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ABSTRACT

The increasing worldwide demand for energy and the resultant depletion of fossil fuels
have brought new challenges for the scientific community [1]. One of the major issues is to
develop high-efficiency devices for capturing energy from abundant natural sources such as
solar wind and geothermal energy. Another surplus, but mostly unused, source of energy is
waste heat. There are huge waste heat sources in our environments covering a wide range of
temperatures (300~1200 K): industrial processes, domestic stoves and radiators, lighting,
pipelines, electrical substations, subway networks, automotive exhaust tubes, but also
geothermal heat, body heat, and so on: about 66 % of the of annual world energy consumption
is lost as waste heat, and the loss corresponds to the stellar amount of 3-10%° J per year, just
considering the past 10 years [2,3]. A highly promising method for energy recovery from such
heat sources is the utilization of thermoelectric (TE) devices that can convert various types of
waste heat flows into electricity.

The TE performance of a material is expressed by means of the concept of figure of
merit, Z, defined by E. Altenkirch at the beginning of the XX century [4], a relation expressed
by means of the electrical conductivity o, Seebeck coefficient S and thermal conductivity «.
Seeing that Z differs with absolute temperature T, an advantageous way to display the efficiency
is the non-dimensional figure-of-merit ZT. Commonly, ZT values of both the n-type and p-type

TE materials contribute to the definition of the efficiency of a thermoelectric device.

State-of-the-art TE materials for heat conversion can operate at T =300 ~ 1200 K, with
ZT = 0.1 ~ 2.6, corresponding to an efficiency in the range of 1 ~ 20%. Therefore, after two
centuries, TE devices are seldom utilized in daily life. TE modules have obtained brilliant
success, though in niche applications (powering space probe Cassini [5]) while high-conversion
modules to harvest waste heat of car engines remained at the state of prototypes [6]. The

efficiency of TE must be strongly improved to make them competitive with the common
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C. Maranville, “TEG On-Vehicle Performance and Model Validation and What It Means for Further TEG
Development”, J. Electron. Mater. 2013, 42, 1582-1591.



thermodynamic cycles based on fossil fuel burning, solar conversion and nuclear power plants.
The improvement of ZT can be obtained by enhancing ¢ and/or S, or the product ¢S? which is
called power factor, and/or by decreasing the total thermal conductivity.

In the past decade, due to their amazing advantages, such as light weight, flexibility and
small sizes, thin films emerged in the thermoelectric research field. They can be considered
competitive in meeting the requirements for micro-machines and small-scale accessories, such
as micro-coolers, micro-power generators, micro-sensors [7]. Flexible thin films have the
potential to be useful for wearable devices, while transparent thin films, like ZnO, can be
employed on external glass walls or electronic screens for heat harvesting purposes. Regarding
efficiency, thin films are interesting for TE applications because their structure opens various
paths to enhance thermoelectric properties. It is common knowledge that the interface between
the film and the substrate, or the ones between multilayers, have a significant effect on the grain

growth, which tunability can be used to control TE performances.

This thesis is articulated into seven chapters. In Chapters 1, 2 and 3 a general
introduction about thermoelectricity is followed by some experimental details of interest
regarding the research conducted during the doctoral program. Thermoelectric thin films of
various materials were prepared and characterized with various techniques. In Chapter 4, two
complementary works regarding novel Fe,Ni-based filled skutterudites thin films deposited via
Pulsed Laser Deposition (PLD) are reported. Substrate temperature and consecutive annealing
were optimized in order to tune the thermoelectric properties of the material. Moreover, a
preliminary study of the performances of a thin film module composed of only Fe,Ni-based
filled skutterudite’s legs was carried out as well. Chapter 5 is dedicated to aluminium-doped
zinc oxide (AZO) and the study is aiming to investigate the effect of SnO. doping on
thermoelectric properties of PLD AZO thin films. A preliminary study regarding Co-doped
copper aluminium oxide is the main topic of Chapter 6. Best conditions to deposit the desired
phase by PLD were explored, including annealing processes. Chapter 7 is dedicated to a general

summary of conclusions and perspective of all the previous themes part of this doctoral thesis.

7 X. Chen, Z. Zhou, Y.H. Lin, C. Nan, “Thermoelectric thin films: Promising strategies and related mechanism
on boosting energy conversion performance”, J. Materiomics 2020, 6(3), 494-512.
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INTRODUCTION

I INTRODUCTION

In the last 40 years, the worldwide total energy supply has been improved from 5500
Mtoe in 1971 to 14300 Mtoe in 2018 (toe = tonne of oil equivalent, 1 toe = 11.63 MWh) in
order to face the ceaseless growth of energy consumption. The main energy sources are oil
(31.5%), coal (28.9%) and natural gas (22.8%). Biofuels, nuclear energy, hydroelectricity and
other energy sources (including renewable energy) are still limited to 18.8%, even though they

are slightly expanding [1].

The increasing global energy demand together with the health and environmental
consequences of the consumption of fossil fuels are becoming increasingly alarming, leading
scientists to search for new sustainable energy sources and energy-saving routes, increasing
energy efficiency, and electrifying sectors such as transportation and buildings [ 2 ].
Undoubtedly, in order to reduce the carbon footprint, several alternatives should be employed,

such as solar [3] and wind [4] power, as well as fuel cell [5,6] technologies.
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Figure 1 - Sketch of the role of thermoelectrics (TE) in the recovery of electrical energy from
various sources of waste heat at increasing operating temperature.



INTRODUCTION

There are huge waste heat sources in our environments covering a wide range of
temperatures (300~1200 K): industrial processes, domestic stoves and radiators, lighting,
pipelines, electrical substations, subway networks, automotive exhaust tubes, but also
geothermal heat, body heat, and so on: about 66 % of the of annual world energy consumption
is lost as waste heat, and the loss corresponds to the stellar amount of 3-10%° J per year, just
considering the past 10 years [7,8]. A highly promising method for energy recovery from such
heat sources is the utilization of thermoelectric (TE) materials that can convert various types of

waste heat flows into electricity.

Energy harvesting, in this regard, representing the energy derived from ambient sources
directly converted into electrical energy, can be one solution to increase the sustainability of
energetic usage. In this scenario, thermoelectricity is a promising and attractive property of
materials that could play a notable role in the future global requirement of energy due to its dual
function in power generation and refrigeration. Thermoelectric generators (TEGS) are able to
recover wasted thermal energy and convert it into useful electrical energy. They provide a route
for energy saving and improving systems efficiency, without using fossil fuels, leading to a
reduction of greenhouse gas emissions (Figure 1). Thermoelectric generators work based on the
thermoelectric effect and it relies on the possibility to create a difference of potential, and thus
electricity, directly when the device undergoes a difference of temperature between its two
sides. At the atomic scale, an applied temperature gradient stimulates the diffusion of charge

carriers through the material starting from the hot side to the cold one.
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The extensive adoption of highly efficient and sustainable novel TE materials and
harvesters based on them would be hugely beneficial for society, realizing the improvement of
energy efficiency, the reduction of the overall CO2 emissions, the extensive adoption of battery-
and electric-grid free devices and sensors for 10T, the implementation of wearable electronics,
and so on (Figure 2).To realize that we need efficient TEs working at different temperature
regions depending on the waste heat source. They can be employed for a wide spectrum of
purposes, for example as radioisotope heat sources for space applications, or as power supplies

in remote areas, or in the automotive field [9,10].

Besides the commendable environmental aspect, many other advantages come with
these generators, such as little to no maintenance required, zero emissions of harmful gases
while operating, the absence of moving parts and a long-life span, quiet, silent, and also, they

are usefully scalable, making them ideal for different power levels when necessary [11,12,13].

2021 marks the 200-anniversary of the discovery of the Seebeck effect by Thomas
Johann Seebeck [14]. The TE performance of a material is expressed by means of the concept
of the figure of merit, Z, defined by E. Altenkirch at the beginning of the XX century [15].
Seeing that Z differs with absolute temperature T, an advantageous way to display the efficiency
is the non-dimensional figure-of-merit ZT. Commonly, ZT values of both the n-type and p-type

TE materials contribute to the definition of the efficiency of a TE device. In order to have high
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Figure 3 - The chronological evolution of ZT values in various thermoelectric materials.
Adapted from [17].
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efficiency, high ZTs are required. For this reason, modern research efforts are focusing on

developing strategies leading to materials with high ZT [16,17].

The discovery of the thermoelectric effect was made on the junction of metallic
materials. For this reason, this effect was ignored in the pioneering period of the discovery
because of the very low efficiency of the metals: most of them possess a generating efficiency
much lower than the 1%, making them an inefficient resource of electrical power.
Consequently, the only possible practical application of the TE effect at that time was to take
advantage of the slight difference of potential created in order to measure the temperature, the
familiar thermocouple [18]. An improved attraction in thermoelectricity arose in the late 1930s
thanks to the development of synthetic semiconductors with a much higher TE performance
than metallic materials. Nevertheless, the complex parameter mutuality makes the tactic of
tuning carrier concentration alone inefficient for enhancing ZT. The highest ZT of TE materials
had values below 1 for a protracted period of time, and the TE devices ran at a low power

conversion efficiency close to ~2 %.

As displayed in Figure 3, which summarizes the reported ZT values per publishing year,
no considerable improvements have been done between the early 1970s and the late 1990s and
the TE technique was ineffective and not cost-effective for most applications. Great
advancements have been made in the TE field after the 1990s, especially thanks to newly
developed strategies to improve the power factor and to lower the thermal conductivity, and so
boosting ZT, particularly with an independent control of the lattice thermal conductivity. In this
sense, the most common technique consists in the introduction of scattering centres, for instance
through density enhancement [19], porosity control [20], nanostructuring [21], mesostructuring
[22], or precipitation of nano-sized secondary phases [23]. A further method, consisting of the
introduction of substitutional and/or interstitial atoms, underlies the optimization of
skutterudites. This strategy can result in ZT being pushed to over 1.5, leading to a power
conversion efficiency that can be considered equal to 11 % - 15 %. Various novel approaches
and new technologies have pushed ZT to over 2.5 [24,25] in recent years driving to a conversion
efficiency close to 20 %. Although significant advancements have been made in recent years at
the laboratory scale, the performance of a thermoelectric energy converter remains moderate if
compared to conventional processes. Several materials have been studied in the last century
with the aim of finding new compounds able to have high efficiency of conversion with reduced

cost. New goals in the TE field are now based on the choice of affordable, abundant and low
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toxic materials, all linked with the final target of obtaining high efficiencies with ZT over 2.0.

The figure of merit, which will be introduced more in detail in Section 2.3.3, is directly
proportional to the so-called power factor S?s, and inversely proportional to the thermal
conductivity . The PGEC (Phonon Glass Electron Crystal) concept [26] rules the search for
materials with high thermoelectric properties. The manipulation of ¢ and S aimed at the
enhancement of the power factor, with the intention to improve the figure of merit ZT usually
requires a deep knowledge of the band structure of the material and its proper tuning is a
challenging approach. Yet, the most commonly pursued phenomenological approach directed
toward the search for good thermoelectric materials consists in the depression of thermal
conductivity through the reduction of the phonon mean free path, which can be accomplished
by introducing into the void of the hosting structure an ion of proper size, disturbing the
transmission of vibration quanta through its rattling movement. In this framework, Heusler [27,
28] and half-Heusler phases [29], clathrates [30,31] and filled skutterudites [32, 33] are
currently studied as promising thermoelectrics among intermetallic materials. Furthermore,
filled skutterudites play a relevant role due to the possibility to obtain n- and p-conducting

materials just by changing the doping ions amount [34].

Skutterudites M X3 [32,35] (M = transition metal, X = pnictogen atom) crystallize in a
body-centred cubic cell. Such material is characterized by a too high value of « to be exploited
for thermoelectric applications [36], but if a proper R atom (R = rare earth or alkaline-earth
element) enters the cavity of the structure, the phononic or lattice term of the thermal
conductivity xpn is significantly lowered thanks to the vibrational modes of the vibrating guest,
which hinder the propagation of heat-carrying phonons [37], and ZT is enhanced. In this
respect, filled skutterudites RM4X12 follow the Phonon Glass Electron Crystal (PGEC) concept
[38] and some examples of high-quality outcomes are the n-type (Sr,Ba,Yb)Co4Shi2 with ZT =
2.0 at 835 K [39] and the p-type DDq.7Fe3CoSb1, with ZT > 1.3 at 856 K [40]. In the majority
of filled skutterudite systems, both p- and n-type compounds can be synthesized from the same
parent compound by tuning the filling ratio of the R atom and the partial substitution of M atom,
thus originating a lot of different compounds, such as Fe/Ni- [41,42] and Fe/Co- [43,44] based
ones. At the same time, the insertion of two different M atoms, similarly to the doping by two
different rare earths [41] or the partial substitution of Sb by Sn [45] or Ge [46], is responsible
for the creation of additional scattering centres, thus for a further lowering of xpn. The effect of

low dimensionality and the presence of interfaces, moreover, make thin films particularly
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interesting as a source of further phonon scattering [47,48]. Nevertheless, in spite of the
relevance of this issue, very few literature works are devoted to the deposition of skutterudite
thin films and to their characterization, and almost all of them deal with CoSbs [49,50] and
CoShs-derived compounds [47,51,52].

Oxides have been recognised as respectable candidates for concrete use as TE materials,
especially due to their stability at high relative humidity and high temperature. Moreover, they
are reasonably priced and environmentally friendly compared to inter-metallic materials.
Consequently, many efforts of modern research are focused on the fabrication of stable, eco-
friendly, abundant and cost-effective TE materials based on bulk oxides materials. Yet, the best
reachable figure of merit of the available oxide materials at this time at high temperature (1000
°C) are still lower than 1: ZT ~ 0.64 for n-type observed by Ohtaki et.al [53] and 0.74 for p-
type by Saini et.al [54]. Most of the reports available in literature regard bulk oxides, which
depict some main disadvantages such as the laborious and timewasting sintering and shaping
processes required to fabricate the n-type and p-type elements, contact resistance of pillars in
fabricated modules, not even mentioning the mechanical fragility. On the other hand, oxide thin
films offer substantial advantages compared to bulk oxide materials, for instance, quick

fabrication, flexibility and control of defects at the nano-scale range.

Many oxide thin films such as CdO, ZnO, SnOy, TiO», etc, are available for various
device fabrications. Though, ZnO thin film can reveal a better thermoelectric behaviour than
other oxide films due to its superior environmental and thermal stability, up to 2000 °C. Zinc
Oxide (ZnO) is a notorious n-type semiconducting metal oxide, and it possesses a pronounced
bandgap (~3.36 eV) with high binding energy (~60 meV). Lately, Al-doped ZnO (AZO) thin
films have been specially found to possess a higher ZT value than the corresponding bulk
materials, attributable to the effect of natural nano-defects (dislocations, grain boundaries)
[55,56]. Besides, an additional positive advantage of this material is given by the fact that the
A% doping distributes donor electrons to the Zn?* sites consequently increasing film carrier
concentration with a resulting enhancement of the electrical conductivity. Although, the thermal
conductivity could be diminished by enhancing the phonon scattering given by grain boundaries
and nano-precipitates in Al-doped ZnO structure [57].

In recent years, the necessity for employing micro-TE devices as a substitute power
source for small electric devices and systems is increasing and the research in the micro-TE

device is attracting more and more attention. Conventional TE device production methods are
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not adequate for such miniaturized devices, and, for this reason, small apparatuses based on
thin films are one of the most extensively studied research topics for this purpose. TE thin films
could be an amazing power source as TEG for wearable [58] or biomedical devices [59] or
coolers as TEC for microchip applications [60]. Nanostructuration is a typical property of thin
films, which lead to a positive enhancement of TE characteristics of a material. Low
dimensional thermoelectric materials, such as thin films, are considered a revolutionary way to

decouple electrical and thermal transport properties, enhancing the overall TE efficiency [61].

To this purpose, my PhD project is focused on the synthesis and characterization of TE
thin films using a pulsed laser deposition (PLD) technique. The reason for choosing thin films
is that their intrinsic properties offer significant advantages for developing TE: flexibility, low
dimensionality, rapid fabrication, control of strain at the interface with substrates. This project

is focused on the synthesis and characterization of thin films of skutterudites and oxides.
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2 THERMOELECTRICITY

Thermoelectricity is one of the oldest phenomena to be observed in semiconductors,
with the discovery of the various thermoelectric effects dating back to the early part of the 19"
century. These effects manifest themselves as the appearance of a voltage in a circuit comprised
of two different conductors due to a temperature difference (Seebeck effect) or as the absorption
and evolution of heat at the junction of two different materials under electrical current excitation
(Peltier effect). These effects can be utilized in devices to generate electrical power from waste
heat or to provide solid-state cooling, respectively (Figure 4). In particular, electricity can be
generated by applying a thermal gradient, and then utilize in those fields where there is a
considerable waste of heat (i.e. industry, photovoltaic, motor vehicles), or else, obtain a cooling

effect by simply applying a voltage.

Thermoelectric effects involve the electronic and thermal properties of a system through
mutual influence. In general, all materials show thermoelectric properties, although in most
cases these are absolutely irrelevant phenomena. Few compounds, however, can be considered
promising thermoelectric materials. The latter are characterized by a strong difference between

the values of electrical and thermal conductivity, as well as a high Seebeck coefficient.

a) b)
Active Cooling Heat Source
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Figure 4 - a) Example of a cooling device mode, b) and a power generation device
mode.
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2.1 Seebeck Effect and Seebeck Coefficient

Thermoelectric effects allow direct conversion of heat into electricity and vice versa.
The first of the effects to be rationalized was the Seebeck effect, discovered in 1821 by the
German physicist Thomas Seebeck (1770-1831) [62]. Seebeck discovered that a circuit made
of different metals, with junctions placed at two different temperatures, deflects a magnetic
needle. However, the Danish physicist Hans Christian @rsted subsequently realized that the
temperature difference produces a voltage that allows the passage of an electrical current,

causing the deflection of the needle because of the Ampere law [14].

The Seebeck effect is the development of an electromotive force (EMF) across a
material in response to the application of a temperature differential in dissimilar electrical
conductors or semiconductors and the magnitude of the produced EFM massively differs
depending on the nature of the material. It is a bulk property and does not depend on either the
specific arrangement of the leads or the material or the specific method of joining them. In
open-circuit conditions, the electromotive force can be measured as a potential difference AV,

which is proportional to the thermal gradient AT through the following equation [63]:

AV = SAT ¢y
which can also be written as:
S = av 2

=T (2)

T,

Metal A Cu Wire
Measurement 2 2
Junction

T, ® )

Metal B Cu Wire
O *

Jajaugjop

Reference
Junction

Figure 5 - A scheme representing a thermocouple principle.
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where S is the Seebeck coefficient and it is expressed in units of volts per Kelvin (V/K),
although it is more often given in microvolts per kelvin (uV/K), and it gauges the magnitude of

this effect.

The Seebeck effect is at the base of the functioning of thermocouples, where the S is
used to measure temperatures, and for increasing accuracy, it is desirable to use materials with
a Seebeck coefficient that is stable over time. They are constituted by two wires of two
dissimilar metals, coupled at one end, called the measurement junction (usually the hot one).
The junction is put at the measuring temperature, while the other ends (of the wires that are not
physically in contact) are kept at a constant and precisely known temperature and attached to
the voltmeter. The junction between the two thermocouple wires and the copper traces is called
reference junction (usually the cold one). When the measurement junction is heated, a potential
is created within the wires and detected by the voltmeter (Figure 5). Such voltage is proportional
to the temperature difference between the hot and the cold junctions, as in Equation 1. In view
of the fact that the thermocouple is a differential device, it is essential to know the reference
junction temperature to get an accurate absolute temperature evaluation. The resulting Seebeck
coefficient is the difference between the Seebeck coefficients of the two materials, S, and S.
If the measuring temperature range is narrow enough, the Seebeck coefficients can be
considered constant and the relationship between AV and AT is approximated to the following

equation:
AV = (Sy— Sp)(T1 — T2) 3)

All materials have a non-zero value for S. Generally, good conductors such as metals
have a small value for Seebeck, while poor conductors such as insulators have a large value.
The Seebeck coefficient depends upon temperature, vanishing at the absolute zero T =0 K, and
it is the entropy of the charge carriers divided by the electrical charge [64].

The coefficient measures the entropy per carrier, and its magnitude is related to the
average energy at which the current flows (Ej) with respect to the Fermi level energy (Er) [72].
In the case of metals, the Fermi level is deep within the conduction band, so, the energy of the
states carrying current and the Fermi energy are very similar, leading to a low Seebeck
coefficient. However, for semiconductors, the Fermi level is quite distant from the energy at
which the current flows, resulting in a high magnitude of the Seebeck coefficient. For heavily

doped semiconductors the value of the Seebeck coefficient diminishes. The sign of the

11
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coefficient depends on the type of the majority carriers, a negative and a positive Seebeck

coefficient is found for, respectively, n-type and p-type semiconductors.

Conventionally, the crossover from the p- to the n-conduction regime occurs at the
composition where the Seebeck coefficient changes its sign. Nevertheless, it has to be
considered that in the crossover region the Seebeck coefficient of a multiband semiconductor,
such as the present one, is characterized by a complex dependence on two factors originating
from both holes and electrons, according to the following expression [26]:

_ 2i0iS;  MNelteSe + NplipSh
X0 Nelle + Nplp

S (4)

being S, Scand S/ the overall, electron and hole Seebeck coefficient, respectively, o the
electrical conductivity, ne and nx the negative and positive charge carriers, respectively, and pe
and u» the mobility of electrons and holes, respectively. This means that not only the charge
carrier amount but also the carrier mobility contributes to S, which in principle does not allow
to easily locate the position of the p/n crossover. On the other hand, the Seebeck coefficient is
inversely proportional to the number of charge carriers, as described by the following equation
[12]:

n? ki 2m*

- |e|h2(3nn2)2/3

(5)
where m” is the effective mass and n the number of charge carriers. For this reason, the

p/n crossover is generally identified at the composition where the Seebeck coefficient assumes

the maximum value.
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2.2 Peltier Effect

In 1834, a French watchmaker and physicist, Jean Charles Athanase Peltier, discovered
that the passage of an electric current produces heating or cooling at the junction of two different

metals.

Peltier effect, therefore, implies a difference in temperature between the ends of
different jointed conductive materials, when they are crossed by a current flow: one junction
produces thermal energy and the other one absorbs it. The amount of generated or absorbed
thermal energy is proportional to the current | which flows through the circuit up to a
proportionality constant, said Peltier coefficient, and indicated by the symbol /7. This represents
the amount of thermal energy that flows per unit of charge through a given material. The heat

absorbed per unit of time Q is equal to:

Q =Myl = (11, — Mp)I (6)

where [1as is the Peltier coefficient for materials A and B, which varies with the

temperature and nature of the material and | is the applied current.
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2.3 Thermoelectric Parameters and Performance

The thermoelectric performance of a generator or a cooling system depends on the
configuration of the module, the quality of connections, the temperature gradient across the
module and the thermoelectric properties of the material, i.e., electrical and thermal

conductivity, and Seebeck coefficient, which has been described in the previous section [65].

2.3.1 Electrical Conductivity

The electrical conductivity (o, [2m™]) measures the ability of a material to conduct

electric current and it is described by the following equation:
o =neu (7)

where n is the carrier concentration, e is the electron charge and x is the mobility of
carriers. Electrical conductivity strongly depends on the nature of the conductor and
temperature. In the case of metals, the carriers’ concentration remains pretty much constant
upon changing the temperature, however, the mobility of carriers diminishes because of the
reduced electronic mean free path, as a result of interactions with thermal vibrations. For
semiconductors, the electrical resistivity of which falls in an intermediate-range between
insulators and metals, the conductivity increases with temperature because of the promotion of
carriers into the conduction band; this event enhances the carriers’ concentration and rules over
the phonon-electron scattering, thus o increases. Since thermoelectrics often belong to the latter

category, their efficiency increases with rising temperature.

o is related to resistivity p through the relationship:

o =

- ®)
p

The main problem in measuring the electrical resistance of the materials is associated
with the thermoelectric effects that are always present unless isothermal conditions are
maintained. If there is a temperature difference between the two ends, this will give rise to a

Seebeck voltage that augments or opposes the resistive voltage. The flow of current causes a
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temperature difference to be established by means of the Peltier effect, but the problem may be
overcome simply by inverting the current flow. When the current is reversed, the Peltier heating
and cooling are also switched and there is an increase in the potential difference above the
resistive value whichever way the current flows. This effect may be used in determining the
thermoelectric figure of merit but, when only the electrical conductivity is of interest, it is a

source of error that has to be eliminated.

2.3.2 Thermal Conductivity

The thermal conductivity (x, [W/m-K]) is the ability of a substance to transfer energy,
in the form of heat, when it is subjected to a temperature gradient. The conductivity is given by

the sum of different contributions, reducible to the two most relevant terms:
K = K¢+ Kpp 9

where ke is the electronic contribution due to the transport of thermal energy by

electrons and vacancies, and «pn is the phonon contribution, due to the transport of thermal

energy by phonons through the crystal lattice [63].

The electronic component is related to the electrical conductivity through the

Wiedemann-Franz law:
Ke = LooT (10)

where L, is the Lorenz number (2.45 x 10® W/S-K?), ¢ is the electronic conductivity

and T is the temperature. The constraint given by Equation 8 prevents the independent

manipulation of the two conductivities, thermal and electrical, making it impossible to

minimize ke and maximize o at the same time. Thus, one possible strategy to minimize x is to
work on the phonon-lattice component xph [66]:
1

Kph = §C,,v/l (11)

where C,, is the specific heat at constant volume, v the sound velocity, and A the phonon

mean free path. The phonon component xpn IS due to the atomic vibrations about their

equilibrium positions, named phonons, that propagate within the solid as acoustic waves when
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the material is subjected to a temperature gradient. Unlike e, the contribution of the phonons
to thermal conduction does not depend on the electronic properties of the material, hence, it can

be separately manipulated.

2.3.3 Figure of Merit and Efficiency

The efficiency of a thermoelectric device depends only on the properties of the material
and it is linked to these through the figure of merit Z [67]:

Z=>— (12)

where S is the Seebeck coefficient, o the electrical conductivity and x the thermal

conductivity. Because the figure of merit varies with temperature, a more meaningful measure
of performance is the dimensionless figure of merit ZT (where T is the absolute temperature):
St¢o

ZT = —T 1
- (13)

The larger is the value of ZT, the higher is the efficiency of the TE generator or cooler.
Conventionally, it is assumed that to be applicable a thermoelectric material should possess a
ZT = 1 or higher. The S%s quantity, known as power factor (PF), is also used to express the
efficiency if no thermal conductivity measurements are available. A large PF means that a large
voltage and a high current are generated. During the last decades, new materials have been
developed to increase ZT, though it is not an easy task, since S, ¢ and x show a strong

interdependence [68].

The efficiency of a thermoelectric device depends on factors other than the maximum
ZT of a material, primarily due to the temperature dependence of all the materials properties,

such as S, o and «, that make up ZT(T).

For a Peltier cooler, the device ZT is most straightforwardly measured from the

maximum temperature drop obtained (ATmax).

(14)
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For a TE generator, besides the material performance, the maximum power-generation
efficiency is thermodynamically limited by the Carnot efficiency (AT/Tw) (black solid line in
Figure 6). Since TE devices are indeed thermal engines, their efficiency (n) is related to the

difference in temperature between the hot and cold end, through the following equation:

Ty —Te NI+ 2T —1
n=—7
H

(15)

where Ty and T, are the hot and cold temperatures, respectively. In order to maximize the

efficiency, it is imperative to maximize the device ZT or (Ty — T¢) [12].
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Figure 6 - The efficiency comparison of thermoelectrics and other energy-conversion
technologies as a function of the heat-source temperature. The ZT values are assumed to be
temperature independent, and the heat-sink temperature is set at room temperature.
Reproduced from [16].

2.3.4 Strategies to Improve ZT

Therefore, the challenge, in order to improve the materials’ performance, is to create
high ZT thermoelectric materials and, as aforementioned, it lies in achieving simultaneously
high electronic conductivity, high thermoelectric power and low thermal conductivity in the
same solid. Concerning the charge carriers’ contribution, these parameters are determined by

the details of the electronic structure; since both the electrical and the electron-thermal
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conductivity depend on conducting electrons, they are not independently controllable (Equation
10).

Following Equation 11, it is apparent that if A is reduced, also xpn will decrease and
eventually ZT can be improved. This approach can be realized by the effect of natural
nanodefects, like grain boundaries, interstitial atoms, dislocations etc., or introducing

nanostructured defects into the material as schematically represented in Figure 7.

Short wavelength phonon e—— Hot Electron
’W Mid/long wavelength phonon o—p Cold Electron

Figure 7 - Effect of nanodefects on the phonon movement in a thermoelectric material [69].

In more detail, a recent widespread strategy exploited to reduce the phonon contribution
to thermal conductivity is the introduction of filler atoms in materials with free interstitial sites:
skutterudites and inorganic clathrates are included in this class of materials. Hence, with the
aim of increasing ZT, xpn can be reduced using sufficiently small atoms that oscillate locally at
a frequency that interferes with the phonon transmission, thus creating dynamic disorder while
not disturbing the electronic transport. The ideal thermoelectric material can therefore be
considered as a crystal in which the high mobility electrons are free to carry charge and heat,
but the transport of the latter by phonons is interrupted at the atomic scale. Combining the filling
of the voids with appropriate doping of the lattice, an optimal result can be reached, consisting
of a strong increase of ¢ and S, and a significant reduction of xph.

Attempts are also being made to improve the competitiveness of thermoelectric material
in directions other than the improvement of the figure of merit. Efforts have focused for

example on decreasing cost, and developing environmentally friendly materials.
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Maximizing the efficiency of a thermoelectric involves a compromise of thermal

conductivity and Seebeck coefficient with electrical conductivity.

Taking into account these requirements, the most efficient thermoelectric materials can

be found among semiconductors for two main reasons:

1. Differently from metals, they show an increasing electric conductivity with
increasing temperature, and the PF has a maximum within the carrier density
range proper of semiconductors, as summarized in Figure 8. Good
thermoelectric materials are typically heavily doped semiconductors with a
carrier concentration between 10*° and 102! carriers per cm®. The thermoelectric

Power Factor maximizes at higher carrier concentration than ZT;

2. In semiconductors, xph prevails over xe S0 that it is possible to separately act on
thermal and electric conductivity. In this respect, filled skutterudites represent

an example of easily tuneable thermoelectric materials.

S
o Up_limum
logn doping level
K K= Kph+KeI
logn
insulators: semiconductors metals

Figure 8 - Maximizing the efficiency of a thermoelectric involves a compromise of thermal
conductivity and Seebeck coefficient with electrical conductivity [70].
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2.3.4.1 Strategies to increase the Power Factor

As already mentioned before, semiconductors make up the best candidates for
thermoelectric applications because of their high power factor, resulting from both a high
Seebeck coefficient and high electrical conductivity.

However, the thermoelectric properties can be further improved by tuning the carrier
concentration with doping. Generally, the behaviour of S and ¢ upon changing carrier
concentration is opposite, meaning that the Seebeck coefficient will decrease, and electrical
conductivity will increase with the enhancement of the carrier concentration. The maximum
value for power factor is found for a high content of dopant, ranging between 10%° and 10%

carriers per cm?® [66].

The semiconducting regime covers a wide range of values of carrier concentration and
the boundary between other regimes (insulating and metallic) is not strictly delimited. The
electrical conduction only occurs thanks to the movement of electrons between different energy
states; this means that conduction will not happen for an empty or completely filled band,
whereas no electrons are present or no available states for the electron to occupy are present,
respectively. For a metal, electrons are located in a partially empty band, so that they can freely
move between other states inside the band. For an insulator, electrons are located in a filled
band and have no possibility to be promoted into other bands, due to the large energy gap. For
an intrinsic semiconductor, electrons are positioned in a filled band, named valence band, but
the energy gap is small enough to be overcome so that the electrons can be promoted into an
empty band, named conduction band, and contribute to electrical conduction (Figure 9). The
number of electrons that possess enough energy to enter the conduction band is a function of
temperature. In addition, the holes left behind by the transitioned electrons also contribute to
conduction. Nonetheless, at the working temperatures of a TE device, the electrical conductivity
is still too small. However, it can be improved by inserting (doping) in the structure donor or
accepting atoms, that increase the number of electrons in the conduction band (n-type) or holes
in the valence band (p-type), respectively (Figure 9). The materials resulting from the doping

process are extrinsic semiconductors.
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Figure 9 - Schematic energy diagrams for an intrinsic semiconductor (A), an n-type
semiconductor (B) and p-type semiconductor (C) [71].

Despite the use of doped semiconductors being the right strategy to increase the power

factor, since the optimum combination of electrical conductivity and Seebeck coefficient is

achieved only for these materials, with the advancements of research it was found that further

optimization is possible by tuning the electronic structure of the bands. As a matter of fact, it

was discovered that the more complex is the band structure near the Fermi level, the larger is

the produced power factor. Electronic-bands complexity is intuitively achieved by synthesizing

compounds with complex structures and compositions, like skutterudites. In Figure 10, the

hypothetical band structures for a simple and a complex semiconductor are reported. The terms

Er and Ej' refer to the energy of the Fermi levels for an intrinsic and an n-doped

semiconductor, respectively.

|\

F S

Er

K " N k

v

Figure 10 - Hypothetical band structures of a simple semiconductor (a) and of a multiband
semiconductor (b) [72].
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2.3.4.2 Strategies to reduce the thermal conductivity

The constraint given the Wiedemann-Franz law (Equation 10), which directly correlates
the electronic component of x to the o, prevents the independent manipulation of the two

conductivities, making it impossible to minimize xe and maximize o at the same time.

Anyway, phonons carry most of the heat and the total thermal conductivity is given by
the contribution of a spectrum of wavelengths and mean free paths (MFP), described as the
distance travelled by phonons between two scattering events. As described in Equation 11, xpn
is proportional to the heat capacity C, (approximately constant), to the phonons’ velocity v and
to the MFP length A. When the dimensions of inclusions or defects are comparable to the MFP,
phonons with that particular A will be scattered. As a consequence of the aforementioned
statement, structures that contain all-scale hierarchical heterogeneities on multiple length scales
(from nano- to micro) are highly desired to potentially reduce the thermal conductivity and
improve ZT. This panoscopic (multiscale) approach is summarized in Figure 11 and it was

successfully experimentally applied by Kanatzidis et al. [69] on PbTe.

§ 'g" Atomic-scale Nanoscale Mesoscale § 'ga
L @ eg e ]
ze point defects heterogeneities obstacles 2 %
v ® . .
T3 * Doping * Nano-precipitates * Grain boundaries z s
=D
2 g * Fillers * Nanostructures * Mesoscopic particles E ‘Eo
v
M | ™
V
1 10 100 1000

Phonon Mean Free Path [nm]

Figure 11 - Panoscopic (multiscale) approach to TE materials to
reduce xpn at different MFPs.

The intent of minimizing the free path is achieved by increasing the number of scattering
effects, but many strategies can be employed to aim at this goal. For example, the insertion of
impurities, defects, grain boundaries and crystal imperfections within the structure has proved
to successfully disrupt the phonons propagation, because of the scattering caused by the
interaction between the phonon and change in mass of the defect [73]. Another strategy is to
synthesize materials with complex structures, that include loosely bound atoms, whose
anharmonic oscillation interfere with the phonons travel. This strategy is successfully employed
in filled skutterudites. Finally, another novel approach is to exploit low-dimensional systems,

like thin films or nanostructured materials, to further suppress the thermal conductivity [41,66].
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Figure 12 - ZT values for state-of-the-art thermoelectric materials in the last 10 years. (a)
Reported maximum ZT values (ZTmax) With error bars, calculated cost, and calculated cost-
effectiveness (ZTmax/cost), and (b) timeline for the state-of-the-art thermoelectric materials
(bulks), including Bi.-ShyTes (BST), BiCuSeO, clathrates, Cu,-.Se, GeTe, half-Heuslers,
Sn;-,Se, PbTe, skutterudites, SnTe, and Zintls [74].

Thanks to the new material’s design routes, noticeable progress was made in term of
efficiency, almost doubling ZT values in the past 10 years (Figure 12). Zhang et al. [75] reported
ZT for nanowires of Bi>Tes up to 2.5 at 350 K. The carbon-reinforced Cu,Se exhibits an ultra-
high thermoelectric figure of merit of 2.44 at 870 K [76]. Xu et al. [77] present a ZT value close
to 2.4 at 773 K for p-type pseudo-layered SboTes(GeTe)17 by synergistically optimizing its TE

properties via vacancy engineering.
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Regarding skutterudites, nice improvements are reported by Zhou et al [78], who
published about a maximum figure of merit of 1.42 at 850 K with also greatly improved
mechanical properties for Yb-filled Co- based skutterudite with ultrafine dispersed SiC. One of
the most promising skutterudites is presented by Rogl et al. [79] with a high power factor (4.4
mW/m-K2 at 730 K) and a very low thermal conductivity leading to a remarkable high ZT =
1.8 at 823 K for an In,Sr,Ba,Yb-filled CoSbs.

Oxide-based thermoelectric materials generally exhibit an inferior ZT compared to the
aforementioned materials. Regarding a p-type oxide, a record ZT of 0.74 at 800 K was observed
for Th doped CasCo4Og9 by Saini et al [54], while for n-type materials, a figure of merit 0.44 at
1000 K was found for Al-Doped Zinc Oxide Nanocomposites [80].
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2.4 Thermoelectric Materials

The use of a given material is strictly bounded to the availability of raw materials and
the relative environmental repercussions during the extraction, processing, operational and
disposal phases. In addition, some materials with high ZT are made of elements that are not
only rare in the Earth crust (such as tellurium) but also quite expensive. A wide variety of new
thermoelectric materials have been developed during the last years, aiming at the common goal
of reaching high ZT values. Historically, the search for thermoelectric materials started with
simple metals, then conventional semiconductors and group V tellurides were approached (e.g.,
SiGe, InSh, Bi>Tes), arriving at the relatively newly developed materials, such as half-Heusler
compounds, clathrates and skutterudites for the intermetallics’ family and oxides for the
ceramics counterpart, also, in the last ten years, organic thermoelectric made their appearance,

showing good, yet improvable, TE qualities. A brief summary will be given for these materials.

The PGEC (Phonon Glass Electron Crystal) concept [26] rules the search for materials
with high thermoelectric properties. The manipulation of ¢ and especially S, aimed at the
enhancement of the power factor (PF = S%), requires a deep knowledge regarding the band
structure of the material. Yet, the most commonly pursued phenomenological approach directed
toward the search for good thermoelectric materials consists in the depression of thermal
conductivity through the reduction of the phonon mean free path, which can be accomplished
by introducing into the void of the hosting structure an ion of proper size, disturbing the
transmission of vibration quanta through its rattling movement. In this framework, Heusler [27]
and half-Heusler phases [29], clathrates [30] and filled skutterudites [32] are currently studied

as promising thermoelectrics among intermetallic materials.
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2.4.1 Tellurides

Among all the studied thermoelectric materials, tellurides are a family of materials
operating at a medium-low temperature, famous for their amazing efficiency [81]. Bi>Tezis one
of the earliest studied and it is used for refrigerating purposes since the 1950s as the most
efficient thermoelectric compounds for Peltier cells. Its efficiency is quite high at the moment,
and researches are being conducted with the aim of further enhancing it. It was found that
alloying this material with Sh, Sn and Pb greatly reduces thermal conductivity, increasing ZT.
The best thermoelectric performance found in literature reached a ZT of 2.4 for a p-type alloy
of Bi>Tes/ShoTes at 300K [82,83]. Its structure is depicted in Figure 13 [84].
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Figure 13 - Schematic structure of bismuth telluride [84].

Another material belonging to the telluride family is PbTe; unfortunately, if doped, it
does not present good mechanical properties and is difficult to weld. The search for new
materials led to the discovery of TAGS (AgShTez)1x(GeTe)x. Their figure of merit is one of

the highest known, which is why they are widely used in the thermoelectric field.
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2.4.2 Half Heusler

rocksalt zincblende half-Heusler

Figure 14 - Crystal structure of a Half-Heusler alloy. The structure is an interpenetration of a
rocksalt sublattice and a zincblende sublattice [85].

Half-Heusler alloys find their place in high-temperature thermoelectric applications.
The general stoichiometry is XYZ, with X and Y as transition metals and Z as a p-group
element, such as Ti, Ni, Sn. The structure is described as the interpenetration of three
sublattices, with X and Z occupying a NaCl lattice and Y an FCC lattice (Figure 14) [85].

Each element can be substituted, giving rise to different effects: doping on the Z site
affects the carrier concentration while doping on X, Y sites reduces thermal conductivity. The
Half-Heusler’s thermoelectric performance is very high, reaching ZT values around 1 [72]. In

Figure 14, the structure for a Half-Heusler compound can be seen [85].

2.4.3 Zintl Phases

Zintl phases are a wide class of compounds consisting of an electropositive metallic
component (usually alkaline, alkaline-earthy, lanthanide) combined with non-metals or
metalloids able of forming polyanions [86] formed by elements of moderate electronegativity
belonging to the p-block (for example NaTl). The more electropositive element donates its
valence electrons to the more electronegative element; the bonding and structure of the
polyanions is understood in terms of the octet rule. These compounds are not ionic, and even if
they have some metallic properties, they are neither ductile nor fragile. Moreover, being
semiconductors, they are considered promising thermoelectric materials, since they can be
doped, and consequently show a low thermal conductivity. They are a typical example of PGEC

materials with values of ZT ~ 1. Zn4Shs is a promising thermoelectric material, it has a low cost
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due to the abundant presence of zinc, and for these reasons, researchers have already published
a number of studies in regards, after having synthesized it with several different procedures
[87,88].

2.4.4 Clathrates

Clathrates are another novel large class of compounds, generally with low thermal
conductivity, with a large and complex cage structure, in which other elements can be enclosed
during crystallization [89,90]; the trapped atom is not able to escape unless the crystal breaks.
They can be thought of as periodic solids in which tetrahedrally bonded atoms (typically Al,
Ga, Si, or Sn) form a framework of cages that enclose relatively large metal atoms, named guest

atoms.

The generic formula is XxYyEss.y for type | and XxYyE1zs.y for type Il, X and Y being
the guest atoms, and E the main element. A lot of combinations in elements can be made,

resulting in a variety of different materials.

Clathrates have demonstrated interesting properties that are rare in condensed-matter
physics. From a thermoelectric point of view, it is interesting to observe that the host atom is
not a contributor to the increase of electrical conductivity, while it plays a significant role in the
phonon movement of the main structure, thus improving the thermoelectric efficiency. One of
the most interesting of these properties for thermoelectric applications is a very low “glass-like”
thermal conductivity in Type | clathrates [91].

Figure 15 - Crystal structures of type | and type 1l clathrates [94].
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It is worth mentioning the impressive result achieved for the n-type BagGaisGezo, which
reached an astonishing 1.4 value for ZT [92,93]. In Figure 15, the crystal structures for the type
| and type Il clathrates are reported [94].

2.4.5 Skutterudites

Skutterudites are a very fascinating class of intermetallic materials; they form one of the
most studied families in the last decade due to their promising thermoelectric characteristics.

They can be found in nature as opaque minerals with a metallic gloss; they come from
a hydrothermal genesis and they are normally used for the extraction of cobalt. Their name
derives from a small Norwegian mining town, Skutterud. In broader terms, they are a family of
binary compounds with MXs composition, where M is a transition metal element (IX Group),
such as Co, Rh or Ir, and X represents a pnictogen element such as P, As or Sb [35], one well-

known class of Zintl compounds.

The structure consists of a body-centred cubic cell crystallizing in the I'm3 space group
and having CoAsz as the isotypic crystal [35]: transition metal atoms M are positioned at the
vertices of eight cubes, six of them containing pseudo-squared units of pnictogen (Figure 16 -

Structure of the CoShs skutterudite.). They crystallize in a cubic cell belonging to the I'm3 space

e Sb
@ Co

Figure 16 - Structure of the CoShs skutterudite.
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group (Pearson symbol cl32, isotypic crystal: CoAsz), having three atomic sites: 8c (Y4, ¥4, ¥4),
249 (0, y, z) and 2a position (0, 0, 0) occupied by M and X, respectively. The X1» icosahedral
cage built around the 2a site is of the utmost importance, inasmuch as thermoelectric properties
can be enhanced by making a filling, usually with rare-earth ions in order to obtain filled
skutterudites. The M-M distance is too large to form a bond, and the relevant links are limited
to the interaction between pnictogen ions of the X4 ring and the metallic ions. The bonds pattern
causes a rather rigid constriction for compounds that can crystallize with the structure of the
skutterudite. As a consequence of this, for example, the impossibility of forming the binary
skutterudite completely replacing cobalt with iron or nickel is shown, while it is possible to
partially substitute cobalt with a metal of its own group. Moreover, it is possible to
symmetrically replace Co with Fe and Ni, in order to preserve the total number of electrons.
Skutterudites have high electrical, but also high thermal conductivity; their open structure can
host filler ions which not only lower the phonon thermal conductivity but also adjust the
electronic count generally turning a metal (the skutterudite) into a semiconductor (the filled
skutterudite).

The physical properties of skutterudites depend considerably on their composition. This
compositional dependence not only provides a means to investigate the structure-property
relationships in this material but also allows the optimization of transport properties for
thermoelectric applications. The diversity of potential compositional variants allows for a rich
variation in physical properties and it is one of the key reasons why this material continues to
be investigated by many research groups. As aforementioned, one approach for optimizing

these materials is void-filling [91].
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Skutterudites are solids with an open crystalline structure showing excellent electronic
properties; filling the voids with different species can modify, and in particular lower the
reticular thermal conductivity. Filled skutterudites have the general stoichiometry X**[MaZ12]*,
where X is an electropositive filler ion, M is a metal belonging to the VIII Group, such as Fe,
Ru and Os, which replaces the metal of the IX Group of the binary skutterudite; Z is the
pnictogen atom (Figure 17). While the binary skutterudite with the sole metal M does not form

due to electronic instability, the filler X can compensate for the lack of electrons.

o M
o Sb

QX

Figure 17 - Structure of the XM4Sb12 filled skutterudite.

The electronic structure of the filled skutterudite can be changed by replacing the atom
M of the IX Group with a mixture of electron-deficient atoms T of the V111 Group and electron-
rich T' atoms of the X Group, following the stoichiometry X’y(TxT'1x)aX12, where X is an

electropositive ion, usually a rare earth or an alkaline-earth.

The first type of skutterudites synthesized during the present work are Fe,Ni-based
compounds (elements are enlightened in Figure 18) and present different conducting
behaviours: the compound goes in fact from a p-type to an n-type semiconductor by varying
the relative content of Fe (T) and Ni (T’). The filler is necessarily chosen to modify the
electronic and phonon properties in order to improve the thermoelectric properties. The variety
of possible fillers will allow tuning the electronic structure of these compounds, providing

materials characterized by different and interesting properties [42].
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Figure 18 — Periodic table and skutterudite formula. Highlighted elements are the one in use
for the Fe,Ni-based filled skutterudite under investigation in this work.

The filler atom content is a key parameter when discussing the electronic properties of
filled skutterudites and the correlations with the structural features of the phase; therefore, the
Sm occupancy factor of the 2a position as resulting from Rietveld refinements performed on
the system Smy(FexNi1.x)aSb12, is shown in Figure 19 as a function of the Fe amount [42]. As
expected, a decreasing linear behaviour is observed with increasing the Fe substitution by Ni,
due to the increasing negative charge provided by the latter. The thick black line represents the
Sm amount theoretically necessary to exactly reproduce the electronic count of the parent
compound CoShs, while the thin one is the regression line interpolating experimental data; the
crossing point of the two lines, located at x = 0.63 and y = 0.30, represents the boundary

composition between p- and n-type skutterudites.
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Figure 19 - Sm occupancy factor as resulting from Rietveld refinements. The black thick line
represents the amount of Sm needed to obtain an intrinsic semiconductor, while the red
dotted line interpolates experimental data [42].
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The filling element must satisfy steric and also electronegativity requirements. The
fillers are weakly bound to the atoms that form the voids in the structure: this allows us to see
them as independent ions that vibrate within their cavity, thus reducing the thermal conductivity
of the system. The PGEC theory, developed by Slack [26], explains why filled skutterudites

have a value of the merit figure ZT higher than normal binary skutterudites.

Best thermoelectric performances of bulk skutterudites are reported in Figure 20 [43,
95,96,97,142,138]. As it is visible, literature regarding p-type is quite scarce, while more
promising and numerous data for n-type ones are available. Some examples of excellent results
are the n-type (Sr,Ba,Yb)Co4Sb1> with ZT = 2.0 at 835 K [39] and the p-type DDo.7FesCoSb12
with ZT > 1.3 at 856 K [40].

Since each type of ion has its characteristic frequency of vibration that reflects its mass
and size, some studies have been done for a possible multiple filling; to maximize the impact
on the phonon component, ions of significantly different sizes and masses can be chosen
[98,99,100].
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Figure 20 - Best bulk skutterudite figures of merit in literature for both p- and n-type
materials. Future perspective is shown in the right side of the graph.

2.4.6 Metal Oxides

Metal oxides are ionic compounds of metal cations and oxygen anions alternately

packed by the Coulombic attracting interaction between them. Regarding their characteristics
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of interest for TE applications, they typically have large carrier mobility, which is a positive
feature to enhance the power factor, but they also present high values of thermal conductivity
because of the strong bonding in the metal oxides and the small atomic mass of the oxygen.
Furthermore, the bond between the metal and the oxygen is extremely polarized, localizing
electrons on the positive cation. Nonetheless, overlapping of orbitals is lower than covalent
compounds [70]. Due to the aforementioned reasons, oxides were not considered for
thermoelectric applications until 30 years ago. Despite their not so competitive TE properties
at low-medium temperatures, metal oxides are of interest in the field of thermoelectrics thanks
to their mechanical, chemical and electrical properties. They are stable and suitable at high
range temperatures, where other materials can melt, decompose or oxidize. Moreover, they are

eco-friendly and manufacturing cost is generally low [101].

Best representative materials for p-type metal oxides we find layered cobaltites
[102,103] and oxyselenides [104,105], allowing decoupling of transport properties. The finest
compounds of the layered cobaltites family are Nao.7sC002 and CasCo4Og, and the structure is
stacked [106] (Figure 21), with the electrical transport mainly favoured by CoO: layers while a
thermal conductivity of layered materials is likely to be considerably low thanks to phonon

scattering at the interfaces between the layers.
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Figure 21 - Crystal structure of cobalt oxides [106].

The n-type materials present lower properties at the present day, and their main
exponents are Ruddlesden-Popper phases [107,108] and zinc oxides [56,57,109]. Zinc oxide

(Figure 22), of interest in this thesis work, is a wide band gap semiconductor with a direct band

34



THERMOELECTRICITY

gap of 3.2-3.5 eV. Both Zn and O are low-priced and abundant, and the material itself shows a
high power factor at room temperature, unfortunately, paired with the typical low thermal
conductivity of metal oxides. Though, a trivial amount of Al-doping boosts the electrical
conductivity of more than 3 orders of magnitude at room temperature and changes the
conduction behaviour from semiconducting to metallic [70]. Samples containing a 2% of Al
dopant are considered the best composition so far for TE applications, and they showed
significant power factors of 10-18-10"* W/m-K2 over a wide temperature range [110].

Another remarkable well studied n-type metal oxide for TE purposes is crystalline
SrTiOs. Having a melting point of 2080°C, it finds particular interest for high-temperature
applications [111].

O

Figure 22 - ZnO crystal structure [109].
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2.4.7 Thermoelectric Thin Films

As aforesaid, the efficiency of thermoelectric materials is controlled by the indicator ZT,
which should be as high as possible in order to have a respectable thermoelectric performance.
Filled skutterudites are one the most promising materials since they exhibit legitimately good
values for the figure of merit ZT. As illustrated in the former section, filler atoms contribute to
the diminution of thermal conductivity, leading to the enhancement of ZT. Nonetheless, other

factors can be manipulated to further improve the performance, for example, synthesizing low-

3 Atomic Layers
Surface (1 nm)

30-1500 Atomic Layers
Thin Film (10-5000 nm)

>1500 Atomic Layers
Thick Film (5-100 pm)

Figure 23 - Visual representation of the thickness of various types of films.

dimensional systems to make the most of the presence of grain boundaries and surface
boundaries as supplementary phonon scattering points. One example of low-dimensional

systems are thin films [112].

Thin films are material layers whose thickness scales between few nm to 5 pum. For
thicknesses between 5 and 100 um, we refer to thick films (Figure 23). Both thin and thick
films cannot stand alone (free-stand configuration); they are deposited on substrates with a
much larger thickness. The research on thin films is of uttermost importance because of the
variation in properties that take place in such low-dimensional systems; the surface to volume
ratio in thin films is extremely large, meaning that surface features intensely affect the film
characteristics.

The fabrication of TE thin films absolutely fits the need for small-volume power
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generators, which have been gaining vast significance in the last years, because the applicative
possibilities as thermoelectric energy harvesting to power Internet of Things (IoT) sensors and
devices are important [113,114,115,116]. The chase of an extensive network of communicating
devices enhanced the research for micro-generators, and thermoelectrics could play their part
in this emerging field. Among the many benefits coming with the TE technology, the fact that
thermoelectric devices need little to no maintenance is of particular importance. Today’s main
power generation systems for portable devices are batteries and their lifespan is very limited:
they need to be recharged at some point, implicating that some labour force will be required to
do maintenance. Clearly, the power output conceded by a battery is larger than that of a
thermoelectric device, and in no way TEGs aim to replace other and more efficient
technologies, though, in some occurrences, thermoelectrics could be a cost-effective
replacement or they may be coupled to other technologies as well, like to photovoltaic cells
[117]. One important example is the build-up of the Wireless Sensors Networks (WSNSs)
[118,119,120,121].

Given that fabricating low-dimension systems is convenient in terms of performance
and applicability, skutterudite thin films were prepared as one of the main topics of this doctoral

project.

Not so many skutterudites have been deposited as thin films through the PLD technique
so far. For example, Suzuki et al. prepared thin films of unfilled skutterudite CoSbs by ArF
excimer laser (A=193 nm) on silicon substrates and reported the successful growth of single-
phase CoShs films for a 70°C deposition, while other temperatures deposition led to the
formation of Co-rich and Sb-rich phases on the films [122]. Dauscher et al. instead prepared
thin films of the filled skutterudite Cao.1C04Sbi2 on silicon substrates, using a Nd:YAG laser
and tested two different wavelengths (4 = 355 nm, 2 = 532 nm) and several different deposition
conditions. They achieved the best results using the 532 nm wavelength, despite further
improvements on the film crystallinity must be done [123]. A more recent example of
deposition of Co-based skutterudites is reported by Kumar et al., who grew thin films of
Ino.2Ybo.2C04Sh12 on quartz substrates using a KrF excimer laser (1=268 nm). They reported not
so successful results for the thermoelectric properties, which are blamed by the authors on the
polycrystalline nature of the films [112]. A Fe/Co-based filled skutterudite LaFezCoSb1> was
used as a target in another work of Suzuki et al. where an ArF excimer laser (1=193 nm) was

employed to grow films on glass substrates. From thermoelectric measurements, they found
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smaller values for the Seebeck coefficient compared to the bulk values, probably due to the
numerous grain borders present on the sample [122]. One more interesting work found in
literature regards the deposition of the filled skutterudite PrFesSh1. performed by Baumbach et
al. using a KrF excimer laser (A =248 nm). For this work many substrates materials were tested:
YSZ, MgF2, MgO, Al;Oz, SrTiOs and silicon. Also, the depositions were performed at high
temperatures, ranging from 300 to 500°C. They obtained high-quality films and concluded that
the type of substrate does not affect the film crystallinity, which is far more dependent on the

deposition conditions [124].

Especially, the attention of researchers has been focused on the development of stable,
environmentally benign, abundant, and cost-effective TE materials based on oxides. In the
1990s extensive research on bulk oxide flourished with common effort focused to enhance the
TE performance by atomic substitutions and improved grain connection [70,125]. To date, the
best TE performance of the currently available oxide materials is ZT = 0.64 for n-type
Zn0.96Al0.02Ga0.020 [53] and 0.74 for p-type Caz.5ThosC0409 [54] at 1000 K. The ZT of oxides
IS not yet up to the level of the best conventional TE materials and requires to be drastically
improved to reach a level acceptable for practical applications. The bulk oxides also have the
main disadvantages of the requirement of a long time for sintering and fabrication of the n- and
p- elements, and their assembling in module shape, and mechanical fragility. All these
drawbacks can be overcome by using oxide thin films. Thin-film materials offer significant
advantages to developing oxide TE with high performance: low dimensionality, rapid
fabrication, control of strain at the interface with substrates, and the possibility to insert artificial

nano-defects to improve the phonon scattering.

Recently, our group afforded research on oxide thin films for thermoelectric
applications and encouraging preliminary results have been obtained. At first, epitaxial thin
films of AZO were fabricated by pulsed laser deposition (PLD) on several single crystals
(SrTiOs, Al03) and amorphous silica substrates. Independently on the substrate, films always
show higher values of ZT in comparison with corresponding bulk AZO: for example, at T =
600 K, (ZT)azo-on-sto = 0.03 [56,126]. The superior performance of films is due to their lower
thermal conductivity: xazo-on-sto (300 K) = 6.5 W/m-K [56,126] while xsuik (300 K) = 34
W/m-K. In these series, the grain boundaries can be considered as natural nanodefects for the
enhanced scattering of phonons and consequent depression of x respect to the bulk material. As

a demonstration of this effect, the film on fused silica, showing additional grain boundaries at
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the seed layer on the substrate, had even lower thermal conductivity: xsiica (300 K) = 4.89
W/m-K and larger ZT: ZTsiiica (600 K) = 0.045 [126].

The insertion of artificial nanodefects has been subsequently considered with the
purpose of further depressing x and enhancing ZT. Several approaches have been tried by our
group, as reported in Figure 24: insertion of hydroquinone nanolayers in AZO films prepared
by atomic layer deposition (ALD): xap (300 K) = 3.56 W/m-K [127]; addition of
polymethylmethacrylate (PMMA) particles to AZO films prepared by multi-beam multi-target
matrix-assisted PLD (MBMT/MAPLE-PLD): xmarLe (300 K) = 5.9 W/m-K and ZTwmarLe (600
K) = 0.07 [128]; formation of nanopores in AZO films prepared by Mist-Chemical Vapor
Deposition (Mist-CVD): &porous (300 K) = 0.60 W/m-K and ZTporous (300 K) = 0.06 [129];
dispersion of Al,Oz nanoparticulate in AZO films prepared by surface-modified target PLD:
Knanoal2o3 (300 K) = 3.98 W/m-K and ZTnanoaizos (600 K) = 0.0007 [130]. AZO thin films
deposited by PLD in vacuum reached a figure of merit of ZTppvac (600 K) = 0.07 [131]. Several
groups worldwide had recently obtained marvellous results with different kinds of dopants, like
the x (300 K) =1.19 W/m-K and ZT (300 K) = 0.1 of magnetron sputtered AZO films by
Loureiro et al. [132], the x (323 K) = 3.37 W/m-K and ZT (423 K) = 0.05 of CNT-added
evaporated porous AZO films by Liu et al. [133], the x (300 K) = 1.1 W/m-K and ZT (300 K)
= 0.042 of amorphous ZnOxNy PLD films by Hirose et al. [134], the x (300 K) = 1.8 W/m-K
and ZT (383 K) = 0.019 of dual doped InGaZnO PLD films by Nguyen et al. [135], just to cite
the most impressive ones. All these successful examples highlight the promise of

nanostructured doped ZnO films for future energy harvesting applications. In Figure 24 best

39



THERMOELECTRICITY

results on AZO are reported, including the point enlightened with the green star which shows

the value obtained in the study presented in this thesis in Chapter 5.
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Figure 24 - Best performances of AZO thin films deposited by means of different
techniques [126,128,129,130,131,132,133,134,135].
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2.5 Thermoelectric Modules and Applications

A thermoelectric generator is a useful and environment-friendly device for direct energy
conversion. TE devices are semiconductor devices that have the ability to either generate a
voltage when exposed to a temperature gradient, exploiting the Seebeck effect, or produce a

temperature gradient when supplied by electricity, exploiting the Peltier effect

Two blocks of semiconductor, one p-type (P) and the other n-type (N), are joined by a
metal interconnect at one end and connected in series to a voltage source or load at the other
end. The two blocks share a common temperature at each end and thus are thermally in parallel

across a temperature difference AT = Th-Te.
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[0 p-type semiconductor O Conductive metal
[0 n-type semiconductor Ceramic plates

Figure 25 - Schematic representation or the section of a thermoelectric device.

The connections are realized with a good electrical conductor, while the structure is held
together with the help of an electrical insulator. A schematic representation of the

thermoelements’ connection is shown in Figure 25.

In the power generation mode, the applied temperature gradient is opposed by a
concentration gradient of the mobile carriers. This is the Seebeck effect, and the Seebeck
voltage places the hot junctions in reverse bias and the cold junctions in forwarding bias. By
convention, p materials have positive S, while n materials show a negative value of it, and the

overall Seebeck coefficient of the couple is S = Sp — Sn [136].

Recently, with the development of microelectronics and increasing demand for

sustainable energy harvesting, high power density TE devices that are micro-sized and
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lightweight have become the subject of rapidly growing interest. Compared with traditional
brittle and rigid TE devices, a micro-TE device is essential to obtain low temperatures such as
that of the human body or flexible electronic devices, thus, minimizing heat loss and achieving
highly efficient energy conversion. Additionally, the integration of a TE device into the micro-
system can act as the self-powered source, cooler, or sensor, and has significant potential for
practical application. Thus, motivated by these intriguing prospects, considerable effort has
been devoted to exploring micro-TE devices in the past decade.
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3 EXPERIMENTAL DETAILS

3.1 Fabrication of Skutterudite’s Targets

3.1.1 Synthesis Methods

Skutterudites’ synthesis is difficult to set up because of the numerous variables that
contribute to the fabrication process. The methodically and careful understanding of the
diagram phase of a system is of the utmost importance in order to obtain a successful synthesis.
In general, thermoelectric materials, including skutterudites, are constituted by a lot of atoms
(acting as fillers or dopants), giving origin to a complex mishmash of chemical-physical
characteristics belonging to each of them, i.e. melting points and vapour pressures. Nonetheless,
the literature regarding phase stability in skutterudites is relatively meagre and the involved
diagrams are often quite complicated [137]. In Figure 26, an isopleth section of the ternary
phase diagram for the Fe/Ni/Sb system is reported [138,139,140].
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Figure 26 - Isopleth section of the phase diagram for a Fe-Ni based skutterudite [138].

43



THERMOELECTRICITY

Figure 27 - Pictures from the melting-sintering-quenching synthesis of filed skutterudites.
a) Difference in thickness for quartz tubes: 1mm wall is used for the annealing while the more
resistant 2mm wall tube is used for the quenching. b) One sided sealed tubes. c)carbon
coating in the lower part of the quartz tube with the aim to limit the reactivity between
elements of the material and the wall of the tube. d) Tubes containing pure elements sealed
under vacuum. €) Quenching of the tube after melting process. f) Quenched tubes in a bucket
of water. g) Clean skutterudite sealed under vacuum for the annealing process. h) Samples in
the furnace for the annealing process.

Together with my current and previous research groups (Paolo Mele in Japan and
Cristina Artini et al. in Italy), we carried out an important number of studies in the field of
skutterudites, investigating the properties of several compounds, ranging from p- to n-type
compositions [34,41,42,45,138,141,142,143,144,145]. The main synthesis technique used is
the traditional melting-quenching-annealing process, originally proposed by Sales et al.
[146,147]. The process consists of three steps: first, the elements in stoichiometric quantity are
melted together in a vacuum environment; second, the molten cast is quenched in air or water;
third, the cast is annealed for about seven days. The annealing process is needed for the
formation of skutterudite.

In the case of Fe-Ni based skutterudite, pictures of the synthesis are displayed in Figure
27. Small pieces of pure elements Fe (Alfa-Aesar, 99.99 wt.%), Ni (Alfa-Aesar, 99.99 wt.%),
Sm (NewMet, 99.9 wt.%) and Sb (Mateck, 99.99 wt.%) are polished in order to eliminate any
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surface oxide layer, which could alter the composition of the sample, and they are weighed on
an analytical scale in due amounts and placed into a quartz tube subsequently sealed under
vacuum, with the aim to limit oxidation and avoid unwanted reactions. The starting mixture is
then reacted at 1223 K for 3 hours and quenching in a salted iced water bath follows. The Sm
amount to be employed is calculated by considering results obtained by Artini et al. [42]. A
slight excess of Sb is used too, in order to compensate for its non-negligible vapour pressure
(10" mm Hg at 873 K [148]). As-cast samples are then annealed in vacuum at 873 K for 7 days.

The conventional melting-annealing-quenching method is not the only procedure to
prepare skutterudite material, further synthesis routes have been explored over the years. An
example of a substitute preparation technique is given by mechanical alloying, developed in the
mid-1960s for superalloys, and it is based on the solid-state reaction that takes place during the
ball-milling process. Undoubtedly, additional annealing is required to achieve a pure material
because it is not possible to obtain ready skutterudite with powders milling itself. Many
successful attempts of skutterudite fabrication with ball milling can be found in the literature
[149,150,151]. Mechanical alloying is a valid alternative; however, the possibility of sample
contamination is large if the jar and balls are not cleaned with extreme care. Moreover, the size
and number of spheres, as well as their material, must be chosen with care, taking into

consideration the ball to powder volume ratio and interactions between materials.

An additional example of a fabrication path for skutterudites is the Selective Laser
Melting (SLM). This technique, developed in 1995, involves a high-energy laser that locally
melts elemental powders and allows the reaction to form the desired skutterudite structure. The
melting/solidification process is responsible for the formation of dense skutterudites, indicating
that no supplementary annealing is strictly essential. Some interesting results for SLM-prepared
skutterudites can be found in the literature, showing comparable performances to the ones of

samples prepared by the melting-quenching-annealing method [149,152].

Besides the traditional preparation approaches which include some kind of melting,
other synthesis routes exist, categorized as chemical methods. One example is the hydrothermal
(HT) synthesis, which relies on the chemical reactions taking place at high temperature and
high pressure in a precursor aqueous solution. The crystalline material grows upon a single
crystal located in the reactor [153]. Although the hydrothermal process is a deep-rooted
fabrication route for inorganic materials, it is not found very fruitful for the preparation of
skutterudites, as samples prepared via HT synthesis reveal poor TE performances [149].
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Analogous negative outcomes are reported for the other chemical syntheses, i.e. sol-gel and co-

precipitation methods, making them not competitive compared to traditional fabrication routes.

For the purpose of my PhD project, the melting-quenching-annealing process was
selected over others due to the respectable results showed during previous works of the research
group. A negative point of this technique is the long time needed, especially due to the annealing
process, but, as a result, the quality of the samples is noticeable. Additionally, it does not require
any particular equipment, apart from a furnace and a torch to seal quartz with a paired vacuum

system.

3.1.2 Densification of the Material

3.1.2.1 Spark Plasma Sintering

Furthermore, a supplementary step of material densification is required to improve grain
connection, and hence the electrical conductivity. In the case of the present work, densification
was compulsory since the skutterudite was needed in form of a dense target for films
preparation. An established way to achieve high-density pellets for the Pulsed Laser Deposition
(PLD) is the Spark Plasma Sintering (SPS) technique, also known as Pulsed Current Electrical
Sintering (PCES), Field Assisted Sintering Technique (FAST) or Electric Current Activated
Sintering (ECAS) whose asset is to use plasma to effectively sinter and consolidate powders,
allowing the densification at significantly lower temperatures than other sintering techniques.
This technology started in the late 1920s when a sintering process using electrical energizing
was introduced in the USA. In the meantime, in Japan, ongoing research on the process of
pulsed current activated sintering intensified and was patented in the 1960s [154,155]. This
method seems to be characterized by technical and economic advantages over conventional
sintering methods such as Hot Uniaxial Pressing (HUP), Hot Isostatic Pressing (HIP), etc.
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SPSis a newly developed process that makes it possible to sintering at low temperatures
and for short periods by charging the voids between powder particles with electrical energy and
effectively applying high-temperature spark plasma rapidly generated. It is regarded as a rapid
sintering method similar to microwave sintering. Therefore, it is capable of sintering ceramic
powders quickly to a high density at a relatively lower temperature, compared to the
conventional sintering method. Due to the applied electric field, the diffusion rate increases and
therefore, the powder can be densified at a much lower temperature with a shorter holding time
(only a few minutes). In SPS, mechanical uniaxial pressure is applied to the sample placed in a
die by a vertical piston while the system is being heated. Graphite is the most common die
material because it is relatively inexpensive, is easily machined, and has excellent creep
resistance at high temperatures. The rate of densification can be deduced by following the piston
displacement. Its main characteristic is that a pulsed DC current is directly passed through the
graphite die while uniaxial pressure is applied. The characteristics include high heating rate, the
application of pressure, and the effect of the current. The main advantage in comparison with
other sintering techniques is the high heating rates that can be applied during sample sintering.

-

Figure 28 - Detail of the inside of the SPS — 511S, Fuji Electronic Industrial located at NIMS

(Tsukuba, Japan).

The extremely short processing times allow obtaining special microstructures in the
final material that are unattainable by other sintering techniques [156]. Thus, it is possible to

fabricate a dense material with an average grain size similar to starting powders. Nowadays,
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one of the challenges related to this technique is the scaling-up in order to obtain large samples

or complex shape components.

The SPS method was successfully used for the densification of Fe-Ni in previous works
of my research group [41,141,143].

3.1.2.2 Open Die Pressing

Another viable way to obtain densified materials is the Open Die Pressing (ODP)
technique which was performed during the present work.

Open Die Pressing is a newly developed technique that allows the sintering of
thermoelectric materials in a fast and easy way. Previous works of the research group that
performed the ODP on the skutterudite (Fanciulli et al., CNR Lecco, Italy) showed the potential
of this technique [157,158], for which two main benefits can be accounted over other
densification methods: the rapidity of the process, that inhibits undesired grain growth and the
low operating temperature, that prevents diffusion or reactions of the powders. On the other
hand, to execute this sintering technique, very good manual skills of the operator are required,
since the incandescent sample is rapidly moved from the furnace to the pressing machine.
Moreover, the final shape of the densified piece is a dog-bone shape (Figure 29), which could

not be compatible with many applications.

Figure 29 - Skutterudite sample after ODP pressing (= 3 cm long). It is noticeable the dog-
bone shape of the resulting dense sample.

Working inside an Ar-filled glovebox, the ODP process starts from powders of the
sample introduced in a cylindrical metallic sheath as mechanical support for the process. The
Fe sheath’s internal surface is covered with a thin layer of boron nitride, used as an insulating

material to prevent the sample core’s sticking to the internal metallic walls. The sheath is closed
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with a Fe plug (2 mm thick) with a small hole inside, which is necessary to allow Ar's outflow
and protect the material from oxidation during the pressing process. The encapsulated powders
are manually consolidated using a percussor and a hammer, reaching at least 80% of the
theoretical density value.

Compressive Load

‘ /Heated Plates\ ‘

Plug Skutterudite

Hole /

Boron

Nitride
Fe Sheath

Side View Cross Section View

Figure 30 - Scheme of Open Die Pressing.

Afterwards, the cylindrical composite is taken out from the glove box and preheated at
the processing temperature in a static furnace. Powders’ temperature is measured with a
thermocouple inserted in the stopper’s hole of the sheath. After the fast preheating, the sheath
is pressed longitudinally while the two plates of the press are heated up to the temperature
required for sintering the sample.
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3.2 Thin Films Deposition

A variety of different methods can be used to fabricate thermoelectric thin films (Figure

31); a brief summary will be given in this section.

Thin Film Deposition

Chemical Processes Physical Processes

CVvD Sol-Gel Sputtering Evaporation
Electroplating MOCVD Dipping RF lon Plating
Electroless UHVCVD Spraying DC PLD
Electrodeposition LPCVD Spin Coating Magnetron MBE
PECVD Electro Beam
Spray Pyrolysis

Figure 31 - Thin films deposition techniques divided in chemical and physical processes.

Chemical Vapor Deposition (CVD) is one of the most ancient films preparation
techniques: the first application dates back to the 1800s when it was employed for the deposition
of metallic coatings. During the 1900s, the technique was methodically refined and, at the
present time, it is one of the most well-known materials’ fabrication procedures. It is classified
as a chemical method since it includes chemical reactions in the vapour phase. In general terms,
films are grown on a substrate after the exposition to chemical vapours of a precursor
compound. Films from a lot of different materials can be prepared, varying from metallic
coatings to insulator films. Contingent on the deposition’s conditions and the nature of the
precursor, numerous CVD variants can be identified; the most common are Metal-Organic
CVD (MOCVD), Ultra-High Vacuum CVD (UHVCVD), Low-Pressure CVD (LPCVD) and
Plasma-Enhanced CVD (PECVD) [159,160]. Another chemical method is electrodeposition, a
relatively new type of deposition that relies on the reaction occurring in an electrolytic cell. The
potential of this technique lies in its cost-effectiveness, rapidity and simplicity and feasibility
at low temperature; however, it is very difficult to control all the variables that come into play
during deposition: the ionic strength and pH of the electrolyte solution, the voltage and current
applied to the circuit, temperature and other factors significantly influence the quality of the
film and affect reproducibility [159].
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Moving on from the chemical methods, we find the physical vapour deposition (PVD)
techniques, which do not strictly involve a chemical reaction but rely on the vaporization and
condensation process. Typically, the setup for a physical film deposition consists of a target,
from which material is evaporated, and a substrate, on which material is deposited in order to
grow a thin film. Different vaporization systems can be used, each one corresponding to a
specific physical vapour deposition technique. For example, if the material ejection from the
target is caused by the interaction with a high-energy ionic or electronic beam, we refer to
sputtering methods, instead, if the evaporation occurs after heating of the target, we refer to

thermal evaporation [159,161].

3.2.1 Pulsed Laser Deposition (PLD)
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Figure 32 - Scheme of the apparatus for PLD deposition.

During the last thirty years, Pulsed Laser Deposition (PLD) has become a vastly
widespread thin films fabrication technique. The main constituents that form the experimental
apparatus (Figure 32) are the laser source that provides the energy to ablate the material, the
optical system that focuses the laser beam, the vacuum chamber inside which the deposition is

performed, the vacuum pumps through which the required vacuum environment is achieved, a
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heating system to raise the temperature inside the chamber and an optional gas-line to perform

depositions in specific atmospheres, typically Oz or Ar environments.

Figure 33 - Picture of the chamber used to deposit skutterudites at Shibaura IT. The blue light
at the center is the plume and the red light above it is produced by the heater placed over the
substrates.

Its appeal is due to the great adaptability and procedure simplicity; over the years thin
films of many different materials, from oxides to intermetallics, have been prepared thanks to
PLD. Along with other PVD methods, the apparatus involves a dense target from which
material is ablated and a substrate, on which thin films are deposited and grow. The interaction
between the laser’s photon energy and the target removes materials from the bulk’s surface.
Significant removal of material occurs at a precise power density that depends on the laser
wavelength, pulse duration and the target’s absorption properties [162]. One of the biggest
benefits that make PLD very useful for complex structures deposition, is that the composition
is maintained from the target to the film since it produces a stoichiometric transfer of material.
The stoichiometric deposition occurs thanks to the complex physical processes happening
during the ablation and this characteristic is rarely found for other deposition techniques. The
ejected material turns into a plasma and forms a bright ablation plume directed to a substrate
where it re-condenses, forming a thin film with the same stoichiometry as the target material.
It’s possible to carry out the process in an ultra-vacuum atmosphere or in the presence of a
background gas such as oxygen, which is commonly used to deposit oxides. The crucial step is
the plasma generation generated by the interaction with the laser; plasma forms with the typical
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feather-shape, and it is called plume. Inside the plume, the just-ablated material is found in form
of single atoms, that are collectively and simultaneously removed from the target surface,
regardless of the physical-chemical properties of the individual elements, allowing a

stoichiometric deposition.
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3.2.1.1 LASER
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Figure 34 - Laser types with distinct laser lines are shown above the wavelength bar, while below
are shown lasers that can emit in a wavelength range. The height of the lines and bars gives an
indication of the maximal power/pulse energy commercially available, while the colour codifies the
type of laser material. For semiconductor lasers a solid fill shows the powers achievable with a
single emitter, while horizontal lines indicate bars or stacks of bars [163].
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LASER stands for Light Amplification by Stimulated Emission of Radiation. It is a
device that emits a coherent and convergent monochromatic beam of light with a wavelength
ranging from UV to IR through the process of stimulated emission. All the existing types of
lasers can be classified either by the emission wavelength or by the active medium that produces
light amplification (Figure 34 [163]). For PLD applications, the typical wavelength range is
between 200 and 400 nm, since most compounds exhibit strong absorption in the UV spectrum.
The most common lasers for PLD are gas excimer (typically KrF and ArF) and Nd:YAG

(Neodymium doped-Yttrium-Aluminum-Garnet) solid-state types.

A laser can produce a focused power ranging from a few mW to 100 kW with a precise
spot size and interaction/pulse time of 103- 10 s on a wide range of materials and through
any medium [164]. Its coherence, spectral purity, and ability to propagate in a straight line are
distinctive properties with respect to other electromagnetic radiations. Lasers are classified
according to the lasing medium in gas lasers (excimer), solid-state lasers (Nd:YAG,
neodymium-doped yttrium aluminium garnet), liquid lasers and semiconductors lasers (e.g.

diode laser).

Since their discovery in the 1960s, lasers are widely used in an extraordinary variety of
fields, from routine applications such as bar code scanners or printers to life-saving (surgery)
and purely scientific (spectroscopy). During the 1990s, lasers were explored for surface

applications such as alloying, cladding and thin film deposition.

The laser instrumentation in usage at Shibaura IT isa Lotis TII Nd:YAG LS-2145N . The
stimulated emission from the excited energy levels of the Nd** ions in the YAG crystal rod is
at the basis of the radiation’s generation. The source pump is a Heraeus Noblelight lamp. A UV
radiation is needed to obtain a sufficient absorption from the target material since the absorption
peaks fall within the range of 200-400 nm, so, even if the radiation wavelength related to the
concerned transition of the laser corresponds to 1064 nm, named Fundamental Frequency (FF),
that is not used for PLD purposes. To obtain an effective radiation that can interact with the
material, we need to quadruplicate the frequency of the fundamental transition, with the
resulting radiation being named Fourth Harmonic (FH). The fourth harmonic generation can be
accomplished by locating a Non-Linear-Optic crystal (NLO) along the optic path of the photons.
By interacting with the NLO crystal, two photons with 4=1064 nm combine into one photon
with half of the original wavelength 1=532 nm. The resulting doubled-frequency radiation,
Secondary Harmonic (SH), enters another NLO crystal, where the other two photons combine
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into one with 1=266 nm, generating the fourth harmonic radiation. After the frequency
generation element, a wavelength separator is needed to select the desired radiation [165,166].
In the aforementioned laser equipment, a Potassium Titanyl Phospate (KPT) crystal and a
Barium Borate (BBO) crystal were used for the SH and FH generation, respectively [167].

W, A 2 o
NLO /2 NLO

[ = e

Principle of Fourth Harmonic Generation (FHG)

Figure 35 - Fourth Harmonic generation mechanism through NLO crystals [165].

Apart from the main components that grant the laser radiation production, another
element is strictly required in the laser equipment: the pulse generation system. PLD technique,
as the name suggests, relies on laser pulses, which must be short and powerful to ablate material
from the target surface. If the laser operated in constant wave conditions, the power output
would be too low to favourably interact with the material. The common strategy to obtain short
pulses is the so-called Q-switching technique. In the case of the present laser equipment, a KDP
(Potassium-dihydrogen-phosphate) Pockels cell provides the Q-switching mode, acting like an
optic switch [167,168]. Pockels cells are optical-electronic devices that convert the light

polarization, from linear to circular, using a potential difference.

mg; gy
o Noeroy 1

|
L

Figure 36 - Optical diagram of the laser cavity [167].
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To finely regulate the laser path inside the laser head, a very complex system of mirrors,
lenses and wave separators is used. The optical system inside the laser is displayed in Figure
36. The straight lines represent the different paths of the laser beams, depending on the selected
wavelength, since, as described before, four different frequencies can be generated with this
kind of equipment. The main components are the flash lamp (20), the active element (7), the Q-

switching element (12), the mirrors (9, 10) and the wave separators (13, 16, 17).

After the selection of the required wavelength, the beam exits from the laser head. Then,
its path can be changed by means of a mirror in order to choose the selected vacuum chamber.

In Figure 37, the laser path is reported.
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Figure 37 - Laser beam paths. orange) to the small chamber dedicated to oxides’ deposition;
green) the big chamber dedicated to skutterudites.

3.2.2 Growth Mechanism of a Thin Film

Many properties of a thin film, such as optical, electronic, mechanical performances,
are enormously affected by the microstructure features of the sample, such as texture, grain size,

thickness, grain orientations, and so on. Physical properties of a solid are also majorly
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influenced by defects, intrinsic (caused by atoms that are not changing the stoichiometry of the
crystal) or extrinsic ones (that produce non-stoichiometry) [169]. Thus, understanding the
different mechanisms influencing the growth mode is necessary to control the surface

morphology during thin film growth.

The growth of thin films by physical vapour deposition is an exceptional nonequilibrium
procedure and, therefore, the number of defects in thin film material might surpass that in bulk
solids up to 5 orders of magnitude more. The motivation why film properties differ significantly
from bulk ones rises from the fact that, because the real structure of thin films is far away from
its energetic minimum, it usually involves crystals full of defects divided by grain boundaries

rich in impurities, as visible in Figure 38 [169].
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Figure 38 — On the left, the ideal single-crystal film grown on a single-crystal substrate. On
the right, a more realistic situation full of defects. A representation of reflection and
transmittance of the light is shown through the black arrows [169].

During the initial phase of film deposition, an adequate number of vapour atoms from a
supersaturated gas-phase condenses and permanently set up on the substrate. This process is
the so-called nucleation stage and from this point onwards the nuclei will grow and
crystallization will take place. Afterwards, the exposure of the substrate to the incident vapour
or plasma, a uniform distribution of tiny but extremely mobile clusters or islands takes place.
The next stage involves the unification of the islands by a coalescence event that can be liquid-

like, especially at high substrate temperatures [170,171].

The consequent film formation is ruled by two main factors, which are bondings

between atoms of the materials together and with the substrate and the lattice mismatch between

58



THERMOELECTRICITY

&5 QOCaOOOOCD oo Coocn

00000000000 0000000000
9000000808088 e00)
slssoeeves'ssoesen'snn'e!

Volmer-Weber Frank-van der Merwe Stranski-Krastanov
Figure 39 - The three basic thin film growth mechanisms.

the two of them. Three main different growing mechanisms were categorized (Figure 39)
[170,172]:

1 — The Volmer-Weber process or islands growth occurs when the small stable clusters
nucleate on the substrate and grow in three dimensions to create islands. This occurs when
atoms of the deposited material bond more strongly with each other rather than with the
substrates. Surface tension is high and the noticeable lattice mismatch of these films in the
initial stage make this process undesirable for epitaxial films. Anyway, it can be of interest for
the synthesis of self-organized zero-dimensional quantum dots. Metals and semiconductors on
oxide substrates usually follow this route;

2 — The Frank-Van der Merwe process or layer growth is the opposite mechanism. In
this case, the atoms bond to the substrate more strongly than to each other. The enlargement of
the smallest stable nuclei takes place all over in two dimensions, giving rise to the formation of
planar sheets. The stress from lattice mismatch is low, resulting in the growth of smooth films
layer by layer. The first complete monolayer is then covered by a less bounded second one. The
most recognized and significant example for this process is the single-crystal epitaxial growth

of semiconductor thin films;

3 — The Stranski-Krastanov process or layer plus islands growth is an intermediate
mechanism of the aforementioned two modes. It takes place when surface tension and lattice
mismatch are in between the ones for Volmer-Weber and Frank-Van der Merwe progressions.
In the first step, one or more monolayers are formed, and consequently, this route becomes

unfavourable. The strain energy will decrease giving rise to the formation of islands. Such a
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growth process gives origin to polycrystalline films if the film exceeds the critical limit. It is

quite common and it has been observed in metal-metal and metal-semiconductor couples.
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3.3 Measurement of Thermoelectric Properties

3.3.1 Electrical Conductivity and Seebeck Coefficient

The ULVAC ZEM-3 system is based on the simultaneous measurement of the electrical
resistivity and the Seebeck coefficient. The analysis of the thermoelectric properties was carried
out in the laboratories of the National Institute of Material Science (NIMS), Tsukuba (Japan),

in the laboratory of Professor Takao Mori.

Electrode
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Thermocouples

-~ ThinFilm
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Alumina Screw

Electrode

Figure 40 - On the left, side view of the experimental custom-made set-up for
the thermoelectric properties’ measurement of thin films. On the right, a picture
of skutterudite thin film on the special holder is shown.

im1

Typically, the ZEM-3 device is used for bulk materials, hence, some modifications to
the experimental apparatus were necessary to make it compatible with the measurements of the

thin films. In Figure 40, a schematic representation of the rearranged set-up and a real photo is

reported.

The thin film is set up on the alumina holder by means of two nickel foils, which
electrically connect the skutterudite to the electrodes. Moreover, two thermocouples are pressed
against the surface of the film with manual control, and they work both as temperature detectors
and electrodes. The sample holder uses a distinctive balance contact mechanism, permitting
measurement of high reproducibility. V-1 plot measurement can be made to judge if all the
contacts are stable. The system automatically examines whether the contact of the two probes

with a sample ohmic or not, and finds and uses the best value of electric current to determine
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the resistivity of the sample without the influence of heat transfer. Measurement is controlled
by a computer, permitting automatic measurement with each temperature difference at a
specified temperature. The whole system is located in a furnace which is evacuated by a rotary
pump and filled in with a partial pressure of helium, which is found to stabilize the

measurement.

The electrical resistivity is measured by the four-probes method, where a constant
electrical current I is applied within the sample through the Ni foils, and the voltage drop dV is
measured between the same wires of the thermocouples, used as electrodes, subtracting the
thermo-electromotive force between leads. The resistivity p is then automatically calculated by
the software, which was previously required to insert the dimensions of the sample, by means
of the Ohm’s Law:

p= (16)

I-1

where V is the voltage, w is the film’s width, t is the film’s thickness, | is the imposed current
and | is the film’s length.

The Seebeck coefficient is measured by applying a temperature gradient by means of
one of the two bulk electrodes, working as a heater. The temperature is measured by both
thermocouples and, when the AT is stabilized, the voltage induced by the thermal gradient is
measured. Measures are repeated four times (both p and S) at different precise A7 decided by
the user, and the software will automatically calculate the average of values and display the
output data on a file. The Seebeck coefficient can be expressed as the previous Equation 2,
reported here again for sake of clarity:

AV

S=47 (2)

3.3.2 Time-Domain ThermoReflectance (TDTR)

Measuring the thermal conductivity of materials is of practical importance in developing
innovative materials with required thermal properties for numerous applications, including
energy conversion and storage, electronics, and photonic systems. Over the past two decades,

ultrafast laser-based time-domain thermoreflectance (TDTR) has been developed and advanced
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as a reliable, powerful, and adaptable technique to measure the thermal properties of an

extensive range of bulk and thin film materials [173].

The apparatus used to measure cross plane thermal conductivity for the purpose of this
doctoral thesis is described by T. Baba et al [174] and belongs to Professor Takao Mori’s
laboratory at the National Institute of Material Science (NIMS), Tsukuba (Japan). Principles
are also described by G. Latronico et al [175,176]. In addition, its geometrical configuration is
shown in Figure 41.
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Figure 41 - Diagram of thermo-reflectance measurement with (a) front heat-front detect (FF)
configuration and (b) rear heat-front detect (RF) configuration [175].

The reflection of the laser beam incident on the surface of the sample is detected in order
to measure its temperature. A second laser beam is directed on the film to heat up its surface.
Two configurations are possible. In the case of the rear heat-front detect (RF) configuration
(Figure 41b), the probe beam hits the anterior surface of the thin film, while the pulsed pump
beam is directed onto the opposite face of the thin film across the transparent substrate. The
thickness has to be known and the heat diffusion time across the film is measured in the RF
configuration. Then, the thermal diffusivity of the film is directly calculated from the heat
diffusion time and the film thickness. In the other configuration, called front heat-front detect
(FF) configuration, is the fundamental difference from the front heat-front detect (FF)
configuration, the temperature cooling is observed after pulse heating, which is mainly

dominated by the thermal effusivity of the film and the substrate.

For this work, T. Baba from NIMS, Tsukuba (Japan) measured thin films deposited on
the transparent substrate with a custom-made picosecond pulse light heating thermo-reflectance
apparatus (PicoTR, PicoTherm Corporation) and the block diagram on the system is shown in

Figure 42. The equipment consists of a fiber laser for the pump beam and another one for the
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probe beam. The wavelength of the pump beam is 1550 nm and that of the probe beam is 775

nm, which is generated by a second harmonic generator (SHG).

Regarding the complex calculation part for the treatment of data, the Fourier expansion
analysis was applied to the thermo-reflectance signals by taking into account the periodicity of

pulse laser heating, which is not possible by conventional methods.

By a mathematical model called mirror image method, it is possible to determine the
thermal effusivity of the sample bs. thus, it is possible to find the thermal conductivity of the

samples s using the following equation:

(17)

where cs and ps are the specific heat capacity and density of the sample layer,

respectively.
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Figure 42 - Block diagram of the picosecond thermo-reflectance measurement system [176].
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4 FILLED SKUTTERUDITES THIN FILMS

4.1 Investigation on the Power Factor of Skutterudite Smy(FexNi1.x)aSbi2
Thin Films: Effects of Deposition and Annealing Temperature

Filled skutterudites are currently studied as promising thermoelectric materials due to
their high power factor and low thermal conductivity. The latter property, in particular, can be
enhanced by adding scattering centres, such as the ones deriving from low dimensionality and
the presence of interfaces. This study focused on the synthesis and characterization of thin films
belonging to the Smy(FexNi1x)4Sb1. filled skutterudite system. Films were deposited under
vacuum conditions by the Pulsed Laser Deposition (PLD) method on fused silica substrates,
and varying the deposition temperature. The effect of the annealing process was studied by
subjecting a set of films to thermal treatment for 1 h at 423 K. Electrical conductivity ¢ and
Seebeck coefficient S were acquired by the four-probe method using a ZEM-3 apparatus
performing cycles in the 348-523 K temperature range, recording both heating and cooling
processes. Films deposited at room temperature required three cycles up to 523 K before being
stabilized, thus revealing the importance of a proper annealing process in order to obtain reliable
physical data. XRD analyses confirm the previous result, as only annealed films present a highly
crystalline skutterudite not accompanied by extra phases. The power factor of annealed films
results to be lower than in the corresponding bulk samples due to the lower Seebeck coefficients
occurring in films. Room temperature thermal conductivity, on the contrary, shows values
comparable to the ones of doubly-doped bulk samples, thus highlighting the positive effect of
interfaces on the introduction of scattering centres, and therefore on the reduction of thermal

conductivity.

The reasons behind the study of skutterudite thin films are therefore two-fold: on one
hand, a basic science motivation leads us to investigate the effect of low dimensionality and the
presence of interfaces, which make thin films particularly interesting as a source of further
phonon scattering [47,48]. On the other hand, from a technological point of view, it is desirable
to produce flexible and robust TE devices, able to harvest heat from curved or irregularly shaped
surfaces, overcoming the flat, bulky, and fragile commercial TE devices. Nevertheless, in spite

of the relevance of these issues, very few literature works are devoted to the deposition of
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skutterudite thin films and to their characterization, and almost all of them deal with CoSbhs
[49,50] and CoShs-deriving compounds [47,51,52].

4.1.1 Materials and Methods

4.1.1.1 Preparation of porous samples and dense targets

Two compositions of the Smy(FexNi1x)aSb1. filled skutterudite system were prepared
by the conventional melting-quenching-annealing technique with nominal (x = 0.63; y = 0.20)
and (x = 0.70 y = 0.40), being the former at the n/p crossover, and the latter p-conducting,
respectively [142]. The Sm content was chosen based on the results described in [42]. Besides,
Sb was added in a slight excess compared to the stoichiometric quantity in order to compensate
for the possible loss caused by its non-negligible vapour pressure (0.133 Pa at 873 K [177]).
Small pieces of pure elements (Fe, Alfa-Aesar, 99.99 wt.%; Ni, Alfa-Aesar, 99.99 wt.%; Sm,
NewMet; 99.9 wt.%; and Sh, Mateck, 99.99 wt.%) were weighted in due amount and placed
under vacuum in quartz tubes. The mixtures were then thermally treated at 1223 K for 1 hour
to ensure the homogenization of the liquid phase, and then hastily cooled in a water bath to
improve microcrystallinity and facilitate the subsequent annealing process. As-cast samples
were then annealed in a vacuum at 873 K for 7 days in order to promote the formation of the
desired phase and subsequently ground in a mortar operating within an Ar-filled glovebox in

order to prevent oxidation.

The sample with x = 0.63 was densified by spark plasma sintering (SPS, home-made
machine at the University of Pavia, Italy) at 773 K for 5 minutes under a pressure of 50 MPa.
Discs’ diameters range between 1 and 1.5 cm, depending on the availability of the starting
material. Targets of specimens with x = 0.70 were prepared by the open die pressing technique
(ODP, at CNR-ICMATE in Lecco, Italy). Powders were encapsulated into an iron sleeve; the
inner surface was covered with a layer of BN to prevent sticking and to facilitate the sample
removal after the process. The specimen was preheated at 773 K for 3 minutes and pressed with
its axis horizontally oriented between two heated plates of a hydraulic press. The dense sample
is provided with a characteristic shape, giving the possibility to obtain two distinct targets.
Samples are named Fe63 and Fe70, depending on Fe % amount with respect to the total (Fe +

Ni) content.
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4.1.1.2 Characterization of porous samples and dense targets

Morphology and composition of both porous and dense samples were studied by
electron microscopy coupled to energy-dispersive x-ray spectroscopy (SEM-EDS, Oxford
Instruments, Abingdon, UK, model 7353 with Oxford-INCA software v. 4.07, Link Analytical
— Oxford Instruments, Abingdon-on-Thames, UK, working distance: 15 mm, live time: 40 s):
to this purpose, small pieces were encapsulated in resin and micrographically polished prior to
being analyzed. EDS analyses were performed on at least five points for each selected area.
Microhardness of porous samples was measured by means of a Leica VMHT microhardness
tester (Leica, Wetzlar, Germany) provided with Vickers indenter. A test load of 50 g was

applied with a dwell time of 15 seconds; 10 tests were performed on each sample.

Powders obtained from grinding bulk porous samples were analyzed through x-ray
diffraction by a Bragg-Brentano powder diffractometer (Philips PW1050/81, Amsterdam, The
Netherlands, Fe-filtered Co Ka radiation, power settings: 30 mA, 40 kV) making use of a zero-

background sample holder in the 20°-110° angular range.

4.1.1.3 Deposition of thin films

Filled skutterudite thin films were grown by the pulsed laser deposition (PLD) technique
using a fourth harmonic of Nd:YAG (266 nm, 10 Hz) laser (LOTIS TII, Minsk, Belarus).
Squared silica pieces were chosen as substrates, undergoing firstly a cleaning process at 773 K
for 2 h, and being then glued by means of silver paint on an Inconel plate which was then
inserted into the PLD chamber. The laser was shot on the dense Fe63 and Fe70 targets with an
energy density of about 4.2 J/cm? for a deposition time of 60 minutes under a high vacuum (10"
4 Pa). Films were deposited both at room temperature and at 423 K, and a set of the former
batch was subjected to an annealing process at 423 K for 1 h under a flux of argon gas (200
cm®/min). Films are named Fe63 RT, Fe70_RT, Fe63_423, Fe70 423, Fe63_ann, Fe70_ann
according to the Fe amount, as previously elucidated, and to the process, the sample was
subjected to: RT (deposition at room temperature), 423 (deposition at 423 K), ann (annealed).
In Table 1 an overview of the experimental conditions of films deposition is reported.
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Table 1- Experimental conditions of the thin films’ depositions.

Deposition  Deposition Target-Substrate Annealing

Sample Temperature [K] time [min] Distance [mm] [min-K]
Fe63_RT 293 60 35 -
Fe63_423 423 60 35 -
Fe63_ann 293 60 35 60 - 423
Fe70_RT 293 60 35 -
Fe70_423 423 60 35 -
Fe70_ann 293 60 35 60 - 423

4.1.1.4 Characterization of thin films

Morphology and composition of thin films surfaces were studied by electron
microscopy coupled to energy-dispersive X-ray spectroscopy (SEM-EDS, JEOL/JSM-7100F,
Akishima, Japan) to this purpose, the surface of the films was coated with gold prior to being
analyzed. EDS analyses were performed on at least five points for each selected area. The
thermoelectric parameters, such as electrical conductivity ¢ and Seebeck coefficient S, were
concurrently measured by the four-probe method between 348 and 523 K using a ZEM-3
(ULVAC Advance-Riko, Chigasaki, Japan) apparatus under a partial He pressure to assure the
thermal transport between the heater and the sample. The thickness of samples was evaluated
by means of a Dektak 6M Stylus profilometer (Bruker, Billerica, MA, USA).

All samples were subjected to the x-ray diffraction analysis, both before and after the
thermoelectrical characterization by a Bragg-Brentano powder diffractometer (Smart Lab3
Rigaku Corporation, Tokyo, Japan) using the Cu Ka radiation in the 10° - 100° angular range
with angular step 0.02° (power settings: 40 mA, 40 kV).

The picosecond Time-Domain ThermoReflectance (TD-TR) technique using a
customized focused thermal analysis system based on PicoTR (PicoTherm, Tsukuba, Japan)
was utilized to measure the thermal conductivity of the samples at room temperature in the
cross-plane direction [178,179,180,181].
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4.1.2 Results and Discussion

4.1.2.1 Morphological, compositional and structural properties of porous and dense
samples

The surface of bulk annealed samples appears highly porous, as depicted in Figure 43,

where microphotographs taken on both samples by secondary electrons (SE), are shown.

Ay -

Figure 43 - SE-SEM microphotographs of the polished surface of bulk samples a) Fe63 and
b) Fe70 [176].

Backscattered (BS) images and EDS analyses suggest that the main phase is the desired
skutterudite, with composition Smo.17(Feo.soNio.40)3.75Sb12 and Smo.as(Feo.soNio.21)3.75Sb12 for
samples Fe63 and Fe70, respectively. Nevertheless, the presence of the additional phase SmShy,
which is commonly found in non-perfectly monophasic samples belonging to this system [182],

can be observed too, as can be inferred from Figure 44.

Figure 44 - BS-SEM microphotograph of the polished surface of sample a) Fe63 and b) Fe70
[176].
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The presence of the aforementioned additional phase, as well as of a tiny amount of Sb,

is confirmed by the results of X-ray acquisitions, as observable in Figure 45.
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Figure 45 - X-ray diffraction pattern of sample Fe70 and calculated diffractograms of
skutterudite, Sb and SmShy. In the experimental pattern, Miller indexes of the skutterudite
phase are indicated, as well as the position of the main peaks of the additional phases Sb and
SmSh, (asterisks) [176].

Microhardness was measured at several points of both phases on the Fe70 surface;
results clearly show clustering of data around two values, namely 462(23) and 373(14) HV,
being the former associated with skutterudite and the latter to the SmSb> extra phase. Such a
value for skutterudite is in good agreement with the ones of samples belonging to the
(Sm,Gd)y(FexNi1-x)aSbi2 system [41].

Figure 46 - SE-SEM microphotograph taken on dense Fe70 sample
[176].
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After the densification process, both compositions show a significant density
enhancement, as clearly depicted in Figure 46, presenting the surface of targets as revealed by
SE-SEM.

4.1.2.2 Morphological, structural and transport properties of thin films

Figure 47 - Top view LED-SEM images of samples (a) Fe63_RT, (b) Fe63_ann and (c)
Fe63 423 [176].

The morphology of thin films is shown in Figure 47 and Figure 48, which present LED-
SEM photos of the surface of the film.

Films deposited at room and at high temperature present a large difference: while the
former (Figure 47 a and b, Figure 48 a and b) show a very smooth texture, the latter (Figure
47c, Figure 48c) present uniformly distributed nanosized grains appearing on the surface of the
film. Under a brief analysis with the EDS, they appear richer in Sb compared to the film. As
can be inferred from the high magnification image taken on the sample Fe70_ann (Figure 49),
the typical grain size of these films is around 20 nm. Analogous morphology can be observed
on other samples of both series. On the surface of all films, it is noticeable the presence of drops
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with sizes ranging from 1 to 2 um, typical of films deposited via PLD [183]. In order to reduce
this inconvenience as much as possible, a study regarding the dependence of the morphology

from the laser energy density is required in the future.

Figure 48 - Top view LED-SEM images of samples (a) Fe70_RT, (b) Fe70_ann and (c)
Fe70_423 [176].

Figure 49 - Top view high magnification (x100k) LED-SEM images of sample Fe70_ann
[176].

The X-ray diffraction (XRD) patterns collected on the three films belonging to the Fe70

series are presented in Figure 50; analogous behaviours are shown by the Fe63 series. Both
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samples as-deposited at room temperature (Fe63 RT and Fe70_RT) result to be mostly
amorphous. After undergoing the annealing process, both films (Fe63_ann and Fe70_ann)
exhibit the peaks corresponding to the skutterudite structure, indicating the formation of a
crystalline structure. It has to be noticed that, at variance with bulk samples, annealed films
present only the desired skutterudite phase and not additional ones. Contrariwise, samples
deposited at 423 K (Fe63_423 and Fe70_423) show both skutterudite and undesired additional
phases, such as Fe-Ni antimonides, or residual free Sb, similarly to bulk samples.
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Figure 50 - X-ray diffraction patterns of films belonging to the Fe70 series (O refers to the
secondary phases Sm and SmShy) [176].
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Figure 51 - Electrical conductivity measurement cycles performed on sample Fe70_ann.
Lines are guides for the eye [176].

The importance of the annealing process is illustrated by the electrical conductivity
measurements cycling. As depicted in Figure 51, representing the ¢ measurement of sample
Fe70_ann, it is clearly visible that during the first heating up to 523 K, the ¢ drop suddenly
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Figure 52 - Trend of the last cycle of the electrical conductivity as a function of temperature
for samples Fe63_ann and Fe70_ann [176].

around 325-425K to a lower o range attesting of a remain instability of the annealed films during
the measurement. However, after the first heating cycle, the o became perfectly reproducible;
all samples follow this trend. It is highly likely that the first temperature cycle acts as a further
annealing process, which promotes the obtainment of a higher crystallinity degree, even if the
appearance of new phases was not observed. As a consequence, only results deriving from
annealed films will be hereinafter considered.

Data reported in Figure 52, showing the trend of o vs. temperature for both compositions

of annealed films, confirm the semiconducting nature of the samples and the substantial
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Figure 53 - Trend of the Seebeck coefficient as a function of temperature for samples
Fe63 ann and Fe70_ann [176].
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closeness of their electrical conductivity values. A comparison with data of the
(Sm,Gd)y(FexNi1x)aSbi2 skutterudite [41] indicates that the present ¢ values are not far from
the ones of dense samples with x = 0.8, while they are significantly higher than those of Sm-
filled bulk samples [184].

The Seebeck coefficient S is presented in Figure 53 as a function of temperature for both
annealed films. The two compositions present very similar data and result to be p-conducting,
with values remarkably lower than the ones of (Sm,Gd)-filled compositions [41] and of Sm-
filled bulk samples [184]. In comparison with thin films, the Sm-filled skutterudite bulks
present a larger size of the grains (72~307 nm), and lower density, (82%~97%) depending on
composition and on the applied sintering pressure, according to the calculations reported in
[142]. The larger size of the grains and relatively lower density of the bulks with respect to
films could be responsible for a higher electron scattering, which conversely yields higher
values of SAs a general remark, it can be observed that both samples exhibit a weak dependence
on temperature. As already observed in the two aforementioned cases, even in the present one
the trend of S vs. T shows a maximum at ~500 K, as the measurement extends over a sufficiently

broad temperature range.

Table 2 - Thickness, RT and high-T Seebeck coefficient and thermal conductivity of samples
Fe63 RT, Fe63 ann, Fe70_RT and Fe70_ann.

Thickness S@RT S @523K k

Sample " |'ml VKl [WV/KI [WmK]
Fe63_RT 490 71.6 72.7 -
Fe63_ann 300 65.6 74.1 1.91
Fe70_RT 520 1.30 3.68 -
Fe70_ann 200 68.0 78.2 2.21

Making use of the measured o and S values, the power factor (PF=6S5%) has been
estimated for both compositions, as resulting in Figure 54. As a consequence of the
aforementioned maximum in S, even in the trend of PF a maximum occurs roughly at the same
temperature as in S. Regarding the absolute values of the two observed maxima, they are 323
uW/m-K? and 466 pW/m-K? for samples Fe63_ann and Fe70_ann, respectively, which are
significantly lower than the corresponding data of the (Sm,Gd)-filled skutterudite [41]. The
reason behind this behaviour can be found in the cited lower value of the Seebeck coefficient

with respect to the dense doubly-doped system [41].
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For sake of comparison, the power factor of our films is compared with other
skutterudite thin films reported in the literature. It can be observed that our data are comparable

with the ones of Co15.82She2.04Te22.14 [51] and significantly higher than those of Ag-doped CoSbs
[185].

A comparison with thermal conductivity data of (Sm,Gd)-doubly doped [41], even if
limited to room temperature data, shows interesting implications. Values of x of films reported
in Table 2 are very close to the ones of the doubly-doped sample with x = 0.50 (k = 2.16
W/m-K) and only slightly higher than the one of the samples with x = 0.80 (x = 1.59 W/m-K),
where the amount of filling ions and hence of scattering centres, is noticeably higher. This result
IS very encouraging, as it suggests that the presence of interfaces acts similarly to the
introduction of two different filling ions in terms of the creation of scattering centres. It can be
therefore hypothesized that better tailoring of the film composition, for instance by introducing
more than one filler, or by partly substituting Sb by a proper atom, can lead toward a further

reduction of thermal conductivity and an enhancement of ZT.

Table 3 shows the thermal properties at room temperature of annealed films. For our
samples we considered ¢, = 220 J/kg-K and p_= 7360 kg/m?.
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Figure 54 - Trend of the power factor as a function of temperature for samples Fe63_ann and

Fe70_ann compared to other samples in literature, namely Co1582Sbe2.04T€22.14 [51] and Ag-
doped CoShs [185]. [176].
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Table 3 - Thermal properties of samples Fe63_ann and Fe70_ann.

Sample Heat diffusion time y Thermal Effusivity Thermal Conductivity
7 [s] b, [J/(s**m2K)] ks [W/(m'K)]
Fe63_ann 55.5 x 10-10 0.747 1757 1.91
Fe70_ann 6.21 x 10-10 0.717 1890 221

4.1.3 Conclusions

In the framework of the optimization of the thermoelectric properties of Sb-based filled
skutterudites, thin films of two compositions belonging to the Smy(FexNi1-x)aShi> system were
deposited by PLD. The system was chosen because of the promising thermoelectric
performance exhibited by the corresponding bulk samples. The cited properties are expected to
be improved by the introduction of further scattering centres represented by the low
dimensionality and the presence of interfaces, which are typical features of films.

Depositions were performed both at room and at high (423 K) temperature; moreover,
the former samples were annealed at 423 K. X-ray diffraction suggests the highest phase purity
in annealed samples; accordingly, transport properties values become stable only after three
cycles up to 523 K, thus highlighting the importance of the annealing process. Regarding the
transport properties of annealed films, electrical conductivity assumes values comparable to the
ones of bulk samples, while the Seebeck coefficient results to be strongly lower, which
determines lower values of the power factor. Room temperature thermal conductivity is similar
in Sm-doped films and in (Gd,Sm)-doped bulk samples, thus suggesting that the presence of

interfaces in films acts similarly to the introduction of different filler ions in bulk samples.
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4.2 Systematic Study About the Annealing of (Fe,Ni)-Based Skutterudites

As a consequence of the work described in Section 4.1, a systematic study of the
annealing of the aforementioned thin films was carried out, in order to find the best conditions
to obtain a stable high-performance material. To this purpose, n-, p- and n/p crossover-type
samples were deposited via PLD and then underwent an annealing process under argon

atmosphere varying temperature and time.

Thermoelectric properties were then measured, and XRD patterns were acquired as well.
At the present day, only limited considerations regarding TE properties can be reported here.
The calculation of cell parameters as a function of the annealing temperature is in process and
Hall effect measurements will be performed soon, in order to have a complete set of data to

accurately describe the influence of annealing of the structure and on carriers of the samples.

4.2.1 Materials and Methods

4.2.1.1 Preparation of the material and dense targets

Three compositions of the Smy(FexNi1-x)aSb1. filled skutterudite system were prepared
by the conventional melting-quenching-annealing technique with nominal (x = 0.50, 0.63,
0.70), being n-type, n/p crossover, and p-conducting, respectively [42], and the Sm content was
chosen accordingly. Furthermore, Sb amount has been considered in a slight excess than
stoichiometrically necessary with the aim to compensate the possible loss caused by its quite
significant vapour pressure (0.133 Pa at 873 K [177]). Small pieces of pure elements (Fe, Alfa-
Aesar, 99.99 wt.%; Ni, Alfa-Aesar, 99.99 wt.%; Sm, NewMet; 99.9 wt.%; and Sbh, Mateck,
99.99 wt.%) were weighted in due amount and placed under vacuum in quartz tubes. The
melting process was carried out at 1223 K for 3 hours to guarantee the homogenization of the
liquid phase, and then a rapid quenching in a water bath followed, in order to improve
microcrystallinity and simplify the subsequent annealing process. The obtained bulks were then
annealed in vacuum at 873 K for 7 days in order to promote the formation of the desired phase
and afterwards ground in an agate mortar operating within an Ar-filled glovebox in order to

prevent oxidation.
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The sample with x = 0.63 was densified by spark plasma sintering (SPS, home-made
machine at the University of Pavia, Italy) at 773 K for 5 minutes under a pressure of 50 MPa.
Target with x = 0.50 was prepared under the same conditions but with another commercial SPS
(Dr. Sinter Lab Jr. Series 322Lx, at NIMS, Tsukuba, Japan). Discs’ diameters range between 1
and 1.5 cm, depending on the availability of the starting material. Targets of specimens with x
= 0.70 were prepared by the open die pressing technique (ODP, at CNR-ICMATE in Lecco,
Italy). Powders were closed into an iron sleeve; the internal surface was covered with a layer
of BN to prevent sticking and to facilitate the sample removal after the process. The specimen
was preheated at 773 K for 3 minutes and pressed with its axis horizontally oriented between
two heated plates of a hydraulic press. The dense sample is provided with a characteristic shape,
giving the possibility to obtain two distinct targets. Samples are named Fe50, Fe63 and Fe70,

depending on Fe % amount with respect to the total (Fe + Ni) content.

The characterization of porous samples and dense targets were not performed, as targets

were the same used for the previous chapter.

4.2.1.2 Deposition of thin films

Filled skutterudite thin films were prepared by the pulsed laser deposition (PLD) method
using a Nd:YAG (266 nm, 10 Hz) laser. Substrates of silica in a squared shape (1x1 cm?)
underwent initially a cleaning process at 773 K for 2 h in air, and, thenceforward, they were
secured to an Inconel plate with silver paint to be then inserted into the PLD chamber. One side
of the sample was covered with Kapton tape in order to remove it and be able to measure the
thickness later. The laser was shot on the dense targets with an energy density of about 4.2
Jlem? under a high vacuum (10 Pa). Films were deposited all at room temperature for a time
of 30 minutes, and they were annealed following different parameters. For each composition,
four temperatures (150, 200, 250 and 300 °C) and two times (3 h and 6 h) were investigated,
all under a flux of argon gas equal to 200 cm®/min. A third series was deposited, named series
¢, for the annealing from 150 to 250°C, with a doubled deposition time (60 minutes) but with a
difference in the setting of the PLD holder. Three samples were deposited at the same time,
rotating the substrate holder in order to have more homogeneous films. Films are named
FeXX _YYYaand FeXX-YYYc if annealed for 3 hours, and FeXX_YYYb if the time was 6h.
XX is related to the composition (50,63 or 70) of the target and YYY is the annealing

temperature, as described above. For sake of simplicity due to the heavy amount of data, we
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decided to keep used of Celsius instead of kelvin in this regarding annealing temperatures). In

Table 4 an overview of the experimental conditions of films deposition is reported.

Table 4 - Deposition and annealing parameters and thin films’ thickness.

Sample Deposition Deposition Annealing Annealing Thickness

T [K] time [min] T [°C] time [h] [nm]
Fe50_150a 300 30 150 3 229
Fe63_150a 300 30 150 3 265
Fe70_150a 300 30 150 3 253
Fe50_200a 300 30 200 3 244
Fe63_200a 300 30 200 3 237
Fe70_200a 300 30 200 3 226
Fe50_250a 300 30 250 3 319
Fe63_250a 300 30 250 3 226
Fe70_250a 300 30 250 3 350
Fe50_300a 300 30 300 3 318
Fe63_300a 300 30 300 3 238
Fe70_300a 300 30 300 3 335
Fe50_150b 300 30 150 6 372
Fe63_150b 300 30 150 6 287
Fe70_150b 300 30 150 6 325
Fe50_200b 300 30 200 6 347
Fe63_200b 300 30 200 6 241
Fe70_200b 300 30 200 6 319
Fe50_250b 300 30 250 6 437
Fe63_250b 300 30 250 6 274
Fe70_250b 300 30 250 6 208
Fe50_300b 300 30 300 6 463
Fe63_300b 300 30 300 6 222
Fe70_300b 300 30 300 6 244
Fe50_150c 300 60 150 3 220
Fe63_150c 300 60 150 3 319
Fe70_150c 300 60 150 3 247
Fe50_200c 300 60 200 3 220
Fe63_200c 300 60 200 3 319
Fe70_200c 300 60 200 3 247
Fe50_250c 300 60 250 3 220
Fe63_250c 300 60 250 3 319
Fe70_250c 300 60 250 3 247
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) 48
Figure 55 - (on the left) Bottom view of the samples in the chamber. They are

glued upside down. (on the right) Samples after the deposition. The Kapton tape
and the position on the holder are visible.

4.2.1.3 Characterization of thin films

The electrical conductivity o and Seebeck coefficient S of the a series were acquired by
means of custom-made apparatuses (Toyota Technological Institute, Nagoya, Japan), with four-
probe methods and steady-state method respectively while thermoelectric properties of the
samples belonging to the b series were simultaneously measured by the four-probe method
between 348 and 523 K using a ZEM-3 (ULVAC Advance-Riko) apparatus under a partial He
pressure to assure the thermal transport between the heater and the sample. The thickness of
samples belonging to the a series was evaluated by an optical profilometer Profilm3D
(Filmetrics), which gives also the opportunity to obtain a 3D view of the surface of the sample,

while the b series were analysed by a means of a Dektak 6M Stylus.

All samples were subjected to the x-ray diffraction analysis, both before and after the
thermoelectrical characterization by a Bragg-Brentano powder diffractometer (Smart Lab
Rigaku Corporation) using the Cu K, radiation in the 10° - 100° angular range with an angular
step of 0.02° (power settings: 50 mA, 40 kV). The series ¢ underwent to x-ray diffraction
analysis using the Cu K, radiation in the 5° - 100° angular range with an angular step of 0.01°
(power settings: 50 mA, 40 kV).

Hall coefficient determination at room temperature was performed on samples as-
deposited and annealed at 200 °C of the series ¢ through the usage of a standard 4-terminal
method with a commercial PPMS instrument (Quantum Design, San Diego, CA, USA) using

an electrical AC current of 5 mA.
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4.2.2 Results and Discussion

Figure 56 — 3D acquisition of a 2x2 mm? area of the sample Fe50_150a. The green surface is
the silica substrate, the pink one the skutterudite thin film. Colour gradient only refers to the
height of the sample.

From the data collection obtained by means of the optical profilometer (Figure 56 and
Figure 57), it is possible to acquire some information. Thicknesses are found to be in the range

between 226 and 463 nm, depending on the position on the substrate holder.

Figure 57 - 3D acquisition of a 2x2 mm? area of the sample Fe50_300a. The green surface is
the silica substrate, the pink one the skutterudite thin film. Colour gradient only refers to the
height of the sample.
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Figure 58 — Preliminary X-ray diffraction pattern of films belonging to the Fe50 series and
annealed for 3 hours at different temperatures.

Samples annealed at 150 and 200 degrees are displaying a terraced surface morphology
(Figure 56), already found in other films prepared by PLD, such as YBa>,CuzO7;-« [186] and
SrTiO3[187], while the surface appears flatter for samples annealed at higher temperatures (250
and 300 °C).

From the collected XRD diffraction patterns, performed before (FeXX_RT) and after
the annealing process (FeXX_YYYaand FeXX_YYYD), it is noticeable the importance of the
thermal treatment with the aim to obtain stable and crystalline samples. and same as the

previous work, as-deposited samples clearly give origin to amorphous films, while, after the
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Figure 59 — Preliminary X-ray diffraction pattern of films belonging to the Fe50 series and
annealed for 6 hours at different temperatures (* refers to free Sh).
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annealing, skutterudite’s diffraction peaks appear in the XRD diffractograms. No secondary
phases are visible from this analysis for all samples annealed for 3 h and films annealed at 150
and 200 °C for 6 h, confirming the results described in Section 4.1.2.2. In the meanwhile,
samples annealed at higher T show the appearance of a peak attributable to free Sb (Figure 59).
In Figure 58 and Figure 59, it is only noticeable how the intensity of peaks increases with the
annealing temperature and time. Anyway, as visible in Figure 58 and Figure 59, peaks are low
and the signal/noise ratio is not enough good to obtain relevant info.

Although, the variation of the cell parameter a was preliminarily investigated by means
of a graphic method with the software WinPlotR [188] in order to get a first overview of our
samples and the results are reported in Table 5 and Table 6. As a general consideration, it can
be seen that the cell parameter (a = b = ¢, being a cubic structure) decreases with the increase
of the annealing temperature. This fact is quite common, due to the rearrangement caused by
the thermal process. Because the lower parameter is accompanied by a change in the TE
properties, as it will be described later, a slight change in the composition cannot be excluded
(the cell parameter is sensitive to the quantity of Fe and Sm). Furthermore, by raising the
quantity of Fe in the sample, especially between Fe63 and Fe70 series, the value of the cell
parameter becomes bigger, as expected from a previous work of Artini et al. on bulk

skutterudites belonging to the same system [42].

Table 5 - Cell parameters for the samples annealed for 3 hours (series a).

T annealing Parameter Fe50_a Parameter Fe63_a Parameter Fe70_a
[°Cl [A] [A] [A]
150 -- 9.063 9.077
200 9.059 9.063 9.072
250 9.049 9.068 9.073
300 9.031 9.048 9.047

Table 6 - Cell parameters for the samples annealed for 6 hours (series b).

T annealing Parameter Fe50 b Parameter Fe63 b Parameter Fe70_b
[°C] [A] [A] [A]
150 9.070 9.063 9.081
200 9.053 9.066 9.072
250 9.038 9.070 9.066
300 9.037 9.053 9.058

Samples belonging to the Fe50 series are less crystalline, and the higher the annealing

temperature, the more pronounced the crystallinity is. The grade of crystallinity in the films
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belonging to the series Fe63 is the highest among all samples. Deeper analyses regarding the

cell parameter to understand its correlation with the thermal treatment are needed. Rietveld

refinements to understand in depth the behaviour of the cell parameters, strain and domain

evolution are required. Anyway, the signal/noise ratio was not high enough to perform the
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Figure 60 - Electrical conductivity vs. temperature. On the left side there are samples annealed for
3 hours while of the right-side sample annealed at 6 hours. Each graph focuses on one
composition. Scales are intentionally displayed with different values to be able to appreciate better
the differences between samples in the same plot. a) Fe50 for 3 h; b) Fe50 at 150°C for 6 h; ¢)

Fe53 for 3 h; d) Fe63 for 6 h; e) Fe70 for 3 h; f) Fe70 for 6 h.
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required advanced analysis. At this purpose, a new series called ¢ was deposited and preliminary

data are discussed later in this chapter.

Electrical conductivity, Seebeck coefficient and power factor were investigated with
their dependence on temperature and on the annealing temperature. Most of the samples
annealed at 300°C were not measured because they presented a clearly damaged brownish

surface.

Contrarily to the behaviour of samples described in Section 4.1.2.2 in the Figure 51, 3-
and 6-hours annealing processes are found long enough to obtain stable samples suitable for

the thermoelectric properties’ measurement at high temperature.

In Figure 60, the trend of electrical conductivity vs. temperature is presented for all
samples. Values for films annealed for 3 hours, corresponding to all graphs on the left side, are
found usually higher than the others. As the main observation, values for the sample annealed
at 150°C are comparable to the values displayed in Section 4.1.2.2. Furthermore, the trends

confirm the semiconducting nature of the samples.

In Figure 61 the electrical conductivity is displayed together with the respective cell

parameters. Generally, it appears that both electrical conductivity and cell parameters decrease
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Figure 61 - Trend of the electrical conductivity at 573 K and cell parameters of the
corresponding samples. Only samples for which both values were available are represented
here.
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with the increasing of the annealing temperature, with lower values for the longer annealing

time.

Regarding Seebeck coefficient measurements, S vs. temperature is shown in Figure 62.

The two compositions Fe63 and Fe70 present very similar data and result to be p-conducting,
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Figure 62 — Seebeck coefficient vs. temperature. On the left side there are samples annealed
for 3 hours while of the right-side sample annealed at 6 h. Each graph focuses on one
composition. a) Fe50 for 3 h; b) Fe50 at 150°C for 6 h; ¢) Fe53 for 3 h; d) Fe63 for 6 h; e)
Fe70 for 3 h; f) Fe70 for 6 h.
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Figure 63 - Trend of the Seebeck coefficients at 573 K and cell parameters of the
corresponding samples. Notice that absolute values are reported for the Fe50 series, for a
practical reason. Only samples for which both values were available are represented here.

with values remarkably lower than the ones of (Sm,Gd)-filled compositions [41], same as
described in Section 4.1.2.2, while the series Fe50 appears to be n-conducting, according to
[143]. As a general consideration, all samples have a weak dependence on temperature, and
maximum values are mostly found at 500 K. Peak values for each composition were found to
be ~ -37 uV/K for the sample Fe50_200b, ~80 uV/K for the sample Fe63_150b and ~64 pV/K
for the sample Fe70_250b.

Values of Seebeck at high temperature and cell parameters of the films are depicted in
Figure 63. With the exception of the series Fe63a, Seebeck and cell parameters are showing an

opposite trend as a function of the annealing temperature.

Considering the measured electrical conductivity and Seebeck coefficient, values of
power factor in function as a temperature were then calculated and their trends are reported in
Figure 64. Combining o and S, the best performance is given by films annealed at 250°C for
3h. Aside from sample Fe63 150b, a longer annealing results in a degradation of the TE
performances of the thin films. Regarding the absolute values of the observed maxima for each
composition, they are 155 pW/m-K?, 373 uW/m-K?and 418 pW/m-K? for samples Fe50_200a,
Fe63_150b and Fe70_250a, respectively, which are significantly lower than the corresponding
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data of the (Sm,Gd)-filled skutterudite [41], but comparable to ones obtained by Bourgeés at all

for CoSbgs [51].

Same as before, data of best power factor for each composition are reported together

with obtained cell parameters in Figure 65. No visible correlation arises from the plot.
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Figure 64 — Power factor vs. temperature. On the left side there are samples annealed for 3
hours while of the right side sample annealed at 6 h. Each graph focuses on one
composition. a) Fe50 for 3 h; b) Fe50 at 150°C for 6 h; ¢) Fe53 for 3 h; d) Fe63 for 6 h; e)

Fe70 for 3 h; f) Fe70 for 6 h.
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Figure 65 - Trend of the power factor at 573 K and cell parameters of the corresponding
samples. Only samples for which both values were available are represented here.

In the tentative to explain the effect of the annealing on thermoelectric properties of the
film in analysis, room temperature Hall measurements were performed to obtain the carriers’
concentration ny and mobility un values for the as-deposited and annealed (FeXX_200a, 200°C
for 3 hours) films and they reported in Figure 66a and Figure 66b respectively. The availability
of the facilities was limited and the number of samples for the analysis has to be restricted. For
this reason, the annealing temperature of 200°C was chosen due to the general higher TE
performance of the samples compared to the other conditions, and as- deposited samples were
measured as well in order to evaluate the effect of the heat treatment on the films. Anyway,
values of resistivity and mobility of carriers are not available for the sample Fe70_200a due to

a problem of peeling of the sample during the cleaning process prior to the measurement.

In both cases, moving from n- to p-type the mobility of carriers seems to decrease.
Regarding the number of carriers, the trend is opposite in the two batches: for the as-deposited
series, the number doubles from Fe50 to Fe70, while the exact opposite trend is shown for the
annealed series. Resistivity values seem to have a maximum for the sample Fe63_RT, while it
can be seen an increase between the sample Fe50_200a and Fe63_200a, but no info is available

for the sample Fe70_200a, as explained before.

With the aim to make a comparison between the two series, the number of carriers, their
mobility and the resistivity of samples are separately reported in Figure 67. In the Figure 673,
it is clearly visible how the annealing process caused a reduction of the number of carriers of
an order of magnitude, from 10?3 to 10?2 cm, while their mobility is doubled in the case of
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Figure 66 - Hall effect measurements of the number of carriers and their mobility for a) as
deposited films and b) films annealed at 200°C for 3 hours in function of the starting target
composition.

Fe63 and even increased by a factor of 4 for Fe50 (Figure 67b). Surprisingly, the resistivity

increases after the annealing process.

As aforementioned, new X-ray acquisitions were performed on the new series c.
Conditions of the analysis were changed, acquiring overnight measurements with a much lower
scan speed, aiming to obtain a better signal/noise ratio suitable for deeper refinements.
Unfortunately, due to time constraints on the common equipment, no data regarding the sample
Fe50_150c are available. For the same reason, the variation of the cell parameter a was only
preliminary investigated by means of a graphic method with the software WinPlotR [188] and
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Figure 67 —a) Number of carriers, b) mobility of carriers and c) resistivity for both as-
deposited and samples annealed at 200°C for 3h.

deeper analysis will be carried out soon in the view of the preparation of a paper. Results are

listed in Table 7 and graphically shown in Figure 68.

At a first glance, it is clear that these values are higher than the previous ones and are
closer to what was described by C. Artini et al [42] for bulk skutterudites with the same
compositions (Figure 69). As a general trend, rising the temperature of annealing, the cell
parameter increases as well for all compositions. This may be due to the rearrangement and
reorder of the structure thanks to the heat treatment. Moreover, same as the trend shown in
Figure 69 for bulks, our films present enlargement of the cell parameter between the
composition Fe50 (x = 0.5) and Fe70 (x = 0.7). Anyway, it is hard to explain why the cell size
appears bigger for the crossover composition Fe63 (x = 0.63), even though it should be
comparable to Fe50 and smaller than Fe70. Unfortunately, deeper analyses are needed again in
order to understand the real and precise effect of the annealing on our samples. Besides, the
new XRD data, as aforementioned, have much better quality and we positively think we will

be able to obtain more info in the near future.
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Table 7 - Cell parameters for the samples annealed for 3 hours (series c).

T annealing Parameter Fe50 b Parameter Fe63 b Parameter Fe70_b
[°C] [A] [A] [A]
150 - 9.144 9.129
200 9.104 9.137 9.125
250 9.103 9.137 9.120
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Figure 68 - Cell parameter for samples belonging to the series c.
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4.2.3 Conclusions

With the aim to obtain stable filled skutterudites thin films belonging to the Smy(FexNi-
x)4Sb12 system, a systematic study of the effect of the annealing was performed. Thin films were
prepared via the PLD method using fused silica as substrate. Intending to perform a complete
work, targets of both n- and p-type, such as the composition lying on the crossover between
them, were used. The difference between 3 and 6 h of annealing was investigated, such as the
dependence of TE properties on the annealing of the thermal treatment. All the starting thin
films were deposited at room temperature, to be successively subjected to an annealing
treatment at 150, 200, 250 and 300°C. The last temperature was not found suitable for the
material, causing an evident degradation of the film, immediately intuitable from the brownish

surface of samples.

At a preliminary point of the analysis, we noticed that, as a general rule, annealing
performed at 200°C and for 3 h is the best combination for these Fe,Ni-based filled
skutterudites. Measurements of carriers’ concentration and mobility were carried on only on as-
deposited and samples annealed at 200°C for time and apparatuses limitations, and they will
need to be performed on the remaining films to clarify the correlation of the transport and
thermoelectric properties with the annealing temperature. Moreover, better XRD patterns were
acquired, but more time is needed to complete good refinements. From a preliminary cell
parameter calculation, values decrease with the rising of the annealing temperature, probably
because of an effect of rearrangement of the structure and values are similar to the bulk ones.
Anyway, Fe63 shows a bigger size of the cell than expected but no more information is available

at the moment.
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4.3 Preliminary Thermoelectric Performances’ Test of a Skutterudite
Thin Film Device

On-chip thermoelectric thin film module containing five n-type and five p-type
skutterudite legs, from the targets Fe50 and Fe63 respectively mentioned in Section 4.2, was
fabricated on a fused silica substrate by the pulsed laser deposition technique. The performance
of modules was measured using ad custom-made system at Shibaura Institute of Technology

displayed in Figure 70, following the procedure previously done by S. Saini et al [189].

Temperature | | Module
Controllers Voltmeter

Heater

] Load Resistance R,

Figure 70 - Custom-made apparatus available at Shibaura IT in Professor Mele's laboratory.

As described by J. Garcia-Cafiadas [190], we consider a thermoelectric device made by
2N legs, with N the number of n- and p-type semiconductor pairs, under steady-state conditions.
The material’s properties are considered independent of temperature and have an average value
for the operating temperature range and they are considered equal for both n- and p-type
materials. In this case, the system delivers a certain amount of electric power P when connected

to a load. The power delivered to the load (called Ry) is given by the equation:
P =14V, (18)

where | is the electric current and 4V the potential difference across the load, expressed

as:
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It can be seen from Equation 19 that 4/ and I, and therefore P, vary when changing
the load resistance, which is a parameter that can be conveniently adjusted. After various
mathematical steps, it is found that the maximum power Pmax is achieved when:

[2N |S(T, — To)]?

max — 4R, (20)

where Tp and T are hot-end and cold-end temperature of the module and |S| is the

absolute average Seebeck coefficient, instead of using the single S values for the n- and p-type

materials for clarity. This equation predicts a parabolic relationship between Pmax and AT, which
experimentally is frequently found. Using Equation 2, Equation 20 can be also written as:

[2N V,]?

Brax = 4—RL (21)

As a consequence, V. was acquired with varying R. values, and Pmax was plotted as a

function of the voltage. The maximum output power at each temperature was then graphically

determined as the peak of the polynomial bell-shape fitting the experimental points.

4.3.1 Materials and Methods

Thin film devices were prepared by pulsed laser deposition using a Nd:YAG (266 nm,
10 Hz) laser. The substrate of silica in a squared shape (1x1 cm?) underwent initially a cleaning
process at 773 K for 2 h in air, and, thenceforward, they were secured to an Inconel plate with
silver paint. Before being inserted into the PLD chamber, the substrate was covered with a
custom-made Nickel mask (Process Lab. Micron Co. Ltd, Nagoya) (Figure 71) in order to
selectively deposit only the desired legs on the silica substrate. The laser was shot on the dense
targets (p-type Fe63 first) with an energy density of about 4.2 J/cm? for a deposition time of 30
minutes under a high vacuum (10 Pa) and at room temperature. Then, the Ni mask was
manually shifted in order to deposit the second set of legs (n-type Fe50) under the same
aforementioned conditions. The final result of all 10 legs deposited on the 1x1 cm? transparent

substrate is shown in Figure 71. The device underwent then to an annealing process at 200°C
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for 3 hours in order to enhance the thermoelectric properties of the materials as reported in

Section 4.2

I, npnpnNpNPNP
Sy 0 5 1

Figure 71 - On the left side, the Ni mask used for the selective deposition of thermoelectric
legs of the device. On the right side, a completed deposition of both n- and p-type legs.

Gold electrodes are then deposited in order to connect in series the device’s legs by
means of a Gold Sputtering (Sanyu Electron, SC-701Mk I1). A different custom-made Ni mask
(Process Lab. Micron Co. Ltd, Nagoya) (top left of Figure 72) is perfectly aligned on the
sample, which then is inserted in the sputtering apparatus for the deposition of the Au. On the
top right part of the Figure 72 the mask and the piece of glass (used only as support) are

portrayed after the process was completed.

Figure 72 - Upper pictures: gold deposition of the electrodes. Bottom pictures: wires
connections.
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b) .)

Figure 73 — a) Vertically-placed skutterudite module on the alumina plate. Ni wires are
visible. b) Direction of the heat flow during the performance measure on a thermoelectric
thin film module [189].

In order to perform the measurement, it was necessary to attach Ni wires to the sample

by means of silver epoxy. The result is shown in the bottom part of Figure 72.

Measurement of the performance of modules was carried out using an ad hoc
customized system where the module was arranged vertically (Figure 73a) in between alumina
positioned on a hot plate, which works as the heat source, and aluminium nitride sheet, working
as a heat sink, in contact with a beaker full of ice. The sample is positioned vertically with legs
perpendicular to the heat flow (Figure 73b) in order to maximize the thermoelectric output of
the device, being the module fabricated in a lateral TI-shape. The experimental setup is

schematically portrayed in Figure 74.
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Figure 74 — a) Schematic of module testing set-up with a load resistor (R = R.), where Th and

Tc are hot-end and cold-end temperature of the module, respectively. The module is portrayed

in his cross section [189]. b) Scheme of an n- and p-type semiconductor couple under power
generation mode delivering electric power to a load (R.) [190].
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The generation of thermoelectric voltage was checked by manually heating up the
module from the bottom on a hot plate (Th up to 300°C) while monitoring voltage (by Keithley
2182A) and temperature through two K-type thermocouples controlled by TR-KN units (AS-
ONE) placed on Al;O3 and AIN sheets. A difference in temperature between the two sides of
the module was generated by setting a water beaker as a coolant on the top of AIN sheet. This
thermoelectric voltage is acquired by using a variable resistance (in the range of 10 Q to 10°
Q), called load resistance Ri, and power was estimated at different temperatures (100, 200 and

300°C) for each value of external resistance.

4.3.2 Results and Discussion

The measure of Vi was repeated four times for each chosen R and the average value of
the potential has been used then to plot the P vs. Viayg graph by means of Equation 21. Values
are reported in Table 8 for three distinct temperatures of the hot side. Afterwards, polynomial

trendlines were added.

The maximum output power at each temperature was determined as the peak of the
polynomial bell-shape fitting the experimental points (plotted in Figure 75). For the temperature
on the hot side equal to Ti! = 100°C, the maximum of the curve graphically relies around the
value of Prax ~ 3.2:10°® W, while in both cases of T? = 200°C and Tp® = 300°C we found a Prmax
~1.6-107 W.

Table 8 — Hot side temperature, load resistance, average potentials and calculated power for
the skutterudite device.

Th [°C] AT [°C] R1 [Q] Viaog [mV] P [W]
1000 0.5283 6.976-10°
10000 3.466 3.003-10-¢
100 4 100000 7.380 1.362-10-8
1000000 8.152 1.661-10°
1000 1.250 3.906-10-¢
10000 7.972 1.589-107
200 9 100000 13.70 4.671-10%
1000000 13.16 4.327-10°
1000 1.685 7.098-108
10000 7.798 1.520-107
300 10 100000 14.49 5.246-108
1000000 15.35 5.893-10°
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These values are 3 to 4 orders of magnitude better than what reported by S. Saini et al
[189] for oxides TE modules, which were in the order of Pmax = 3-10"1* W at 300°C.

1.8 107
e T,'=100°C
: A T.72=200°C
1.4 107 4 o ' ® T,°=300°C

1.6 107 1

5y

1.2 107 A
1.0 107 4
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6.0 108 1
4.010°8 1 A
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Figure 75 - Plots of the fitting polynomial curves for the three temperatures of 100, 200 and
300°C.

4.3.3 Conclusions

The preliminary on-chip thin film thermoelectric module fabricated by PLD and entirely
made by Fe,Ni based filled skutterudites has been successfully fabricated. The performance of
the on-chip thermoelectric module was evaluated by an ad hoc customized system where the
module was set vertically. The output power increased between the operating temperatures of
100 and 200°C, while no substantial difference was found between 200 and 300°C, settling a
maximum of Pmax = 1.6-107 W, which is 3 to 4 orders of magnitude better than what was
reported by S. Saini et al [189] for oxides TE modules. Further studies will be carried out
varying the composition of the targets and substrates in order to find the best possible

performance.
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5 ALUMINUM-DOPED ZINC OXIDE THIN FILMS

5.1 Synthesis and Characterization of Al- and SnO.-Doped ZnO
Thermoelectric Thin Films

The attention of researchers towards the thermoelectricity field has been recently
focused on the development of stable, environmentally benign, abundant, and cost-effective TE
materials based on oxides. The ZT of oxides is not yet up to the level of the best conventional
TE materials and requires to be drastically improved to reach a level acceptable for practical
applications. The bulk oxides also have the main disadvantages of the requirement of a long
time for sintering and fabrication of the n- and p- elements, and their assembling in module
shape, and mechanical fragility. All these drawbacks can be overcome by using oxide thin films.
Thin-film materials offer significant advantages to developing oxide TE with high performance:
low dimensionality, rapid fabrication, control of strain at the interface with substrates, and the

possibility to insert artificial nano-defects to improve the phonon scattering.

In this work, we have been focused on enhancing the thermoelectric performance of Al-
doped ZnO films by the addition of a controlled amount of SnO: as a secondary dopant. AZO
has the same structure of hexagonal ZnO: wurtzite, hexagonal, space group P6smc, cell
parameters a = b = 0.3289 nm and ¢ = 0.5307 nm, while SnO: is cassiterite, tetragonal, space
group P42/mnm and cell parameters a = b = 0.4832 nm and ¢ = 0.3243 nm. Since the mismatch
between the a-axis of AZO and the c-axis of SnO; is 1.4%, we forecasted the growth of quasi-
epitaxial nanostructures (nanoparticles) of SnO2 with Csno2//aazo, dispersed in the AZO matrix.

The motivation of this study is to prove the presence of SnO, nanoparticulate into the
AZO matrix and verify the optimal content of SnO> for the TE properties of the nanocomposite
Al- and SnO2- doped (AZO+Sn0) thin films.
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5.1.1 Materials and Methods

5.1.1.1 Deposition of thin films

Two sets of four thin films were prepared using various compositions and substrate
materials. All samples were deposited both on amorphous silica and c-axis oriented alumina by
pulsed laser deposition (PLD) technique focusing a Nd:YAG (266 nm, 10 Hz) laser on dense
pellets. Four commercial targets (Kurt Lesker Ltd, Jefferson Hills, PA, USA) used for film
making had different content of SnO- (0, 1, 2 and 4 %w) dispersed in the Al-ZnO (AZO) main
phase where the Al content is kept as 2 w%. Prior to the deposition, the substrates were cleaned
at 773 K for 2h, then glued by conductive silver glue to a rectangular Inconel plate, which was
put in direct thermal contact with a cartridge heater and finally inserted into the vacuum
chamber. All films were grown with an energy density of about 4.2 J/cm? for 60 minutes at
573 K, in the atmosphere of 20 mtorr of oxygen. Thereafter, the samples deposited on silica
will be named AZO_xS and the ones deposited on alumina AZO_xA, with x =0, 1, 2 and 4
referring to the concentration (w%) of the SnO- in the respective targets.

5.1.1.2 Characterization of thin films

Electrical conductivity (o) and Seebeck coefficient (S) were measured by means of the
four-probe method using a ZEM-3 (ULVAC Advance-Riko, Yokohama, Kanagawa, Japan)
apparatus under partial He pressure to assure thermal transport between the heater and the
sample. Measurements with ZEM-3 were conducted performing three cycles between 353 and
573 K and measuring both heating and cooling processes. The o and S curves reported in the
Results section for each sample are the ones obtained from the last cooling cycle, considered as
the most stable and reliable one. The uncertainties on the ZEM-3 measurements are considered

equal to £4% on the electrical conductivity and £3% on the Seebeck coefficient ones.

The thickness of the thin films (in the range 295-585 nm, as summarized in Table 9)
was obtained by using a Dektak 6M Stylus Profiler (Bruker, Billerica, MA, USA) measurement
system and a Filmetrics Profilm 3D (KLA, Milpitas, CA, USA).
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The X-ray diffraction analysis was conducted on a Bragg-Brentano powder
diffractometer (Smart Lab 3, Rigaku Corporation, Tokyo, Japan) using the Cu Ko radiation in
the 10° - 100° angular range with angular step 0.02° (power settings: 40 mA, 40 kV).

The TEM images and EDS analyses were conducted on JEM-2100F (JEOL, Akishima,
Tokyo, Japan) with EDS spectroscopy. The STEM beam size was set to 0.5 nm.

The picosecond Time-Domain Thermo Reflectance (TD-TR) technique using a
customized focused thermal analysis system based on PicoTR (PicoTherm, Netzsch Japan KK,
Tsukuba, Japan) was utilized to measure the thermal conductivity of the samples at room

temperature (T = 300 K) in the cross-plane direction.

Hall coefficient determination at room temperature was performed through the usage of
a standard 4-terminal method with a commercial PPMS instrument (Quantum Design, San
Diego, CA, USA) using an electrical AC current of 5 mA.
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5.1.2 Results and Discussion

(a) (b)

Intensity [a.u.]/log scale
Intensity [a.u.]/log scale

10 20 30 40 50 60 70 0 20 30 40 50 60 70
26 [deg] 20 [deg]

Figure 76 - XRD spectra of AZO films deposited (a) on silica (series AZO_xS); (b) on Al2O3
(series AZO_xA). (hkl) reflections of AZO are indicated, while ¢ labels the peaks of Al,O3
substrate and asterisks * the unattributed peaks [175].

The 626 XRD patterns of the thin films fabricated on amorphous silica and single-

crystal c-axis oriented AlOs are reported in Figure 76 (a) and (b), respectively.

On both substrates, the preferred orientation of AZO films is along the c-axis since only
(00I) reflection appears. The presence of SnOz in the films of both series is undetectable by X-

rays even for the highest amount (x = 4).

a)

Figure 77 - (a) cross-sectional TEM image (magnification 150000X) of the AZO/silica thin
film AZO_0S; (b) double magnification (300000X) taken on the central zone of figure (a)
[175].
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a)

—k

Figure 78 - (a) cross-sectional TEM image (magnification 150000X) of the AZO/silica thin
film AZO_2S; (b) double magnification (300000X) taken on the central zone of figure (a)
[175].

The cross-sectional TEM images (magnification 150000X, Figure 77a and Figure 78a)
of two representative samples deposited on fused silica without (AZO_0S) and with the addition
of SnO2 (2 w%, AZO_2S) reveal a typical columnar growth along the c-axis of the films as
often reported in the literature for AZO PLD thin films [54,56,126,128]. The addition of SnO>
(AZO_2S) is not affecting the morphology of the films. The higher magnification images
(300000X, Figure 77b and Figure 78b for AZO_0S and AZO_2S, respectively) show that the

C coating

SiO, substrate

200 nm BF(frame1)

3 200 nm AK 200 nm

Figure 79 - TEM-EDS elemental maps of the AZO+SnO- 2 w% silica thin film (AZO_2S) for
the atoms Sn, Zn, Al, O and Si [175].
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columns are well connected without the presence of pores or misoriented grains so that the

density of the films can be considered close to the theoretical value.

The TEM-EDS mapping performed on sample AZO_2S (Figure 79) reveals a uniform
distribution not only of the elements Al, Zn, O, but also of Sn. Contrary to the predictions based

on the 1.4% lattice mismatch, Sn did not form nanoscale aggregates into the AZO matrix but
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Figure 80 - Hall effect measurements of the number of carriers and their mobility for films
deposited (a) on silica (series AZO_xS) and Al2Os (series AZO_xA) in function of the %
content of SnO- (x). Please note that is reported the absolute value of ny with the aim of

simplifying the reading. The resistivity of both series was measured at the lowest temperature
(348 K) using the ZEM-3 apparatus. Modified from [175].
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presumably entered as substitutional or interstitial atom in the AZO elementary cell. According
with TEM-EDS analysis, the atomic % of Sn in the film prepared with 2 w% SnO.-added AZO
target is 0.49%. The atom % of oxygen is 33.91%. Since it is not possible to separate the
contribution of oxygen from SnOzand from ZnO, we can only compare the % of Sn in the target
and in the film. The % of Sn in SnO> is 78.77%, which in 2 w% SnO- corresponds to 1.58%.
This means that in the film the amount of Sn is about 1/3 than in the target. Si is not considered

in the discussion being part of the substrate only.

Room temperature Hall measurement was performed to measure the carriers’
concentration ny and mobility un values for the AZO_xS and AZO_xA films and it is reported

in Figure 80, together with room temperature resistivity values from the ZEM-3 analysis.

The resistivity at room temperature has a clear ascending trend with the content of SnO>
on both substrates and the films on Al>Os present values of about a half of those of the films
grown on silica. The range of ny is almost the same on the two substrates, and is on the order
of 10%° cm3, as expected for a typical semiconductor as AZO. The maximum number of carriers
occurs at x = 1 on silica and at x = 2 on Al20s. The carrier mobility has the maximum at x = 2
on both substrates but is about 20 times larger on AZO_2A than on AZO_2S. AZO _0S has
larger mobility than AZO OA and this can be explained with the larger amount of misfit
dislocations generated on Al>O3, due to a lattice misfit of 15% [56,191]. Surprisingly, with
increasing the content of SnO2 doping, there was a reversal trend and the films grown on Al2O3
presented higher mobility, with the maximum value for AZO_2A - 20 times larger than for
AZO _0sS.
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Figure 81 - Trend of the electrical conductivity vs. temperature of thin films deposited on (a)
silica (series AZO_xS); (b) on Al>Oz (series AZO_xA) [175].
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The electrical conductivity for the AZO films is presented in Figure 81 as a function of

temperature in the range 300-600 K. The figure shows that o increases with the rising

temperature, confirming the semiconducting behaviour of materials. On both substrates, the

film grown without additional SnO; has the largest o followed by the film with x = 2.
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Figure 82 - Trend of the Seebeck coefficient vs. temperature of thin films deposited on (a)
silica (series AZO_xS); (b) on Al2O3 (series AZO_xA) [175].

The temperature dependence (300-600 K) of Seebeck coefficient for the AZO films is
plotted in Figure 82. S has a negative sign, confirming the n-type conducting behaviour of AZO.

Figure 82 shows that S decreases with the rising temperature, a reversal trend with respect to o

as commonly expected for semiconductor materials. On both substrates, the pure AZO film had

the lowest S while the sample fabricated with target containing 4% of SnO2 presents the largest

one.
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Figure 83 - Pisarenko plot at 300K for thin films deposited on (a) silica (series AZO_xS); (b)

on Al>Ogz (series AZO_xA) [175].

The Seebeck coefficient can be expressed as the previous Equation 5, reported here

again for sake of clarity:
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8m2k2 T \2/3
S = T(=— 5
< 3eh? >m (Bn) ()

where kg is Boltzmann’s constant, h is Planck’s constant, T is the absolute temperature,

m* is the effective mass and n is the carrier concentration. The effective mass is also expressed

as m* = o me, where me is the mass of the electron and « is a positive rational number.

The room temperature (300 K) “Pisarenko plots” (S versus nn) for both series of films
are reported in Figure 83 According to the graphs, m* was (0.3-0.6) me and (0.2-0.7) me for the
films grown on silica and alumina, respectively. The fractional me is consistent with a parabolic

band approximation and the relatively simple band structure reported for ZnO [192].
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Figure 84 - Trend of the power factor vs. temperature of thin films deposited on (a) silica
(series AZO_xS); (b) on Al2O3 (series AZO_xA) [175].

The calculated power factor (PF) as a function of temperature is shown in Figure 84.
The maximum power factor value is found for sample AZO_2S at 573K as 211.78 uW/m-K?2.

This value lies on the same order of magnitude as the one measured on bulk AZO in the same

conditions (340 pW/m-K? [194]) and is also comparable with the values reported for AZO thin
films [54,56,126,130,132,133,134].

The PFs of all films at 353K and 573K are summarized in Figure 85 making clear that
on both substrates, 2% of SnO- represents the optimal dopant’s concentration.
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Figure 85 - The trend of power factor with the content of SnO; for the two series of films on
silica and alumina at 353 and 573 K [175].

For the films AZO_0S and AZO_2S deposited on silica the measurements were

repeated using two different apparatuses to verify accuracy the reproducibility of data.

A summary of the transport and thermoelectric properties of the films of AZO_xS and
AZQO_xA series is reported in Table 9.

Table 9 - Thickness, electrical and thermoelectric properties of the AZO films deposited on
silica (series AZO_xS) and on Ai203 (series AZO_xA) with x = % of SnO> dopant

sample Thickness NH HH S S PF K
P [nm] [cm?]  [cm?V-s] [S/cm] [LV/K] [PW/m-K?  [W/m-K]
(300K) (B00K) (353K) (573K) (353K) (573K) (353K) (573K) (300 K)

AZO_0S 595 -7.812 10" 13571 394.7 405.3 -40.41 -58.66 64.47 139.5 8.88
AZO_1S 505 -1.67110*° 4503 231.2 245.0 -48.07 -68.02 53.43 1134 -
AZO_2S 300 -1.061 10*°  7.119 369.2 385.0 -48.13 -74.17 85.54 211.8 8.56
AZO_4S 295 -5.865 10*1°  0.8606 59.63 80.23 -68.57 -95.73 28.03 70.70 -
AZO_0A 535 -6.832 101  2.576 547.8 561.4 -23.38 -29.61 29.94 49.21

AZO_1A 498 -1.124 10*®  6.345 229.8 247.7 -47.66 -71.72 52.19 127.4

AZO_2A 535 -1.986 102 125.1 301.4 307.6 -49.00 -71.87 72.38 158.9

AZO 4A 480 -1.394 10*°  2.143 123.7 155.4 -44.06 -67.45 24.01 70.70

The room temperature (300 K) thermal conductivity («x) of the sample with the highest

PF (AZO_2S) and of a reference sample of the same batch (AZO_0S) was evaluated by the
TD-TR method [178,179,180,193]. The value of k was 8.88 and 8.56 W/m-K for samples
AZO_0S and AZO_2S, respectively. These values were in the same range as those reported for
pure AZO films deposited by PLD [54,56,128]. So the 4 times decrease of x with respect to
bulk [194] must be attributed to the phonon scattering of grain boundaries, and not to the

addition of SnO,. The calculation of ZT (T = 353 K) using equation (2) gave the following
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result: ZT (AZO_0S) = 0.003 and ZT (AZO_2S) = 0.004, of the same order as for AZO thin
film deposited by PLD on different substrates. Conservative estimates of ZT™ (T" =573 K) were
ZT (AZO_0S) = 0.009 and ZT" (AZO_2S) = 0.014. Since oxide thin films « is expected to
decrease with T [195], ZT was calculated using a conservative approach from the PF values at
353 Kor573 K, xat 300 K, and T = 353 Kor 573 K.

These values of ZT did not surpass the reported performance of bulk AZO at the same
conditions and were also of the same or lower level as for other AZO films prepared by PLD.
This indicated that SnO> could not be considered as an optimal dopant for AZO thin films for
thermoelectric applications. On the other hand, it could be that the fine dispersion of SnO: into
AZO matrix enhanced the photoelectric response of AZO, as reported for SnO./ZnO
hierarchical nanostructures prepared by electrospinning method [196], or can be used to

fabricate compact gas sensors, as reported for ZnO-SnO- nanofibers [197].

5.1.3 Conclusions

In summary, we fabricated using pulsed laser deposition (PLD) two series of
thermoelectric thin films of Al-doped ZnO (AZO) doped with various concentrations of SnO>
(x=0,1, 2, 4 wt%) on the substrates made of fused silica and Al,O3z (001) single crystals. The
goal was to enhance thermoelectric performance. All the films were c-axis oriented. The films
deposited on silica showed the highest values of Seebeck coefficient (S) and power factor (PF)
in comparison with the films on Al2O3 with the same content of SnO,. The AZO film on silica
with x = 2 showed the best performance, with o = 385.0 S/cm, S = -74.17 mV/K, and PF =
211.8 pW/m-K?2 at the maximum operating temperature (573 K). The room temperature (300
K) thermal conductivity of this sample was evaluated as x = 8.56 W/ m-K, with a calculated
figure of merit ZT (353 K) = 0.003 and a projected value of ZT (573 K) = 0.014, comparable

with ZT of the nanostructured PLD AZO films grown on several substrates.
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6 COBALT-DOPED COPPER ALUMINUM OXIDE

6.1 Strongly c-axis Textured Pure and Co-Doped CuAlO: Films Obtained
by Pulsed Laser Deposition

In order to assemble a TE device, both n- and p- type materials are needed. After
investigating AZO thin films in the previous section, which is an n-type material, we present
here a preliminary study regarding the p-type CuAlO,. Copper aluminium oxide is a transparent
semiconductor whose optoelectronic, electrical, and thermoelectric properties have attracted
attention, especially since the discovery of its p-type character by Kawazoe et al in 1997 [198].
p-type transparent conductors are much less common than their n-type commercially available
counterparts (tin selenium oxide, ITO). This fact hinders the development of practical

transparent electronic devices based on p-n junctions [199].

On the other hand, CuAlO- and other delafossite oxides have been considered promising
candidates as thermoelectric materials. They show high values of their Seebeck coefficient S
and, at least in principle, it is possible to tune their electrical and thermal transport by proper

control of their microstructure and chemical composition [200].

In the delafossite structure, each Cu atom is linearly coordinated with two O atoms,
forming O—Cu-O dumbbells parallel to the c axis (Figure 86). Oxygens in these O—Cu-O units
are also each coordinated to three Al atoms (in the figure, M'""), oriented such that Al-centered

octahedra form AlO: layers, which lie parallel to the ab plane [201].

Amongst the different synthesis methods that have been explored for deposition of
CuAlO: films, as pulsed laser deposition [198,202, 203], sputtering [204,205], spin-coating
[206] or spray [207], PLD and sputtering are preferred due to the prospect of easier application
for the fabrication of electronic devices. From a practical point of view, low or moderate
deposition temperatures, eventually combined with simple heat treatment procedures, would be

advantageous.

112



COBALT-DOPED COPPER ALUMINUM OXIDE

In this chapter, made in collaboration with prof. Marco A. Lopez de la Torre (University
of Castilla-La Mancha, Ciudad Real, Spain), we will describe our efforts to synthesize pure and
Co-doped CuAlO:> films by means of pulsed laser deposition (PLD). The results of structural

and physical properties characterization experiments will be presented and discussed.

layered
O-Cu-O
dumbell

layered
octahedral
MlllO

Figure 86 - The hexagonal delafossite structure. The green, red, and blue spheres are M'! (=
Al,Cr,Sc,Y), O, and Cu [201].

6.1.1 Materials and Methods

Thin films of pure and Co-doped CuAIO: (Co-CuAIlO: from now on) were obtained
using Pulsed Laser Deposition (PLD) in a vacuum chamber. A sintered ceramic disk of CUAIO>
(Toshima Limited, Tokyo) was used as target. In the case of Co-CuAlO., a composite target
consisting of Co chips glued on the CuAIO: disk was used instead. A Nd:YAG laser from
Advanced Optics Vacuum, operating at 10 Hz frequency and 266 nm wavelength, was used.
Substrates were glued with silver paste on an Inconel plate attached to the heater. Target-
substrate distance was fixed at 35 mm. Before every deposition the vacuum chamber was

pumped down with a molecular pump down to a base pressure of around 2-10~ Torr. Two sets
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of films were grown on c-axis (0001) oriented sapphire substrates using two different

procedures:

Table 10 - Deposition parameters for pure and Co-doped CuAlO, samples?.

Deposition  Deposition Deposition Cooling In-situ Ex-situ
SET  Temperature Atmosphere O: time [min] Atmosphere O: Annealing Annealing
[°C] [Torr] [Torr] [min-°C]  [min-°C]
A 700 0.2 15 200 60-700 -
A 700 0.2 30 200 60-700 -
A 700 0.2 60 200 60-700 -
A 750 0.2 15 200 60-750 -
A 750 0.2 30 200 60-750 -
A 750 0.2 60 200 60-750 -
A 800 0.2 15 200 60-800 -
A 800 0.2 30 200 60-800 -
A 800 0.2 60 200 60-800 -
B 400 0.01 60 0.01 - 180-900
B 450 0.01 60 0.01 - 180-900
B 400 0.01 60 0.01 - 180-1003
B 450 0.01 60 0.01 - 180-1003
B 400 0.01 60 0.01 - 180-1040

In both cases, sapphire substrates were cleaned by means of heat treatment at 1000 °C
in air for 60 minutes and subsequent furnace cooling to room temperature, in air. Film thickness
(t) was estimated, for selected samples, using stylus profilometry (Sloan Dektak), AFM
measurements, or low angle XRD for t values below 100 nm.

Structural characterization of the films was performed by means of X-ray diffraction
experiments, both at Shibaura Institute of Technology and Universidad the Castilla-La Mancha,
and using X-ray photoemission a Raman spectroscopy at Instituto de Ciencias Moleculares
(Universidad de Valencia). Morphology and chemical composition studies were carried out,
both at Tokyo and Ciudad Real, using two different field emission electron microscopes.

! These deposition parameters are the same for both pure and Co-doped CuAIO; batches of samples.
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6.1.2 Results and Discussion

6.1.2.1 X-ray diffraction measurements

In Figure 87 we display the results of XRD measurements performed in selected
samples of set A (CuAlOz and Co-CuAlO: films, deposited at 700, 750, and 800 °C, for 60
minutes). All the patterns show a very strong peak at 41.6°, corresponding to the (0006) Al.O3
reflection coming from the sapphire substrate. Weaker reflections corresponding to the
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Figure 87 - XRD patterns of selected CuAIO2 and Co-CuAlO- films of set A.
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substrate can be observed at 20.5° and 64.5°. For all films, peaks corresponding to CuAlO2,

CuO and CuAl204 are observed, on top of a broad “amorphous halo”.

In the case of films grown at 700 °C in Figure 87a and Figure 87b, no CuAlO:
(delafossite structure) peaks were observed. Apart from the substrate peaks, only an amorphous-
like background plus peaks corresponding to CuO and CuAl>O4 phases are detected. In the pure

CUuAlO: film, two very small unidentified peaks can be seen too.

Regarding the films grown at 750 °C, pure CuAIO: display delafossite peaks consistent
with a very strong c-axis preferential orientation, i.e. (003), (006), (009) and (0012) are much
more intense than the (101) and (012), the main peaks for bulk polycrystalline samples. As a
matter of fact, these last peaks are not observed at all in this sample. As in the previous case,
an amorphous-like background plus peaks corresponding to secondary CuO and CuAl2O4
phases are observed. A weak unidentified peak is observed at 60.5 degrees. On the other hand,
Co seems to inhibit CuAIO: crystallization for this growth temperature, as only peaks

corresponding to CuO and CuAl204 phases are detected.

Finally, pure CuAlO, grown at 800 °C also display delafossite peaks consistent with c-
axis preferential but weaker than those observed for the 750 °C films. As in the previous case,
an amorphous-like background, slightly different to that observed for the other growth
temperatures, plus other peaks corresponding to CuO and CuAl>O4 phases, are observed in the
patterns. These peaks are also weaker than for 750 °C films. A weak unidentified peak is
observed at 60.5 degrees. Once again, Co seems to inhibit CuAIO: crystallization for this

growth temperature.

From the width of the (006) peak in Figure 87c, using the Scherrer formula it is possible
to estimate a crystallite size (d) of the delafossite phase similar to 60 nm. This can be done also
for the secondary phases observed in the other films, which results in d values ranging between
40 and 90 nm. Complementary low angle XRD experiments allowed us to estimate a film
thickness of around 60 nm for both CuAIO2 and Co-CuAlO: grown for 60 minutes. The fact
that d (crystalline coherence length in out of plane direction) equals the film thickness points to
a pseudomorphic growth mode of the delafossite phase on the sapphire substrate.

Obviously, the films need a post-annealing treatment. Considering the CuAlOz phase
diagram reported in reference [208], these films would require treatment at a temperature

between 1000° C and 1100° C, for a time of 1 hour or longer at low O pressure, to achieve
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proper growth of the CuAIO; phase. For that reason, we decide to change our strategy. So, for
set B the deposition was performed at lower temperatures (400 °C and 450 °C), and lower
oxygen pressure (10 mTorr), which is advantageous from a technical point of view (heater

endurance), followed by subsequent heat treatments in rotary pump vacuum.
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Figure 88 - XRD patterns of selected CuAlO2 and Co-CuAlO: films of set B.
In Figure 88 we display the results of XRD measurements performed at SIT in selected
samples of set B. As-grown samples at 400 °C and 450 °C (Figure 88a and Figure 88b) show a

weak and broad amorphous “halo”, on top of which only the very strong and narrow peaks

associated with the sapphire substrate can be observed.

Annealing at 900 °C results, for both deposition temperatures, in crystallization of the
amorphous precursor, not in a single CuAlO> phase, but a complex mixture of the delafossite
phase with CuO and CuAl204 phases (Figure 88c and Figure 88d). Practically all the significant
peaks in these two patterns can be indexed to the main peaks of those three phases. This means

that annealing at 900 °C is not enough to complete the reaction of CuO and CuAl204 to CuAIOo.

Following reference [208], we chose two heat treatment temperatures of 1003 °C and

1040° C, hoping to ensure the formation of single-phase CuAlO: films. For this last experiment,
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the deposition temperature of 400 °C, the most convenient for our PLD system, was selected,
and two CuAlO; and Co-CuAlO: films were deposited. The corresponding XRD patterns are
displayed in Figure 89a and Figure 89b. It is readily observed that, for pure CuAIO: films, heat
treatment at 1003° C is partially successful and fully successful in the case of 1040° C. The
sample annealed at 1003°C (Figure 89a) shows three CuAlO; phase peaks consisting of c-axis
textured growth: (003), (006) and (009). Besides that, (101) and (012) CuAlO; peaks are also
observed. No peaks associated with other phases were detected. This pattern looks essentially
like that shown by Kawazoe et al. in reference [198]. Regarding the film annealed at 1040 °C
(Figure 89c), an extra (0012) peak consisting of c-axis textured growth is observed. Please
observe the enhanced intensity and sharpness of these peaks. So, the pattern displayed in Figure
89 indicates the growth of almost pure CuAIO: delafossite films on sapphire with a strong c-
axis texture.
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Figure 89 - XRD patterns of films of set B annealed at 1003°C and 1040°C.

The effect of annealing at 1003 °C and 1040 °C is different in the case of Co-CuAIlO>
films. Whereas the Co-CuAlQO: film pattern is consisting of a CuAlO2 phase majority phase,
hints of a residual CuAl.O4 phase are observed in the pattern displayed in Figure 89b. Please
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notice the reduced crystallinity of the film and the diminished contribution of the Al.O3 peaks.
For the Co-CuAlO: films, the patterns were repeated several times, as the height of the substrate
peaks strongly changed between different runs. The most representative runs are shown in

Figure 89.

Finally, annealing at 1040 °C seems to induce the partial decomposition of the CUAIO;
phase, as the XRD pattern (Figure 89d), shows a mixture of CuAIO, and CuAl>04 peaks. Please
notice the reduced crystallinity of the film.

In the following sections, we will present the results of complementary characterization

experiments, with the aim of confirming the results of the XRD experiments.

6.1.2.2 AFM and profilometry
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Figure 90 - a) AFM images of selected CuAlO2 and Co-CuAlO: films of set B. b) Profile
measurements of the step for the CuAIO, sample.

Profilometry measurements were performed for the CuAlO2 and Co-CuAlO, films
annealed at 1003 °C. The results were 850 + 50 nm for the CuAlO- film, and 950 £ 50 nm for
the Co-CuAlO; film. These results are consistent with the results of AFM in two especially
step-graded samples, showing steps of around 700 nm (Figure 90). The morphology of both

samples is similar, showing micrometre-sized structures with quite homogeneous distribution.
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The size distribution seems to be quite narrow too. The only significant difference between both

films is the smaller roughness of the Co-CuAlO; film (146 vs 265 nm).

6.1.2.3 Raman spectroscopy

The effect of annealing at 1040 °C on CuAIlO; and Co-CuAlO: films was studied by
means of Raman spectroscopy experiments performed on the very same samples used for XRD

experiments. The results are shown in Figure 91a and Figure 91b. For the pure CuAlO> film,
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Figure 91 - Raman spectra of CuAlO, and Co-CuAlO- films annealed at 1040° C.
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the Raman spectrum displayed is fully consisting with previous reports for single crystalline
for single-crystalline, thin film or polycrystalline CuAIO: delafossite [209,210,211,212]. The
Raman spectrum shown in Figure 91a shows two main peaks at 768 and 418 cm™, which can
be identified as the Aig and Eq Raman active peaks of the delafossite structure. The two broad
peaks observed at 227 and 260 cm™ can be associated to the L2 and Ls forbidden Raman modes
reported by Pellicer-Torres et al. [209]. Following these authors, these modes are activated by
defects in the crystalline structure and have been observed by other authors [211,212].
Regarding the spectrum corresponding to a Co-CuAIO: film annealed at 1040 °C, displayed in
Figure 91b, the A1y and Eg Raman modes of the delafossite structure are clearly observed, but
on top of a wide structure, ranging from 400 to 800 cm™, consistent with the superposition of
wide Raman bands reported by different authors for CuAl2O4 [213,214]. On the other hand, the
features related to the L, and Lz modes, and other weak peaks possible related with L4 to Lg
forbidden Raman modes, perhaps “activated” by structural defects, are observed too. In any
case, the results of Raman spectroscopy experiments are consisting of those of XRD

measurements.

6.1.2.4 XPS spectroscopy

To complete the structural characterization of CuAIO2 and Co- CuAlO: films annealed
at 1003 °C and 1040 °C, we performed X-ray photoemission spectroscopy (XPS) experiments
at ICMOL (Universidad de Valencia, Spain).

In Figure 92 we show the Cu 2p core level spectra measured for the same samples used
for XRD experiments. The spectra of the CuAlO>, as well as that of the Co-CuAlO2 film
annealed, are in good agreement with previous reports for pure delafossite CuAlO2 [210,215].
The spectra are dominated by two peaks at ~ 933 eV (Cu+) and ~ 952.8 eV (Cu™), which indicate
that Cu cations mainly exist in Cu* form in a CuAIO: lattice. The satellites of the 2pz»and 2pus2,
as well as those observed between 941 and 948 eV indicated that Cu?* state is presented in the
films, even no CuAl,O4 or CuO peaks were detected by XRD in the samples annealed at 1003
°C and 1040 °C. On the other hand, the spectrum of the Co-CuAlO; film annealed at 1040 °C,
which shows an enhancement of the peaks associated to Cu?* state, can be interpreted as the

superposition of the Cu 2p spectra corresponding to coexisting CuAIO, and CuAl204 [230]. In
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brief, the XPS results are in complete agreement with the results of our previous XRD and

Raman spectroscopy experiments.
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Figure 92 - Cu 2p XPS spectra of a) CuAIO2 and b) Co-CuAIO: films annealed at 1003 °C
and c¢) CuAIO, and d) Co-CuAlO: films annealed at 1040 °C.

6.1.2.5 Electrical conductivity and SQUID measurements

Preliminary electrical conductivity measurements failed due to the high resistance of
the films, but allow us to estimate approximate conductivity values lower or equal than 0.01
S-cmL. Electrical transport measurements are reported to be difficult in CuAIO; films [203,209].
The experimental difficulties maybe explain the wide ranges of conductivity values reported
for this material, between 0.01 and 1 S-cm™ in the case of films obtained by PLD or sputtering
[ 198,202,208]. In the case of Co-CuAlO; samples, preliminary SQUID measurements show a
small ferromagnetic signal in Co-CuAlO; films with features consistent with the presence of
Co particles in our films.
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6.1.3 Conclusions

This work is focused on the preliminary study of PLD thin films of CuAlO2, which is
considered a promising candidate as p-type thermoelectric material. Different temperatures and
post-annealing (in-situ and ex-situ) conditions were explored. After a first structural
investigation, we can report that we have synthesized excellent good quality pure delafosssite
CuAlO: films displaying strong c-axis texture, by PLD deposition at 400 °C on sapphire
substrates, followed by annealing in rotary pump vacuum at 1040 °C. For Co-CuAlO,
annealing at 1003 °C resulted also in films with delafossite structure, whereas the film annealed
at 1040 °C consist of a mixture of CUAIO2 and CuAl>0O4 phases. Deeper analyses are required
to present a complete overview of the material. Electrical transport, SQUID and thermopower

experiments in the best quality samples obtained in this work are currently underway.
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7 CONCLUSIONS AND PERSPECTIVES

The increasing worldwide demand for energy and the resultant depletion of fossil fuels
have brought new challenges for the scientific community. One of the major issues is to develop
high-efficiency devices for capturing energy from abundant natural sources such as solar, wind

and geothermal energy. Another surplus, but mostly unused, source of energy is wasted heat.

A greatly promising method for energy recovery from such heat sources is the
application of thermoelectric (TE) materials that can convert numerous types of waste heat flow
into electricity. The efficiency in the conversion of thermoelectric devices is determined by
three main properties of the material, such as the electrical conductivity o, the Seebeck
coefficient S and thermal conductivity «. The big challenge in this field is to positively tune the

three aforementioned properties since they are interdependent.

Over the last decades, the necessity for employing micro-TE devices as a substitute
power source for small electric devices and systems is expanding and the research in the micro-
TE device is becoming vastly appealing. Since usual TE device making methods are not suitable
for such miniaturized devices, small apparatuses based on thin films are one of the most
extensively investigated research topics to achieve this objective. TE characteristics of a
material are enhanced by nanostructurization, which is a typical property of thin films and they
are considered a revolutionary way to decouple electrical and thermal transport properties,

enhancing the overall TE efficiency.

As a consequence of what aforementioned, my PhD project is focused on the synthesis

and characterization of TE thin films using the pulsed laser deposition (PLD) technique.

In Chapters 4.1, 4.2 and 4.3, novel studies regarding Fe,Ni-based skutterudites thin films
are reported. Several studies regarding thermoelectric bulks belonging to the Smy(FexNi1-
x)4Sh12 system were conducted by our research group
[34,41,42,45,138,141,142,143,144,145,182], anyway no extensive researches regarding filled
skutterudites thin films are reported in the literature. To this purpose, thin films of the
aforementioned composition were prepared by means of the PLD method under different

conditions and TE properties were then investigated.
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As a result of the first study reported in chapter 4.1, we understood the primary
importance of the annealing process. For this reason, an extensive investigation regarding the
annealing parameters of n-, p-type and the crossover compositions was carried on. Two times,
three compositions and four temperatures were inspected, finding the best conditions in order
to improve the efficiency of the material. Despite our efforts, the peak power factor value found
was for the p-type composition and it is equal to 466 uW/m-K?2, that still be lower than the
double-doped bulk ones [41], even if it is competitive with what reported in the literature for
common Co-based skutterudites [51,185]. Further improvements could be done by the
employment of multi-fillers in addition to Sm or doping at the Sb site. Measurements of
carriers’ concentration and mobility will need to be performed on the remaining films to clarify
the correlation of the transport and thermoelectric properties with the annealing temperature.
Moreover, from a preliminary cell parameter calculation, no correlation between annealing
temperature and cell size was found, but better XRD patterns were acquired, More time is

needed to complete good refinements.

Chapter 4.3 is dedicated to a preliminary study of the output power of an on-chip
thermoelectric thin film module containing five n-type and five p-type skutterudite legs,
fabricated on a fused silica substrate by the pulsed laser deposition technique. The performance
of modules was measured using ad custom-made system. The output power showed a maximum
of Pmax = 1.6-107 W at 200 and 300 °C, which is 3 to 4 orders of magnitude better than what
was reported by S. Saini et al [189] for oxides TE modules. Further studies will be carried out
varying the composition of the targets and substrates in order to find the best possible

performance.

In Chapters 5.1, AZO samples with the addition of different quantities of SnO> has been
prepared by the PLD technique. Our purpose was trying to enhance the thermoelectric
performance of AZO films by the addition of a controlled amount of SnO2, hoping in the
formation of favourable dispersed nanostructures. The best thermoelectric performance has
been obtained for the AZO + 2% SnO. thin film grown on silica, with a power factor PF = 211
uW/m-K? at 568 K and a room- temperature (300 K) thermal conductivity of 8.56 W/m-K. PF
is on the same order of magnitude as the value reported for typical AZO bulk material in the
same measurement conditions (340 uW/m-K2) while « is reduced by about 5 times. This
indicates that SnO2 cannot be considered as an optimal dopant for AZO thin films for
thermoelectric applications. On the other hand, it may be possible that the fine dispersion of
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SnO: into the AZO matrix enhances the photoelectric response of AZO [196], or can be used

to fabricate compact gas sensors, as reported for ZnO-SnO> nano-fibers [197].

Chapter 6.1 is dedicated to a preliminary study of PLD thin films of CuAIO2, which is
considered a promising candidate as p-type thermoelectric material. It generally shows high
values of Seebeck coefficient S and, at least in principle, it is possible to tune its electrical and
thermal transport by proper control of its microstructure and chemical composition [200]. p-
type transparent TE materials are much less common than n-type ones, so CuAlO; is of
noteworthy interest for transparent devices. Anyhow, only structural data are presented in this
version of the thesis showing that good quality CuAIO2 and Co-CuAlIO: films were found for
PLD deposited samples at 400 °C followed with an ex-situ annealing in rotary pump vacuum at
1003 °C and 1040 °C. Deeper investigations of the material will be performed soon.
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