or random (e.g. thermal noise) errors.
The schematic design of the experimental set-up used to measure all this data is depicted in
Fig. 2.12. Two Peltier modules were used as the heating and cooling units, which could be
driven by a DC voltage that was digitally adjusted through a source-meter (Keithley 2400).
Additionally, two extra heat sinks were attached on both units to improve their temperature
stability. The sample was placed on top of the Peltier modules, with one end touching the
hot unit and the other the cold unit. Furthermore, the temperature was measured by two
K-type thermocouple probes, with a resolution of 0.1 K. The potential difference between
the two ends was measured by another set of individual probes connected to a nanovoltmeter
(Keithley 2182A).

Fig. 2.12 Schematic diagram of the Seebeck coefficient set-up.
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In order to meet the three criteria mentioned above, and particularly in thin-film characterization where errors tend to extrapolate, the experimental procedure was planned in
such a way to follow the steady-state condition of the differential method. Furthermore, the
temperature difference was typically increased by increments of 0.1 K. Between each successive increment, enough adequate resting period was given, allowing the heat/sink and the
sample ends to reach a thermal equilibrium. This would then further minimize any unsettled
voltage drifting, providing a more stable reading for both the temperature and voltage by
ensuring the highest possible accuracy. In addition, a thermal paste was used to enhance
the thermal contact between the sample’s ends with the two units and the thermocouple
probes with the sample surface. Additionally, the maximum range of temperature difference,
∆Tmax , was set to about 2.0 − 3.0 K. Data-points were taken for both increasing (up) and
decreasing (down) temperature gradients; initially from ∆T = 0 to ∆Tmax and then followed
by returning back to null again. Around eight dispersed data-points were obtained from
each run. Additionally, the voltmeter had a noise filtering feature that could store up to 100
consecutive readings into a memory stack giving a windowed-average value.[? ] Finally,
the system was environmentally isolated from any unwanted airflow or external radiation
as they could both generate thermal fluctuations that might look reasonably small, but in
the nanoscale would be disastrous; especially for the organic films that have relatively low
Seebeck coefficients.

Chapter 3
Thermoelectric Properties of
PEDOT:PSS-based Mixtures
3.1

Introduction

It is well known that the majority of thermoelectric materials with a relatively high zT belong
to the inorganic semiconductor family. However, the lack of mechanical flexibility and the
required low-effective processing methods gives them a weighty drawback. Organic materials,
on the other hand, tend to meet these criteria with even further advantageous characteristics;
being light-weight, having low-cost synthesis and high-optical transmission. Due to their
tangled chemical ordering, they tend to have significantly low thermal conductivities, which
is in favour of the zT . However, their zT still remains much lower than their inorganic
counterparts due to their relatively small electrical conductivities and Seebeck coefficients.
Recent studies, however, have shown that with the help of typical doping mechanisms,
either in situ (additive) or post-treatment (surface modification), a great improvement can be
observed on their electrical conductivities.[? ? ] When the in situ mechanism is performed,
a secondary solvent is added to oxidise (p-type) or reduce (n-type) the backbone of the
conjugated polymer chains.[? ] This type of doping takes place during the synthesis of
the material, which also has a general impact on the morphological arrangement of the
polymeric chains. Once the material is finally deposited as a thin film, the result of the
morphology changes will be uniform throughout the film’s thickness. However, in posttreatment techniques (excluding annealing), the part of the film undergoing such modifications
is mainly the surface, leaving the bulk of the film almost undisturbed.
All these processes could result in a thermoelectric material of high electrical and low
thermal conductivities. Nevertheless, having a low Seebeck coefficient, which is the most
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important contributing property of the zT , is a strong limiting factor and numerous studies
have been performed to understand the coupling nature of these constituting parameters of
zT .[? ? ]
Some examples of polymeric-organic thermoelectric materials are:
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), poly aniline (PANI),
poly pyrrole (PPy), poly thiophine (PTH) and poly acetylene (PA).All these give a power
factor of about 10−6 −10−10 W m−1 K−2 , which is much smaller than the good inorganic
materials.[? ] Further values of polymer thermoelectric parameters are given in Table 3.1.
The best two performances among these materials are given by ref. [? ] and [? ] with power
factor values of 436 and 47 µW m−1 K−2 and zT values of 0.25 and 0.08, respectively. Based
on these values and assuming that Ti = 30 ◦C and To = 30 ◦C, then their maximum possible
conversion efficiency would reach about 2.2 % and 0.8 %, respectively.

Table 3.1 Thermoelectric parameters of several polymeric-organic materials.
Material
PEDOT:PSS pellets (pristine)
PEDOT:PSS pellets (DMSO doped)
PEDOT:PSS pellets (EG doped)
PEDOT:PSS films (5 vol% DMSO doped)
PEDOT:PSS films (5 vol% DMSO doped Clevios PH750)
PEDOT:PSS films (5 vol% DMSO doped Clevios PH1000)
PEDOT-Tos (22 % oxidation)
PANI (film)
PANI (nanotubes)
PPy
PPy (PF6 )
P3HT (F4 TCNQ doped)
PVAc/CNT

σ (S cm−1 )
∼ 10
∼ 46
∼ 50
298.52
570
945
∼ 90
260
7.7 × 10−3
26
∼ 34
0.300 × 10−3
∼ 48

S (µV K−1 )
∼ 15.5
∼ 12.5
∼ 13
12.65
13.5
22.2
∼ 220
20
212.4
6
∼ 13.2
∼ 500
∼ 45

Refs.
[? ]

[? ]
[? ]
[? ]
[? ]
[? ]
[? ]
[? ]
[? ]
[? ]

It is known that the transport properties of organic semiconductors behave differently
when compared to the inorganic ones. Usually, the organic semiconductors used in electronic
applications are referred to as π-conjugate molecules (or polymers). This term is derived
from the π-orbitals that are responsible for the charge transport in these materials. These
π-orbitals are found in molecules with alternating single and multiple bonds. Furthermore,
a typical example of such a molecule is the benzene ring that consists of 6 carbon atoms
connected by 3 double and 3 single bonds. Additionally, the π-orbitals overlap with each
other, producing a delocalised electron cloud that surrounds the benzene ring. If multiple
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molecules are connected together by the van der Waals bonds, then the delocalisation of
the electron cloud should became weaker, allowing a charge transport mechanism through
the backbone of the polymer. These van der Waals interactions are much weaker than
the covalent bond observed in inorganic semiconductors, hence the lower melting points
and high flexibility factors of polymers.[? ] Furthermore, instead of having a valence and
conduction band as in the inorganic counterparts, there are the HOMO and LUMO levels
that represent the bonding and anti-bonding between π-conjugated clouds.[? ] The transition
from a bonding to an anti-bonding site is called hopping and there are the following ways of
explaining hopping; polaronic and disorder hopping and a combination of both. In the first
case, hopping is explained by the electron-phonon coupling effect, whereas, in the second
case the density of states distribution is used.
Polaronic hopping is the most fundamental and popular theory found among the literature.
A polaron is formed when a localised charge carrier is trapped in a potential well that is
created by its surrounding atoms. If, for example, there is a positive charge carrier surrounded
by many benzene rings, the π-electron clouds would get attracted by this positive carrier
inducing a displacement in their position. Furthermore, this positive carrier can be introduced
via doping with another molecule, such as the PEDOT:PSS shown in Fig. 3.1. The magnitude
of the displacement of the π-electron clouds reflect whether the polaron is small or large.
Furthermore, such a displacement can be of short range (i.e. strongly localised), such as
inter-molecular, or large range covering several orders of lattice constants (i.e. strongly
delocalised). For single polarons, the electron-phonon coupling leads to a localised hopping
transport. However, in bipolarons the electron-phonon coupling is much stronger, leading to
a more distant hopping and a higher mobility.

Fig. 3.1 Molecular structure of the PEDOT cation- and
PSS anion-monomers.

48

Thermoelectric Properties of PEDOT:PSS-based Mixtures

PEDOT:PSS is a conjugate polymer, which makes it a very interesting material and for
which too much effort was put into implementing it as a hole injection layer for photovoltaics
by improving their electrical conductivity. Furthermore, a great attention was also paid
to its thermoelectric properties and how they could be modified in order to improve them.
For example, implementation of inorganic nanoparticles or polymeric nanostructures such
as nanotubes and nanofibers amongst others.[? ? ] Recently, Kim et al. stated that
through de-doping PEDOT:PSS by the removal of PSS, both the electrical conductivity and
Seebeck coefficient could be increased. This resulted into a high power factor of about
460 µW m−1 K−2 .[? ] Furthermore, Bubnova et al. managed to dope PEDOT with tosylate
in order to achieve a power factor of 320 µW m−1 K−2 .[? ] According to a recent study
conducted by the same author, no values greater than 20 µV K−1 could be achieved for the
Seebeck coefficient, which is in contrary to the values obtained by the study of Kim et
al. (∼73 µV K−1 ).[? ] Additionally, Weather et al. and Liu et al. revealed that there is a
difference within the values of in-plane and out-of-plane thermal conductivities due to the
anisotropy found in thin-films.[? ? ] However, all these observations are still inconsistent,
therefore, further experimental research needs to be performed in order to identify the
contributing mechanisms that would lead into a universal agreement.
In this Chapter, an extensive investigation was performed on how PEDOT:PSS behaves
upon two different doping mechanisms. The doping was based on the additive and posttreatment mechanisms as described above. Additionally, different configurations were used
until the maximum power factor could be reached. The parameters changed in these were
mostly the percentage volume of dopants and the duration of post-treatment, whereas the
temperature was kept the same throughout all situations. The PEDOT:PSS was created
by solution processing techniques as with other organic materials, producing flexible thermoelectric devices at very low temperatures.[? ? ] Furthermore, both spin-coating and
inkjet-printing were used for the deposition of uniform thin-films and patterned geometries,
respectively. The doping mechanisms were tested only on the spin-coated films, whereas
inkjet-printing was only performed in order to achieve a high-quality printability of continuous lines (thermoelectric legs) for the accomplishment of the final TEG device.

3.2

Experimental Section

The materials considered here were OrgaconTM PEDOT:PSS dry re-dispersible pellets,
OrgaconTM PEDOT:PSS IJ-1005 (commercial ink), Hisense silver ink Jet-600C, dimethyl
sulfoxide (DMSO), ethanol (EtOH) and ethylene glycol (EG), all purchased from SigmaAldrich® , except for the silver ink. Distilled de-ionised water (DI-water) was used throughout
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all the experiments and all solvents were used without any further purification. The dispersions made from the dry re-dispersible pellets and of the commercial ink were all filtered
through 1.0 µm glass microfibre syringe-filters. Additionally, both Seebeck coefficient and
electrical conductivity were studied. A setup developed with two Peltier cells that were controlled with a source-meter (Keithley-2604) and a nanovoltmeter (Keithley-2182) were used to
measure the Seebeck emf in the differential method for the Seebeck coefficient measurement
(described in Section 2.5.7). Furthermore, the electrical conductivity of the samples was calculated via the four-point probe technique using Keithley 4200-SCS, and the thickness of all
the samples was measured and calculated by a spectroscopic ellipsometer M-2000 (JAWCo)
or profilometry (Veeco Dektak-8). Moreover, the structural information of PEDOT:PSS
on the various doping mechanisms was inspected by attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy (Frontier Optica). Finally, the transmission
spectra of the films were recorded by a UV-VIS spectrometer (Agilent/HP-8453).

3.2.1

Ink Synthesis

The PEDOT:PSS dry pellets were re-dispersed in DI-water to produce a 1 wt% pristine
dispersion. Initially, an appropriate amount of pellets was added in a beaker containing
25 ml of DI-water that were then mixed for 30 min at around 5000 rpm using a dispersing
disk. Meanwhile, 5 wt% of EtOH was slowly added in the dispersion to reduce the surface
tension and enhance the wettability of the ink. Afterwards, the dispersion was sonicated
using an ultrasonicator for another 30 min and finally filtered using a syringe filter. In the
case of secondary doping, further compositions ranging between 0 and 5 vol% of DMSO
were prepared. This was done by adding pure DMSO in the pristine dispersion, followed by
mixing via a magnetic stirrer and finally sonication by an ultrasonicator. Fig. 3.2 shows both
the dry-redispersible pellets and the final custom-made pristine ink-dispersion.

Fig. 3.2 (a) The image was adapted from Afga OrgaconTM and these dry
PEDOT:PSS pellets are re-dispersed in water to make the ink shown in (b).
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Spin-coating Method

To deposit thin films of PEDOT:PSS, a few drops were transferred on the Corning glass
substrates using a pipette. For a 10 x 10 mm substrate, an amount of about 70 µl dispersion
was required. The spin-coater was set to spin at 2000 rpm for 60 s. In this method, both
the custom-made inks and the commercial ink were used. The samples were annealed on a
hot-plate at 150 ◦C for 15 min in air and the process was repeated twice to prepare a film with
a thickness of about 110 nm. As for the glass substrates, they were pre-cleaned sequentially
with Decon-90, acetone, isopropyl alcohol and DI-water. For the post-treatment step, once
the film was deposited, the sample was immersed in the EG bath facing upwards for 45 min
unless stated otherwise. Afterwards, it was rinsed with DI-water, dried with nitrogen gas and
finally annealed again as before to remove any residual solvents.

3.2.3

Inkjet-printing Method

In the case of the inkjet-printing method, only the commercial ink was used. The inkcartridges were filled with 2 ml of the commercial ink and then set upside-down for a while to
get rid of any tiny air-bubbles inside the ink. Afterwards, they were attached on the printhead
stage and a suitable waveform was selected (see Appendix A1). The temperature set-point of
the ink cartridge and platen was set to no-temperature so that they both run at an ambient
temperature. It was observed that the Si/SiO2 (300 nm) substrates had a higher surface
energy than that required, and the line formation quality was very poor. However, with the
help of UV-ozone treatment for 10 min (see Fig. 3.3), it was shown that the wettability was
increased enough in order for line patterns to form. On the other hand, when Corning 70 059
glass substrates were tested, no additional surface treatment was required. Therefore, all
further experiments were performed on these latter substrates. Initially, patterns of individual
dots were printed, for which their diameter size was measured under an optical microscope.
Once the diameter of an individual solid dot was known, then a range of drop spacings were
tested, being equal and smaller to the size of the individual dot. These configurations were
used to choose the ideal drop spacing for a continuous-line formation. Further observations
on the morphology of inkjet-printing of PEDOT:PSS are shown in Subsection 3.3.2.

3.2.4

Electrode Material Selection

Selecting a material to be deposited on the fabricated PEDOT:PSS becomes very critical
when it comes to the Seebeck coefficient and sheet resistance measurements. Initially, a
silver paste was applied manually which solidifies and becomes conductive when heated up
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Fig. 3.3 Contact angle measurement of PEDOT:PSS on Si/SiO2 (a,c,e) and Corning glass
(b,d,f) substrates.
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to a certain temperature. This may have worked quite well in terms of an Ohmic contact but
in terms of the Seebeck coefficient it was not ideal. This is because when the silver epoxy is
cured, cracks and voids are created within the paste, which as a consequence introduce noise
measurements that can lead to unreliable Seebeck coefficients.[? ] In order to avoid all these
problems, the electrodes were made of gold via thermal evaporation. A custom-made shadow
mask was used to give patterned squared-pad or striped electrodes for sheet resistance and
Seebeck coefficient measurements respectively. Gold material was selected because it has
a very low resistivity and relatively equal Seebeck coefficient to copper. Furthermore, it
is important for the electrode material to have such a Seebeck coefficient value that will
not introduce any further Seebeck emfs in the system. For example, a combination of two
materials with the same Seebeck coefficient would lead to nil Seebeck emfs. Therefore, if
the electrodes are made of gold and the leads of the nanovoltmeter are made of copper, then
the emf produced would be negligible. In the present study, the thickness of the electrodes
was set to 100 nm with the squared ones having dimensions of 1 x 1 mm and striped ones of
10 x 1 mm. The study of Reenen and Kemerink demonstrated that the electrodes need to be
far apart from each other, having narrow widths and long lengths covering the whole sample
(striped electrodes) for achieving an accurate Seebeck coefficient.[? ] Additionally, a further
analysis was performed to calculate the relative Seebeck coefficient of Au electrodes and
the apparatus used so a correction could be applied to the results of the following samples
(shown in Appendix 2).
In addition, silver ink was selected as the material for electrodes in inkjet-printed samples.
Similarly, silver has a Seebeck coefficient relatively equal to that of copper. However, this
particular silver ink is not a colloidal dispersion but a none-particle based ink. It contains
certain chemicals, which lead to the nucleation of silver during annealing and avoids any
cracks and voids that would occur so the colloidal paste.

3.3
3.3.1

Measurement Results
Spin-coated Thin-films

Substrate Effect on Thermoelectric Parameters
As mentioned above, this process was initially tested on silicon substrates. The ones used
had a 300 nm silicon dioxide layer on top, which was thick enough to keep the thermoelectric
properties of the spin-coated films unaffected from the silicon layer underneath. However,
the results achieved for PEDOT:PSS’ Seebeck coefficient were lying in the range of 200-300
µV K−1 , which are extremely high values when compared to the literature. It took a while
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Fig. 3.4 Spin-coated PEDOT:PSS on both silicon and
glass substrates. The samples in the top and bottom row
were used for sheet resistance and Seebeck coefficient
measurements, respectively.
to figure out that there was indeed an electrical contact between the silicon underneath and
the PEDOT:PSS film above. Furthermore, when the dispersion was transferred onto the
substrates, the pipette tip was used to spread it evenly up onto the edges of the substrate.
This was done in order to improve the uniformity of the films as the surface tension of
silicon substrate was giving hydrophobic properties due to the silicon dioxide layer that was
on top. As a result, some PEDOT:PSS material was present on the edge of the substrate,
introducing an electrical connection between the spin-coated thin film and the silicon layer
of the substrate. However, once this fault was identified, another way was used to overcome
the wetting issue, which involved immersing the substrates in DI-water prior to spin-coating.
It is believed that a thin layer of water molecules would stick on the silicon dioxide surface,
helping in this way the spreading of the dispersion. In fact, this technique did help with the
uniformity of the films but the way by which it works is not yet confirmed. Trials of Corning
glass substrates did not have any issues regarding wetting of the films and were therefore
used for the experimental results presented in this Chapter.
Ink Doping with DMSO
Several concentrations of PEDOT:PSS with respect to DMSO were prepared and tested.
The thermoelectric parameters of these thin films are shown in Fig. 3.5. The electrical
conductivity increases linearly up to 68 S cm−1 at 2 vol% of DMSO, then rises exponentially
to a maximum of 316 S cm−1 at 5 vol% and then starts to decrease with further addition of
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DMSO. A morphological change is thought to occur in the conformation of PEDOT:PSS
with the addition of DMSO. It is known that PEDOT is insoluble in water and thus PSS is
added to produce a homogeneous dispersion. Furthermore, the morphology of the cationic
PEDOT becomes amorphous (coiled) as it is surrounded by the anionic PSS, but once the
DMSO is added the distance between PEDOT and PSS increases. This allows the PEDOT
chain to expand in a more linear formation.
The dipole moment of DMSO is 3.9 D, which is higher than that of water. This means
that it is strong enough and capable of breaking the polar bonds between PEDOT and PSS by
placing itself in-between these two ionomers and forming new independent bonds with each
other. Once the morphology of the PEDOT becomes more linear, fewer insulating PSS sites
appear in the adjacent PEDOT sites, thus increasing their interchain coupling. This in turn
enhances the incoherent transport of the conjugated π-electrons as the hopping distance is
reduced thus increasing the mobility.[? ] In addition, according to the study by Ouyand et
al. [? ], the PEDOT ionomers can exist in the following two different structures: Benzoids
and quinoids. The first structure is responsible for the coil conformation and the latter for
the extended-coil or linear conformation. Furthermore, the ratio of these two structures is
equal in the pristine solution but changes when DMSO is added, with the majority of the
benzoid-PEDOTs transforming into the quinoid structure. Moreover, the quinoid structure
rotates the EDOT monomers in plane as well as supplying each monomer with an extra
polaron and increasing the backbone transport of these charges plus the overall charge
carrier concentration. This is explained in depth in the following paragraphs where the FTIR
absorption spectra are studied.
In addition to what was discussed above, it is believed that because DMSO has a higher
boiling point than water, the drying period of the spin-coated dispersion increases before
it forms a solid film. This slight time extension adds a degree of re-arrangement to the
PEDOT and PSS areas achieving a higher equilibrium state.[? ] It is sometimes described as
phase-separation; a common consequence observed in plasticizers. What probably happens
is that heterogeneity is introduced with different areas containing high amounts of regional
PEDOT or PSS aggregates.[? ] When the PEDOT-domain density is higher than that of PSS,
then the overall conductivity should reach a maximum (i.e. at 5 vol% of DMSO) for the
present work. In this case, it is believed that there is a denser amount of quinoid structures of
PEDOT, known as microcrystals, hence fewer scattering events with the PSS insulators.
It is worth to note that when it comes to film-formation, the amount of DMSO compared
to water can be higher as the latter evaporates faster, even for small volume percentage of
DMSO in dispersion. Therefore, it is believed that concentrations above 5 vol% of DMSO
could produce an equal amount of both PEDOT and PSS domains, counteracting in this way
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Fig. 3.5 Electrical conductivity, Seebeck coefficient and power factor of PEDOT:PSS films
doped with different DMSO concentrations.
the positive impact of DMSO on the conductivity as tunnelling distances increase due to
thicker PSS domains. Therefore, for this particular PEDOT:PSS pellet configuration, the
maximum conductivity that could be achieved through DMSO secondary doping occurs at
around 5 vol%.
In terms of the Seebeck coefficient, the pristine PEDOT:PSS film has a value of 12.29
µV K−1 . According to Fig. 3.5, the association between the Seebeck coefficient and electrical
conductivity appears to be in agreement with most of the reported literature where the
first increases as the latter reduces.[? ? ] This association is dependent on the charge
carrier concentration, with the Seebeck coefficient being inversely proportional to it.[? ]
In the present study, the charge carrier concentration increases as higher proportions of
benzoid-structured EDOTs turn into quinoids incorporating with them an extra charge carrier.
However, if the concentration of DMSO exceeds 2 vol%, the Seebeck coefficient starts to
behave distinctively in the opposite way by following an increasing trend as opposed to the
hypothetical reduction. Such simultaneous increase of these two thermoelectric parameters
has also been observed in other recent studies.[? ? ] For this reason, we propose that the
concurrent increase of both the electrical conductivity and Seebeck coefficient mainly arise
by the introduction of regional PEDOT- and PSS-domains where the de-localised π-electrons

56

Thermoelectric Properties of PEDOT:PSS-based Mixtures

have high mobilities but also transfer heat with them. Furthermore, the Seebeck coefficient
is described as a measure of entropy flow per unit charge. Therefore, with the combination
of both strong electron-phonon coupling and frequent scattering events with the thick PSSdomains, a vast amount of heat transfer should result in an entropy generation that contributes
directly to the thermoelectric effect. Overall, the power factor shows a maximum peak at
5.3 vol% with a value of 4.3 µW m−1 K−2 .
Ink Post-treatment with EG
The dependence of electrical conductivity and the Seebeck coefficient due to EG posttreatment on PEDOT:PSS thin films is displayed in Fig. 3.6. When the pristine film of just
2.95 S cm−1 is immersed in EG for 45 min, its conductivity rises to almost 804 S cm−1 and
its Seebeck coefficient slightly increases by around 3.5 µV K−1 . This gives an overall power
factor of 20.26 µW m−1 K−2 .

Fig. 3.6 Comparison of electrical conductivity and Seebeck coefficient for (a) pristine and (b)
doped PEDOT:PSS films before and after EG treatment.
To understand this phenomenon, an investigation on the structural information of the
films was performed with the help of FTIR analysis. Fig. 3.7(a) shows the marked absorption
peaks of Cβ = Cβ , Cα −Cα and Cα = Cβ stretch vibrations where the first one corresponds
to inter-molecular and the rest to intra-molecular bonds of the thiophene group. The benzoidstructured EDOT has two Cα = Cβ and no Cβ = Cβ bonds, whereas the quinoid-structured
EDOT has just one Cα = Cβ and two Cβ = Cβ bonds. It can be clearly observed that there
is an increase in the absorption peak at 1375 cm−1 and a decrease in the 1450 cm−1 region
after the EG treatment. This relates to the conversion of benzoid EDOTs into the quinoid
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counterparts. According to many literature sources, the quinoid structure introduces an extra
π-electron.[? ? ] Furthermore, the quinoid EDOTs are bipolarons, which means that they
have two positive charges being delocalised within a range of several units. Therefore, a new
mechanism is added to the charge transport of PEDOT:PSS. Additionally, the scattering times
of delocalised electrons are higher than the localised ones observed in the hopping and small
polaron model. According to Tang et al. the coherence length of delocalised electrons can
reach several lattice constants,[? ] which does not only enhance the electrical conductivity of
the treated films, but also increases their Seebeck coefficient. The latter one arises from the
dominant scattering events created by the acoustic phonons whose wavelengths match that of
the delocalised electrons; a stronger version of the phonon-drag phenomenon.
Furthermore, it can be seen that there is a significant reduction in the absorption peak
of Fig. 3.7(a) at around 1357 cm−1 and 1400 cm−1 . According to Bosshard et al. these
wavenumbers represent the para-distributed benzene Cβ = Cβ stretch[? ] Furthermore, it is
clearly observed that such a reduction means a decrease in the PSS content. However, this is
not very noticeable in the 5 vol% DMSO film since DMSO did already replace some of the
PSS monomers. In other words, when PEDOT:PSS gets doped via secondary doping, the EG
post-treatment will not have such a strong influence as in the pristine dispersion.
Besides the conformational change of the PEDOT:PSS films, according to the UV-VIS
absorption spectra observed in Fig. 3.8, there is a distinct reduction in transmission between
200 to 250 nm. The n → π ∗ transition happens near λmax = 300 nm, which is much lower in
energy when compared to the π → π ∗ that occurs at λmax = 200 nm. As it can be observed
in Fig. 3.8 the higher energetic transition is much stronger than the former one. It is known
that the latter transition is quite dominant in aromatic groups. In this case, benzene which
is present in the PSS monomers has three aromatic π → π ∗ transitions, hence the strong
absorption observed between 200 to 250 nm.[? ? ] Therefore, an increase in transmission
means a reduction in the PSS content. In addition, the absorption band at around 850-1000
nm is associated with the high-energy bipolaron transition BP− found in the thiophene unit.[?
] Furthermore, there is a visible decrease in the transmission when EG treatment takes
place and this is believed to happen due to an increase of the number of bipolarons as more
benzenoid rings transform to quinoid ones.[? ? ]
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Fig. 3.7 FTIR absorption spectra of (a) pristine and (b) DMSO doped PEDOT:PSS films
before and after EG treatment.

Fig. 3.8 UV-VIS transmission spectra of pristine and doped PEDOT:PSS films before and
after EG treatment.
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Furthermore, there is also a change in the thickness of the pristine film, shown in Fig. 3.9,
from 111 nm down to 77 nm. This means that some material from the surface of the thin film
was etched away. Greczynski et al. had investigated the PEDOT:PSS thin films and found
that there is a strong segregation of PSS in their surface.[? ] Similarly, the results obtained
here seem to be consistent with this study, while the EG treatment leads to the removal of
excess PSS from the surface of the thin films leading to a reduction in their thickness and
increase in the conductivity. The 5 vol% DMSO configuration films on the other hand (see
Fig. 3.6(b)), do not show such a strong increase in the electrical conductivity. This leads to a
reduced power factor of only 10.61 µW m−1 K−2 . Furthermore, they may also demonstrate a
benzoid to quinoid transformation and a thickness reduction of just 10 nm, which is less than
in the pristine cases. From this comparison, it is believed that the PSS on the surface of the
films is bonded to the DMSO, and since EG has a lower dipole moment than DMSO, it is not
capable of breaking these bonds in order to remove the PSS.

Fig. 3.9 Measured thicknesses of pristine PEDOT:PSS films at several EG post-treatment
durations.
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The following Figures show the thermoelectric parameters of the spin-coated films from
the commercial ink with both secondary doping and post-treatment. When the ink was
treated with EG, its electrical conductivity and Seebeck coefficient both increased, which
follow the same trend as in the pristine dispersion shown in Fig. 3.6. It is believed that
the mechanism responsible for this change should be the same as above. However, when
5 vol% of DMSO is added to the ink, both the electrical conductivity and Seebeck coefficient
decrease. According to the contents of the ink it contains diethylene glycol as well as ethanol.
This means that the high electrical conductivity of the commercial ink was already enhanced
by diethylene glycol. Therefore, any further introduction of a secondary dopant (DMSO
in this case) could reverse such an improvement. This is similar to the excessive doping
scenario observed in Fig. 3.5. Additionally, it is important to mention though the decrease
observed in thickness, measured by profilometry, after the post-treatment of EG. In both the
non-doped and doped situations the films get reduced from 120 nm down to 100 nm. This
was also observed in the dispersion ink shown in Fig. 3.9. The thickness reduction, though,
observed in the commercial ink was much smaller (i.e. 20 nm) than that of the synthesized
dispersion. This is attributed to the fact that the commercial ink was already pre-doped with
diethylene glycol whose dipole moment of 2.69 D is slightly higher than that of EG, which is
2.28 D, and which limits any further influence by the latter.

Fig. 3.10 Comparison of electrical conductivity and Seebeck coefficient for (a) as-purchased
and (b) doped commercial-ink PEDOT:PSS films before and after EG treatment.
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Inkjet-printed Patterns

This section shows how the PEDOT:PSS dispersion was successfully printed onto high-quality
patterns and how multilayer-printing could affect its thermoelectric properties. The drop
formation of the ink is very critical when it comes into polymeric substances as they possess
viscoelastic properties. Although the ink dispersion used in this study was a commercial
product and its particular waveform was provided by the company, some modifications still
had to be made. The quality of the printed patterns is determined by the following two
factors: The precise control of the printhead’s position and the elimination of the satellite
drops. The first is an inherent property of the Dimatix printer itself, while the latter is a
combination of both the ink and the jetting parameters used. In order to achieve an efficient
drop formation without satellites, the waveform was modified after a trial and error procedure.
Finally, a high-quality pattern of single drops was printed as observed in Fig. 3.11. This
Figure shows a 6 x 6 array of high-quality individual dots with an average diameter of around
50 µm. Furthermore, the inset of the Figure shows a magnified dot of PEDOT:PSS with the
central region being brighter than the perimetric area. This can be due to a mild coffee-stain
effect happening during the drying of the droplet, which most likely leads to an accumulation
of PSS monomers. According to another study, the excess non-bound PSS tends to get
displaced towards the surface and edges of the thin film. As a result, the central region is
always brighter with the outside region looking more transparent, and representing high
contents of PEDOT and PSS, respectively.[? ]

Fig. 3.11 Microscopic images of a dot-pattern with dots of an approximate
diameter of about 50 µm.
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Furthermore, based on the diameter of the single dots, several drop-spacing configurations
were tested until the ideal line formation was obtained. According to the results shown in
Fig. 3.12, drop-spacings equal to 50, 33, 25, 17 and 13 µm gave linewidths of 42.3, 67.3,
79.7, 119.2 and 141.2 µm, respectively. As it was expected, it clearly showed an increasing
trend in their linewidth while the drop-spacing decreased. Furthermore, it can be observed
in all five configurations that the two ends of the lines appear to be bulkier in size than the
linewidth itself. For example, in Fig. 3.12(a), the linewidth in the central region is about
38.46 µm, which increases to 46.70 µm towards the outside region and ends with an 88 µm
round-shaped edge. Furthermore, decreasing the drop spacing does increase the linewidth,
but the difference between the central and outside regions still seems to be consistent. In fact,
what happens to the edges of the lines is a form of bulging. By examining Fig. 3.12(a), a
de-pinning mechanism occurs in the central region, followed by shrinking and replenishing
that occurs simultaneously at the same time.[? ] This is produced when microflows appear in
the printed line during the printing and drying period. For example, when a new consecutive
drop falls on the already printed one, it produces a pressure wave that is directed in the
opposite way of the printing direction. This results in replenishing of some material as it
gets transferred backwards.[? ] Furthermore, during the drying stage, shrinking occurs in
the centre of the line. This induces a further increase in the flow of the material towards
both the two ends of the line and it is because the two edges of the line have already started
drying due to their higher perimetric contact area with the substrate, leading to a region
where de-pinning cannot occur.
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Fig. 3.12 Microscopic images of different drop-spacing configurations of
(a) 50, (b) 33, (c) 25, (d) 17 and (e) 13 µm.

With respect to the characteristics of the morphology of the printed lines discussed above,
the drop-spacing of 17 µm was finally selected. This was done due to the higher uniformity
of the line along its length, with the edges having almost the same size as the rest of the
body. Fig. 3.13 shows the printed thermoelectric legs of PEDOT:PSS with the two electrode
pads on each end, which are made of silver. The thermoelectric legs were fabricated with
different thickness via multilayer printing. This consists of x1 to x4 multilayers, from left to
right (as seen in the Figure). All of the legs were set to have equal dimensions; with a width
and length of about 1.0 mm and 12.0 mm, respectively. Furthermore, everything was printed
at room temperature and annealed at 150 ◦C. It can be clearly observed that by increasing
the number of printed layers, the PEDOT:PSS material becomes less transparent, which is a
quite reasonable phenomenon that has been observed in other studies too.[? ]
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Fig. 3.13 Inkjet-printed PEDOT:PSS patterns with x1 to x4 multilayers from left to right.

Further analysis was performed on each line using profilometry. This should give an
insight of the thickness and line morphology from the cross-sectional point of view. Fig.
3.14 shows the different profiles of all four layer configurations. It can be clearly seen that
by increasing the number of layers, the thickness of the lines increases too. However, the
thickness does not seem to follow a proportional trend with the number of layers. This is
likely due to the fact that they all appear to have different shapes. It is believed that the shape
is highly dependent on how the drops fall on the pre-patterned layers. Additionally, this could
be from a miss alignment error in the printhead’s position during printing, leading to regions
with a higher content of material. Although the height level did not appear uniform, the
dimensions of the width were almost equal in size. Fig. 3.14(f) represents the cross-sectional
area in µm2 against the number of printed layers; confirming that the amount of material is
consistent with the number of layers.

3.3 Measurement Results

65

Fig. 3.14 (a-d) represent the cross-sectional area of different inkjet-printed PEDOT:PSS
multilayers, (e) the thickness profilometry and (f) the cross-sectional area trend per number
of printed layers.
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Calculating the electrical conductivity of each thermoelectric leg configuration was quite
straightforward. First, the resistance of each thermoelectric leg was measured, which was
done using a two-probe technique with a sweep voltage of a range between −500 and
500 mV. The IV-plots for each thermoelectric leg are shown in Fig. 3.15. Since the length
and cross-sectional area (see Fig. 3.14(f)) of each thermoelectric leg are known, the electrical
conductivity could easily be calculated.

Fig. 3.15 IV-curves for different inkjet-printed PEDOT:PSS multilayers.

The Seebeck coefficient of the printed thermoelectric legs was calculated as shown in Fig.
3.16. The values obtained for each multilayer configuration were 13.08, 12.99, 11.37 and
11.21 µV K−1 . Furthermore, what was observed is that when the number of layers increased,
the Seebeck coefficient decreased. This is in perfect agreement with the results achieved from
the spin-coated films in Fig. 3.10(a). For example, when post-treatment of EG was applied
on the spin-coated films, their thickness decreased by 20 nm and their Seebeck coefficient
increased by 0.85 µV K−1 . In addition, the spin-coated films had a much smaller thickness
than the printed ones, and hence higher Seebeck coefficients. All these lead to the conclusion
that the Seebeck coefficient is highly dependent on the thickness of polymeric films. This
may sound contradictory to the theory stating that the Seebeck coefficient is independent of
the geometry of the material.
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Fig. 3.16 (a-d) show the Seebeck emf against temperature difference plots of
different inkjet-printed PEDOT:PSS multilayers and (e) their Seebeck coefficients.1

1 Note

that the Seebeck emf (i.e. ∆V ) in Fig. 3.16 is negative since PEDOT:PSS films are measured relative
to the electrodes and probe tips (check Eq. (2.2d)).
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Table 3.2 Thermoelectric parameters based on different multilayers
Number of layers

Seebeck coefficient
(µV K−1 )

Electrical conductivity
(S cm−1 )

1
2
3
4

13.08±0.09
12.99±0.05
11.40±0.10
11.21±0.06

503±1
605±6
712±8
760±10

Power factor
(µW m−1 K−2 )
8.61±0.07
10.20±0.10
9.20±0.10
9.50±0.20

Table 3.2 shows all the thermoelectric parameters measured for the multilayer configuration of the inkjet-printed PEDOT:PSS thermoelectric legs. It is clearly observed that there is
a weak correlation in the trends for both the Seebeck coefficient and electrical conductivity.
In reality, there can be a strong anisotropy when comparing the bulk of the fabricated thin
films of different thicknesses. The bulk of the material is thought to consist of a network of
PEDOT:PSS chains that are oriented in random directions. If a chain has its axial direction
normal to the surface it will contribute almost nothing to the planar electric current. Such
perpendicular chains can be treated as grain boundary scattering sites. Based on the work of
Tellier et al., the size-effect theory states that the resistivity of a thin film is highly depended
on its thickness:[? ? ? ]
ρ f = ρb + ρSS + ρGB
(3.1)
where ρ f , ρb , ρSS and ρGB are the electrical resistivity of the thin film, the infinitely thick
film, the contribution from the surface scatterings and the contribution of the grain-boundary
scatterings, respectively. Since the thin film has a thickness much larger than the electron
mean-free path (λe ), then the surface scattering term can be neglected. Rewriting Eq. (3.1)
using Mayadas-Shatzkes model for the grain-boundary scattering condition,


λe
ρ f = ρb 1 + k
t

(3.2)

where k is depended on both electron reflection-coefficient during scattering and grain size,
and t is the thickness of the thin film.
According to the above equation, it is observed that the resistivity of the thin film is
inversely proportional to the film’s thickness, which is further displayed in Fig. 3.17. By
plotting resistivity against the inverse of thickness, the value of kλe and ρb can be found
through the slope and intersection with the y-axis.
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Fig. 3.17 PEDOT:PSS resistivity following a size-effect phenomenon for
different thicknesses. With kλe = 304 nm and ρb = 965 Ω cm.

Additionally, Pichard et al. adjusted the size-effect theory by introducing the mean-free
path model for the Seebeck coefficient:[? ]



λe
U
S f = Sb 1 − k
t 1 +U

(3.3)

where S f , Sb and U are the Seebeck coefficient of the thin film, the Seebeck coefficient of
the infinitely thick film and the scattering exponent, respectively. The latter term defines
what scattering mechanism dominates for the charge carriers. It can have a value of −1/2
for acoustic-phonon/grain-boundary/defects scattering, 0 for optical-phonon scattering, and
3/2 for ionized-impurity scattering. Depending on the scattering mechanism, the thin-film
Seebeck coefficient can be directly or inversely proportional to the film’s thickness. In order
to find out what is the dominant scattering mechanism in the particular PEDOT:PSS-based
thin films, an analogous plot to the above one is shown in Fig. 3.18.
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Fig. 3.18 PEDOT:PSS Seebeck coefficient following a size-effect phenomenon for different thicknesses. With Sb = 10.19 µV K−1 .

It is clearly seen that the Seebeck coefficient follows a similar trend to that of resistivity.
This means that the scattering exponent has a negative value. By measuring the slope of the
plot in Fig. 3.18 and using the kλe from the previous plot, the scattering exponent value can
be extracted. Overall, this gives a U value equal to −0.21, which is very near to that of −1/2,
meaning that the dominant scattering mechanism should be due to the acoustic-phonons. It is
therefore believed that the phonon-drag phenomenon appears to be stronger in thinner films
since the ratio of the phonons travelling along the film’s direction with respect to those in the
perpendicular direction is higher.

3.4 Summary

3.4
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Summary

The thermoelectric parameters of PEDOT:PSS-based mixtures were investigated upon different doping forms. The addition of DMSO showed a variable change in both the Seebeck
coefficient and electrical conductivity upon different volume percent dopings ranging from
8.8 to 13.0 µV K−1 and from 2.95 to 319.54 S cm−1 . The major contributing factor originates
from the morphological changes in the PEDOT:PSS polymeric chains and the additional
charge carrier from DMSO. This resulted in an aggregation of independent PEDOT- and
PSS-rich sites, a linear conformation of backbone chain and a quinoid structure of a stronger
delocalised bipolaron. Additionally, a post-treatment with EG showed a further increase
in electrical conductivity up to 803.99 S cm−1 . Not only did the benzoid EDOTs convert
into quinoids, but a considerable amount of PSS insulating material was also etched away.
However, the EG post-treatment on the DMSO pre-doped samples was not that efficient as in
the pristine ones. Similar effects have been identified in the commercial ink of PEDOT:PSS
as well but with much higher values of thermoelectric parameters, displaying a maximum
power factor of about 42 µW m−1 K−2 . Specifically, its electrical conductivity displayed a
2-fold increase after EG treatment, reaching a value of about 1632 S cm−1 .
Inkjet-printing was successfully performed with the commercial ink in order to fabricate
the ideal p-type thermoelectric legs for a TEG device implementation. It was observed
that an increase in the number of layers printed increased the electrical conductivity but
decreased the Seebeck coefficient. This could be explained by the induced anisotropy that is
strongly dependent on the volume of the thin film. Finally, a thinner film would show larger
anisotropy, with a planar chain conformation being prevalent in the lateral direction; hence a
stronger electron-phonon coupling resulting in a higher Seebeck coefficient.

Chapter 4
ZnO Nanowires
4.1

Introduction

Zinc oxide (ZnO) is a semiconductor with a wide direct band gap of 3.37 eV at room
temperature, making it transparent in the visible spectrum.[? ] It is a very cheap, abundant
and non-toxic material with interesting optoelectronic properties that allow it to be used in
transparent electrodes, thin-film transistors, chemical or UV sensors, light-emitting diodes
and energy harvesting devices.[? ? ? ? ? ] Furthermore, it can be implemented in the form
of thin films or nanostructures with the latter being extensively studied. It usually behaves
unintentionally as an n-type semiconductor, but can also be doped extrinsically with Al, In
and Ga.[? ? ]
Furthermore, several studies have been performed on the thermoelectric properties of
ZnO in the form of either thin films or bulk ceramic materials. According to Tsubota et
al. the undoped ZnO had a Seebeck coefficient and electrical conductivity of −300 µV K−1
and 0.1 S cm−1 , respectively, at room temperature.[? ] Such a low electrical conductivity
is restricting the overall power factor, even if the Seebeck coefficient seems to be large.
Further trials were performed in order to increase the intrinsic conductivity of the material,
such as fabricating ZnO with different grain sizes and annealing at high temperatures under
certain gas atmospheres. According to Kinemuchi et al. the electrical conductivity of bulk
ZnO with an average grain size of 20 µm reached a value of 102 S cm−1 at room temperature
with a Seebeck coefficient of −60 µV K−1 .[? ] Furthermore, another study revealed that the
electrical conductivity and Seebeck coefficient could be enhanced by changing the sintering
conditions, giving 2000, 10 and 1.5 S cm−1 and −50, −100 and −140 µV K−1 , respectively,
under N2 /CO, N2 and air.[? ] Furthermore, Cheng et al. tried to extrinsically dope ZnO
with Al, obtaining electrical conductivity and Seebeck coefficient values of 750 S cm−1 and
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−43 µV K−1 , respectively.[? ] However, all these methods did not significantly improve the
thermoelectric properties of ZnO at room temperature.
An effort was followed in the present work to fabricate a nanostructured ZnO pattern and
implement it in a heterostructure. The aim of this particular work was to combine the ZnO
nanowires with the ZnON films that are discussed in the following Chapter. The effective
resistance of the nanowires measured was in the order of mega-giga Ω. Annealing at high
temperatures would certainly help but it was voluntarily avoided as the whole fabrication
process should take place at low temperatures. Therefore, such a heterostructure would
consist of the conductive ZnON thin film and the less-conductive ZnO nanowires acting as
grain boundary scattering sites. Moreover, since oxygen has a tendency to adsorb on the ZnO
nanowire walls, it would further act as an ion-impurity scattering site. Altering the nanowire
density, morphological shape and size would lead to an overall change in the thermoelectric
parameters of the heterostructure. Consequently, no thermoelectric characterization was done
on the ZnO nanowires in this Chapter, but mainly a complete processing at low temperatures
followed by a set of studies described below.
Fabricating ZnO in the form of nanostructures like nanowires and nanotubes could
be performed by various synthetic methods, including vapour-liquid-solid (VLS) method,
thermal evaporation, chemical-vapour deposition and laser ablation.[? ? ? ? ] These
procedures, however, require either high temperatures or expensive equipment. This results
in many limitations ranging from limited substrate choice to small-scale productivity. With
the hydrothermal method, these can be overcome as it is inexpensive and does not need
temperatures above 100 ◦C.[? ] In general, this method requires a seed-layer onto which
the nanowires are grown. The most common techniques for applying a seed-layer onto a
substrate are through spin- or spray-coating or RF sputtering.[? ] Furthermore, these can
cover uniform large-areas of seed-layer, but if patterning is required, then extra steps of
lithography are required to prepare a mask. By contrast, inkjet-printing technology can be
used to bypass such steps as it can simultaneously pattern the seed-layer by a dot-on-demand
mechanism.[? ? ] It can print the sol-gel precursor ink at ambient conditions with high spatial
accuracy and low cost. Furthermore, the combination of inkjet-printing and a hydrothermal
method is believed to be very versatile and time-effective.
In the present work, the above combination was studied in an attempt to find which
would be the best parameters to be used during printing and how they could affect the grown
nanowire patterns. The sample stage used in the hydrothermal method was modified so that
it could give clean patterns by limiting the growth of unnecessary nanowires outside the
patterned regions. Furthermore, the pattern appearance was analysed by testing different
substrate temperatures during printing. It was observed that the coffee stain effect impact,
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which is the most likely issue to occur in inkjet-printed patterns, could be tuned from having
an almost empty pattern into a uniformly-filled pattern. In other words, the coffee stain effect
could be taken into advantage if required to produce complicated patterns.[? ] In addition,
the effect of printing multiple layers was explored to examine how this affects the post-grown
nanowires from the standpoint of size and concentration. All these yielded high-quality
patterns along with the knowledge of process tuning to the user’s preferences.

4.2

Experimental Section

The schematic diagram in Fig. 4.1 represents the process followed to fabricate the ZnO
nanowires. This consists of two main phases: either spin-coating or digitally selective printing
of a seed-layer and hydrothermal growth of nanowires on the seed-layer. Usually, to produce
ZnO nanowires, a thin film of ZnO is initially sputtered. This is quite a fast and easy process
but it lacks the freedom of selectively patterning the layer, unless a photolithography process
is going to be used that adds multiple extra processing steps. However, if the seed-layer is
initially printed according to the user’s preference, then the ZnO nanowires will directly grow
on those printed areas forming the desired pattern.
In this case, the DIMATIX (DMP-2831) inkjet-printer was used to print the appropriate
seed-layer and then by following the hydrothermal method, ZnO nanowires were synthesised.
The resulting ZnO patterns were characterized using the following tools: SEM (LEO GEMINI
1530VP FEG-SEM) was used to image the surface morphology of the ZnO nanowires on
the patterns and the Veeco Dektak 6M Stylus Surface Profilometer was used to measure the
height of the patterns. However, spin-coating of the precursor solution was performed before
all inkjet-printing experiments until the ideal sol-gel recipe was achieved.

Fig. 4.1 Schematic diagram of the ZnO nanowire growth procedure.
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Sol-gel Synthesis

The sol-gel synthesis method was followed to prepare the required precursor with which
the seed-layers would therefore be formed. Sol-gel synthesis is a well-known procedure
used to develop solid ceramics out of small-particle powders. During the synthesis, a
colloidal solution is coated on a substrate to form a xerogel, that later turns into a solid
film by complete evaporation of the remaining liquid. The chemicals used in the present
work case were zinc acetate dihydrate [Zn(CH3COO)2 · (H2 O)2 ](≥ 98%) and 1-propanol
[C3 H8 O](99%). Furthermore, the colloidal solution required for the sol-gel was composed by
mixing these two chemicals to form a molar concentration of 10 mM. The colloidal solution
was then mixed with a magnetic stirrer for 1 h at 60 ◦C. Usually, when dealing with colloidal
solutions, a stabiliser is added to prevent any aggregation of the colloids. Due to the small
concentration used, no suspension was formed during the mixing procedure, and hence,
no stabiliser had to be used. Finally, the solution was ultrasonicated for 30 min and then
filtered by a 0.2 µm syringe filter. It was found that before filtering the solution, there were
three main groups of sizes (i.e. 85, 820 and 5.2 µm). However, after filtering the solution,
only a single group of sizes remained at around 250 nm with a standard deviation of 50 nm.
Unlike in other reports, there was no intentional production of ZnO nanoparticles inside the
precursor solution, preventing in this way any possible agglomeration and befalling clogging
of the printhead nozzles.[? ] Therefore, no use of extra additives or surfactants was required,
making the formulation simpler and straightforward.

Fig. 4.2 (a) Formulated zinc acetate dihydrate ink and (b) size distribution of the precursor
particles before and after filtering with a 0.2 µm syringe filter.
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Seed-layer Deposition

Spin-coating Method
Prior to performing any inkjet-printing, the quality of the sol-gel should be tested. Spincoating was used for this reason. A few drops of the sol-gel were deposited on the Si/SiO2
substrates, which were pre-cleaned sequentially with Decon-90, acetone, isopropyl alcohol
and DI-water. The spin-coater settings were set to have a spin-speed of 3000 rpm for 60 s.
Afterwards, the samples were placed on a hot plate at 65 ◦C for about 15 min, which assured
a quick evaporation of the residual solvent. If there was a need to deposit more than one layer,
the spin-coating technique was repeated with the same parameters. Once the evaporation of
the solvents was performed, then the samples were placed in an oven for annealing at 65 ◦C
for 24 h.
Inkjet-printing Method
Si/SiO2 (300 nm) substrates were cleaned as described above. The seed layers were printed
into a desired pattern formation on the substrate using a piezoelectric dot-on-demand inkjet
printer. The print head nozzles had a 10 pl volume, and the printing resolution was varied
relative to the dot spacing required. Further printing parameters can be found in Appendix
A.1, Fig. A.4. During printing, the substrate can be heated within a range of pre-adjusted
temperatures starting from room temperature and going up to 60 ◦C. Furthermore, a change
in substrate temperature during printing, as discussed in Section 4.3.2, can play a significant
role. Additionally, in some cases extra layers were printed on top of the initial one where
the printing delay time in between each layer was set to 30 s. Once the printing was done,
the sample was then unloaded from the printer and placed directly in an oven for drying
and annealing at 65 ◦C for 24 h under atmospheric conditions. Furthermore, the reason for
using a 300 nm SiO2 substrate was because it gave a purplish background colour making the
transparent sol-gel patterns detectable.

4.2.3

ZnO Nanowire Synthesis

Hydrothermal-growth Method
Once the annealing step was performed, the sample was suitably attached on a stage, facing
downwards, which was then immersed in a crystallizing dish filled with the nutrient solution
for the hydrothermal growth process. The stage was custom made from acrylic plastic and
can accommodate an extra cover over the sample. Additionally, this method had already
been reported, stating that the cover helps eliminate unnecessary growth of nanowires on
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unpatterned areas.[? ] The distance between the sample and the cover could be easily adjusted,
but in the present experiment it was set to 1.6 mm. The sample was positioned upside down
so that it prevents any unwanted precipitation of the nutrient solution remaining within the
grown nanowires. Furthermore, the nutrient solution was made up of a 25 mM concentration
of both zinc acetate dihydrate and hexamethyltetramine [HMTA, (CH)2 )6 N4 ](≥ 99%) in
DI-water and with a molar ratio of 1:1. The mixture was then dissolved evenly with a
magnetic stirrer and the set up was then placed inside a preheated oven at 90 ◦C for 2 h.
Finally, after the hydrothermal step, the sample with the on-grown nanowires was rinsed with
DI water and then dried using a hot plate. Temperature, time and mixture ratio do directly
affect the geometrical properties of the nanowires.[? ] Therefore, these parameters were kept
the same throughout the whole experimental configuration.

Fig. 4.3 A crystallizing dish with the samples attached on the two
stages, immersed in the nutrient solution.
Once the pattern was printed, it underwent annealing and set up in the nutrient solution
for hydrothermal treatment. At this point, ZnO nanowires should begin to grow. Based on
Duan et al., it is claimed that zinc acetate dihydrate can free its H2 O molecules with heating
between 50 to 125 ◦C.[? ] This ensured that the dehydration step at 65 ◦C followed during
annealing in the present work must be valid and the chemical formula should change from
Zn(CH3 COO)2 · (H2 O)2 to Zn(CH3 COO)2 . Since there was no use of high boiling-point
organic additives, the sample could be treated at a very low temperature. Additionally,
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the following chemical equations represent the overall reactions taking place during the
hydrothermal growth of ZnO nanowires:[? ]
−
⇀
(CH2 )6 N4 + 6 H2 O −
↽
−
− 6 HCHO + 4 NH3
+
−
−
⇀
NH3 + H2 O −
↽
−
− NH4 + OH

(4.1a)
(4.1b)

−−
⇀
2 OH− + Zn2+ ↽
−
− Zn(OH)2 (s)

(4.1c)

−
⇀
Zn(OH)2 (s) −
↽
−
− ZnO(s) + H2 O

(4.1d)

Zn(CH3 COO)2 + 2 OH− −−→ ZnO(s) + 2 CH3 COO− + H2 O

(4.1e)

Moreover, Eq. (4.1a) - (4.1d) explain what happens in the nutrient solution. At (4.1a),
HMTA decomposes in heated aqueous solutions to give ammonia and formaldehyde.[? ]
In this manner HMTA acts as a pH buffer since ammonia slowly converts into NH4+ and
OH – , where the latter helps with the formation of Zn(OH)2 as shown at (4.1c). Meanwhile,
(4.1e) shows that the anhydrous zinc acetate precursor layer converts into a ZnO seed-layer
by forced hydrolysis that occurs simultaneously to the processes mentioned above.[? ]
Additionally, Eq. (4.1d) shows that Zn(OH)2 can convert into ZnO, and this can happen
either as a heterogeneous or homogeneous nucleation. The latter though, requires highsupersaturated levels of Zn(OH)2 , whereas heterogeneous nucleation can occur even at low
supersaturated levels through dissolution/re-precipitation [? ] onto a ZnO seed-layer to
form nanowires. This is due the interfacial energy between the ZnO crystals and seed-layer
being smaller than the interfacial energy between the crystals and solution[? ]. Furthermore,
all these reactions besides Eq. (4.1e) are in equilibrium and can be shifted if parameters
such as temperature, time and concentration of nutrients change.[? ? ] Additionally, the
ratio between zinc acetate dihydrate and HMTA is significant as well. For example, a lower
concentration of HMTA to zinc acetate dihydrate would result in a reduction of the nanowire
aspect ratio.[? ]
The contribution of HMTA in the growth of ZnO nanowires plays an essential role but its
mechanism was highly debatable among different studies.[? ? ? ? ? ] A number of them have
claimed that HMTA does adsorb on certain ZnO crystal faces and thus hinders their growth
while allowing the c-axis growth, enhancing in this way the vertical orientation. However,
according to the results of the present study it was observed that the same concentration
of HMTA would result in nanowires with angular deviations with respect to the normal
of the substrate’s surface. Furthermore, they may tend to grow faster in the c-axis but
still not with a restricted orientation. To the best of our knowledge and understanding, the
orientation (verticality) of ZnO nanowires grown in the present work strongly depends on
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the density of the nanowires and their size. In fact, it was identified that at higher densities of
nanowires, their alignment was more vertical than for less-dense nanowires. This must be
due to the smaller gap present in-between the nanowires that limits their degree of freedom.
Furthermore, they are forced from the very beginning to grow vertical since the faces that are
responsible for lateral growth are further restricted from being in contact with the nutrient
solution. By contrast, the sparse nanowires are allowed to start growing with a small angle
of deviation that ends in not such a vertical alignment, which is also observed in the study
by Ibupoto et al.[? ] Interestingly, Mcpeak et al. [? ] have done an in situ ATR-FTIR
spectroscopic study which has shown that HMTA does not adsorb on the faces of ZnO at
all. What they have shown though, is that HMTA indeed decomposes slowly in the usual
conditions (temperature, solvent and time), and due to this mechanism, there is a steady
production of OH – that is responsible for the low saturation index of ZnO. Therefore, by
controlling the concentration of OH – and the rate of its addition, someone can adjust both
the density and crystallinity.

4.3

Morphological Control of Patterned Nanowire Arrays

Different experimental configurations were tested to achieve an improvement in the quality
of the ZnO grown nanowires. In particular, it was examined how a stage with the extra cover
could affect the growth of ZnO nanowires compared to a stage with no cover. Next, different
temperatures were set for the platen to test how the substrate’s temperature could affect the
printed patterns during printing and investigate the consequences on the morphology of the
pattern of the ZnO nanowires. Furthermore, different drop spacings were tested to acquire
the ideal configuration for a continuous line formation and how it agrees with the theoretical
concept.[? ] Further investigations were also performed in terms of multi-layer printing, and
how these can alter the density of the nanowires. The majority of these changes should have
a direct effect on the seed layer, which is responsible for the characteristics of the subsequent
grown nanowires.

4.3.1

Quality of Patterned Areas

The nanowires are supposed to grow only on the patterned areas where there is a ZnO seedlayer. However, a collective amount of ZnO nanowires was also found to grow at locations
adjacent to the patterned areas. The exact reasons for this are not clear but it is believed
to be due to the uncontrolled flow of fluid from the natural convectional currents driven by
uneven temperatures in the crystallizing dish. This dynamic motion most likely drifts the
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ZnO particles that start to act as seed grains throughout the area. Furthermore, this results
into randomly dispersed grown ZnO nanowires. Nevertheless, Xiaomei et al. have accurately
spotted this problem and suggested that the sample should ideally be placed floating on the
surface of the solution facing downwards.[? ] However, this was not enough because having
the sample floating on the surface of the solution may reduce the influence of such uneven
currents but still undergo significant suffering from the direction of the evaporating water.
By adding though an extra cover, it should restrict the immoderate convectional currents,
providing a steady flow of the nutrient solution that is almost static relative to the samples.
Such a design is shown in the schematic demonstration of Fig. 4.4(a-b). Furthermore, this
also confines the volume of the solution below the samples, limiting the amount of additional
unwanted suspension of crystallites while allowing the solution itself to replenish over time.
(a)

(b)

(c)

Fig. 4.4 Upside-down samples attached during the hydrothermal process
(a) without and (b) with the extra cover. (c) Represents these two configurations.
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Such crystallites grow unintentionally within the suspension of the nutrient solution
without the need of having a seed layer (see the milky suspension in Fig. 4.3). By having
a restriction on the amount of suspension of crystallite particles it prevents them from any
further undesirable adhesion on the sample’s surface. In the present study it was found that a
cover spacing of 1.6 mm is ideal. In addition, any spacing above 1 cm showed that such a
confinement of currents would not take place, and hence it behaves as there would be no cover
at all. However, the big difference between the two configurations is displayed in Fig. 4.5. It
can be clearly observed that the number of unwanted ZnO nanowire clusters is significantly
reduced once the cover is added, allowing the fabrication of clean and high-quality patterns.
In addition, it was identified that the nanowires within the patterned arrays did not differ
much in geometrical size between the two configurations. The ones without the cover had an
average diameter of 537 nm whereas those with the cover had an average diameter of 553 nm.
However, there was a distinguishable diversion of their density and angular orientation.
Moreover, it is shown in Fig. 4.5(c) that the nanowires tend to deviate a lot in an angular
orientation, having a lower density, whereas those in Fig. 4.5(d) appear to be denser and with
a higher verticality.

Fig. 4.5 SEM imaging of grown ZnO nanowires (a) without and (b) with the extra
cover. (c and d) are magnified regions of (a and b) respectively.
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Reduction of the Coffee Ring Effect

It is well known that when a droplet falls on the substrate it takes a cup sphere shape. This
should uniformly evaporate after some time. However, because of the presence of particles
inside the drop, the contact line is pinned and because of the higher temperature at the edge,
differential evaporation occurs.[? ? ] This leads to a thermocapillary convection that draws
the particles to points of higher evaporation rates. The final result, which is a ring formation
of aggregated particles that settle at the former drop edge, can be observed in Fig. 4.7(a). The
schematic diagram in Fig. 4.6 shows the formation of the coffee stain and how it could be
constrained in the present study. Different methods were tested to eliminate the coffee stain
effect. Additionally, there are several studies in which they had printed more than one layer
to fill the uncovered areas while others had developed recipes of a combination of solvents in
order to establish a surface tension gradient. The latter gives rise to an induced Marangoni
flow effect that opposes the conventional evaporation-induced radial flow flow.[? ? ] Even
though this method could be demonstrated to work, it would be complicated in terms of
formulation as it requires the correct combination of solvents as well as the right ratio of
mixing. In addition, the extra solvent that usually has a much higher boiling point could
further require higher annealing temperatures, which restricts the selection of substrates.
In the present study, the coffee stain effect was successfully limited by heating the
substrate above room temperature during printing. This was performed by changing the
temperature of the printer’s platen onto which the substrate was mounted. Furthermore,
increasing the temperature of the substrate it induces a faster evaporation rate on the drop.
Even if the evaporation rate is differential to some degree, at higher temperatures it becomes
quick enough to overcome the thermocapillary conventional flow that heads from the centre
to the edge. Eventually, the drop will evaporate before the particles collectively migrate to
the edge, allowing them to disperse uniformly.
Different temperatures were tested to achieve a uniform distribution of the layer of seed
particles. By comparing the dots in Fig. 4.7(c-d) it can be seen that there is a big difference in
the morphology of the dot patterns from room temperature to 60 ◦C. The dot at 40 ◦C has an
empty central region of nanowires while the dot at 60 ◦C looks very uniform along its radius
and with a denser forest of nanowires. Furthermore, an evident change is also observed in the
fill area of the grown nanowires by increasing the platen temperature. This matches precisely
with what the schematic in Fig. 4.6 represents.
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(a)

(b)

(c)

Fig. 4.6 Schematic representation of the mechanism of particle distribution in drying drops.
(a) A thermocapillary flow produced by the differential evaporation rate. (b) Particles follow
such a flow and adhere at the contact line of the droplet. (c) At much higher temperatures the
particles disperse uniformly.

Fig. 4.7 SEM images of ZnO nanowire arrays grown on 1-pass printed seed particles correspond to platen temperature configurations of (a) 25, (b) 40, (c) 50 and (d) 60 ◦C. (e) Pattern
of 2x4 ZnO nanowire dots at 60 ◦C. The diameter of dots is 85 µm.

Furthermore, a change in the diameter of the nanowires is observed as well. The effect of
substrate temperature on the nanowires grown belonging to a 3-pass printed configuration
is shown in Fig. 4.8. At temperatures of 40, 50 and 60 ◦C the nanowires have an average
diameter of 557, 501 and 339 nm, respectively. Furthermore, this phenomenon arises most
likely due to the variation of the density of nanowires. When several seed particles settle next
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to each other, they form seed sites of slightly higher thickness than the rest of the area.[?
? ] Furthermore, these elevated sites are responsible for the heterogeneous nucleation and
development of ZnO nanowires. The denser the seed particles the more nucleation sites turn
up and hence the denser the nanowires. An increase in the density of nanowires causes a
restriction in their lateral growth since the access of nutrients to the side walls of nanowires
becomes more difficult.

Fig. 4.8 SEM images of ZnO nanowires grown on 3-pass printed seed particles corresponding
to platen temperature configurations of (a) 40, (b) 50 and (c) 60 ◦C.

In fact, there is a visible difference between the nanowires grown in the centre, compared
to those grown at the edge of the patterns. It is observed that the nanowires at the edge were
larger than the ones near the central region. For example, the nanowires grown on a substrate
temperature of 40 ◦C had an average diameter of 1100 nm at the edge and 580 nm at the centre,
whereas the ones grown at 60 ◦C had an average diameter of 650 and 450 nm, respectively.
This demonstrates that the reduction of the coffee stain effect and the variation in morphology
of nanowires across the pattern becomes more uniform. In addition, the nanowires grown
at the edge produce an urchin-like design morphology (Fig. 4.9), a phenomenon that is
quite universal in other inkjet-printed patterns as well.[? ? ] This is believed to be due to

86

ZnO Nanowires

their tendency to follow a radial growth, which is mainly favoured by the lack of nanowires
outside the patterned region. In order for nanowires to minimize their total surface energy
and maintain their length, they tend to grow towards regions of higher nutrient solution.
Moreover, another important factor that could contribute to this particular growth mechanism
is the angular deviation of the normal axis of nucleation sites at the edge of the pattern
compared to the rest of the area, particularly in elevated heights.[? ]

Fig. 4.9 Urchin-like orientation of ZnO nanowires at the edge of a pattern of (a) 1- and (b)
3-pass configuration.

4.3.3

Continuous-line Formation

Digital selective patterning is one of the many advantages of inkjet printing and in order to
form a desired pattern it should be capable of producing continuous lines in the micron scale.
In order to create such lines, a series of dots must be juxtaposed with the necessary spacing.
The dot spacing is the distance between two consecutive droplets that the printer ejects onto
the substrate. This can be configured in the printer’s parameters but it usually does not give
the desired outcome. Numerous factors such as substrate temperature, satellite droplets and
ambient humidity can play an adverse role.[? ] The present study attempted to resolve such
issues by combining the characteristics of the particular precursor ink and the ideal substrate
temperature. In the present experiment, three configurations of dot spacing were tested: 80,
60 and 40 µm. The temperature of the platen was set to 60 ◦C, which was found to provide
the ideal dot formation and the results of these configurations are displayed in Fig. 4.10. It
was observed that for the 80 µm dot spacing, the width of the line has an irregular magnitude
where the maxima represents the dots’ diameter and the minima the impinging connection
between dots. Moreover, by reducing the dot spacing down to 60 µm, a nicely uniform line
forms with a width of 86 µm. If the dot spacing is further reduced to 40 µm, the linewidth
increases to 100 µm.
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(a)
86μm

67μm

20μm
(b)

84μm

(c)

98μm

Fig. 4.10 SEM images of different drop-spacing configurations of (a) 80, (b) 60 and
(c) 40 µm.
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A correlation was identified with the theoretical proposition of Smith et al. predicting
the linewidth being inversely proportional to the square root of dot spacing.[? ] However,
if the dot spacing is reduced below a certain threshold value, according to Duineveld [? ],
the linewidth stops following the above rule and produces a series of bulges due to dynamic
instabilities.[? ] Indeed, the lowest dot spacings tested in this experiment were 35 and 25 µm
with the latter breaking the rule of a continuous straight line (see Fig. 4.11).

Fig. 4.11 Optical microscopic images of inkjet-printed seed layers with a drop spacing of (a)
35 and (b) 25 µm.

4.3.4

Seed Multilayer Effect

Printing more than one layer introduces visible changes in the morphology of the surface of
patterns. First of all, it was observed that the density of nanowires increased, and raised the
fill factor. By printing more than one layer of precursor ink, more nanoparticles are deposited
within the same area. It is believed that the number of nucleation sites increases as the printed
pattern becomes thicker, which leads to a higher concentration of nanowires. In addition, this
impacts the orientation of nanowires as well as the density of nanowires which is directly
associated with their degree of alignment.[? ] The sample with the 3-pass printing reveals, as
shown in Fig. 4.12, a denser forest of nanowires of better orientation than the sample with
the 1-pass printing. Additionally, when more nanowires grow in the same area, less space is
available in-between them. Therefore, in order for them to keep a low surface energy they
tend to grow as vertical as possible. As it was discussed above, fewer nutrients should reach
the nanowire side walls due to the limited space. This introduced a slower lateral growth,
resulting in thinner nanowires.
Furthermore, the pattern of a 3-pass printed seed layer, according to Fig. 4.13, appears to
give shorter nanowires with smaller diameters. It is clearly shown in Fig. 4.13(a) that with
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a 3-pass printing the pattern becomes smoother with respect to the 1-pass. In addition, the
bar chart in Fig. 4.13(b) provides the average nanowire diameters for both 1- and 3-pass
configurations, including both the edge and central regions of the dot-pattern.

Fig. 4.12 SEM image of (a) 1- and (b) 3-pass printed layers and their nanowire diameter size
shown in (c) and (d), respectively. These are printed under optimised conditions at 60 ◦C.

Fig. 4.13 Comparison of the (a) diameters and (b) height of the 1- and 3-pass configurations.
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In terms of the length of the nanowires, Fig. 4.13(a) as well as the cross-sectional images
in Fig. 4.14 display a distinctive difference between the two configurations. It was observed
that the 3-pass configuration provided slightly shorter nanowires in contrast to those formed
from a 1-pass configuration. Furthermore, it is believed that the axial growth was slower for
the 3-pass configuration because of the increase in density of the seed sites. This is because
the denser nanowires would require more nutrients for the same duration of time, hence the
slower growth.

Fig. 4.14 Cross-sectional images of dots corresponding to nanowires grown on (a) 1- and (b)
3-pass printed layers. These are done under optimised conditions at 60 ◦C.

4.4 Summary

4.4
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Summary

It has been shown in this Chapter that ZnO nanowires were successfully grown via the
hydrothermal method. The seed layers of zinc acetate were initially printed using an inkjet
printer. Additionally, different configurations were tested in order to achieve the optimum
recipe for high vertical orientation and a dense yield of nanowires. Moreover, there was
no requirement of vacuum conditions or strong etchants, trying to avoid time consuming
multi-step techniques. By confining the fast-moving convectional flow of nutrient solution, it
effectively reduced the number of unwanted nanowires grown outside the patterned inkjet
printed regions. Furthermore, the coffee stain effect was almost eliminated or taken advantage
of when required through appropriate adjustment of the temperature of the substrate during
inkjet printing. In addition, it was shown that the density of nanowires (or seed sites) had a
direct effect on the verticality of the nanowires and the uniformity of the patterned surface.
This could be further controlled either through the substrate temperature or the number
of printed seed layers. By regulating the dot spacing magnitude to a 2/3rd of the original
printed dot diameter size, we could produce continuous line formations, while giving the
opportunity to modify the linewidth by decreasing the dot spacing even further. Overall,
these configurations can give enough technical background on producing ZnO nanowires
under mild conditions, making them future possible candidates for nanocomposite materials.

Chapter 5
Thermoelectric Properties of ZnON
5.1

Introduction

Thin-film metal oxides appear to form one of the largest families of transparent semiconducting oxides. A well-known application of them has been observed in photocatalysis, with
Cu2 O, ZnO and TiO being the most popular materials used.[? ? ? ? ] In addition to this,
much more attention was paid to metal oxides when a material with higher mobility was in
real need to replace the conventional amorphous silicon in thin-film transistors (TFTs) due to
its limited performance. The two first metal-oxide TFTs were demonstrated by Hosono et
al. and Hoffman et al. in 2003 using InGaZnO and ZnO, respectively.[? ? ? ] Even though
an improvement has been observed in the mobility of ZnO by optimizing the deposition
process, it still suffers from instability issues due to its polycrystalline structure.[? ] This is
where Ye et al. introduced zinc oxynitride (ZnON) as a prospective candidate for TFTs.[? ]
ZnON gained a great interest from researchers and further studies were performed to try and
understand the structural and transport characteristics of this semiconductor.[? ? ? ? ]
Although the transport properties of ZnON have been under investigation, its thermoelectric properties have not been studied before. Because of this reason and the availability of
the required materials and tools, an opportunity was found to fabricate ZnON thin films and
explore their thermoelectric properties in the present study. Prior to revealing the acquired
experimental results, though, it would be a good start to introduce this fairly new material
and state some major facts already reported by others in the recent past.
Firstly, there has already been an attempt to dope ZnO with impurities in order to modify
its optical band gap to the desired value, and nitrogen was one of these impurities. Futsuhara
et al. were amongst the first researchers who did this in 1998 by sputtering a ZnO target
under an Ar−N2 atmosphere.[? ] According to their results they managed to decrease the
band gap from 3.26 down to 2.30 eV. Furthermore, more work was done on this particular
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topic accomplishing even lower bang gaps and unveiling some important structural properties.
In 2005, Nakano et al. produced an n-type thin film with a band gap of 2.21 eV, stating that
random nucleation occurred and it introduced a suppression to the grain growth.[? ]. On
the other hand, in the results published by Yao et al., the as-deposited films were insulators
which upon annealing at high temperatures could display a p-type conductivity that would
later revert into n-type due to instability issues.[? ] However, a controversy occurred for
many years on how these N-doped ZnO semiconductors conduct electricity, and on whether
they appear to be n-type or p-type materials. Later on, Ahn et al. had used a target of pure
Zn instead of ZnO under an O2 /N2 atmosphere with a variety of RF power values to produce
films ranging from amorphous to polycrystalline structures.[? ] In fact, it was not until Ye
et al. analysed and discussed their reported findings that a clear distinction could be made
between ZnO:N and ZnON. The first represents the nitrogen doped ZnO using a ZnO target,
whereas the latter represents the real zinc oxynitride compound formed by reactive sputtering
using individual elements of Zn, N2 , O2 and Ar.
In terms of the ZnON thermoelectric properties, as already mentioned, nothing had been
previously reported. The only reported materials that were closely related to ZnON are
NbON and NbRuON, which belong to the transition metal group.[? ? ] Any other reported
oxynitride materials are either Group III or perovskite-related ones.[? ? ? ? ]
A study by Music et al. initially examined how the cubic-structured NbO can be modified
to enhance its thermoelectric parameters, and found that this particular compound suffers
from vacancies, which if filled could affect its transport properties. Furthermore, nitrogen
was selected to fill in these vacancies via reactive sputtering in order to produce a more
rutile-like structure, and thus introducing a Seebeck coefficient of −19 µV K−1 at room
temperature; compared to a −2 µV K−1 obtained from the pristine NbO sample. Additionally,
their respective electrical conductivities were 20.7 S cm−1 and 19.9 S cm−1 .[? ] Moreover,
Music et al. extended their work to also implement Ru and try to form an amorphous
oxynitride compound; based on the idea that an amorphous structure should give a higher
Seebeck coefficient.[? ? ] Their new amorphous structure resulted in a Seebeck coefficient
between −20 and −50 µV K−1 and electrical conductivities between 188 and 465 S cm−1
from room temperature to 500 ◦C, respectively.
With regard to the III-oxynitrides, Yamaguchi et al. fabricated both InON and AlInON
with their respective Seebeck coefficients of about 20 µV K−1 and 70 µV K−1 and their
respective electrical conductivities of about 333 S cm−1 and 22 S cm−1 .[? ] Finally, the
perovskite-related oxynitrides developed by Logvinovich et al. demonstrated that the Seebeck coefficient increases with the nitrogen content. For example, the SrMoO1.73 N1.27 has
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a Seebeck coefficient of about 25.5 µV K−1 whereas SrMoO1.95 N1.05 gives 15 µV K−1 . Furthermore, their electrical conductivities are also affected, with the first having a value of
25 S cm−1 and the latter 75 S cm−1 . It is important to mention, though, that all the above are
n-type materials, while the latter perovskite-related ones are p-type.[? ? ]
As discussed in Section 4.1, ZnO films have not yet shown any great outcome for possible
implementation in thermoelectrics at room temperature. However, by studying the above
encouraging thermoelectric oxynitrides, it is believed that the fabrication of ZnON would
give better results compared to its ZnO counterpart. In this Chapter, different recipes had
been tested to achieve a conductive ZnON. Thin films were grown via the reactive sputtering
technique and their thermoelectric and physical parameters were investigated. Furthermore,
the effects of different O2 /N2 ratios and Ar-plasma post-treatment were monitored in terms
of transport characteristics with respect to shelf-life stability too. Finally, a comparison of
the thermoelectric parameters for different thicknesses was performed.

5.2

Experimental Section

The most common way for depositing semiconducting thin films is via sputtering a prefabricated target with fixed composition under an argon atmosphere. This is a non-reactive
sputtering process where no reaction occurs inside the chamber during the sputtering deposition. However, this limits the possibility of modifying the chemical composition of the
film, unless a special post-treatment is followed afterwards under a certain environmental
condition. In the present work, though, ZnON films were fabricated using a reactive sputtering process. This requires a metallic target and a selection of gases. In this case, a pure
zinc target was used and a source of argon, nitrogen and oxygen gases. Additionally, each
gas is controlled individually so that an ideal proportion of them can be achieved. In our
experiment, the purity of the target and the processing gases was 99.99 % and 99.999 %,
respectively. Furthermore, different sputtering process conditions were tested until the ideal
one was selected, including the temperature, pressure, power and gas ratio amongst others.
Finally, the temperature of the substrate holder was set to 50 ◦C, and the remaining conditions
can be seen in Table 5.1.
The sputterer used was part of an MVSystem LLC 8-chamber cluster tool, and all the
processing conditions were controlled by the software of that system. The Corning 70 059
glass substrates, with size of 10 x 10 mm, had been pre-cleaned with the usual way of Decon90, acetone, isopropyl alcohol and DI-water. Furthermore, all the steps followed, from
substrate cleaning until the post-treatment of the thin films, were performed in a cleanroom
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environment. It is important to mention that a pre-deposition run was always performed on
the Zn target for removing any unwanted contamination layer from its surface. Furthermore,
the post-treatment process of the samples was performed by Ar-plasma for 5 min at a very
low vacuum chamber. In addition to the deposition of ZnON, fabrication of a heterogeneous
structure was also attempted, which consisted of a combination of a ZnO nanowire bottomlayer and a ZnON film top-layer. The nanowires were formed using the hydrothermal method
described in Section 4.2.3. Furthermore, all the different configurations in this Chapter
were analysed in terms of both physical and electronic transport properties. The surface
morphology of the films was characterised by SEM and profilometric techniques, and the
electrical conductivities were calculated by measuring the sheet resistance with the four-point
probe technique, while the Seebeck coefficient was calculated using the set-up described
above.
Table 5.1 ZnON sputtering recipe Table.
Recipe
A
B
C

Gas-flow (sccm)
Ar

N2

O2

5
5
5

120
120
120

0.0
1.5
3.0

Power (W) Pressure (mTorr)
150
150
150

6.5-7.0
6.5-7.0
6.5-7.0

As for the electrode selection material, Au was tested at the beginning but the results
measured were not repeatable. This was most likely due to a poor Ohmic contact between the
Au and the semiconductor interface. This probably required an extent of alloying of the two
materials, which was difficult to achieve under thermal evaporation of gold. Furthermore,
annealing at a high temperature could work, however, it is something that should be avoided.
When DC sputtering of Mo was tested, it turned out to be much better and reliable. Therefore,
all the results shown below are based on the use of an Mo electrode.

5.3 Measurement Results

5.3
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Measurement Results

In the following sections, an analysis and discussion has been provided for the different fabricated configurations. This includes the effects of the O2 /N2 flow-rate ratio, Ar-plasma posttreatment, and film-thickness have on the thermoelectric parameters of the deposited films.
At the end, some further results of the heterogeneous structure of ZnO-nanowires/ZnON-film
have also been added.

5.3.1

Oxygen/nitrogen Flow Rate Effect

The ratio of the partial flow rate of the contributing gases in the reaction taking place under
sputtering is found to be very important. As seen in Table 5.1, the flow rates of Ar and N2
were set to 5 and 120 sccm, respectively for all three configurations. Based on the empirical
knowledge of the ZnO sputtering deposition, its transport properties are highly governed by
the oxygen partial flow rate. Therefore, the only reactant whose flow rate was varied was
O2 . The stability in electrical conductivity of the films prepared under different O2 partial
flow rates with respect to shelf-life is shown in Fig. 5.1. First of all, it is evident that an
increase in the flow rates of oxygen has a direct effect on the magnitude of conductivity.
As the oxygen flow rate increases from 0.0 to 3.0 sccm, the conductivity is reduced from
an average of 15.0 to 2.5 S cm−1 . A higher O2 flow rate should result in deposited films of
higher O2 content. This means that the content ratio of oxygen with respect to nitrogen in
the film should increase since oxygen is more reactive than nitrogen.[? ] According to Kim
et al. the carrier concentration decreases monotonically by the increase of the O2 flow rate,
which also agrees with the work of Ye et al.[? ? ] In addition to this, it is stated that the
mobility is also reduced by the increase of the O2 flow rate; showing a higher effective mass
than in Zn3 N2 and lower than in ZnO.[? ] Since the electrical conductivity is calculated by
the following equation:
σ = neµ
(5.1)
where n and µ are the charge carrier concentration and mobility, respectively, then this
means that the electrical conductivity should decrease by the increase of the O2 flow rate.
Furthermore, this is in perfect agreement with the results obtained in the present work, and
to a large extent when compared to ref. [? ] with which the processing conditions are quite
similar.
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Fig. 5.1 Electrical conductivity of ZnON films with different oxygen flow rates
(0.0, 1.5 and 3.0 sccm) with respect to the air exposure time.

Furthermore, several measurements had been taken for the stability of the films in open air
within a period of almost 23 days. The films with 0.0 sccm O2 demonstrated a slight increase
in the first 150 h and then a decrease followed by an almost static plateau. No explanation
can be provided on this observation since no information on the atomic concentration of
each element was known. Furthermore, this non-linearity can be attributed to a change in
the environmental conditions (i.e. the humidity) or due to a systematic error. It is clearly
observed that the as-deposited films did not suffer any significant degradation within this
period, even without any applied passivation layer or post-treatment annealing. According to
the shelf-life tests performed in ref. [? ], the stability of the as-deposited ZnON films turn out
to be constant for the first 30 days, which is similar to what was observed in the present study.
In addition, by observing all three different configurations in Fig. 5.1, it looks like there is
a slight increase in the electrical conductivity (at least in the 0.0 and 1.5 sccm O2 range),
which is thought to arise from the daily accumulation of water molecules on the surface of
the films. As shown by Kim et al. during their investigation for water absorption on ZnON, a
decrease in the mobility with a slight increase in carrier concentration was detected, leading
to an increase in the electrical conductivity.[? ] This was explained by a deformation of the
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stoichiometric Zn3 N2 bond, leading to a generation of trap states. Assuming this statement
is verifiable, it also seems to apply in the present work quite nicely; but with not much
effect with 3.0 sccm of O2 as expected, due to a presumed lower number of Zn3 N2 bonds.
Nevertheless, this theory has yet to be confirmed by further reports.
Table 5.2 Parameters based on different oxygen/nitrogen gas flow ratios.
O2 flow rate (sccm)

Seebeck coefficient
(µV K−1 )

Electrical conductivity
(S cm−1 )

Power factor
(µW m−1 K−2 )

0.0
1.5
3.0

-275±2
-387±1
−

15.3±0.6
5.7±0.3
2.6±0.2

115±5
85±4
−

The Seebeck coefficient measurements had also been calculated for the three different
configurations of the O2 flow rate. When the Seebeck coefficient sign was found to be
negative, it showed that the nature of the carrier transport was n-type. Furthermore, it has
been observed that when the oxygen flow rate increased, the Seebeck coefficient increased
too, which fits perfectly well to the general theory of Mott’s relation for highly doped
non-degenerate semiconductors and metals, given by the following formula:
π2
S=
3



π2
=
3



kB2 T
e



kB2 T
e



∂ ln σ (E)
∂E


(5.2a)
E=EF

1 ∂ n(E) 1 ∂ µ(E)
+
n ∂E
µ ∂E


(5.2b)
E=EF

where kB is Boltzmann’s constant, e is the electron charge, n is the charge carrier concentration, µ is the mobility and E = EF is the Fermi energy that is equal to Eg /2 at 0 K. If
room temperature is considered, then a correction has to be applied to the Fermi energy by
adding a value of kB T =0.025 eV, but since it is small when compared to the integer band
gap values, it is neglected. Based on Eq. (5.2b), the smaller the charge carrier concentration
and mobility are, the higher the Seebeck coefficient will be. None of these values may have
been measured in this present work, but it is thought that a decrease in electrical conductivity, which is directly depended on both n and µ, is inversely and proportionally correlated
with the increase of the Seebeck coefficient, which is a very common fact in highly-doped
semiconductors. As for the 3.0 sccm O2 configuration, no Seebeck coefficient value could
be measured. Even though, different conditions were tested with the nanovoltmeter, but
still nothing could be detected. By comparing the resistance of the samples (approximately
12 × 109 Ω), with the impedance resistance of the instrument that lies in the range of giga Ω,
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one can see that the first is slightly higher than the latter, which results in very unreliable
values.[? ] Therefore, the third configuration of the O2 flow rate was ignored. From the rest
of the two flow rate configurations, the 0.0 sccm O2 one turns out to have the highest power
factor, and was therefore the only one that was selected for the following experiments.

5.3.2

Plasma Treatment Effect

Ar-plasma treatment was performed for 5 min on the samples prepared by the 0.0 sccm O2
configuration. Both electrical conductivity and Seebeck coefficient values were measured
for both the as-deposited and post-treated films. In the first case, the electrical conductivity
(shown in Fig. 5.2) had increased by almost 30 S cm−1 . Irradiating a ZnO film with Arplasma also gave the same effect by an increase in its electrical conductivity.[? ] According
to Akazawa et al., this is observed most probably by the creation of extra oxygen vacancies
(VO ) since Ar-plasma has the property of eliminating oxygen atoms. However, this was
never confirmed, but if this is true, then the increase of electrical conductivity could result
from the generation of VO .

Fig. 5.2 Electrical conductivity of as-deposited and Argon-plasma treated
ZnON films with respect to the air exposure time.
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As for the shelf-life stability of the thin films, a slight increase had been observed in the
as-deposited films (same as above) as well as in the post-treated films. In contrast to the
results published by Lee et al., the conductivity in the as-deposited films shown here did
not decrease. In their case, the optical and electronic properties of the as-deposited films
changed significantly even within a period of 10 days.[? ] According to their results, the
irradiation of Ar-plasma has the ability to enhance the robustness of the films by locking
in the nitrogen elements, and making them more stable in air. However, their films had a
thickness of just 50 nm, whereas, the films produced in our study had a thickness of about
200 nm. It is thought that if nitrogen takes time to migrate to the surface of the film, then
it should take a longer time to escape from thicker films and that is probably why the films
fabricated in this present work appear to be more stable than others.[? ]
Furthermore, Fig. 5.3 shows the Seebeck coefficient shelf-life stability for both the
as-deposited and post-treated films. A distinct decrease is seen in the Seebeck coefficient
values when the films are irradiated by Ar-plasma. If Eq. (5.2b) is rewritten, the Seebeck
coefficient can be expressed as follows:
8π 2 kB2 ∗  π 2/3
S=
m T
3eh2 e
3n

(5.3)

where h is Planck’s constant and m∗e is the electron’s effective mass. It is well-known that
when there is a small decrease in the charge carrier concentration the change in effective
mass is negligible.[? ? ] In such a scenario, and based on Eq. (5.3), an increase in n would
have a strong impact on the Seebeck coefficient. If the above assumption with the generation
of VO is correct, then such an increase in n should directly decrease the Seebeck coefficient
as observed in the present study. As for the stability of the films with respect to the Seebeck
coefficient, it seems that there is a huge drop between the first and the rest of the values from
the as-deposited films. This is believed to be an error caused during the measurement period.
Nevertheless, it looks like there is not much fluctuation between values, showing a good
stability. Furthermore, the standard error of the mean shown in Table 5.3 was calculated from
the last three values.
Table 5.3 Averaged parameters of 190 nm sputtered ZnON.
Sample
as-deposited
Ar-plasma

Seebeck coefficient
(µV K−1 )

Electrical conductivity
(S cm−1 )

Power factor
(µW m−1 K−2 )

-267±1
-184±6

15±1
48±2

106±8
163±8
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Fig. 5.3 Seebeck coefficient of as-deposited and Ar-plasma treated ZnON films
with respect to the air exposure time.

5.3.3

Thickness Effect

Using the same recipe as above, with an O2 flow rate of 0.0 sccm, an extra set of samples
fabricated with different thicknesses. Based on the thickness measurements done for the
previous samples, it was found that this recipe gave a deposition rate of 6.4 nm min−1 . By
tripling the sputtering duration time to 90 min it gave a thickness of around 588 nm (see Fig.
5.4). Both the electrical conductivity and Seebeck coefficient values were calculated for the
as-deposited and Ar-plasma post-treated thin films. By comparing the 190 nm as-deposited
films with the 588 nm ones, the Seebeck coefficient increased by about 35 µV K−1 . It is
known that the Seebeck coefficient should not change with geometrical scaling unless the
bulk composition of the film changes, as described in Section 3.3.2. According to Ye et
al., the possibility of having a reduction in the charge carrier concentration probably comes
from the reduction of defects.[? ] At that time it was still not clear if such defects could
be either from VO or VN (nitrogen vacancies). However, later on Park et al. suggested that
nitrogen-rich films should have a higher content of VN , with each one donating three free
electrons.[? ] Furthermore, if an oxygen anion is incorporated at such a vacancy, then the
three electrons get reduced to just one, which reflects the reduction in carrier concentration.
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Fig. 5.4 Profilometry of 30 and 90 min deposition of ZnON films.
Therefore, an increase in the Seebeck coefficient from −267 to −302 µV K−1 must be due to
an increase of impurity sites within the film.
It is of great interest to show that this theory is in confirmation with the size-effect theory
of Pichard et al. on the Seebeck coefficient. If the impurity ion scattering dominates, then
the theoretical Seebeck coefficient could be expressed by:


3
3 lb
S = Sb 1 − (1 − p)
8
5t

(5.4)

where Sb is the hypothetical Seebeck coefficient of the bulk material, p is the specularity
parameter, lb is the hypothetical mean free path of an isotropic situation and t is the thickness
of the film. Since the ZnON films are amorphous, no grain-boundary scattering should take
place (no visible grains were observed under SEM, Appendix: Fig. A.6 ).[? ? ]. This leads
to the ionized impurity scattering being the dominant scattering mechanism by having the
VN filled with oxygen anions. Therefore, by assuming that the scattering is diffuse, which
gives a p = 0, then the equation suggests that the Seebeck coefficient decreases as the film
becomes thinner. In other words, is in perfect agreement with the above explanation.
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Fig. 5.5 Thermovoltage against temperature difference plot of (a) as-deposited and (b)
Ar-plasma treated ZnON 600 nm films. (c) Gradient comparison between these two configurations.

Table 5.4 Parameters based on the 588 nm sputtered ZnON.
Sample
as-deposited
Ar-plasma

Seebeck coefficient
(µV K−1 )

Electrical conductivity
(S cm−1 )

Power factor
(µW m−1 K−2 )

-302±3
-171±1

11.09±0.01
32.80±0.02

101±1
94.1±0.5

5.3 Measurement Results

5.3.4
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Implementation of ZnO Nanowires in ZnON Thin Films

In this Section, a heterogeneous structure was investigated by initially growing a forest
of ZnO nanowires and then depositing a ZnON thin film on top of them. Furthermore,
hydrothermal growth was used to grow the nanowires from a spin-coated seed layer as
described previously, while sputtering was performed for the oxynitride film. Two separate
configurations of samples were prepared with the only difference between them being the
density of the nanowires. When a thicker seed-layer is coated on the substrate, a denser forest
of nanowires grows. The nanowires grown from a single and double seed-layer are shown
in Fig. 5.6(a) and (b), respectively. Furthermore, the density difference is visible enough,
with the nanowires in subfigure (a) being more scarce and having an angular orientation in
contrast to the ones observed in (b). Additionally, the growth period was set to only 1 h,
which should yield thinner (i.e. 70 nm) and shorter nanowires (i.e. 300 nm) in contrast to
those developed via inkjet-printing shown in Section 4.3.4. Such a scalar reduction is also
enhanced by the high rotational speed of 3000 rpm which provides a stronger spreading of
seed grains when compared to the confined drops of the inkjet-printed patters.

Fig. 5.6 SEM images of the heterostructure before (a,b) and after (c,d) applying the ZnON
layer. (a,c) and (b,d) represent single and double seed-layer, respectively.
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As for the sputtering layer of ZnON, the 0.0 sccm O2 recipe from Table 5.1 was used
throughout this section, and the duration of the sputtering process was set to 30 min as above.
The heterostructure formed when ZnON was sputtered over Fig. 5.6(a) and (b) is shown in (c)
and (d), respectively. A comparison of these SEM images for the two different configurations
shows that there is a great interrelation between the density of nanowires and the produced
heterostructures. The denser the nanowires are, the closer the grains get. The latter, in fact,
are not singular surface grains but are actually extended all the way down to the bottom of
the structure. This can be clearly shown from a cross-sectional point of view in Fig. 5.7.
Furthermore, Zn2+ tends to show a preference in adsorbing on the top as well as the side
walls of the individual nanowires.[? ] Such a phenomenon results into a growth in both the
axial and radial directions, forming bigger nanowires. Based on this, it is believed that the
oxynitride film uses the nanowires as a scaffolding structure.

Fig. 5.7 Cross-sectional images of ZnON/ZnO-nanowire heterostructure
The values of the thermoelectric transport parameters of the two configurations are listed
in Table 5.5. The Seebeck coefficient values obtained from these two configurations are
found to be quite similar to the results given by the homogeneous as-deposited ZnON films
described above. The configuration with the thinner seed-layer (i.e. Fig. 5.6(c)) gave a
value of −267 µW m−1 K−2 , whereas the one with the thicker seed-layer (i.e. Fig. 5.6(d))
gave a value of −278 µW m−1 K−2 . A comparison of these two values shows that the denser
film shows a slightly larger Seebeck coefficient. Additionally, in order to explain such an
increase it is ideal to understand the transport mechanism of the charge carriers, which
can be somehow interpreted by examining the sheet resistance of the films.1 The sheet
resistance of samples (c) and (d) is 14.48 and 15.39 kΩ □−1 , respectively. One could expect
1 Note

that no electrical conductivity was calculated for such heterostructures since the thickness of the film
and its composition were not homogeneous.
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that the close-grained film (d) should show a smaller sheet resistance with respect to the less
close-grained film (c) as charge carriers would transport easier from one grain to another.
However, what happens in reality is totally different. The interfacial scattering increases
by the number of grain boundaries met throughout a carrier’s journey. This means that a
higher surface-to-volume ratio of grains results into a reduced mobility.[? ] In addition to
this, according to some further studies, electron-trapping centres are generated when oxygen
is adsorbed at the grain boundaries; reducing in this way the charge carrier concentration.[?
? ] Furthermore, the combination of these two have a negative impact on the conductance,
giving a higher sheet resistance. Consequently, a denser heterostructured film with a lower
carrier concentration will display a larger Seebeck coefficient (see Eq. (5.3)).
Table 5.5 Parameters based on heterostructures of ZnO nanowires and ZnON films.
Sample

Seebeck coefficient
(µV K−1 )

Sheet resistance
(kΩ □−1 )

Conductivity
(S cm−1 )

(c)
(d)

-267±2
-278±2

14.48
15.39

1.30
1.12

The thickness and the UV-VIS transmission spectrum of the heterostructure is shown
in Fig. 5.8. Both bare nanowires and heterostructure were analysed with the profilometer
giving a value of about 250 and 550 nm, respectively. In order to measure the thickness
of the nanowires, kapton tape was used to cover part of the sample during the sputtering
process. As already stated, the sputtering duration time was set for 30 min. The height
difference between the heterostructure and the bare nanowires is around 200 nm, which is in
a good agreement with that one shown in Fig. 5.4. Furthermore, Fig. 5.8(b) shows that the
heterostructure has a transmittance signature matching that of the pristine as-deposited ZnON
film. Therefore, the composition of the heterostructure is believed to have characteristics
closely related to those of ZnON instead of ZnO. Moreover, further optical analysis had been
performed in order to calculate the band gap of the ZnO nanowires, the ZnON thin film and
the heterostructure. According to Fig. 5.9(a), the energy band gap of the ZnON film and
the heterostructure was found to be 1.50 and 1.55 eV respectively. Additionally, the energy
band gap of ZnO nanowires was calculated to be approximately 3.55 eV. The energy band
gap values obtained for both the pristine ZnON film and the ZnO nanowires are found to be
similar to the literature values.[? ? ] Rewriting the Mott formula expressed in Eq. (5.2a) in
terms of Fermi energy,
π 2 kB2 T
S=−
(5.5)
3eEF
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then by implementing the band gap via EF = Eg /2, one can easily understand why the
Seebeck coefficient of the heterostructure has the same magnitude as that in the homogeneous
as-deposited ZnON thin film.

Fig. 5.8 (a) Profilometry of the heterostructure and its (b) UV-VIS transmission spectra.

Fig. 5.9 An estimate of the energy band gap from Tauc curves as a function of energy (hv)
for (a) ZnON films and (b) ZnO nanowires.
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5.4

109

Summary

To the best of our knowledge the present study is the first to investigate the thermoelectric
parameters of ZnON films. The ZnON films were successfully fabricated using the reactive
sputtering process. Furthermore, different ratios of O2 /N2 were tested by varying the flow
rate of O2 . Studies performed on their electrical conductivities and Seebeck coefficients
showed that the O2 content plays an important role on the transport characteristics of the films.
Moreover, a higher O2 flow rate provided films with lower electrical conductivities but higher
Seebeck coefficients. The correlation between these two fits perfectly with the theoretical
interpretation of their dependence on charge carrier concentration. Additionally, when it
comes to shelf-life stability, no significant issues were detected except the slight increase of
their electrical conductivity, which could be explained by a rise in carrier concentration due
to adsorption of water molecules on the film’s surfaces.
Furthermore, the effects of Ar-plasma post-treatment were also studied. Once the films
were treated, their Seebeck coefficient decreased from −267 to −184 µV K−1 , whereas their
electrical conductivities increased from 14.9 to 48.2 S cm−1 . It is believed that this happens
due to a partial elimination of oxygen, generating a number of oxygen vacancies. Additionally,
the impact of film-thickness was also studied, and the results showed that as the film thickness
decreases, its Seebeck coefficient also decreases, suggesting that the predominant carrier
scattering mechanism is caused by ionic impurities. Finally, a heterostructure of ZnON and
ZnO nanowires was formed to show that no remarkable change has been observed in the
Seebeck coefficient when compared to the as-deposited pristine ZnON thin-film. Finally, it
is suggested that such similarity in the Seebeck coefficient arises from their almost identical
band gaps.

Chapter 6
Thermoelectric Generator
6.1

Introduction

A conventional TEG module consists of at least three different materials. Two of them
constitute the thermocouple, which ideally should be an n- and p-type thermoelectric material,
and can also be called thermoelectric legs. As for the third material, its function is to
electrically connect the other two materials, hence it is a metallic conductor. In such a
module, there are multiples of thermocouples whose thermoelectric legs are connected
electrically in series and thermally in parallel. TEGs did appear in the commercial market
not more than 15 years ago, whereas before that they were found as integrated components of
custom-built purposes (i.e. radioisotope TEGs for space missions).[? ? ] Since the discovery
of new thermoelectric materials and the desire of an environmentally-friendly conversion of
energy, thermoelectricity started being recognized even more leading to commercial products.
Still, the application of TEGs is very limited; either because the materials used are expensive
and toxic, or because they tend to be bulky in size and are predominantly functional at
quite high temperatures. As a result, their prospective installation takes place mostly in the
industrial scale.
Not much research has been done, though, when it comes to everyday life devices. As it
was described in Section 1.3, there is a need for minimizing the energy losses inside portable
devices. Although this might be possible up to an extent, there will still be heat losses within
the screen component. These heat losses are a dissipation of thermal energy generated by the
polarizer and other filters of the device. Preventing such losses is almost impossible, however,
harvesting them is highly attainable. In this Chapter, a potential application of a TEG module
is demonstrated on a polarizer under normal operational conditions as it would have happened
in a mobile device. The TEG module was fabricated with the materials studied above, while
the power output of the device was characterized with respect to different load resistances.
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Architecture Design for TEG

It is well-known that for a TEG module to generate electricity it must have its two ends
under a temperature gradient as shown in Fig. 1.4. However, fabricating such a device on a
polarizer does require a special architecture design. This is because if a TEG module was
going to be built on the polarizer surface the conventional way, no significant temperature
difference could be acquired with the thin-film thermoelectric legs pointing outwards from
the surface. This can be expressed by the length-dependent thermal conductance of the
thermoelectric legs:
A
K=k
(6.1)
L
where k is the thermal conductivity of the thermoelectric leg, A is the cross-sectional area of
the leg and L is its length. It can be observed that the thermal conductance becomes larger
for shorter legs, resulting in a near temperature equilibrium between their two ends. This
means that a reduction in temperature gradient would lead to a decrease in the generated
Seebeck emf.
Therefore, to convert as much heat into electricity as possible, the thermoelectric legs
must be kept long. In order to maintain this criteria, a different design had to be introduced.
Fig. 6.1 shows the design of the chosen architecture that is suitable for a polarizer integration.
It is suggested that the thermoelectric legs should have one side touching the edge of the
polarizer and the other side the peripheral frame of the mobile device. The latter would act
as a heat sink, hence maintaining the temperature difference. This gives the advantage of
utilizing the whole perimeter of the polarizer and increasing the number of thermocouples.

Fig. 6.1 Top view of an integrated planar TEG-module architecture on a polarizer film.

6.3 Device Integration of n- and p-type Thermoelectric Materials
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The materials used to build a part of the above architecture were the ones studied in the
previous Chapters. ZnON was selected as the n-type, and PEDOT:PSS as the p-type material.
Additionally, the whole procedure required only three steps. First, fabricating the ZnON
via reactive sputtering, then the PEDOT:PSS via inkjet-printing, and finally, the electrode
deposition of Mo via DC sputtering. Before following all these steps, the substrates were
pre-cleaned with the usual way of Decon-90, acetone, isopropyl alcohol and DI-water. For
the sake of simplicity, the fabrication process was not performed on the polarizer film itself
but on a Corning glass substrate as described above. In a realistic scenario, a polarizer film
could be used directly but several surface treatments had to be followed.
The ZnON thermoelectric legs were fabricated following recipe A from Table 5.1. The
thickness of the thermoelectric leg was set to 550 nm so that it would be even with that of the
PEDOT:PSS. As for the latter, it was inkjet-printed similar to the description shown in Section
3.3.2. A configuration of two multilayers was used to give an average thickness of around
510 nm. Furthermore, no post-treatment was performed on either of the thermoelectric
materials.

6.3.1

Geometry Design

The attachment of the TEG module on the polarizer is shown in Fig. 6.2(a). The TEG
module was placed so that one of its sites was in contact with the polarizer film, and the
other one with the heat sink. Furthermore, a material was cut in the shape of a mobile case
and everything was assembled together. This material was made by an insulating foam
sandwiched by two cardboards. It can be clearly observed that two wires (yellow and grey)
were connected with the terminal electrodes of the TEG via a conductive epoxy. In addition
to that, two thermocouple wires (green) were attached on the hot and cold sites of the module
as well in order to calculate the temperature difference.
The integration of both n- and p-type materials in a series configurations of 4 pairs (1 pair
was also tested) is shown in Fig. 6.2(b). The length of all thermoelectric legs was equally set
to 13 mm. However, the size of their widths was selected according to the transport parameter
sizes of each material. As it was described in Section 2.1.5, in order to achieve the maximum
possible efficiency with the existing materials, their scalar dimensions should fit Eq. (2.25).
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This equation can be rewritten simply in the following form:
An
=
Ap



σ pκ p
σn κn

1/2
(6.2)

where A is the cross-sectional area of each thermoelectric leg (i.e. n- and p-type). The
right-hand side of the equation consists of the electrical and thermal conductivities of the
materials. Based on the results obtained in the previous Chapters, the electrical conductivities
for the specific configuration of the n-type and p-type materials are 11.09 and 604.95 S cm−1 ,
respectively. In terms of thermal conductivities, values were used from the literature since no
measurements had been taken in this present study. For the PEDOT:PSS material a value of
0.3 W m−1 K−1 was used.[? ] Although no studies had been conducted for ZnON, a value
of 1.4 W m−1 K−1 was assumed; taken from the a-IGZO (amorphous In-Ga-Zn-O) which is
believed to be the most relevant one.[? ] By entering all the above parameters in Eq. (6.2),
the cross-sectional area ratio was found to be equal to 3.42. Since A = wt where w and t
is the width and thickness, respectively, then a ratio of the widths could be calculated as
well. If the width of 1.0 mm was used for the PEDOT:PSS thermoelectric legs, then the
corresponding one for ZnON should be around 3.2 mm.

Fig. 6.2 (a) Integration of the TEG device on a polarizer. (b) The TEG device made by
4-thermocouple pairs of ZnON and PEDOT:PSS-based films.

6.4

Measurement Set-up

In order to test this concept, a backlight source and a load were needed. The set-up built for
this purpose is shown in Fig. 6.3. On the bottom left there is a breadboard where different
combinations of resistors were used. These would act as the load by which the power output

6.4 Measurement Set-up
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of the TEG module would be consumed. The bright surface onto which the mobile case
is mounted is the backlight-source system. Such a system consists of several cold-cathode
fluorescent-lamps (CCFLs) that are controlled by an inverter board and powered with a power
source (top right). A diffuser sheet is located between the CCFLs and the surface of the
backlight unit, which are responsible for the enhanced brightness uniformity throughout
the whole area. This system ideally represents how a display-based device behaves.[? ?
] It is important to note that the appropriate care was taken to limit any unrelated heat
flow towards the polarizer film. Even if the system’s surface could get slightly warm, the
insulating cardboard-type material was resistive enough to stop such flows by conduction
from the system. Therefore, the thermal energy generated by the polarizer was mainly due to
the absorbed light (excluding the unavoidable heat transfer by radiation). Finally, on the top
left, a Keithley 2400 and a Keithley 2182A were used as the amperometer and the voltmeter,
respectively.

Fig. 6.3 Shows the set-up used for the TEG-module characterization. A backplane scattered
light is used as the light source to heat up the polarizer.
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Both open-circuit voltage, Voc , and short-circuit current, Isc , had to be initially measured
for both 1- and 4-pairs TEG module. Once these values were recorded, then the potential
difference of each load was also measured. The circuits used for both kinds of measurements
are depicted in Fig. 6.4. The load was in the form of resistors, and its value varied from 3 kΩ
to 6 MΩ, depending on the number of thermoelectric pairs used. Finally, by knowing the
resistance and the potential difference across each load, the power transferred could also be
calculated.

Fig. 6.4 Schematic representation of the circuits used for measuring (a) the short-circuit
current and open-circuit voltage and (b) the potential difference through a load for the
characterization of the power output of the TEG module.

6.4.1

Measurement Results

The temperature of the polarizer had been characterized before connecting any external load
to the circuit. Initially no light was illuminated on the polarizer, so its temperature could be
measured under ambient conditions. This gave a reading of about 22 ◦C, which was close to
the room temperature. Once the backlight source was switched on, the polarizer’s surface
temperature started rising steadily until it reached a constant temperature of about 35 ◦C.
Next, the TEG module was attached to the polarizer and the two thermocouple wires were
placed at its two sites. One was placed between the hot side of the TEG module and the
polarizer surface and the other between the cold side of the TEG module and the heat sink.
Connecting these two thermocouple wires with the reader gave a temperature difference
value of 5 ◦C. Furthermore, this reading was very stable for the whole period of the following
experimental procedure.
Since the temperature difference was stable, then the maximum possible power output of
the TEG module could be calculated. In order to achieve this, the Voc and the Isc of the TEG
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module itself had to be measured, which was done using the instruments shown in Fig. 6.3.
It is known that the maximum possible power output is given by the following equation:
Pmax =

IscVoc
4

(6.3)

The values for both 1- and 4-pair configurations of the TEG are provided in Table 6.1. It
is obvious that the values of the 4-pair configuration appear to be much lower than those of
the 1-pair. This is believed to be attributed to the circuit parasitics that probably arise by the
capacitive coupling of the interconnections. A 4-pair configuration has 9 interconnections,
many more than the 1-pair that has just 3. This shows that the chances of having a currentflow disruption within the circuit multiply with the number of pairs. Since this is really a
demonstration of the concept, not much intention was given to accomplish the best poweroutput results; otherwise more attention could be paid on the electrode connections.
Table 6.1 Voc , Isc and Pmax of the TEG module.
No. of pairs

Voc
(mV)

Isc
(nA)

Pmax
(pW)

1
4

1.48
3.40

62.0
3.5

22.9
2.9

Furthermore, the values measured above can be compared to the theoretical ones using
the Seebeck coefficients obtained in the previous Chapters. If we rewrite Eq. (2.16) with
respect to an open-circuit (i.e. I = 0A) and short-circuit (i.e. R = 0Ω), we get the following
equation:
Voc = N Snp ∆T

Isc =

Snp ∆T
Ro

(6.4a)

(6.4b)

where N is the number of thermoelectric pairs used and Ro is the resistance of a single pair of
thermoelectric legs n and p. The equation shows that the Voc is increasing with the number of
pairs but the Isc is independent from such a trend. If the values of Sn =302 and S p =13 µV K−1
are used with a ∆T =5 K then the theoretical values of Voc for 1-pair and 4-pairs will be 1.58
and 6.32 µV, respectively. Their Isc is found to be 87.5 nA. A comparison of the theoretical
results to the measured ones is shown in Table 6.1, where the 1-pair configuration shows a
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great consistency. However, the 4-pair configuration gives a much lower Isc , possibly due to
a huge internal resistance caused by the parasitics.
An IV-curve can be plotted for both configurations based on their measured Voc and Isc .
Moreover, the power output can be calculated by extracting individual I-V values from the
primary curve, and by plotting a secondary curve as shown in Fig.6.5. Furthermore, the
power-output curves follow an inverse parabolic shape with the maxima occurring at exactly
the half Voc and Isc values. This determines that the power-output value should vary with the
different resistance values.
Such a demonstration is shown in Fig. 6.6. Several loads with different resistances were
used to measure how much power they drain. In order to do this, a voltmeter was connected
in parallel to the load and the TEG module as shown in Fig. 6.4(b). Since the potential
difference across the load and its resistance are known, the power consumed can be calculated
by:
V2
PL =
(6.5)
RL
A plot of these results against the calculated ones from Fig. 6.5 shows that in both the 1- and
4-pair configurations the power consumed by the load (measured) matches the maximum
possible power output of the TEG module (calculated). Indeed, this is how it should be
as it agrees with the theoretical equation Eq. (2.20) described in Section 1.2.4. Moreover,
Eq. (2.20) can be rewritten to include the possibility of having more than one pair of
thermoelectric legs as shown below:
Pout =

2 ∆T 2
N Snp
RL /R
R
(RL /R + 1)2

(6.6)

Using this equation, then maximum power output is found at RL = R. In other words, when
the external resistance of the load is equal to the resistance of a single pair of thermoelectric
legs, then the power output should reach its highest, independently of the number of pairs
used. Fig. 6.6(a) represents the 1-pair configuration where the measured power values
correlate with the calculated ones following exactly the theoretical prediction. According to
the results, the maximum power of almost 23 pW is given at about 24 kΩ. At exactly the same
resistance value of 24 kΩ, a power of 92 pW should be given for the 4-pair configuration as
well. Unfortunately, this was not observed in this present study as the net internal resistance
of the 4-pair TEG module was found to be in the range of 4 MΩ. Furthermore, such a huge
resistance reflects the lower maximum possible power output of just 2.9 pW. However, the
measured power values shown in Fig. 6.6(b) tend to be even lower, probably because the
parasitics in the circuit get amplified by the nanovoltmeter.

6.4 Measurement Set-up
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Fig. 6.5 Calculation of the TEG module power-output based on the measured Voc and Isc for
(a) 1- and (b) 4-pair configuration.
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Fig. 6.6 Experimental measurements of power output based on a range of load resistances
against calculated values for the (a) 1- and (b) 4-pair configuration.
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Summary

Energy harvesting from a polarizer has never been performed before. In this Chapter, a
complete TEG device was built on a polarizer and such a concept was tested with success. A
special architecture was initially designed with how such a TEG can be fabricated so that
it remains under a constant temperature gradient. Furthermore, the TEG module consisted
of the ZnON and PEDOT:PSS materials studied in the previous Chapters. Two different
configurations were tested; 1- and 4-pairs of thermoelectric legs. Additionally, the system
used provided a diffuse backlight as in a mobile phone display-unit. Finally, everything was
tested under ambient conditions and compared with the theoretical results. A relatively large
temperature difference was achieved between the polarizer and the ambient environment
with the backlight unit switched on. However, when the TEG device was attached on the
system, the temperature difference between thermocouple two junctions was almost 2-folds
lower. This is believed to be due to the relatively low thermal conductivity of Corning glass
substrates.
The 1-pair configuration gave a victorious result for a maximum power output of about
23 pW for a load with a resistance of 24 kΩ. Higher or lower values of resistances would
result in a lower power-output value. However, for a 4-pair configuration, the results obtained
were not as expected. Instead of achieving a fourfold power-output value compared to the 1pair, a value of just 1.6 pW was attained. This is believed to be attributed to the unanticipated
circuit parasitics. Due to the many interconnections, the internal resistance escalated to the
MΩ range, leading to a very poor performance.
Several attempts have already been made to introduce energy harvesting schemes in
display units. The majority of these studies, however, are based on solar cells: Either by
fabricating transparent films that would not interfere with the important optical information,
or photonic colour filters that would act as pixels of the display.[? ? ? ] There is no
reasonable benchmark for comparison with the present study since no other reports have been
published based on the same concept of energy harvesting via thermoelectrics. However, a
report of relevant thermoelectric generators is provided below for a general comparison:
Table 6.2 Thin-film thermoelectric generators. Adjusted from [? ].

present work
Infineon Intelligent Textiles
Kundo
Seiko
MicroPelt®

Fabrication technique

Materials

∆T
(K)

Power output/couple
(pW)

combination
CMOS
n/a
n/a
sputtering

n-ZnON, p-PEDOT:PSS-based
n- and p-polysilicon
Si/Al
Bi/Te
n-Bi2 Te3 , p-(BiS b)2 Te3

5
5
10
5
5

23
7
1.7 × 103
9 × 103
50 × 103

Chapter 7
Conclusions and Future Work
This thesis presents a complete study for integrating an energy harvesting device on a display
polarizer film. An application in such a small-scale environment was successfully performed
by a thermoelectric generator. This consisted of thermocouples made of PEDOT:PSS-based
and ZnON thin films whose thermoelectric performance was studied on a backlight unit.
The formulation of PEDOT:PSS-based mixtures with respect to different volume percent
doping of DMSO demonstrated a variation in the thermoelectric parameters of the thin films.
Furthermore, a separate study on the post-treatment of pristine PEDOT:PSS films with EG
demonstrated a distinct reduction in the PSS content and a direct increase of the electrical
conductivity.
The ZnON films developed via reactive sputtering displayed a strong association between
their thermoelectric parameters and the N2 /O2 flow-rate ratios. In terms of shelf-life stability,
no significant divergence was observed in their Seebeck coefficient and electrical conductivity.
Post-treatment on the ZnON thin films was also performed via Ar-plasma displaying an
enhanced electrical conductivity. Exploration of its Seebeck coefficient suggests a transport
mechanism dominated by electron-impurity scattering.
An attempt was also made to grow ZnO nanowires and implement them as a thermoelectric material. Inkjet-printed digital selective processing was performed to pattern the seed
layers responsible for the ZnO nanowire growth. This study consisted of a reduction in the
coffee stain effect, an increase in the yield quality of nanowires, and an improvement in their
growth orientation. However, no thermoelectric characterization could be performed on these
nanowire arrays as they were not very conductive. Overall, sufficient background knowledge
was gained by producing such ZnO nanowire arrays under mild conditions, giving a hope for
further possible tests in future heterostructuring.
Finally, the thermoelectric generator was fabricated based on a specific proposed design
that would fit the particular application requirements. For the proof of concept, only 1- and
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4-thermocouple pairs were fabricated. The TEG was attached on a display polarizer that
was implemented on a custom-made look-alike smartphone. When the backlight unit was
switched on, a temperature difference was achieved between the polarizer surface and the
ambient environment. This was enough to generate a reasonable power output that would
vary, as expected, with the external load’s resistance. The 4-pair configuration suffered from
unanticipated circuit parasitics due to the poor interconnection quality.
All the assorted studies presented in this thesis were performed with the final goal
of energy harvesting from a polarizer. In order to realize such an achievement a series
of experiments had to be designed and performed as described above. This consisted of
the fabrication of the materials, the understanding of their transport characteristics, their
thermoelectric parameter enhancement, and finally, their implementation for a complete
TEG device. The thesis demonstrates that such significant heat waste in a specific part
of the display can be harvested and converted into electricity. This can be done without
compromising the display performance or its bulk size. Nevertheless, there is lot of room
for progress in the application considered and future research should be focused along the
following lines:
• All-inkjet-printed thermoelectric generator. Finding an ideal transparent n-type
solution-based semiconductor will give the possibility to reduce the fabrication complexity and comply with the manufacturing processing of the polarizer films.
• Seebeck coefficient enhancement of PEDOT:PSS-based mixtures. Research in
nanocomposite matrix structures has already shown some outstanding properties. This
could be performed by the implementation of certain nanostructures in the polymer
while maintaining its planar chain conformation.
• Further exploration of ZnON as a thermoelectric material. ZnON compared to
other oxynitrides has shown interesting high power factor values at room temperature,
and further understanding between its structural crystallinity and the thermoelectric
parameters is recommended.
• Exploration of the heterostructure The ZnON/ZnO nanowire combination needs to
be investigated in depth. A systematic study of the heterostructure with morphological
and geometrical changes in the nanowires will provide further understanding on how
scattering mechanisms can enhance the thermoelectric properties of the materials.
• Revision of architecture design. Advantage of the whole surface area from the
polarizer film should be taken by increasing the number of thermocouple pairs and
improving their aspect ratio.
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• TEG device optimization. Getting the maximum possible efficiency out of such a
device would require a systematic study on how different aspect ratios of the n- and
p-type thermoelectric legs could affect the power output. Parameters such as width,
length and thickness are very critical when materials with different electrical and
thermal conductivities are combined together.
• Implementation of the TEG on a polarizer. The polarizer film needs to be used as
the TEG substrate directly. Several surface treatment steps have to be performed on
the polarizer, followed by the thermoelectric leg deposition and finalized with film
passivation. All these should result to higher temperature gradients, hence higher
output efficiencies.
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Appendix A
Useful information

Fig. A.1 Electrical conductivities of insulators, semiconductors, semimetals and
metals.[? ]

130

Useful information

Additional figures
Relative to Chapter 2:

Fig. A.2 Image of the Seebeck coefficient set-up.
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Relative to Chapter 4:
The waveforms used for inkjet printing for both PEDOT:PSS (Section 3.2.3) and ZnO
(Section 4.2.2) are given below:

Fig. A.3 Waveform plots of jetting and non-jetting with additional printing parameters implemented inside used for PEDOT:PSS.
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Fig. A.4 Waveform plots of jetting and non-jetting with additional printing parameters implemented inside used for ZnO sol-gel.
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Fig. A.5 Side-view SEM images of dot-patterned ZnO
nanowires. (a) Multiple dots, (b) single and (c) magnified single dot.
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Relative to Chapter 5:

Fig. A.6 SEM image of ZnON

Fig. A.7 SEM image of (a) ZnO nanowires and (b) ZnON/ZnO-nanowire heterostructure.
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Fig. A.8 Seebeck emf against temperature difference plot of ZnON/ZnO nanowire heterostructure with (a) 1-layer, (b) 2-layers of nanowire seed-layers and (c) gradient comparison
between these two configurations.

Appendix B
Seebeck coefficient correction
The safest way to measure the unknown Seebeck coefficient of a material is to measure
it relatively to another material with a well known Seebeck coefficient. In other words, a
reference material needs to be used. In the present study though, the reference material was a
combination of both the electrodes and the probe tips. The electrodes were deposited either
from Au or Mo, depending on the sample material, whereas the probe tips were gold-plated
pogo-pins made up of brass. The lead wires connecting the pogo-pins to the nanovoltmeter
were made of copper and are part of a low-thermal input cable. These should not contribute to
the total Seebeck emf as they have the same temperature. Furthermore, a special deoxidizing
solution, called DeoxIT, was always applied on the copper interconnections so that any
possible oxide layer built-up would be removed. In order to identify the additional Seebeck
coefficient originating from the reference materials, a complete equation should be derived
based on the following Figure that represents such a system.

Fig. B.1 Schematic diagram for the Seebeck coefficient calculation between
temperatures T1-6 with materials A: pogo-pins, B: electrode and C: material of
interest.
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Seebeck coefficient correction
The net Seebeck emf is given by the following equation,
Z T1

V=

Z T2

SA dT +

Z T3

SB dT +

Z T4

SC dT +

SB dT +

Z T5

SA dT

(B.1)

V = SA (T1 − T2 + T5 − T6 ) + SB (T2 − T3 + T4 − T5 ) + SC (T3 − T4 )

(B.2)

T2

T3

T4

T5

T6

which can be further expanded into:

Furthermore, an assumption can be made by equating temperatures T1 and T6 for the sake of
simplicity, hence
V = SA (T5 − T2 ) + SB (T2 − T3 + T4 − T5 ) + SC (T3 − T4 )

(B.3)

In addition, since the electrode pads have a thickness of less than 200 nm, the temperatures
on both their surface interfaces should almost be identical (i.e. T2 ≈ T3 and T5 ≈ T4 ), which
should then give the most simplified version of Eq. B.1:
V = SA (T4 − T3 ) + SC (T3 − T4 )

(B.4)

Therefore, the Seebeck coefficient of material A (i.e. pogo-pins) is given by:
SA = V /∆T + SC

(B.5a)

= SR + SC

(B.5b)

where ∆T = T4 − T3 and SR is the relative (i.e. measured) Seebeck coefficient and SC is the
Seebeck coefficient of material of interest.
Furthermore, the experiment performed to obtain the Seebeck coefficient of the pogo-pins
consisted of a sample made of Cr which had striped electrodes made of Au. The following
Table provides the absolute Seebeck coefficient of Cr obtained from [? ] and the relative
Seebeck coefficient of the sample at room temperature.
Table B.1 Absolute and relative Seebeck coefficient of Cr at 300 K.
Seebeck coefficient
(µV K−1 )
Absolute
Relative

21.80
-18.65
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By substituting the absolute and relative values from Table B.1 into Eq. B.5b, the SA can
be calculated. Overall, the Seebeck coefficient of the pogo-pins is found to be 3.15 µV K−1 .
Since gold and brass have an absolute Seebeck coefficient value of 1.94 and 0.50 µV K−1 ,
then the Seebeck coefficient of the gold plated brass pogo-pins should be the addition of these
two values, i.e. 2.44 µV K−1 .[? ? ] Moreover, this is found to be in a very good agreement
with the experimental value mentioned above.
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