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Preface

The propounded thesis includes the results that were achieved in the past four years
during my work as a research associate in the group of Prof. Dr. Armin Feldhoff at
the Institute of Physical Chemistry and Electrochemistry of the Gottfried Wilhelm
Leibniz University Hannover. Financially, this work was granted by the German
Research Foundation (project number 325156807) in a cooperation of the Institute of
Physical Chemistry and Electrochemistry and the Hannover Institute for Integrated
Production. Cooperation partners at the Institute for Integrated Production were
Prof. Dr.-Ing. Ludger Overmeyer and Dipl.-Ing. Marvin Abt. My research was done
under the guidance of Prof. Dr. Armin Feldhoff.

During the four years, I contributed to 10 peer-reviewed publications and 13 con-
ferences with talks or posters. Within this thesis, seven selected articles are presented.
Here, I am the first and corresponding author in six of these. In the following, my
contributions to the included articles are described in detail.

The first two articles are presented within the introductory chapter 1, as they
present a review about the state of thermoelectric materials for high-temperature
applications and a theoretical work concerning working points of thermoelectric gen-
erators based on finite-elemente method simulations, respectively. Within the review
High Power Factor vs. High 2T - A Review of Thermoelectric Materials for High-
Temperature Application, I contributed in the revitalization of Ioffe plots for compar-
ison of thermoelectric properties of various materials and carried out the literature
research and visualization of several material classes. The manuscript was partly
written by me, while some chapters were written by my colleague M. Sc. Richard
Hinterding. It was revised by Prof. Dr. Armin Feldhoff. The concept of the sec-
ond article, entitled Geometry Optimization of Thermoelectric Modules: Deviation of
Optimum Power Output and Conversion Efficiency, was drawn by Prof. Dr. Armin
Feldhoff, while I supervised the simulations and carried out the interpretation and vi-
sualization of the results. The simulations were carried out by M. Sc. Alexey Rybakov
and the manuscript was originally written by me and revised by the co-authors.

In chapter 2, two articles are presented focussing on material development for
thermoelectric energy conversion. The first article, Low Thermal Conductivity in
Thermoelectric Oxide-Based Multiphase Composites, was a result of the experimental
work of a student, B. Sc. Kaan Menekse. The article describes multiphase composite
materials based on calcium cobaltite (CCO) to achieve very low values of the thermal
conductivity by the introduction of heteromaterial interfaces. Here, I developed the
experimental basis and supervised the student’s work. The analysis of the thermal
properties was done in cooperation with Prof. Dr. Oliver Oeckler (Leipzig University).
I wrote the original draft of the manuscript, which was revised by the co-authors. The
second article, Cu-Ni Based Alloys as Potent Thermoelectric Materials for High Power
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Output, was conceived in a cooperation with the Institute of Materials Science at the
Hannover Centre of Production Technology, namely Dr. Gregory Gerstein and Prof.
Dr.-Ing. Hans Jiirgen Maier. In this article, Cu-Ni based alloys are presented as a
promising and mostly overlooked thermoelectric material to reach a high power output.
The conception of this work arose from the analysis of thermoelectric materials in the
context of the aforementioned review and the first article within this chapter. The
experimental work was carried out by two student apprentices, M. Sc. Timon Steinhoff
and B. Sc. Jan Flormann. I supervised and coordinated their experimental work and
thermoelectric measurements as well as carried out the interpretation of the obtained
results. The original draft of the manuscript was written by B. Sc. Jan Flormann and
me in equal shares.

Chapter 3 contains the three remaining articles about processing of thermoelec-
tric materials on the example of CCO. All of these articles were developed within a
cooperation with the Hannover Institute for Integrated Production and the Hannover
Institute of Transport and Automation Technology at the Hannover Centre of Pro-
duction Technology, namely Prof. Dr.-Ing. Ludger Overmeyer and Dipl-Ing. Marvin
Abt. The first article, Combined Spray-Coating and Laser Structuring of Thermo-
electric Ceramics, describes the preparation and design of CCO layers utilizing spray-
coating and laser structuring. Here, I contributed by developing the spray-coating
ink based on CCO. Additionally, the microstructural analysis via scanning electron
microscope and the thermoelectric characterization, including measurement of the
electrical conductivity and the Seebeck coefficient, were done by me. The original
draft was written by the first author, Dipl.-Ing. Marvin Abt and revised by me and
the other co-authors. Within the second article, Ceramic-Based Thermoeletric Gen-
erator Processed via Spray-Coating and Laser Structuring, the production of CCO
layers was transferred to a functional thermoelectric generator by combining it with a
silver layer on the back side and contacting the respective structures. Here, I carried
out the measurement, interpretation and visualization of the microstructure, X-ray
diffraction analysis and the thermoelectric power output of the generator prototype.
The original draft was written by me and revised by the co-authors. The third arti-
cle, Laser sintering process of thermoelectric CasCo;Og as promising optimization for
TEG processing, introduces the concept of laser sintering as a promising alternative
to thermal sintering of CCO layers. Here, the experimental work was implemented
by Dipl.-Ing. Marvin Abt and the microstructure analysis was carried out by B. Sc.
Lena Rehder. I supervised the work and did the measurement and interpretation
of the X-ray diffraction analysis and the thermoelectric measurements. The original
draft of the manuscript was written by me and revised by all co-authors.

First of all, I would like to deeply thank Prof. Dr. Armin Feldhoff for supervising
the presented thesis as a tutor. He always provided me with help and advice and
carried out some of the transmission electron microscope analyses included in the
articles. His revisions of the experimental work and the manuscript drafts were always
productive and helpful.

Furthermore, I would like to thank the partners at the Hannover Institute of Inte-
grated Production and Hannover Institute of Transport and Automation Technology,
Prof. Dr.-Ing. Ludger Overmeyer and Dipl.-Ing. Marvin Abt, for the productive
collarboration, which resulted in three of the included articles. The cooperation was
always constructive and professional. In similar terms, I am grateful to Prof. Dr.
Oliver Oeckler for the smooth cooperation also resulting in a mutual article. Then,
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I thank Dr. Gregory Gerstein and Prof. Dr.-Ing. Hans Jiirgen Maier for the coop-
eration in the development of the Cu-Ni based alloys, which resembles a promising
starting point for future cooperations.

I kindly thank Dr. Michael Bittner for the introduction to thermoelectric mea-
surement practices. I am also grateful to my colleague Richard Hinterding, who con-
tributed to several of the presented articles. Furthermore, I would like to thank all
members of the Institute of Physical Chemistry and Electrochemistry and in particular
Frank Steinbach for his help in terms of electron microscopy and sample preparation,
Dr. Alexander Mundstock for his general advice and Kerstin Janze as well as Yvonne
Gabbey-Uebe for coordination and management of office matters.

I also thank the students who contributed to this thesis via internships, Kaan
Menekse, Jan Scheckert, Timon Steinhoff, Jan Flormann and Lena Rehder. Last but
not least, I want to thank all of my close friends and my family for constant support
and encouragement.
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Abstract

The thermoelectric effect can be utilized for direct conversion of thermal energy into
usable electrical energy. Due to the high amount of wasted energy in several big indus-
trial fields, applications at elevated temperatures are desired to utilize the otherwise
wasted energy. This thesis focuses on the two main research fields: The thermoelectric
material research and the production technology of thermoelectric generators.

Until now, thermoelectric materials have been mostly evaluated in terms of their
figure of merit, meaning their resulting efficiency. In this work, the arising concept
of focussing on a high power factor instead is further analysed. A presented review
of thermoelectric materials for high-temperature applications describes the desired
multiparameter optimization of materials and compares various material classes. As a
result, different concepts to optimize either the figure of merit or the power factor are
investigated: To optimize the figure of merit, a hybrid material combining different
classes of materials to gain synergistic effects was designed. The prepared hybrid
material showed an exceptionally low thermal conductivity due to the introduced
heteromaterial interfaces, proving the concept for optimization of the figure of merit.
For an optimization of the power factor, Cu-Ni alloys were prepared, which shows an
inferior figure of merit but a very high power factor. The alloys were prepared from
nanoparticles and alloyed with heavier elements, resulting in an increase in both the
power factor as well as the figure of merit for low amounts.

The manufacturing of TEGs also shows a big optimization potential, as the costs
of the production are accountable for a big share in the overall costs. For this, a
new manufacturing route was developed, which combines fast and scalable produc-
tion technologies with laser-based processes to design a rigid TEG for application at
elevated temperatures. The CCO and the counterpart Ag layer were prepared via
spray-coating and the final design was arranged by using a COs laser. A designed
TEG prototype reached a maximum electrical power output of 1.6 yW cm™ at a
hot-side temperature of 673 K and a temperature difference of 100 K. The devel-
oped manufacturing route allows precise control over several parameters such as layer
thickness and exact geometry. Finally, the uprising concept of laser-induced processes,
e.g., for sintering of materials, was investigated via laser treatment of a spray-coated
CCO layer. By utilization of a CO, laser, an initial sintering of the CCO layer could
be observed, which opens a pathway to further investigations of this concept. The
combination of laser treatment and thermal sintering showed an increase in electrical
conductivity compared to an only thermally sintered CCO layer, making it promising
to be included in rapid production technology for thermoelectric films.

Keywords: Thermoelectricity; Energy Harvesting; Power Factor; Thermoelectric
Oxides; Additive Manufacturing; Thermoelectric Generator
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Zusammenfassung

Der thermoelektrische Effekt kann zur direkten Umwandlung von thermischer in elek-
trische Energie genutzt werden. Aufgrund der grofien Menge Abwéarme in vielen Indus-
triebereichen ist die Anwendung dieses Effekts hier vielversprechend, um die Gesamt-
effizienz der Energiewandlung zu erhchen. Diese Arbeit konzentriert sich auf die zwei
Hauptforschungsfelder: Die Erforschung und Verbesserung thermoelektrischer Mate-
rialien und die Produktionstechnologie von thermoelektrischen Generatoren (TEGs).

Bislang wurden thermoelektrische Materialien vor allem hinsichtlich ihrer resul-
tierenden Effizienz bei der Energieumwandlung bewertet. In dieser Arbeit wird hinge-
gen das Konzept, sich stattdessen auf den Leistungsfaktor zu fokussieren, weiter
untersucht. Ein Review zu thermoelektrischen Materialien fiir Hochtemperaturan-
wendungen beschreibt dies und vergleicht verschiedene im Fokus stehende Material-
klassen sowohl hinsichtlich der Effizienz als auch des Leistungsfaktors. Als Ergebnis
dieser Diskussion werden verschiedene Konzepte zur Optimierung von Materialien
untersucht: Zur Optimierung der Effizienz wurde ein Hybridmaterial entwickelt, dass
verschiedene Klassen von Materialien kombiniert, um synergetische Effekte zu erzie-
len. Das entwickelte Hybridmaterial zeigte aufgrund der geschaffenen Heteromaterial-
Grenzflachen eine auflergewohnlich niedrige thermische Leitfdhigkeit. Dadurch eignet
sich dieses Konzept besonders wenn eine hohe Effizienz erreicht werden soll. Fiir
eine Optimierung der elektrischen Leistung wurden Cu-Ni-Legierungen als vielver-
sprechende Materialien untersucht. Die Cu-Ni Legierungen wurden aus Nanopartikeln
hergestellt und mit schweren Elementen legiert, wodurch sowohl der Leistungsfaktor
als auch die Effizienz bei geringen Dotierungsmengen gesteigert werden konnte.

Auch bei der Herstellung von TEGs besteht ein Optimierungspotenzial, da die
Prdouktionskosten einen groflen Anteil an den Gesamtkosten ausmachen. Hierfiir
wurde eine Fertigungsroute entwickelt, die schnelle und skalierbare Produktionstech-
nologie mit laserbasierten Prozessen kombiniert. Die Schichten wurden durch Spriih-
beschichtung hergestellt und das Design anschlieend durch den Einsatz eines CO,-
Lasers strukturiert. Der entworfene TEG-Prototyp erreicht eine maximale elektrische
Leistung von 1,6 W cm™. Die entwickelte Herstellungsroute erlaubt eine prizise Kon-
trolle iiber die Schichtdicke und die exakte Geometrie. SchliefSlich wurde das Konzept
laserinduzierter Prozesse fiir thermoelektrische Anwendung, z.B. zum Sintern, anhand
einer Laserbehandlung einer gesprithten CCO Schicht untersucht. Durch den Ein-
satz eines COy-Lasers konnte hierbei eine beginnende Versinterung der CCO-Schicht
beobachtet werden. Die Kombination aus Laser- und thermischer Behandlung zeigte
eine Erhohung der elektrischen Leitfahigkeit, was das Potenzial dieses Konzept in der
Herstellung von thermoelektrischen Materialien und Generatoren integriert zeigt.

Stichworte: Thermoelektrizitdat; Energy Harvesting; Leistungsfaktor; Thermoelek-
trische Oxide; Additive Fertigung; Thermoelektrischer Generator
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Abbreviations

AM
CCO
CNTs
CS

CW
DOS
EDTA
EDXS
FEM
HH

HP
LBM-M
LBM-P
LTCC
MCEP
MEPP
PANI
PEDOT:PSS
PGEC
SEM
SPS
TEG
TEM

additive manufacturing

CazCo40y, calcium cobaltite

carbon nanotubes

conventional sintering

continuous wave

density of states
ethylenediaminetetraacetic acid
energy-dispersive X-ray spectroscopy
finite elemente method (simulations)
half-Heusler

hot pressing

laser beam melting of metals

laser beam melting of polymers

low temperature co-fired ceramic
maximum conversion efficiency point
maximum electrical power point
polyaniline
poly(3,4-ethylenedioxythiophene)polystyrene sulfonate
phonon glass - electron crystal
scanning electron microscope
spark-plasma sintering
thermoelectric generator

transmission electron microscope
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1. Introduction

The topic of energy supply is a very important field these days with an ever increasing
importance and demand. In recent years, more and more interest arose in research and
expansion of green and renewable energy. Simultaneously, the demand on electrical
energy also rises from year to year. Figure 1.1 shows the statistic of the world’s elec-
tricity generation from various sources from 1990 to 2018 [1]. Here, the main sources
of electricity generation are fossil fuels and nuclear power, with increasing values of
renewable energies like solar or wind in recent years. However, all ways of electricity
generation are based on conversion processes, which always are accompanied by a
huge amount of wasted energy due to the losses of the conversion processes. A good
example is the conversion of thermal energy into mechanical energy (e.g., a combus-
tion engine) which is limited by the Carnot efficiency, where a maximum conversion
efficiency of 100 % can never occur with limited hot- and cold-side temperatures. Usu-
ally, most processes do not exceed a conversion efficiency of 50 % (e.g., combustion
engine 20-50 % [2]). As a result, more than half of the total energy supply cannot be
used sufficiently. In 2019, the United States energy consumption report states, that
67.5 % of the total energy remained unused as waste energy [3]. To tackle the world’s
increasing energy demand, reducing this amount of wasted energy is an important
future task.

To achieve this reduction, energy conversion via Energy Harvesting may play a key
role in the future. Energy Harvesting is a general term that combines various processes
which are capable of the conversion of wasted energy into usable energy to increase
the total efficiency sufficiently [4]. Due to the reliable energy supply (long-term energy
supply without moving parts or limited lifetime), the use of Energy Harvesting systems
is especially advantageous where a high amount of energy is wasted and where mainte-
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Fig. 1.1: Total global energy generation by source from 1990 to 2018 [1]. An increasing
amount in the shares of renewable energies can be seen.
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Fig. 1.2: Statistic stock market data of Energy Harvesting. A) Trend of total energy
supply via Energy Harvesting from 2014 and predicted trend until 2024; B) Share of
various application fields of Energy Harvesting in 2017. Reproduced from [5].

nance or a switching of batteries is complicated [4]. The most prominent examples are
the direct conversion of solar energy into electrical energy via photovoltaics, mechani-
cal pressure into electrical energy via piezoelectrics and thermal energy into electrical
energy via thermoelectricity. Out of this, the photovoltaic energy conversion is already
commercially established, reaching high conversion efficiencies of up to 25 % [5], which
are comparable to the efficiency of a combustion engine. The costs of production and
installation of photovoltaics can therefore be compensated by their energy supply in
a reasonable amount of years. An even more promising method of Energy Harvesting
is the direct conversion of thermal energy into electrical energy via thermoelectricity.
Due to the nature of many conversion processes, the by far largest amount of wasted
energy is in the form of heat, opening up a high number of possible applications for
thermoelectric generators (TEGs). The thermoelectric energy conversion is based on
the resulting potential difference of two dissimilar materials in a temperature gradi-
ent, the SEEBECK effect (after Thomas Johann Seebeck). Analogously, the inversion
of this process, absorbing or releasing heat energy when an electrical current flows
through an electrical interface (PELTIER effect, after Jean Charles Athanase Peltier)
can be used in terms of cooling applications like refrigerators. Up to now the maxi-
mum conversion efficiency of those generators is fairly low, limiting a wide industrial
application. However, there are already some niche application fields of thermoelec-
tric energy conversion (in either direction) such as space exploration and consumer
electronics. In Figure 1.2A, the trend of total energy supply via Energy Harvesting
from 2014 up to now and the prediction of the trend until 2024 are shown [5]. Due to
the increasing demand on energy supply, a strong increase is expected for all fields of
Energy Harvesting. Figure 1.2B displays the respective shares in application of En-
ergy Harvesting systems, where consumer electronics have the biggest share around
45 % followed by military and aerospace with 15 % and wireless sensor networks with
14 % [5]. For expansion of commercial application, both the improvement of materials
as well as the manufacturing of TEGs needs to be further investigated to achieve bet-
ter thermoelectric properties and to reduce the costs of TEG manufacturing. Within
the context of this work, both of these aspects are analysed and new concepts are
presented.




1.1. Basics of thermoelectricity

1.1 Basics of thermoelectricity

1.1.1 Thermoelectric parameters: Coupled fluxes

The effect of thermoelectric energy conversion is based on the coupling of thermal
and electrical fluxes, which coined the term thermoelectric’ effect. Here, an electrical
flux density j, is based on a transport of electrical charge ¢, which can be either
electrons e or electron holes A™. The corresponding potential of the electrical charge
is the electrical potential ¢. The flux density of thermal energy jg is provided by
the transport of entropy S with the corresponding thermodynamic potential being
the absolute temperature 7. The coupling of the respective fluxes in a thermoelectric
material can be described by a basic transport shown in Equation 1.1:

()= (% o) (555) )

Via an approximation of constant gradients, the respective gradients can be sub-
stituted by the potential differences along the thermoelectric material with the length
I (Vo = —Ag/l and VT — —AT/l). Additionally, the local flux densities can be
integrated to the current of electrical charge I, and current of entropy /g, when a ther-
moelectric material with a cross-sectional area A is assumed. Hence, the transport
equation in its integral form is received (Equation 1.2) [6]. For a more detailed descrip-
tion of this transport equation, the reader is referred to the works of Feldhoff [6, 7],
Fuchs [8] or Goupil et al. [9].

IN _Af o o (A (1.2)
Is)] 1 \o-a o-a®>+ Aoc AT ’

The coupling of the resulting fluxes of entropy /g and charge I, is therefore pro-
vided by a thermoelectric material tensor, consisting of three material parameters:
The isothermal electrical conductivity o, the SEEBECK coefficient o and the open-
circuited entropy conductivity Agc. Note, that the entropy conductivity A is here
used as a more fundamental expression of the thermal conductivity of the material,
which will be further discussed later (see page 7). Although the absolute temperature
T does not explicitly occur within this description, it is implicitly within the materials
parameters o(T), a(T) and A(T).

Based on the thermoelectric material tensor in the transport equation, a dimen-
sionless figure of merit f = 2T as a quality parameter for the thermoelectric energy
conversion can be derived by a simple discussion of the tensor element Mgy [10]. The
resulting figure of merit is a function of the three material parameters and was firstly
introduced by Ioffe in 1957 [11]:

o - o’

Aoc

As a result of this quality criterion, the research on thermoelectric materials focuses
on a high figure of merit 27, meaning a material is desired to have a high isothermal
electrical conductivity o, a high Seebeck coefficient o and a simultaneously low entropy
conductivity A. As these material parameters are the fundamental parameters for the
development of thermoelectric materials, they will be discussed in more detail in the
following.

f=2T:= (1.3)
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Isothermal electrical conductivity

The isothermal electrical conductivity of a material in its solid-state is a basic char-
acteristic that is used to define different classes of materials. An electrical insulator
exhibits an electrical conductivity less than 10 S cm™, whereby a metal exhibits
an electrical conductivity higher than 10* S em™ [12]. A material with an electrical
conductivity in between is referred to as a semiconductor. In textbooks, the electrical
conductivity is often introduced using the nearly free electron model [12,13]. Here, the
main assumption is an unhindered movement of electrons (or electron waves) within
the atomic or ionic lattice resulting in a simple parabolic behavior of the electron wave
energy with the respective wave vector. The model is widely used to describe the be-
havior of electrons in a metallic lattice. To describe the electrical conductivity of a
semiconductor solid-state material and the appearance of an energy gap, this model
is extended to include the periodicity of the lattice of the material and the resulting
interaction with the electron transport. Due to occurring BRAGG reflection of the
electron waves at the edges of the BRILLOUIN zones, the respective group velocity v
has to vanish and the parabolic behavior splits into separate energy bands. In be-
tween, a forbidden band is formed which is referred to as the energy gap or band gap.
The resulting bands are referred to as the conducting band and the valence band. For
metals, both bands overlap and no energy gap occurs, which results in a high mobility
of the electrons. A material, that exhibits a band gap of up to 4 eV is referred to
as semiconductor, and with an even larger band gap as insulator. This description
corresponds to the definition via the resulting electrical conductivity o, which is based
on the resulting full electronic band structure of the material. The resulting electrical
conductivity o is a function of the mobility of the charge carriers i, the charge carrier
concentration n and the elemental charge e based on the description of Drude [13]:

oc=n-p-z-e (1.4)

Both, the charge carrier concentration n as well as the charge carrier mobility
u are directly related to the electronic band structure of the material. The first
is mainly determined by the density of states (DOS), which means the number of
possible configurations for an electron following the PAULI principle, and the latter is
defined by the curvature of the respective band (conduction band for electrons, valence
band for electron holes). The charge carrier mobility u is defined as a function of the
elemental charge e, the median flight time of a charge carrier between collisions 7 and
the effective mass m” [13]:

e-T

It follows that the intrinsic electrical conductivity of a material is proportional to
the charge carrier concentration n and antiproportional to the effective mass of the
charge carriers m".

Another very important concept is the FERMI energy Ep, which is defined as
the energy of the highest occupied state at 0 K [12]. For metals, Er is located
within the conduction band, as conduction and valence band overlap, whereas for
semiconductors and insulators Ey is located in the middle of the effective band gap.
However, for semiconductors Fr can strongly be influenced by the concept of doping,
which introduces additional holes or electrons. Doping can effectively shift Fr towards
the conduction or valence band, resulting in an extrinsic electrical conductivity of the

4



1.1. Basics of thermoelectricity

material. Influencing the electronic band structure of a material is a generally used
concept of tuning the thermoelectric properties of promising materials, which is further
described in section 1.1.3.

Seebeck coefficient

The SEEBECK coefficient o (in some cases also referred to as 'thermopower’) describes
the thermal induction of an electrical potential in a material. On the hot side of the
material, the respective charge carriers have a higher mean velocity compared to the
charge carriers on the cold side of the material. Hence, a diffusion of charge carriers to
the cold side is induced, leading to an effective potential that can be detected [7]. The
Seebeck coefficient o can therefore be described as an entropy S~ that is transported
per charge q and is usually given in uV K. Hereby, the sign of the Seebeck coefficient
indicates the nature of the major charge carriers, effectively defining p- (for a positive
Seebeck coefficient) and n-type (for a negative Seebeck coefficient) character of the
materials.

The SEEBECK coefficient « is also closely related to the electronic band structure
of the material, the DOS and the FERMI energy Ef [14] and therefore is interrelated
with the isothermal electrical conductivity o. Generally, the Seebeck coefficient of a
material can be determined by the Mott formula (Equation 1.6) [15]:

_ 7?5, 0ln(o(E))
~ 3e OF  |p_p,

Here, kg is the BOLTZMANN constant and F is the energy of the respective charge
carriers. From this, the SEEBECK coefficient of a degenerated semiconductor can be
derived as a function of its effective mass m" and the charge carrier concentration
n [16-18]:

oY k3T (1.6)

S*_kB 27T2]€B 2 w2 2

2 k&m*
7 e (7+3)§E—F—§(§)3(7+3)6h2n%
Here, h is the reduced PLANCK’s quantum and ~ a scattering factor depending
on the scattering mechanism (-0.5 for acoustic phonons, 0 for neutral impurities and
1.5 for ionized impurities). It follows that for a degenerated conductor, the Seebeck
coefficient « is proportional to m” and antiproportional to n. This corresponds to the
isothermal electrical conductivity described in the previous chapter, however, the de-
pendencies are switched. When designing a thermoeletric material, this usually leads
to an incoherent conflict, as an increase in electrical conductivity based on a higher
charge carrier concentration or higher charge carrier mobility often leads to a decrease
of the SEEBECK coefficient: The parameters are interlinked. In addition, tuning of m”
or n also influences the other parameter, which is a general challenge in thermoelec-
tric material research. Although this derivation of the Mott formula is only valid for
degenerated conductors (metals), it is also used as a good approximation for highly
doped semiconductors [18] which are usually considered as promising thermoelectric
materials.

(1.7)

Qdegenerated =

Thermal conductivity

The thermal conductivity is the third crucial parameter in regard to thermoelectric
energy conversion. Note that in the context of this work, the term "thermal conductiv-




Chapter 1. Introduction

ity’ is used as a general term. It can be described by the entropy conductivity A which
defines the capability of a material to transport entropy. The entropy conductivity
A is a more fundamental description of this transfer compared to the traditionally
used heat conductivity A'. In fact, the heat conductivity A is based on the entropy
conductivity A and the absolute temperature 7' [6]:

A=A-T (1.8)

The entropy conductivity of a material is determined by measuring the thermal
diffusivity Dy, the entropy capacity K, and the density of the material p:

A=Dy K, p (1.9)

The transport of thermal energy within a solid-state material is a complex process,
as there are multiple transport processes involved. Under open-circuited conditions
(vanishing electrical current), this transport is described by FOURIER’s law, which also
results from the transport Equation 1.1 [7,19]. The respective proportionality between
the local thermal flux density and the temperature gradient, the entropy conductivity,
is often treated as constant although it shows a temperature derivation. Based on the
two main mechanisms of transport of thermal energy, the entropy conductivity can be
split into the respective parts:

A=A+ Ag (1.10)

Apn describes the transport of entropy via lattice vibrations, the phonons, and A
describes the transport of entropy via electronic conduction. Hereby, A is often de-
scribed by the empirical WIEDEMANN-FRANZ relation (Equation 1.11), that proposes
a linear dependency of the entropy conductivity on the electrical conductivity with
the proportional factor being the Lorenz number L. For a degenerated conductor, the
Lorenz number L is described by the Sommerfeld value L = 2.45 - 10® W Q1 K2 [20].

A
L=— 1.11
g ( )

Equation 1.11, however, is only valid for very high concentrations of charge carriers,
as stated by loffe [11], and can vary strongly for charge carrier concentrations lower
than 2.5 - 10Y ¢cm™, which is the case for most semiconducting thermoelectric materi-
als. Then, a deviating Lorenz number of 1.48 - 10 W Q! K2 [20] can be found, here
noted as L’. This can be seen in Figure 1.3, where the entropy conductivity A is shown
as function of the electrical conductivity o for a given temperature 7. The value of the
entropy conductivity A at vanishing electrical current corresponds to the lattice-based
transport of thermal energy Ay, but only when one type of charge carrier is present.
At increasing electrical conductivity (i.e. increasing charge carrier concentration), the
total thermal conductivity increases with a proportionality deviating from the SOM-
MERFELD value. Only at high electrical conductivity a Wiedemann-Franz behavior
can be expected.

Independent of the exact interrelation, the thermal conductivity based on the
transport of electrons A is therefore also coupled with the charge carrier concentration
n, the mobility of the charge carriers p and their effective mass m". In fact, the

!'Note that in some literature the heat conductivity is also displayed as &.
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Fig. 1.3: Thermal conductivity A as a function of the electrical conductivity ¢ and the
carrier density n of a semiconductor. Reproduced from [11]. Note that the correlation
with the electrical conductivity is only valid when one type of charge carriers is present.

phonon-related thermal conductivity Apy is also interrelated with the charge carrier
mobility u, as phonons and electron waves both are underlying similar scattering
mechanism in a solid-state material with varying degrees of scattering [11]. This is
important, because it makes it questionable to determine the share of Ay, and Ag
from the measured values of A by applying WIEDEMANN-FRANZ behavior [20], as it
is reported also for non-degenerated semiconducting materials, even if not only one
type of charge carrier is present. Moreover, this interrelation between the thermal
conductivity (Apn and Ag), the electrical conductivity o and the SEEBECK coefficient
a is the crucial factor in designing thermoelectric materials, as tuning one of the
parameters always also influences the other. Some ways to influence and tune the
properties of thermoelectric materials are discussed in chapter 1.1.3.

1.1.2 Electrical power output vs. conversion efficiency

As already discussed, the figure of merit zT is the most used quality criterion for
thermoelectric materials. It is directly correlated to the resulting energy conversion
efficiency of the material 7yayx [6]:

_Thot_Tcold V1+ZT_]—
e Thot V1t 2T +1

Note, that 27T is the median 27T of the materials and the first term corresponds
to the CARNOT efficiency ncamot- However, there is another important quality cri-
terion for thermoelectric materials, namely the power factor ca?, which evaluates
the electrical power output of the material. The maximum electrical power output

(1.12)
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Fig. 1.4: Optimum power factor and conversion efficiency as a function of the carrier
density. Reproduced from [22].

of a thermoelectric material Pejmaxmat iS @ function of its power factor oa? and the
temperature difference AT [21]:

1A
Pel,max,mat = ZTUQz(AT)Z (113)

Therefore, the maximum electrical power output itself is not dependent on the
figure of merit 2T and also not on the thermal conductivity implicitly, but is a function
of the temperature difference AT. Obviously, the thermal conductivity of the material
has an influence on the temperature difference between hot and cold side, especially
if passive cooling is applied.

The figure of merit 27" describes the energy conversion efficiency, while the power
factor correlates to the maximum electrical power output. As could be shown in the
context of this work, this can result in various optimization strategies for materials and
TEGs, aiming either for maximum energy conversion efficiency or maximum electrical
power output. Also, analysing and comparing the power factor of various materials
presents new promising materials for thermoelectric applications, which haven’t been
analysed yet due to their comparably low figure of merit z7T. Various interesting ther-
moelectric materials including fairly new ones based on the optimization of the power
factor are discussed in chapter 2.

The deviation of maximum power factor (i.e. power output) and maximum z7
(i.e. energy conversion efficiency) can also be displayed by their interrelation with the
charge carrier concentration n. As discussed before, all thermoelectric parameters are
strongly influenced by the charge carrier concentration n and their mobility p. This
is shown in Figure 1.4, where the maximum power factor is located at a higher charge
carrier concentration as the maximum 27. This is based on the entropy conductivity
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Fig. 1.5: Narducci plot: Electrical power output W (left axis) and energy conversion
efficiency (right axis) as a function of the thermal conductivity A for a power factor
of 100 W m™! K2, 102 W m™ K2, 102 W m? K2 and 10* W m™* K2 under the
assumption of constant AT. Reproduced from [23].

A, which strongly influences the figure of merit 27" and favours a lower carrier concen-
tration compared to the optimum carrier concentration for the power factor, which is
independent of the thermal conductivity. Therefore, designing a material for either a
high energy conversion efficiency or a high electrical power output, by influencing the
basic parameters such as the carrier concentration n, plays an important role.

Narducci also came up with the question ‘Do we really need high figure of merit
2T7" in his work from 2011 [23]. Figure 1.5 recaps his analyses to this topic by showing
the electrical power output (left axis) and the energy conversion efficiency (right axis)
as a function of the thermal conductivity. This also displays, that a high electrical
power output can be achieved at a higher thermal conductivity or rather a higher
power factor, as long as the AT over the material can be maintained. The findings
therefore also show the importance of the power factor especially under fixed heat-flow
conditions or a stable temperature difference, e.g., by active cooling, and denote the
figure of merit 27" a 'misleading’ character in this context, as it is a multi-parameter
optimization rather than optimizing just one.

Another way to display the variation of maximum power output and maximum
energy conversion efficiency is by analysing the working points of the thermoelectric
material: the maximum electrical power point (MEPP) and maximum conversion
efficiency point (MCEP) [6]. The MEPP of a material is given at half the open-circuit
voltage and half the short-circuit current and the resulting maximum electrical power
output is determined according to Equation 1.13. However, the MCEP is a function
of the figure of merit z7T and thus depends on the thermoelectric material. This is
shown in Figure 1.6 for some theoretical thermoelectric material with 27 of 0.5, 1,

9
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Fig. 1.6: U-1, curve (left axis), Pq-I, curve (right axis) and materials working points
of theoretical thermoelectric materials with 27" = 0.5, 1, 2 and 4. Reproduced from [6].

2 and 4. With increasing figure of merit 27, the MCEP drifts more and more apart
from the MEPP. If operated at the MCEP, the resulting electrical power output of a
thermoelectric material is therefore lower compared to the maximum electrical power
output Pejmax [6]:

41+ 2T
Pel,MCEP = : Pel,rnax
(VItoT+ 1)

Vice versa, the resulting conversion efficiency for a material operated at the MEPP
is lower compared to the maximum conversion efficiency, corresponding to Equation
1.15.

(1.14)

Thot - Tcold 1 2T
Thot 2 ZT —+ 2

This also corresponds to the assertion of the Narducci plot (Figure 1.5) that shows
this deviation of power output and conversion efficiency and postulates the overlap of
MCEP and MEPP for 27" = 0. For a given material, this means that the theoretical
maximum electrical power output and the theoretical maximum conversion efficiency
cannot be achieved simultaneously. This also indicates the possibility to achieve ei-
ther a high conversion efficiency or a high electrical power output and showcases the
importance to optimize either characteristic. This concept also opens a pathway for
mostly overlooked materials which may exceed at one of the parameters and therefore
can be promising for a certain application desired to have either a high conversion
efficiency or a high power output.

(1.15)

TIMEPP =

1.1.3 Tuning of thermoelectric properties

The tuning of thermoelectric materials and their respective properties is in the fo-
cus of research ever since the uprising interest in this form of energy conversion. As
discussed above, the interrelation of the main properties, the isothermal conductivity

10
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o, the SEEBECK coefficient a and the entropy conductivity A, is the crucial charac-
teristic. Therefore, new approaches and special design of materials are required to
further improve the thermoelectric properties of a promising material. In this section,
various optimization strategies are introduced, including doping and band engineer-
ing of materials, nanostructuring as well as the concept of hybrid materials. Since
all respective parameters are interlinked, the optimization strategies always influence
all three parameters, which, however, may differ in intensity of the respective in- or
decrease.

Doping and band engineering

Doping is a well-established method to influence the carrier concentration n and the
effective mass m" of a material by introducing additional states within the band gap.
Although it only plays a minor role in the results related to this work, it is discussed
here due to the importance of doping in tuning of thermoelectric properties.

Firstly, doping can strongly influence the carrier concentration n, as dopants usu-
ally are of higher or lower oxidation state than the ionic lattice. Via doping, additional
electronic states are introduced and as a result, the FERMI energy Ef shifts towards
the conduction band (for n-type doping) or the valence band (for p-type doping). This
directly influences the isothermal electrical conductivity as well as the SEEBECK co-
efficient as discussed before. Obviously, the entropy conductivity is also influenced by
doping: On one hand, an increasing carrier concentration n and therefore increasing
isothermal electrical conductivity o also increases the electron-related part of the en-
tropy conductivity A as well as the phonon-related entropy conductivity Ay, which
counteracts the desired improvement of the 27 value. On the other hand, dopants
usually act as additional scattering points for phonons, also influencing Apy,. Overall,
an optimum carrier concentration for thermoelectric materials (regarding a high 27")
as a function of the temperature can be estimated [11], thus doping can be effectively
used to design a material to match this characteristic.

Different doping techniques have been developed in the past decades: Conventional
doping, graded doping and temperature-dependent doping [24]. Conventional doping
describes a uniform doping process, where the resulting carrier concentration is more
or less constant over a large temperature range. However, the mentioned optimum
carrier concentration n * increases with 7' [11,24]. Graded doping introduces multiple
segments including different dopants, where the temperature gradient alongside the
material is considered and the resulting carrier concentration n varies accordingly. A
third concept can be applied for specific dopants that show a strong temperature-
dependent solubility in the material. By this, a temperature-dependent doping can be
achieved, that results in a reversible solution process of the dopants when the material
is in a temperature gradient. Due to the usually nearly linear temperature profile, this
results in an also linear increase of the carrier concentration n with the temperature,
which is a good approximation to the T2 dependency of n with T (see Figure 1.7A).

A related topic is the precise design of the electronic band structure to tune the
effective mass m”. An interesting approach for this is band engineering in order to
achieve band convergence, as shown in Figure 1.7B. By proper doping, a specific
electronic band, e.g., a valence band, with an energy lower than the highest valence
band (meaning a normally irrelevant band for electronic conduction) can be influ-
enced to get closer to the highest energetic valence band (AE decreases and lastly
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Fig. 1.7: A) Carrier concentration n as a function of the temperature 7' for various
doping methods. The optimum carrier concentration n" for a typical semiconductor
is shown in red; B) Concept of band convergence via doping: The AE between the
highest valence band and a lower valence band vanishes, effectively increasing the
effective mass m"; C) Concept of resonant levels to increase the DOS at the FERMI
level Er. Reproduced from [24].

vanishes). By achieving this band convergence, the number of equivalent degener-
ated valleys increases, effectively increasing the effective mass m” [24]. The aim of
this concept is increasing the SEEBECK coefficient without significantly reducing the
electrical conductivity [25]. Furthermore, the effective mass m" can also be directly
tuned by proper doping, as it can influence the curvature of the band (and therefore
influences the charge carrier mobility u). Here, the concept of resonant levels [26] is
used for tuning the thermoelectric properties (Figure 1.7C), especially for materials
whose application temperature is limited to lower temperatures up to room tempera-
ture. Resonant levels can occur due to the interrelation of electrons of the dopant and
the conduction or valence band, increasing the DOS at that energy level as well as the
effective mass m~ [24,25]. The realization of band convergence or the introduction of
resonant levels are therefore effective concepts to tune the power factor oa? [27].

Nanostructuring

The influence of doping on the thermal conductivity was already mentioned in the pre-
vious chapter. The general concept of doping can also be transferred from the atomic
scale to the nanoscale or microscale by introducing grains, impurities or even porosity
on the respective scale. This also leads to additional scattering centres for both, elec-
tron waves and phonons. This concept of structuring thermoelectric materials from
the atomic scale up to the microscale is known as nanostructuring [28]. Figure 1.8
shows various ways to achieve random or ordered nanocomposites by their respective
scale [29]. Due to this concept, very low values for the thermal conductivity could be
achieved by combining various structuring methods on all scales. Analogously, this
also influences the other parameters, as they are interlinked. This influence, however,
is very complex, as every dopant, impurity, porosity etc. shows a varying effect, and
therefore finding an optimum for the 27T is the main focus of research.

A similar approach describes the 'phonon glass - electron crystal’ (PGEC) con-
cept [30]. The idea of this concept is a material featuring a crystal with a good electri-
cal conductivity (‘electron crystal’), featuring special cages or tunnels, where smaller
impurities (compared to the cage or tunnel itself) can be incorporated, effectively
scattering phonons, resulting in a low phonon mean free path (‘phonon glass’) [28].

12
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Fig. 1.8: Scheme of nanostructuring of thermoelectric materials from atomic doping
to the microscale for a) random nanostructuring and b) ordered nanostructuring.
Reproduced from [29].

The resulting strong decrease in thermal conductivity is based on the scattering of
low frequency phonons, which carries more heat than high frequency phonons, at this
rattling’ impurities [27]. Famous examples of this concept are skutterudites, featuring
empty cages that can be filled with smaller metallic cations, resulting in the described
effect. By this, an exceptionally low heat conductivity down to 0.2 W m™ K could
be achieved in multi-filled CoSbs [27].

Hybrid materials

A fairly new concept is the design of hybrid materials with enhanced thermoelectric
properties. While doping usually means the introduction of other types of ions and
nanostructuring mainly features the size and shape of the resulting crystals, hybrid
materials are designed as a combination of completely different materials in order
to achieve a beneficial synergy. The introduction of heteromaterial interfaces here
again leads to additional scattering centres, reducing the phonon mean free path
length. Additionally, the electrical conductivity and SEEBECK coefficient are also
influenced by the nature of the combined materials. This has been investigated for
various different combinations of materials [31]. WANG et al. compared an Ag-
doping with an Ag-addition of the thermoelectric ceramic CazCosO9 (CCO), where
both act beneficial for the power factor in a certain range of Ag amount [32]. In an
included work, a hybrid material containing three different phases (ceramic, polymer
and metallic phase) was designed, where it could be shown that a synergetic effect is
gained because the electrical conductivity increases with the amount of metallic phase
while the thermal conductivity further decreases due to the heteromaterial interfaces.

Due to the wide-ranging possibilities of material combinations and the complexity
of this concept, further investigations for possible synergetic effects are required. In
fact, it is not clear yet if a hybrid material can actually exceed the performance of
pure materials. Back in 1991, BERGMAN et al. described theoretical limits for hybrid
materials, stating that the figure of merit 27 can never exceed the pure material
[33]. This however, does not explicitly apply to the power factor oa?, which has a
similar relevance nowadays, and does not include possible effects on the nanoscale
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[34]. Therefore, this is an interesting approach to design thermoelectric materials
and tuning the power factor via synergetic effects or harshly reducing the thermal
conductivity due to heteromaterial interfaces.

14
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1.2 Thermoelectric material research

In this chapter, the basic idea behind the research for promising thermoelectric materi-
als as well as a few examples, including some relevant thermoelectric materials for this
work are introduced. For their application as thermoelectric materials, the defining
material parameters were already discussed. As a result of the interrelation of the three
defining parameters, the most promising materials are semiconductors or intermetallic
phases, usually with a quite complex and often layered crystal structure. The most
prevalent thermoelectric materials range from the commercially used bismuth telluride
(BipTes) [35] as well as other telluride- or selenide compounds [36-38], oxide-based ce-
ramics [39,40], intermetallic phases such as Zintl phases [41] and half-Heusler phases
(HH) [42-44] and metal alloys such as SiGe [45]. Additionally, research on organic
thermoelectric materials and hybrid materials became more relevant due to the in-
troduction of electrically conducting polymers such as poly-3,4-ethylendioxythiophen
polystyrene sulfonate (PEDOT:PSS) or polyanilin (PANI) [31,46]. Within the litera-
ture, many investigations for the various materials and material classes have already
been done, however, there are only a few works actually comparing different materi-
als from various material classes and evaluating their performance in terms of energy
conversion efficiency and power output. Therefore, as part of this work, a review
about thermoelectric materials for high-temperature applications has been published,
utilizing the Ioffe plots to compare and evaluate various materials. The review is
included in section 1.2.5 as an overview of the different promising materials for re-
spective applications including oxide ceramics, Zintl phases, half-Heusler phases and
SiGe alloys.

1.2.1 Temperature stability of thermoelectric materials

A very important characteristic is the dependency of the thermoelectric materials and
their properties on the desired application temperature. All material parameters ex-
hibit a temperature dependency, often resulting in a maximum z7T or power factor
at a specific temperature. For example, BisTe; shows a maximum z7T near room
temperature, while the 2T decreases for higher and lower temperatures [4]. Addi-
tionally, every material is limited by its respective thermal stability in respect to the
surrounding atmosphere. Therefore, different kinds of thermoelectric materials are
needed, optimized for their respective application temperature. Figure 1.9 displays
the temperature ranges of common thermoelectric materials and material classes. The
commercially used BiyTes and polymer-based materials like PEDOT:PSS are limited
by their thermal stability and reach their respective optimum properties near room
temperature. In the mid-temperature range (300 to 500 °C), PbTe-based materials as
well as metal alloys and some intermetallic phases such as Zintl phases are the focus
of research. For higher temperatures, oxide-based materials, half-Heusler intermetal-
lic phases and SiGe alloys are promising materials. Obviously, the materials usually
considered for mid- and high-temperatures may also be used for room temperature ap-
plications, however, their respective properties are inferior at this temperature. Note
that some materials such as Zintl phases and SiGe alloys are usually characterized in
inert gas atmosphere, as the thermal stability in air atmosphere is more limited.
Next to the aimed application field, the synthesis and preparation of thermoelectric
materials also play an important role to control the resulting properties. The design
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Fig. 1.9: Schematic temperature range and limitation of common thermoelectric ma-
terials and material classes. Different materials are suitable for certain temperature
ranges, limited by their general thermal stability or their optimum thermoelectric
properties. Note that some materials or material classes are only stable in vacuum
or inert gas atmosphere at the displayed temperatures, e.g., SiGe alloys which are
commonly used for space exploration.

of a thermoelectric bulk material often consists of calcination and sintering steps,
including many varying parameters influencing the resulting nano- and microstructure
of the material. The crystal size and shape used for preparation is also important,
influencing the resulting microstructure in terms of grain boundaries and orientation,
sometimes even resulting in an anisotropy of relevant properties. As this is very
important for ceramic thermoelectric materials such as CCO, it will be discussed in
detail later on (see page 19). Especially for organic thermoelectric materials, the
preparation of thin films is in focus of research, where casting of the solution and the
film preparation itself can be varied and investigated [36]. Naturally, the properties of
thin films and bulk can differ widely, resulting in an increasing interest in thin films or
layers of common thermoelectric materials. Furthermore, the tuning of the resulting
properties of a material via doping, nanostructuring and band structure engineering
adds several additional parameters to the thermoelectric material research. As a result,
investigation and tuning of thermoelectric materials and new promising candidates is
the main field of research in thermoelectric energy conversion.

Figure 1.10 shows Ioffe plots of type I (power factor ca? vs. electrical conductivity
o) and type II (entropy conductivity A vs. electrical conductivity o) and the respective
areas for the materials and material classes introduced before. An optimal material
would exhibit a high power factor and a high electrical conductivity (top right in the
loffe plot type I) and simultaneously a low thermal conductivity at a high electrical
conductivity (bottom right in the Ioffe plot type II). However, as discussed before,
the material parameters are linked to each other, meaning that materials that are
located at a high power factor in the type I plot are usually also characterized by
a high thermal conductivity in the type II plot. Hence, no material shows good
characteristics in both plots. This also means, that for different desired properties,
e.g., high power factor or high figure of merit, different materials may provide the
best characteristic for a desired application. This can be further discussed by the
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application temperatures for thermoelectric energy conversion. On the one hand there
are many possible applications at or near room temperature like the electrical supply of
a wrist watch via body heat [47]. However, the temperature differences that occur here
and the amount of wasted heat energy are usually quite low. On the other hand, there
are also interesting applications at high temperatures, where the amount of wasted
heat energy is significantly larger. Therefore, solutions and tuning for applications at
elevated temperature, e.g., in the automotive sector, for space exploration alongside
radioisotope batteries or at industrial processes [48], are highly desired.
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Fig. 1.10: Comparison of various thermoelectric material classes as A) loffe plot type
I (power factor oa? vs. electrical conductivity o and B) Toffe plot type II (entropy
conductivity A vs. electrical conductivity o). A desired material is located in the top
right in A and in the bottom right in B. Metal alloys and half-Heusler compounds
show the highest power factor at high electrical conductivity while polymers and
oxides exhibit the lowest thermal conductivity of the displayed materials. However,
no material provides good characteristics in both.

1.2.2 BisTes: The standard material

Doped BisTes is considered the standard material for thermoelectric energy conver-
sion at room temperature. Remarkably, this material can be utilized as a p-type as
well as a n-type material, simply by doping on the crystallographic Bi-site or Te-site,
respectively. Most commonly, Se or Sb are used as dopants for both sites [49]. For
nanostructured p-type BisTes, 2T values of 1.5 to 1.8 could be achieved [50,51]. A re-
lated material is lead telluride (PbTe), which is characterized by similar properties, but
reaches its peak performance at elevated temperatures around 300 to 400 °C. The crys-
tal structure of BiyTes is shown in Figure 1.11A. BiyTes exhibits a hexahedral-layered
crystal structure with stacked atomic layers bound via van-der-Waals interactions [36].
PbTe shows a cubic NaCl crystal structure [36]. Figure 1.11B gives a statistic on the
research for thermoelectric materials. Here, the biggest share in thermoelectric appli-
cations relies on BiyTes and PbyTes for applications at room temperature or around
300 °C, respectively.

While BiyTes compounds are as of yet unbeaten in thermoelectric performance at
room temperature, it comes alongside a few major drawbacks:

e Application is limited by the relatively low thermal stability of the material.
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e Reliance on toxic telluride-precursors, resulting in a costly and complex prepa-
ration process of materials and TEGs.

e Some metal-based materials like half-Heusler compounds reach even higher val-
ues of the power factor.

For lead telluride, the same drawbacks are true, the application is just shifted
to slightly higher temperatures. Up to now, there is no competitive thermoelectric
material to BisTes for near room temperature applications. For higher temperatures,
various other kinds of materials are promising candidates like half-Heusler phases or
oxides.
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Fig. 1.11: A) shows the crystal structures of BiyTe;. Reproduced from [49]. In B),
contribution of various thermoelectric materials and material classes to thermoelectric
technologies up to the year 2016 are shown. Reproduced from [36].

1.2.3 Oxide-based thermoelectric materials

Compared to the standard material BiyTesz, oxide-based thermoelectric materials do
not rely on toxic tellurides, although cobalt precursor can also be critical. Further-
more, the oxide-based materials show a much better chemical and thermal stability,
e.g., up to 900 °C in air atmosphere for CCO. A good thermal stability in an air atmo-
sphere can be highly beneficial, as promising applications are usually in air atmosphere
(with the exception of space exploration) and some other thermoelectric materials in
focus of research need inert gas atmosphere to operate at high temperatures. The
major drawback of oxide-based materials are their comparatively low thermoelectric
properties, reaching a power factor of 2 to 5 uW cm™ K2 and a figure of merit 27 up
to 0.4 to 0.6 [22].

Within the group of oxide-based thermoelectric materials, layered cobaltites are
the most promising candidates as p-type materials. Na,CoOy (NCO, x = 0.5 - 1)
was first introduced as a pioneer compound in the group of layered cobaltites in the
early 1990s. Later on, the related BipA3Coy09 (A = alkaline metal) and CazCosOq
(CCO) compounds were in the focus of research. Within this group, CCO shows
the best thermoelectric properties as well as the best thermal stability. All these
compounds exhibit a hexagonal-layered crystal structure consisting of Cdls-type CoOs
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Fig. 1.12: A) Layered crystal structure of CazgCosOg (CCO) consisting of CoOy and
CazCoy04 subsystems. Reproduced from [21]. As a result of the layered structure,
the sintered ceramics usually show a higher electrical conductivity but at the same
time higher thermal conductivity in the a,b-plane compared to the c-direction. In B),
this resulting anisotropic behavior of sintered polycrystalline CCO ceramics is shown.

layers separated by a Na layer (for NCO), a rock-salt CayCoOj layer (for CCO) or
a BisAsOy layer (for BipAyCo90g) [22]. The structure of CCO is shown in Figure
1.12A and corresponds to the PGEC concept discussed before, where the CoO, layers
act as an electron crystal, while the Cay;CoOj3 layers drastically reduce the thermal
conductivity due to their role as phonon glass. As the oxide-based materials exhibit
a relatively low power factor and electrical conductivity in combination with a very
low thermal conductivity (compare Figure 1.10A and B) they can be categorized
as materials for good energy conversion efficiency rather than high electrical power
output. This, however, can additionally be tuned by different parameters such as
doping and the preparation and sintering process.

Based on the layered crystal structure, CCO grows plate-like particles with a pre-
ferred growth in the a,b-direction up to 500 nm to several ym with a thickness of 20
to 100 nm up to 1 um, both strongly depending on the preparation process. CCO
can be synthesized in a sol-gel process, where Ca- and Co-precursors are complexed
by ethylenediaminetetraacetic acid (EDTA) and calcinated within the process [52],
resulting in platelets around 1 to 2 pm in the a,b-direction and a thickness of around
50 nm. Besides this, CCO can also be prepared via spray-pyrolysis, resulting in some-
what smaller particles, or via solid-state route for larger platelets [53]. Afterwards,
the particles are sintered into a bulk ceramic. Here, different methods have been in-
vestigated, including conventional sintering (CS), spark-plasma sintering (SPS) and
hot pressing (HP) [22,54,55]. A main difference of the sintering techniques is the re-
sulting porosity of the ceramic, which significantly influences the final thermoelectric
properties [56].

The layered crystal structure of CCO results in an anisotropic behavior, shown
in Figure 1.12B. When CCO particles are sintered into a bulk ceramic, the platelets
arrange perpendicular to the pressing direction. Hence, the electrical conductivity
based on the CoOs layers is significantly larger in the a,b-direction, which leads to a
higher power factor. However, the thermal conductivity is analogously higher in this
direction. This anisotropic behavior results in a problematic characterization process,
as all parameters have to be measured in the same direction to gain accurate values
for the figure of merit 27T.

For further tuning of the thermoelectric properties, various different dopants have
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already been investigated, including several alkaline [57] and alkaline-earth metals [58]
and heavier atoms such as Sm [59], Tb [60], Cr [61] or Cd [62] as well as co-doping
with multiple elements [63]. Additionally, a few approaches to design hybrid materials
based on CCO have been reported [21,64,65]. As n-type oxide-based materials, various
materials can be utilized, like doped ZnO [66,67], CaMnO3 [68-70] and SrTiO3 [71-73],
and have been widely investigated up to now. As the p-type CCO is in the focus of
this work, the reader is referred to the review in section 1.2.5 for a detailed description
of the n-type oxide based materials.

1.2.4 Metal-based thermoelectric materials

Metals generally show a very high electrical conductivity but simultaneously a very
high thermal conductivity. Due to the resulting inferior figure of merit 27" for most
basic metallic system like elements or simple alloys, these materials have only played
a minor role so far. Compared to the formerly discussed materials, metallic thermo-
electric materials also show a good chemical and thermal stability and are less toxic
and easier to process than tellurides or selenides. As promising metal-based thermo-
electric materials, up to now mostly two different intermetallic phases, namely Zintl
phases [41] and HH phases [44], are in focus of research. Zintl phases are semiconduc-
tors with a small band gap (< 1 eV), resulting in a medium power factor around 5
to 10 uW cm™ K2, HH compounds XYZ (X,Y = transition metals; Z = main group
element) are characterized by a cubic structure and a band gap around 0.5 eV. The
resulting power factor around 20 to 50 uW cm™ K2 excels compared to all other ma-
terials discussed so far. Both phases consist of multiple elements and a quite complex
structure, resulting in reasonable thermal conductivity and therefore a high figure of
merit 27T of up to 1.6 and 1.5 for Zintl phases and HH phases, respectively. Addition-
ally, SiGe alloys are established high-temperature thermoelectric materials when used
in vacuum, e.g., for energy supply of space exploration satellites and rovers. However,
the evaluation of metallic materials for thermoelectric application is only based on the
comparison of the 27T and the resulting energy conversion efficiency of the materials.

As discussed before, the power factor and the resulting power output of a mate-
rial may have the same significance as the conversion efficiency, especially for high
temperature application where power output is more valuable than efficiency. As a
result of this consideration, various other metallic materials may be promising for
thermoelectric applications. A quite simple alloy, that drew some attention in recent
years, is Isotan, a Cu-Ni alloys (55 % Cu, 45 % Ni). Based on Cu, one of the best
electrically conducting metals, its electrical conductivity is very high, but, unlike Cu,
it also provides a comparatively high Seebeck coefficient around -35 pV K at room
temperature (increasing up to -80 puV K at elevated temperatures) [74]. Due to
enhanced phonon scattering and the lower electrical conductivity compared to pure
Cu, its resulting thermal conductivity is reasonably low (around 25 W m™ K™ at
room temperature) [74]. However, only a few works about investigating and improv-
ing the thermoelectric properties of Cu-Ni-based alloys can be found, ranging from
altering the material on the nanoscale via inclusion of carbon nano tubes (CNTs) or
Al,O3 nanoparticles [75,76] or via nanostructuring [74,77,78]. A comparison of the
thermoelectric properties of the intermetallic phases, SiGe alloys, Isotan and Ag and
Cu is shown in Table 1.1. The resulting figure of merit 27 of Isotan is inferior to
the established intermetallic phases due to the still pretty high thermal conductivity.
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Table 1.1: Thermoelectric properties of various intermetalic phases and metal alloys.
While Cu-Ni exhibits an inferior 27T value, it has the highest power factor of the
displayed materials. Compared to pure Ag or Cu, Cu-Ni also provides a much higher
Seebeck coefficient and figure of merit 27T

Material | T /K | o /Sem™ | a/uyVK! | A/ WmtK?|oa?/uyWem! K| 2T

Zintl [79] 700 180 290 0.73 15.1 1.45
HH [80] | 1173 800 245 4.2 48 1.45
SiGe [81] | 1173 520 245 2.8 31 1.3
Isotan [74] 600 19200 55 33 63 0.105
Ag / Cu 600 30000 7 400 15 0.002

The power factor, however, is comparable or even higher than the values reached by
HH materials. Therefore, especially for applications that favor a high power output
over the conversion efficiency, the much easier processable and less costly Isotan is an
interesting alternative to the complex HH materials. Compared to the pure metals
like Ag or Cu, Cu-Ni also exhibits a reasonable high figure of merit 27, reaching up
to 0.18 at elevated temperatures [74,78].
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Abstract: Energy harvesting with thermoelectric materials has been investigated with increasing
attention over recent decades. However, the vast number of various material classes makes it difficult
to maintain an overview of the best candidates. Thus, we revitalize Ioffe plots as a useful tool for
making the thermoelectric properties of a material obvious and easily comparable. These plots
enable us to consider not only the efficiency of the material by the figure of merit zT but also the
power factor and entropy conductivity as separate parameters. This is especially important for
high-temperature applications, where a critical look at the impact of the power factor and thermal
conductivity is mandatory. Thus, this review focuses on material classes for high-temperature
applications and emphasizes the best candidates within the material classes of oxides, oxyselenides,
Zintl phases, half-Heusler compounds, and SiGe alloys. An overall comparison between these
material classes with respect to either a high efficiency or a high power output is discussed.

Keywords: thermoelectric materials; energy harvesting; energy materials

1. Introduction

At a time when raw fossil materials are becoming scarcer and the demand for regenerative energies
is relentlessly rising, the use of energy harvesting systems has gained an ever-increasing interest [1].
Regardless of whether it is from industrial processes, mechanical processes, or the transportation
sector, the amount of wasted energy currently remains enormous. In 2017, the estimated energy
consumption in the U.S. was shown to be approximately 67% wasted energy [2]. At this point, energy
harvesting comes into play, converting even small amounts of wasted energy in the form of heat,
light, vibration, or movement into usable energy [3]. Since most of this wasted energy is in the form
of heat, the conversion of thermal energy to electrical energy via thermoelectric generators is an
attractive solution. The associated energy conversion is based on the thermoelectric effect, which is the
simplest way for direct energy conversion from dissipated heat into electrical energy.

Discovered by T.J. Seebeck in 1821, the first thermoelectric effect (Seebeck effect) describes the
direct conversion of thermal energy into electrical energy, which Seebeck demonstrated by thermally
inducing an electrical current by heating two different electrical conductors. Together with the Peltier
effect (1834), which describes the heating or cooling effect of an electrical current in a thermocouple,
and the work of W. Thomson on the thermoelectric effect in homogeneous conductors (Thomson effect),
the basis of thermoelectricity was laid [4]. In the first half of the 20th century, the term ‘figure
of merit’ was introduced, and the first theoretical approaches were made in designing a material
with a high energy conversion efficiency. In 1957, A.E. Ioffe defined the figure of merit zT as a
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function of the electrical conductivity, the Seebeck coefficient, and the thermal conductivity of the
material [5]. However, thermoelectric energy conversion has been too inefficient for most applications
for a long time. Theoretical descriptions of nanostructural engineering and superlattice structures
paved the way to significantly improved zT values, which strongly increased research on thermoelectric
materials in the mid 1990s [6]. Today, the improvement and development of thermoelectric materials
still have the goals of gaining higher efficiencies and power outputs. Within this research field, various
materials from wide-ranging material classes, such as metallics and intermetallics [7,8], oxide-based
ceramics [9-11], chalcogenide compounds [12], and polymers [13] have been investigated. It is
important to compare the efficiencies and resulting power outputs of these materials to draw the
correct conclusions when actual generators for applications are manufactured. The purpose of this
review is to convey descriptive comparisons, which is realized by two different types of Ioffe plots.
These plots allow a direct comparison of the thermoelectric properties of different materials, which is
vital for prospective research [14].

1.1. Thermoelectric Parameters

Discussing thermoelectricity requires an understanding of some fundamental parameters, which
are briefly described in the following. Thermoelectric energy conversion is based on local coupling of
fluxes of charge carriers and entropy. When a thermoelectric material is simultaneously exposed to
local gradients of temperature (i.e., VT) and an electrochemical potential of charge carriers (i.e., V%)
the local flux densities of charge jq and entropy js are given by the following transport equation [15]:

jq\ [ © oy’ ) -vi
(jcsl)(mzx 0'~0é2+/\> <_V]q">' @

The thermoelectric material tensor, which appears here, is characterized by three material
parameters: the isothermal electrical conductivity o, the Seebeck coefficient «, and the electrically
open-circuited entropy conductivity A. The latter is linearly related to the traditionally used heat
conductivity A via the absolute temperature T as described in Equation (2) [15-17]. In the context of
this review, thermal conductivity is a generic term, that covers both entropy conductivity and heat
conductivity. Here, it is advantageous to address the thermal conductivity by the more fundamental
entropy conductivity, as we will see when comparing materials.

Considering entropy as a central primitive quantity of equal rank to electric charge comes with
the benefit of an easy understanding of the physics of thermoelectricity. A local coupling of the
fluxes of these substance-like quantities is described by Equation (1) [15]; this is in contrast to the
cumbersome traditional approach, which introduces generalized forces and a kinetic matrix [18]
instead of thermodynamic potential gradients and a material tensor. Naturally, for each substance-like
quantity, a conductivity is assigned to the material. The material tensor is symmetric by principle,
and an elaborate discussion of the reciprocity of Onsager coefficients is superfluous [15]. A further
advantage is that the currents of thermal energy (heat) and electrical energy (or electrochemical energy),
which accompany the fluxes of entropy and charge, can be treated separately. The entropy and charge
fluxes allow us to consider energy conversion and its efficiency in a thermoelectric material apart from
the device. When expressed with the entropy conductivity, the figure of merit zT in Equation (2) is
purely a material parameter that depends only implicitly on temperature. Moreover, the appearance
of two substance-like quantities in Equation (1) to be transported through a thermoelectric material
allows for an integration of thermoelectricity into a broad picture of coupled transport processes
(e.g., diffusion, viscous flow, entropy conduction and electric conduction) and benefits from analogies.
A reader who is interested in more details is referred to the discussion about the properties of heat by
Fuchs [19] and the comparative overview by Job and Riiffler [17].
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The tensor element M, in Equation (1) directly leads to parameters that describe the performance
of a thermoelectric material. The most commonly used parameter is the dimensionless figure of merit
zT, which describes the relation of the power factor ca? and the entropy conductivity A in Equation (2).

gy gy

iT=— =" T. @)

The figure of merit zT indicates the maximum achievable power conversion efficiency of a

v142zT -1
m * M Carnot-

In contrast, the power factor ¢a? is proportional to the maximum achievable power output of a
material and the temperature difference AT [20]:

thermoelectric material [16]:

Hmax =

®)

Pel,max x mxz : (AT)Z- (4)

For some applications, the power factor may have the same relevance as the efficiency described
by the zT value. As shown in Figure 1a, for a thermoelectric material, the optimum efficiency and
optimum power output as a function of the carrier density differ, leading to a possible optimization of
one parameter for the desired properties or a special application.
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Figure 1. (a) Seebeck coefficient «, electrical conductivity ¢, entropy conductivity A, and the resulting
power factor oa? and zT value as a function of the charge carrier density; adapted from [20] with
permission from Elsevier; (b) Type-I loffe plot of various reported high-zT materials [11,12,21,22].
Seebeck coefficient a is given in pV K~1. Different data points for the same material refer to
different temperatures.

Narducci [23] also emphasized that the figure of merit zT may be an inappropriate parameter
to rate and compare different materials for some applications. Especially for applications at high
temperature, the power factor ca? could be a better quality criterion. In this review, rather than just
comparing the figure of merit zT, we will also look at the power output and the entropy conductivity of
different materials by comparing them via Ioffe plots. We distinguish between a type-I Ioffe plot, which
considers the power factor ca? as a function of the electrical conductivity ¢, and a type-II Ioffe plot,
which considers the entropy conductivity A as a function of the electrical conductivity ¢. Figure 1b
displays a type-I Ioffe plot of various reported materials from different classes with high figure of
merit zT values. Although all of the shown materials exhibit exceptionally high zT values in their

specific material class, the electrical conductivity o as well as the power factor vary over several orders
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of magnitude. Furthermore, type-II Ioffe plots will be vital for an in-depth comparison of different
thermoelectric materials later on. Since the entropy conductivity can be displayed in the same unit and
scale as the power factor, the type-II Ioffe plot enables an easy comparison of electrical and thermal
properties and observable zT values.

1.2. Doping and Band Structure Engineering

A prevailing challenge when facing the improvement of a thermoelectric material is coupling
all three relevant material parameters with each other, which can be managed to a certain degree.
The most common approach to enhancing the performance of thermoelectric materials is doping, which
can have a huge impact on the electrical conductivity, Seebeck coefficient, and thermal conductivity.
Several parameters, such as carrier density, mobility, effective mass, and the band structure, are
effectively influenced by proper doping.

Figure 1a shows an optimum carrier density for a balanced electrical conductivity and Seebeck
coefficient at a given temperature, which varies between an optimum power factor and zT value.
This means that adjusting the carrier density via doping is highly advised for either high power
or high efficiency applications [23]. The dopant may influence the carrier density of a material by
introducing defect-enabled mechanisms including point defects [1]. However, the optimum carrier
density is temperature-dependent and increases approximately with T3/2 [5]. Thus, either further
material engineering is required or the carrier density needs to be optimized for a specific temperature
range according to the application field.

Generally, the Seebeck coefficient decreases with increasing carrier concentration, as shown
in Figure 1, and the electrical conductivity is oppositely coupled. However, the doping-induced
convergence of valence or conduction bands to increased valley degeneracy has proven to increase the
electrical conductivity while maintaining the Seebeck coefficient [24]. This is explained by the Seebeck
coefficient being dominated by the smaller value of several bands. If degeneracy of several bands is
achieved, the Seebeck coefficient is stable, but the electrical conductivity substantially rises [24,25].
Therefore, band convergence is an effective way to improve the power factor of a material.

Additionally, doping strongly influences the thermal properties of the material. The thermal
conductivity expressed as entropy conductivity A was introduced in the tensor element My,
in Equation (1). Conventionally, the thermal conductivity is divided into a phonon contribution
and an electronic contribution [5]. Influencing the phonon contribution to the thermal conductivity
via scattering mechanisms is well investigated and can be divided into size-relevant dimensions.
The atomic scale is influenced by single doping or cross substitution, which results in point defects
within the crystal lattice. These defects effectively delay the phonon propagation by scattering when
the lattice mismatch between the host and the dopant is sufficient and the mass difference as well as
the dopant amount are high [26]. The next relevant dimension for scattering phonons is the nanoscale,
which leads to so-called nanostructuring [27]. Nanoscaled defects can be introduced in-situ by forcing
the precipitation of a second phase [28] or ex-situ by mixing the nanoscaled second phase with a host
phase [29]. However, the phonon propagation within the second phase is rather unpredictable, making
it difficult to design a proper system. Temperature stability is another issue since elevated temperatures
may change the scale of the precipitates and diminish the achieved effect [27]. The main part of the
thermal energy is propagated by short- and medium-wavelength phonons, which are effectively
hindered by point defects and nanostructuring. The residual long-wavelength phonons can be
influenced by defects in the range of a few micrometers or submicrometers, namely, the mesoscale. This
effect is typically active for polycrystalline materials with mesoscale grains [30]. Additional phonon
scattering may appear at heteromaterial interfaces of composite systems [31]. However, the electronic
transport may be reduced by these grains, making a consideration of maximum power output vs.
efficiency necessary. If the scattering of the phonons is achieved at all three length scales, the term
all-scale hierarchical architecture is used [32]. Only a few studies achieve all-scale phonon scattering,
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but when regarding the overall reduction of the phonon contribution to the thermal conductivity,
decreases of more than 50% are possible [33].

While the phonon contribution to the thermal conductivity has been widely studied, the electronic
contribution is not straightforward. For degenerate semiconductors with charge carriers of the same
sign, the commonly used separation into both contributions fits well, and the Wiedemann-Franz
relation A = Ly - o with the Sommerfeld value of the Lorenz number Ly = 2.4453 - 10~8 W Q) / K2 [34]
can be applied to describe the electronic contribution. However, for nondegenerate semiconductors
and especially for materials with charge carriers of both signs, the electronic contribution significantly
increases, resulting in a deviation of the Sommerfeld value, as stated by Ioffe [5]. Thus, the relationship
may lead to questionable results when applied to all kinds of thermoelectric materials and must
be considered carefully. As a result, doping may have a nonnegligible influence on the electronic
contribution to the thermal conductivity.

1.3. Thermoelectric Materials for High-Temperature Applications

As state-of-the-art materials for thermoelectric power conversion, bismuth telluride (Bi;Tes)
and lead chalogenide PbX (X =S, Se or Te) compounds long exhibited the highest zT near room
temperature and approximately 600 to 700 K, respectively [35]. However, due to the toxicity
of telluride and lead, investigations into less toxic alternatives have attracted strong attention in
recent years. Several promising materials or material classes have been reported since and have been
discussed in detailed reviews, e.g., copper and tin chalcogenides [35], oxide-based materials [9,36],
intermetallic compounds [8,37], and organic polymers [13,38]. Since each material typically has an
optimum temperature range for its most efficient thermoelectric power conversion, the materials
do not necessarily compete but complement each other with respect to a specific application.
Figure 2 shows the zT values of several different thermoelectric material classes as a function of
temperature. There are multiple promising alternatives for commercially used bismuth telluride at
high operating temperatures.

| Industrial processes, power plants

’ Automotive sector

2.001

half-Heusler SiGe:B
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Figure 2. zT values as a function of temperature for several thermoelectric material classes [21,22,39-41].
While bismuth telluride shows the highest zT value at low temperatures, different kinds of materials
are interesting for high-temperature applications.
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In this review, we take a closer look at these promising materials for high-temperature
applications (>700 K), e.g., power plants, industrial processes, and the automobile industry [20,42].
Therefore, oxide-based materials and several intermetallic compounds such as Zintl phases and
half-Heusler compounds will be discussed and compared in terms of the power factor and the
figure of merit zT. In this context, the focus is on the thermoelectric properties at the material level.
Please note that the utilization of thermoelectric materials in a device comes alongside additional
important tasks such as contact resistivity and the variation in thermoelectric properties in an applied
temperature gradient. It has been emphasized that for a thermoelectric device, the average properties,
such as the average zT, within the respective temperature range are the key parameters instead of the
peak properties [43-45]. As mentioned, within this review, the discussed thermoelectric compounds
will only be evaluated at their respective material level.

2. Oxides and Oxyselenides

2.1. Thermoelectric Oxides

Oxide-based thermoelectric materials generally exhibit an inferior zT compared to that of telluride
and selenide compounds, but show a much higher chemical and thermal stability, thus allowing
high operating temperatures and large temperature gradients [46]. Consequently, such materials
are very promising for high-temperature applications in areas such as the automobile sector or
industrial furnaces. Additionally, raw materials of such oxide-based ceramics are less toxic than
other materials and therefore easier to process. The first works that predicted good thermoelectric
properties in layered crystal structures [47] and the first report of NayCoO; [48] were published in the
mid 1990s. Later, manganites and cobaltites, which show strong spin and orbital fluctuations in the
d-electron system and a strong Jahn-Teller effect, became the focus of research [9]. Today, oxide-based
thermoelectric materials represent a group of materials with good chemical and temperature stability.
In general, oxide-based thermoelectric materials exhibit high Seebeck coefficients, but only a medium
electrical conductivity and moderate thermal conductivity. By adjusting these parameters via
nanostructuring, doping, and defect engineering, these materials can be tuned to reach high zT
values up to 1. In this context, we will have a close look at p-type layered cobaltites (NayCoO,,
CazCo40y, BipCayCoy0g) and the most common n-type oxide-based materials (ZnO, CaMnO3, SrTiO3).
As already mentioned, the focus of this work is on a comparison and evaluation of the power factor
and the figure of merit zT. For a more detailed discussion of the physical properties of thermoelectric
oxides, e.g., for oxide-based materials [9,36,49] or BiCuSeO [49-51], the reader is referred to other
review articles.

2.1.1. p-Type Layered Cobaltites

Since the discovery of NayCoO5, several layered cobaltite compounds with analogous structures
have been found. In addition to NayCoO,, two other promising compounds, namely, Ca3Co409 and
BiyAyC0y09 (A = alkaline-earth metal), will be discussed. Figure 3 shows the crystal structures of
these compounds. NayCoO, consists of a hexagonal-layered structure with CoO, sheets separated by
disordered Na layers. In CazCo0409 and Bi; A»C0,09 (A = alkaline-earth metal), the Na layer is replaced
by CayCoOs or BizApOy4 substructures, respectively. In these structures, the CoO; sheets represent an
electron-conducting layer, which is described as an ‘electron crystal’, while the salt-like separating
layers work as a ‘phonon glass” and reduce the thermal conductivity of the material, resulting in a
high zT [1,46].

The thermoelectric parameters of these layered cobaltites are strongly influenced by the exact
stoichiometry of the compound. In NayCoO,, the amount of Na in the disordered phonon
glass layer influences the phonon scattering and the electronic properties [52,53]. In BiyApC0,09
(A = alkaline-earth metal), the thermoelectric properties can be influenced by the amount of Co [54].
The most investigated compounds of BipA;Co0,0O9 have A = Ca or Sr [55]. The practical use of
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Na,CoO, and BipAyCo,0y is limited by the volatility of Na and Bi at high temperatures and the
hygroscopicity of the compounds. Therefore, CazCosO9 represents the most interesting layered
cobaltite for thermoelectric applications, especially at high operating temperatures. Due to its structure,
which consists of electron conducting layers separated by nonconducting layers that cause phonon
scattering, the thermoelectric properties of CazCo040g are highly anisotropic. The in-plane direction
is characterized by a high electrical conductivity within the CoO; layers, resulting in a high power
factor oa?. However, in the out-of-plane direction, the phonon scattering is very high, resulting in an
even lower thermal conductivity.
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Figure 3. Crystal structures of (a) NaxCoO,, (b) CazCosO9 (CCO) and (c) BipCayCoyOy. Adapted
from [10] with permission from Elsevier.

In general, the thermoelectric properties of bulk Ca3CosO9 can be strongly influenced by the
parameters of the synthesis and the sintering method, which have a strong influence on the resulting
density, grain size, and orientation of the material [56]. Ca3Co4O9 can be synthesized via a solid-state
mechanism or a sol-gel procedure. Krolicka et al. investigated the effect of these techniques on the
structural and thermoelectric properties, and showed increased zT values in the sample prepared by
the sol-gel route due to improved grain alignment [57]. The corresponding ceramics can be prepared
by different sintering methods, such as spark plasma sintering (SPS) or pressureless sintering methods,
all again leading to different grades of grain orientation and densification [56,58—60]. Bittner et al.
showed that the porosity of a bulk CazCo409 ceramic strongly influences the resulting thermoelectric
parameters [61]. A high porosity leads to a reduced electrical conductivity and simultaneously
decreased thermal conductivity, thus improving the figure of merit zT. Therefore, the porosity as well
as the synthesis method is one way to tune such oxide-based materials for an increased power factor
(dense ceramic) or zT (high porosity).

As mentioned before, doping and nanostructuring are common ways to tune the thermoelectric
parameters of thermoelectric materials. Table 1 shows the figure of merit zT and the power factor oa?
of several doped Ca3Co0409, NayCoO; and BipCa;CoyO9 compounds. Here, NayCoO, exhibits the
highest power factor, while CazCo409 is the most promising layered cobaltite when high efficiency
and therefore high zT is desired. A nanocomposite containing all three layered cobaltites discussed
here is also included, showing promising synergistic effects in its thermoelectric properties as well as
its thermal stability [10].

Overall, the thermoelectric properties of layered cobaltites, and all oxide-based materials in
general, strongly depend on many parameters, such as the synthesis route, morphology of the crystals,
doping, nanostructuring, texturing, and densification into a bulk material, thus leading to a possible

control of tuning oxide-based thermoelectric materials to a high power factor oa?

or a high zT value
for different application fields. However, more research on the enhancement of the power factor is

required to increase the potential of these materials for high-temperature applications.
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Table 1. Dimensionless figure of merit zT and power factor ca? of p-type Caz3Co409, NaxCoO, and
BiyCapCoyOg with different dopants.

Material Dopant T/K zT oa?/uW em~1 K2
Cr [62] 1000 K 0.16 35
Sm [63] 1000 K 0.15 2.4
Tb [39] 1000K  0.73 115
K [64] 1000 K 0.22 2.85
Ca3C040 Cd [65] 1000K  0.35 5.25
Sr [66] 1000 K 0.22 3.95
Na,W codopants [67] 1000 K 0.21 2.7
La,Fe codopants [68] 1000 K 0.32 4.15
NCO,BCCO nanocomposite [10] 1100 K 0.34 6.08
Ag,Au [69] 1000K  0.4-0.5 13-15
Ni [70] 1073 K - 10.8
NaxCoO; Cu[71] 1000 K . 15.5
K, Sr, Y, Nd, Sm, Yb [72] 1000K 0.36-0.5 6.8-7.3
Na [73] 900 K - 2.1
BiyCayC0,0q K [74] 1000K  0.305 1.92
Pb,La [75] 1000 K - 1.6-2.2

2.1.2. n-Type Oxides

Around the same time as the first layered cobaltite compounds, other transition metal oxides
were reported to have promising thermoelectric properties. Since then, the most studied oxide-based
n-type materials have been the aforementioned ZnO, as well as SrTiO3 and CaMnOj3. ZnO exhibits a
hexagonal wurtzite structure with a large direct band gap of 3.44 eV [76], SrTiO3 has a cubic perovskite
structure and is also characterized by a large band gap of 3.25 eV [77] and CaMnOj crystallizes in an
orthorhombic perovskite structure with an indirect band gap of 0.7 eV [78]. All these materials are
characterized by a high Seebeck coefficient and a very low electrical conductivity due to a low carrier
concentration without doping [9].

Based on the large band gap of undoped ZnO, increasing the carrier density by doping and
defect engineering is used to ensure good thermoelectric properties. For ZnO, doping with Al has
been widely studied and shows the highest zT values from 0.3 to 0.45 with moderate power factor values
of approximately 5-8 uW cm~! K2 thus far [79-81]. Again, the synthesis parameters as well as the
morphology of the crystals strongly influence the resulting thermoelectric parameters. Han et al. reported,
that the zT value of ZnO with nanoparticle morphology is 1.5 times higher than that of a platelet-shaped
morphology [82]. In addition to doping, defect engineering is another promising way to enhance the
thermoelectric properties, as shown by Tian et al.; by increasing the Al solubility and therefore the carrier
concentration and electrical conductivity, the thermal conductivity decreases due to introduced defects [83].
Undoped SrTiO; also has a very large band gap, making it electrically insulating. However, by electron
doping with group III elements (mostly lanthanides) on the Sr sites or group V elements (Nb, Ta)
on the Ti sites, a strong increase in carrier density (up to approximately 102° cm~3) and electrical
conductivity (up to 50-1000 S cm ') in single crystals can be observed [84]. In addition to doping
and codoping with several lanthanides, the influences of Sr vacancies have been investigated and
were reported to have a positive effect on thermoelectric properties [85,86]. Similarly to SrTiOs3,
CaMnO;j; exhibits a high Seebeck coefficient but an electrically insulating character before doping.
Here, rare-earth metals as dopants for the Ca sites as well as transition metals for the Ti sites have
been investigated. CaMnOj3 and SrTiO3 have perovskite structures with octahedral coordination of Mn
and Ti, respectively. The symmetry of the MnOg and TiOg octahedrons also influences the resulting
parameters. A distortion of the octahedron, e.g., that due to a Jahn-Teller distortion as a result of a
partial reduction of Mn** to Mn3* or due to doping with smaller or larger elements, influences the
electrical and thermal conductivity of the material [9].
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Additionally, n-type InpO3 was investigated as a promising oxide-based thermoelectric
material [20,87]. Undoped In,O5 is a semiconductor with a band gap of 1.2 eV that can be strongly
influenced via doping. The crystal structure can be described as a cubic bixbyite structure with two
nonequivalent cation sites that can be substituted with different dopants [88]. The electron effective
mass as well as the carrier concentration of this material strongly depend on the amount of doping
within the structure. As a result, a very high carrier mobility can be achieved, making tuning the
thermoelectric properties very promising [89]. Bittner et al. [20] presented Sn,Al-doped n-type In,O3,
which reached a comparatively high power factor of 7.1 uW cm~! K~2 at 1200 K. However, doped
In; O3 suffers from its high thermal conductivity and thus shows a noteworthy zT only above 1000 K
at this time. Nevertheless, doped Iny,Oj3 represents an interesting n-type thermoelectric material for
high-temperature applications due to the high power factor resulting from high electrical conductivity.

Table 2 shows the figure of merit zT and the power factor ca? of several doped ZnO, SrTiO;,
CaMnQ3, and InyO3 bulk compounds. As described before, the thermoelectric properties also strongly
depend on the synthesis method and the sintering parameters. Here, SrTiO3 compounds exhibit the
highest power factor, while the other materials reach zT values of approximately 0.3-0.4, except for
doped In, 03, which only reaches a zT value of 0.15.

Table 2. Figure of merit zT and power factor oa? of n-type ZnO, SrTiO3, CaMnQO3, and InyO3 with

different dopants.
Material Dopant T/K zT oa?/uW em—1 K2
Al [79-81] 1073 0.3-0.45 5-8
700 Ni [90] 1073 0.09 5.8
ALNi codopants [91] 773 0.06 5.6
Ga [92] 973 0.25 12
La,Nb,Sm,Gd, Dy [93] 1073  0.2-0.28 5.5-9
La [94] 973 0.365 11.6
SrTiO3 Gd [95] 1023 0.37 10.9
Nb [96] 1023 0.39 113
Nb,Nd codopants [97] 1073 0.315 8.8
Nb [98] 1073 0.325 1.9
Dy,Ho,Er,Yb [99] 1000 0.15-0.2 2-35
CaMnO3 W [100] 1073 0.16 3.2
Y,Dy codopants [101] 800 0.18 3.1
Pr,Yb codopants [102] 973 0.24 3.3
In,O Sn,Al [20] 1200 0.08 7.1
23 Ge,Mn,Zn [20] 1200  0.15 3.6
2.2. BiCuSeO

Doped BiCuSeO is one of the newest and most promising thermoelectric materials. The first works
presenting the thermoelectric properties of this compound were published from 2010 to 2012 [103-105].
BiCuSeO is one of several isostructural RMChO (R = Bi, Ce to Dy; M = Cu or Ag; Ch =S, Se or Te)
compounds and exhibits a two-dimensional layered structure with Bi;O, and Cu,Se; layers, as shown
in Figure 4a—d [50]. Due to this layered structure, BiCuSeO also shows anisotropic thermoelectric
properties, which strongly depend on the synthesis method and the sintering parameters, analogous to
the layered cobaltite compounds [50,106,107]. Due to the similar behavior between BiCuSeO and the
oxide-based cobaltites, the former material is discussed here, although it is an oxyselenide and not an
oxide material. BiCuSeO can be synthesized via hydrothermal methods, solid state reactions, sol-gel
methods, or mechanical alloying. The bulk materials are again prepared via cold-pressing, hot-pressing,
or SPS [50,51,108-110]. The electrical conductivity of undoped BiCuSeO is relatively low because of
a low carrier concentration and carrier mobility, while the material exhibits an exceptionally high
Seebeck coefficient of approximately 450 uV K~ ! and a very low thermal conductivity of approximately
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0.4 W m~! K1 [50,111]. Based on this, BiCuSeO can be described as a high-zT material but offers a
comparable to those of the layered cobaltites. Although a very high
zT > 1 can be reached. Additionally, BiCuSeO struggles with thermal stability in an air atmosphere
showing surface oxidation at 573 K and complete decomposition at 773 K [112].

relatively low power factor o«
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Figure 4. Crystal structure of BiCuSeO (a) along the b-axis and (b) along the c-axis; (c) BisO coordination
tetrahedra, and (d) CuSe4 coordination tetrahedra. Reproduced from [50] with permission from The
Royal Society of Chemistry; (e) zT values of various doped bulk BiCuSeO materials under an inert gas
atmosphere [11,103,105,113-116].

To improve the thermoelectric properties of BiCuSeO, adjusting the electrical conductivity by
enhancing the carrier concentration via doping has been extensively studied. For this purpose, element
doping with divalent cations at Bi sites to enhance the p-type electron conduction is very promising.
Here, doping and codoping with various elements have been investigated. Figure 4e shows the
reported peak zT of various doped BiCuSeO materials in recent years.

BiCuSeO is an intrinsic p-type semiconductor due to Bi and Cu vacancies. Recently, Pan et al. realized
n-type BiCuSeO by iron incorporation [117] and Zhang et al. [118] presented the realization of n-type
BiCuSeO by filling these vacancies with additional Bi and Cu and simultaneously introducing Br and I at
the Se site for electron doping; the above resulted with Seebeck coefficients of up to —550 pV K.

2.3. Comparison of Oxides and Oxyselenides

Overall, the discussed oxide-based thermoelectric materials exhibit good zT values of
approximately 0.2-0.8 with the oxyselenide compound BiCuSeO reaching zT values >1, while generally
showing a medium power factor of 1-11 uW cm~ 1 K72, Preparation parameters, doping, defect
engineering, and nanostructuring can be utilized to tune the material behavior, thus enhancing the
power factor or decreasing the thermal conductivity to reach higher zT values. Figure 5 shows the
type-I and type-II Ioffe plots and zT plots for several of the doped p- and n-type oxide-based bulk
materials and oxyselenides. Here, it can be easily seen that doped BiCuSeO and doped SrTiO3 exhibit
the highest power factor in relation to electrical conductivity and are therefore the closest to the
desired area. In comparison, Figure 5b displays the related zT values of the materials, where the
BiCuSeO and CazCo409 reach the highest zT values. However, the BiCuSeO is not stable in an air
atmosphere, as mentioned before. As oxide-based materials are of special interest for high-temperature
applications, enhancement of the power factor and thus increasing the resulting power output must be
further investigated.
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Figure 5. (a) p-Type; (b) n-type type-I loffe plots; (c) p-type; (d) n-type type-II Ioffe plots and (e) p-type
and (f) n-type zT-electrical conductivity plots for several doped oxidic thermoelectric materials and
BiCuSeO [10,11,39,69,74,80,96,102]. Dashed lines show the corresponding absolute values of the
Seebeck coefficient a given in uV K~L. In the type-I Ioffe plot, a desired material would be located at
a high power factor and simultaneously high electrical conductivity in the top right. In the type-II
Ioffe plot, a desired material would be located at a low entropy conductivity and simultaneously high
electrical conductivity in the bottom right. Note that the data in Ioffe plots of type-I and type-II can
be divided by each other according to Equation (2) to give the dimensionless figure of merit zT as a
function of the electrical conductivity.

3. Metals and Intermetallics

3.1. Zintl Phases

Zintl phases are high-melting intermetallic compounds that are characterized by an ionic structure
containing covalently bonded polyanions that build an ‘electron crystal’, while the cation layers act as
a ‘phonon glass’. Although this form of intermetallics was discovered in the 1930s and has been highly
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investigated since, the first reports about their good thermoelectric properties were not published
until 2005 [119]. The thermoelectric properties of many different Zintl families and structures have
been investigated. The general composition of a Zintl phase can be described as A,BXy with A = active,
electropositive metal (mostly alkaline and earth alkaline metals); X = noble, electronegative metal
from group 13, 14 and 15, and B = ternary transition metal (Zn, Cd, Mn). Based on this, different
groups of Zintl phases can be named after their stoichiometry, e.g., 14-1-11 compounds such as
Yb14MnSby;. In Figure 6 the T-dependent zT values of several p- and n-type Zintl groups can be
seen. The investigated Zintl compounds exhibit varying zT values between 0.5 and 1.5. Due to their
complex structure, Zintl phases are usually characterized by a very low glass-like thermal conductivity.
The electronic structure strongly depends on the respective material, varying between extremely
low carrier mobility and high carrier concentration in 0D 14-1-11 compounds, and very high carrier
mobility and low carrier concentration in 2D 1-2-2 compounds [8]. In this section, several p-type
(14-1-11, 5-2-6, 9-4.5-9, and 1-2-2) and the most recently investigated n-type 1-2-2 Zintl compounds will
be discussed. Again, the reader is referred to other review articles for more details on the respective
physical properties of Zintl phases [8,49,120].

T T T T T
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1-2-2 (3-2)
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ZT

T
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0.3F

0.0
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Figure 6. Temperature-dependent zT-values of Zintl phases with different stoichiometries. Solid lines
represent p-type Zintl phases and dashed lines represent n-type Zintl phases. Different Zintl families
are named after their respective stoichiometry (see also Table 3). Reused from [8] with permission
from Elsevier.

3.1.1. p-Type Zintl Phases

Currently, the best p-type Zintl family are the 14-1-11 compounds, reaching a zT > 1 at an
operating temperature of up to 1200 K. These 14-1-11 compounds with the general formula A;4,MPnj;
(A = alkaline-earth or rare earth element, M = Al, Mn, Zn, Ga, Nb, In or Cd and Pn = group 15 element)
exhibit covalently bonded [MPny]® tetrahedra and [Pn3]”" linear components with Pn® and A%
ions [121]. Due to their large unit cell and semiconductor nature with low electrical resistivity
and low thermal conductivity, these compounds are very promising candidates for achieving good
thermoelectric properties via doping. Within this family, Yb;4,MnSby; showed the highest zT values
of up to 1.3 [122]. Compared to its isostructural analog Yb;4AlSby;, which was the first reported
14-1-11 Zintl compound, Yb14;MnSby; has the AI* replaced by Mn?2+ resulting in p-type conduction.
To optimize the extremely high carrier concentration of approximately 102! cm 3, several different
dopants at various sites have been investigated, e.g., La, Ca, Sc and Y at the Yb site [41,123,124]
or Al and Mg at the Mn site [122]. Several doped 14-1-11 Zintl compounds are shown in Table 3.
The resulting power factor is approximately 5-10 pW cm~! K=2 and therefore, slightly higher than
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that of oxide-based materials. Yb;4MnSby; is usually prepared by a Sn-flux method or ball milling and
densification via hot pressing or SPS sintering.

The 11-6-12 compounds are somewhat newly investigated thermoelectric materials. In 2014,
the first work on the thermoelectric properties of p-type Euj1CdgSb1z was published [125]. The 11-6-12
compounds exhibiting a Sr1;CdgSby; structure type consist of [CdgSby,]%% ribbons forming a 1D
structure filled with Sr>* cations [126] and are mostly prepared by the Sn-flux method. Due to the
infinite 1D structure of polyanions, these compounds feature comparatively high thermal conductivity.
For Zn-doped Sr11CdgSbyz a zT of 0.5 with a power factor of 5.6 uW cm 1 K2 could be achieved [127].
The rather low power factor in 11-6-12 compounds is mainly due to the low carrier mobility of
approximately 20-30 cm? V~1 s~1 [127]. However, investigations of thermoelectric 11-6-12 have only
started, and further optimization and tuning are still the focus of research. Similarly, the thermoelectric
properties of 5-2-6 Zintl compounds were also recently reported. It can be described by the general
formula AsM;,Png with A = alkaline earth or rare earth metal, M = trivalent metal and Pn = As, Sb
or Bi. The 5-2-6 compounds are mainly produced via ball milling and hot pressing. Within this
family, the two basic structure types are CasGayAsg and CasAlyBig, which both consist of infinite
[M,Png]'%~ chains and A%* cations [128]. A peak zT of 0.7 with a power factor of 6.5 uW cm 1 K2
can be reached in Zn-doped GasIn,Sbg [129]. Several other doped materials of the 11-6-12 and 5-2-6
families are shown in Table 3.

The 9-4+x-9 Zintl compounds with a general formula of AgMy,4Png where A = Ca, Sr, Eu, or Yb,

M = transition metal and Pn = Bi or Sb also consist of infinite ribbons of [MPng]'?~

components and
exhibit partially filled interstitial sites filled with transition metal [130]. Therefore, the thermoelectric
properties can be influenced by occupancy of the interstitial sites and by the exact stoichiometry [131].
To date, several doped and undoped compounds in this family have been investigated, including
YboMny,Sbg [132], EugCdy.4Sbg [133], and CagZny.«Sbg [131], reaching zT values of approximately 0.7
and a power factor of 5-7 uW em 1 K2 (compare Table 3). Here, again the Sn-flux technique as well

as a combination of ball milling and hot pressing or SPS were utilized for preparation.

Table 3. Dimensionless figure of merit zT and power factor ca? of several p-type Zintl phases with

different dopants.

Composition Materials Dopant T/K 2T oa?/uW em—1 K2

Yby4MnSby; [121] - 1200K  1.02 6.1

Al[122]  1200K 128 8.82

Sc[41] 1200K  1.02 8.38

14-1-11 Y [41] 1200K  1.01 6.85

Yby;MgSbi [134] - 1200K  1.03 6.5

Sr14MgBiy; [135] - 1200K  0.71 9.5

612 Euy1CdgSbio Zn[127] 800K  0.51 555

As [125] 800K  0.185 1.69

CasAl,Sbg Na[136]  1050K 0.605 444

Zn [137] 800K 04 375

Mn[138] 850K 042 412

526 GaslInyShy Zn [129] 950K 0.72 6.56

EusIn,Sby Zn [139] 800K 028 4.08

Cd[140] 850K 046 52

SrsIn,Sby Zn [141] 800K 036 413

9-4+x-9 YbgMny ,Sbg [132] - 1000K  0.74 4.53

CagZny,,Sbo Cu[l31] 850K 071 6.72

CaZn,Sby NaMg[142] 800K 085 924

EuZn,Sb, Cd[143] 650K  1.05 25

YbCd,Sby Mn[144] 650K 113 10

Zn[145] 700K 122 192

1-2-2 Mg [146] 650 K 1.06 16.8

CaMg,Bi, Na[l47] 850K  0.88 123

Yb [148] 850K  0.96 122

EugsxYbosxMgsBis  Ca [149] 850K 126 135

Mgj;Sb, Na[150] 750K 058 42
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Next, to the 14-1-11 compounds, the family of 1-2-2 Zintl phases show very good thermoelectric
properties, reaching a zT > 1. This group can be described as AB,X; with A = Ca, Ba, Sr, Yb or Eu,
B =Mn, Zn, Cd or Mg and X = As, Sb or Bi. The CaAl;Si)-type structure contains two-dimensional
[B2X5]? sheets separated by A%+ cations [151]. Most p-type 1-2-2 Zintl phases are characterized by
an extremely high p-type carrier concentration due to the vacancies on the A cation sites. Thus,
substitution and doping at this site proves to be promising for tuning the thermoelectric properties.
Subsequently, doped EuZn;Sb;, [143] and doped YbCd,Sb, [144-146] reached zT values above
zT = 1. Shuai et al. reported a zT value of 1.3 and a power factor of 13.5 hW cm~! K2 for
Eug5.xYbos5xMgpBiy [149]. Additionally, binary p-type 1-2-2 compounds with A=B, e.g., Mg3Sb,,
have been widely investigated [150,152]. However, due to their high resistivity, only a moderate zT at
high temperatures can be reached. The thermoelectric properties of several ternary and binary 1-2-2
Zintl compounds are shown in Table 3. Similar to that of the other families, the 1-2-2 Zintl compounds
are mostly prepared by melting or ball milling and densification via hot pressing or SPS.

3.1.2. n-Type Zintl Phases

As described above, several p-type 1-2-2 compounds have been investigated resulting in zT values
of up to 1.3. In this group, the stoichiometric MgzSb, has taken a special role in research, due to its
characteristically low carrier concentration, which opens a pathway to thermoelectric n-type Zintl
phases [8]. Since the first report, in 2014, of n-type conduction in Mn-doped Mg3Sb; [153], many
different dopants have been investigated. Doping with Te as an electron donor and Bi to reduce the
lattice thermal conductivity proved to be an effective way to realize high zT values in n-type Zintl
phases. Most recently, Chen et al. [154] reached a zT value of 1.7 at a power factor of 20 uW cm 1 K2
by combining Mn doping at the Mg site and Te and Bi doping at the Sb site. Table 4 gives an overview
of several doped n-type Zintl phases based on Mg3Sb,. To date, zT values of approximately 1.5-1.7
and a power factor of up to 20 uW cm~! K~2 have been reached.

Table 4. Dimensionless figure of merit zT and power factor ca? of several n-type Zintl phases with

different dopants.
Basis Material T/K 2T oe?/puW cm—1 K2
Mg3+5Sb1A99Te0‘01 []55] 700 K 0.61 9.16
Mg3+‘,-Sb1'48Bi0'48Te0,04 [156] 700 K 1.59 12.56
Mg3Sb2 Mg3+55b1.48Bi0'49Te0A01 [157] 700 K 1.45 15.14
Mg3+5Nb0'155b1'5Bio'49Teo'01 [158] 700 K 1.52 18.5
Mg3+(5Mn0>025Sb1,5B10_49Te0,01 [154] 700 K 1.71 20.02

3.1.3. Comparison of Zintl phases

Figure 7 shows the type-I and type-II Ioffe plots and zT plots from several of the doped p-type and
n-type bulk Zintl materials. As described above, within the p-type Zintl phases, the 14-1-11 compounds
show the best temperature stability up to 1200 K and reach the highest zT values. However, the Ioffe
plots show that ternary 1-2-2 compounds and the 9-4+x-9 compounds feature a comparable or even
higher power factor than 14-1-11 compounds at lower temperatures. Improvement of temperature
stability could therefore lead to even higher power outputs at high operating temperatures. Within the
n-type 1-2-2 Zintl phases, heavily doped Mgj3, sSb, exhibits the highest zT reported for Zintl phases thus
far and a high power factor of approximately 20 pW cm~! K~2. However, the operating temperature
is limited to approximately 700 K for the heavily doped Mgs,;Sby and up to 1000 K for previously
reported compounds. Additionally, the Ioffe plots show a maximum power factor and electrical
conductivity at approximately 700 K with decreasing values afterward. Enhancing the temperature
stability and improving the thermoelectric properties at temperatures above 700 K may lead to a very
promising n-type Zintl phase for application at high temperatures.
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Figure 7. (a) p-Type; (b) n-type type-1 Ioffe plots; (c) p-type; (d) n-type type-II Ioffe plots
as well as (e) p-type and (f) n-type zT-electrical conductivity plots of several doped Zintl
materials [41,127,129,131,148,154,155,157]. Dashed lines show the corresponding absolute values of
the Seebeck coefficient a given in pV K1

3.2. Heusler and Half-Heusler Compounds

Heusler compounds are intermetallics with the formula X,YZ and are characterized by their
cubic structure with the space group Fm3m [159]. The X and Y within this formula represent transition
metals, while Z is a main group element. The half-Heusler compounds are derived from this and
have the formula XYZ with the F43m space group [7,159]. The structures for both compounds are
displayed in Figure 8. The full-Heusler structure (Figure 8a) can be described by four interpenetrating
face-centered-cubic sublattices, where two of them are equally occupied by the X. In contrast, one
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of the equally occupied sublattices is vacant for the half-Heusler compounds (Figure 8b) [7]. The
difference in the structures greatly affects the valence electrons and thereby the band structures of
both compounds, typically leading to increased effective mass carrier concentrations and a high power
factor for half-Heusler compounds, which is the reason for our focus on them within this review [159].
Half-Heusler materials are generally stable if 18 valence electrons are present, because only bonding
states are occupied in this case [159]. Notably, this restricts the choice of elements for stable phases.
The resulting phases usually show semiconducting behavior, e.g., with band gaps of 0.5 eV for
XNiSn compounds or semimetallic behavior for (Zr,Hf)CoSb compounds [159-161]. This narrow
electronic band structure results in a characteristically high power factor for half-Heusler compounds
in comparison to other thermoelectric material classes [159]. Since the states near the Fermi level are
mainly based on d-d orbital bonding, the density of states results in large Seebeck coefficients and
high electrical conductivities [162]. A more detailed discussion of the physical properties of different
half-Heusler compounds can be found in the respective review articles [35,37,49,159,163].

full-Heusler compound half-Heusler compound
(X,Y2Z) (xvz)

Figure 8. (a) Crystal structure of (a) full-Heusler- (X;YZ) and (b) half-Heusler-compounds
(XYZ). The half-Heusler compounds exhibit an unoccupied sublattice of X resulting in promising
thermoelectric characteristics.

The first studies on half-Heusler compounds started in the early 1990s, but intensified with
respect to thermoelectrics in the 2000s [164]. Recently, Poon presented an approach for dividing
the advances of half-Heusler development for thermoelectrics into three different generations [163].
The first generation in the 2000s was characterized by alloying and doping as main modification
factors providing zT values below 1, while in the second generation around 2010, more advanced
synthesis techniques were introduced, namely, SPS for densification and nanostructuring, which led
to zT values of approximately 1. In the current third generation, band engineering and structure
ordering are becoming increasingly famous in addition to the previous techniques, which results in zT
values of approximately 1.5 [163]. Advantages of half-Heusler compounds are their nontoxicity and
stability to mechanical stress as well as high temperatures [7]. The optimum working temperature with
regard to the thermoelectric performance is typically within 700-1000 K when in a vacuum or inert gas.
The materials exhibit remarkable oxygen stability, but recent research has shown a sensitivity to oxygen
at working temperatures for TiNiSn and ZrNiSn, resulting in the formation of oxides at the surface.
Thus, the oxygen influence on the thermoelectric properties still needs to be investigated [165,166].

The elements of the half-Heusler compounds usually maintain very high melting points above
1773 K, which means high-temperature alloying, such as arc melting in a chamber with inert gas, is
necessary for synthesis [162]. The usage of rather costly elements such as Hf further increases the
production costs, which are major disadvantages of half-Heusler compounds despite their excellent
thermoelectric properties.
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3.2.1. p-Type Half-Heusler Compounds

State-of-the-art p-type half-Heusler compounds are mainly based on FeNbSb, where Nb is
substituted by Ti or Hf as shown in Table 5. By comparing the power factors of the compounds
in Table 5, the high zT values were mainly reached by reducing the thermal conductivity with heavy
dopants at relatively high doping amounts. The best properties were achieved for FeNbg ggHf 12Sb
by Fu et al. [22] and reached a power factor of 51 uW cm~! K=2 and a zT value of 1.45.
However, a ZrCoBi-based compound recently reached zT values of up to 1.42, opening the way
for research at a competing level. A similar half-Heusler system is based on XCoSb (X=Zr or Hf),
which shows a decreased power factor at approximately 28 uW cm~! K~2 but simultaneously a lower
thermal conductivity compared to that of the FeNbSb-based compounds. The XCoSb compounds play
a special role in thermoelectric research due to their possible p- and n-type doping, both leading to zT
values of up to 1. [167,168] Therefore, these compounds can be found in both Tables 5 and 6 depending
on their respective dopants.

Table 5. Dimensionless figure of merit zT and power factor ca? of several p-type half-Heusler phases.

Material T/K 2T oe?/pW cm—1 K2
FeNbg ggHf( 12Sb [22] 1200K 145 51
FeNbq gsZr0.145b [22] 1050 K 0.80 46
Fer0_95Tio_05Sb [169] 973 K 070 50
FeNby 5 Tig »Sb [169] 973K 1.10 53
ZI‘COBiO'65Sb0'15SI10'20 [170] 973 K 142 38
Hf.44Z1r0.44Tig 12C0Sbg.gSno 2 [167] 973K 1 28

3.2.2. n-Type Half-Heusler Compounds

Research on n-type half-Heusler compounds mainly focuses on MNiSn (M=Ti, Zr or Hf)
compounds as parent materials. These compounds inherit quite remarkable zT values in the range
of 0.4-0.55 as pure bulk materials, as shown in Table 6, but these values begin to rise to 1-1.5 when
the materials are engineered properly toward improved thermoelectric performances. Reduction of
grain size, alloying, and carrier doping are suitable tools to significantly improve the zT value [162].
Another parent material is XCoSb (X=Ti or Nb), which shows rather poor thermoelectric performance
as a pure material due to high thermal conductivity, but drastically improves when doped [171,172].
The record zT value of 1.5 was reached with Tig 521 25Hf 25NiSng g9gSbo go2 by Shutoh et al. [173].
Unfortunately, this value cannot be reproduced independently at this time; however, slightly lower
values were achieved by similar chemical compositions [37]. As described for p-type half-Heusler
materials, the XCoSb (X=Zr or Hf) compounds can also show n-type behavior when doped accordingly.
Here, (Zry4Hf) ¢)0.88Nbg.12C0Sb shows a power factor of 27 pW cm~! K2 and a zT value of 0.99,
as demonstrated by Liu et al. [168] in 2018.

Table 6. Dimensionless figure of merit zT and power factor oa? of several n-type half-Heusler phases.

Material T/IK 2T oa?/pW ecm—1 K2
TiNiSn [174] 775K 04 24
ZrNiSn [175] 1000K  0.55 33
HfNiSn [175] 1000 K 048 35
Ti0‘5ZI‘0'25Hfo'ZSNiSno'gggsbo‘ooz [173] 700 K 1.50 62
HfoﬁZI‘OAHfQ'ZSNiSnQ_ggSSb0'005 [176] 900 K 1.20 47
NbCoSbggSng > [172] 973K 0.56 21
TiFeo'15C00.855b [177] 850 K 0.45 22
(Zr0‘4Hf0.6)0A88N_b()JzCOSb [168] 1173 K 0.99 27
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3.2.3. Comparison of Half-Heusler Compounds

Figure 9 shows type-I and type-II Ioffe plots as well as zT plots from several of the doped p-type
and n-type bulk half-Heusler materials. The comparatively high power factor that can be easily
seen in the type-I Ioffe plots is attributed to the narrow electronic band structure and d-d orbital
bonding, as already discussed. The half-Heusler compounds are therefore especially interesting for
thermoelectric generators when a high power output is desired. A comparison of p- and n-type
compounds shows similar results for the maximum values of the power factor of approximately
50 uW cm~! K2 and the zT up to 1.5, which results in no clear advantage of one specific type.
However, the p-type compounds exhibit slightly higher thermal stability up to 1200 K for FeNbSb-based
materials. The high power factor also means a rather high impact of thermal conductivity on the
efficiency of a half-Heusler compound. Thus, further engineering is mainly targeted at reducing
thermal conductivity.
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Figure 9. (a) p-Type; (b) n-type type-I loffe plots; (c) p-type; (d) n-type type-II loffe plots; (e) p-type;
(f) n-type zT-electrical conductivity plots of several doped half-Heusler compounds [22,167-170,173,176].
Dashed lines show the corresponding absolute values of the Seebeck coefficient a given in pV K1
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3.3. SiGe Alloys

Eletrical supply of deep-space missions was one of the first application fields of thermoelectric
power conversion. Here, mostly n- and p-type silicon-germanium alloys have been used [178].
This intermetallic material with a diamond crystal structure is characterized by a high thermal stability
of up to 1200-1300 K when tested in vacuum. While Si exhibits a very high thermal conductivity
of 148 W m~! K71, the introduction of Ge atoms in the Si matrix strongly enhances the phonon
scattering, resulting in a thermal conductivity of approximately 2-5 W m~! K~! and a zT > 1
in nanostructured SiGe alloys [120]. Achieving p- and n-type conduction is realized via doping
with B [40] or Ga [179] (p-type) and P [180] or Sb [181] (n-type). The thermoelectric properties
can be strongly influenced by the exact stoichiometry of the SiGe alloy. Materials with an ideal
ratio of SigyGepp have been found and widely studied. In SiGe alloys, the large difference in the
mean free path between electron (approximately 5 nm) and phonon (approximately 200-300 nm)
contributions leads to a strong influence of nanostructuring in a range of 10-100 nm, which reduces
the thermal conductivity without significantly reducing the electrical conductivity [182]. Therefore,
nanostructuring [183-185] and the use of nanoinclusions [184,186-189] are common strategies to
further improve the thermoelectric properties of SiGe alloys. For preparation of SiGe alloys, solid-state
ball milling [180,183,186,187,190-194] or melt spinning (MS) [182,189] in combination with subsequent
SPS are commonly used. Bathula et al. [192] reported a peak zT of 1.72 with a power factor of
28.7 uW em~! K2 for n-doped SigyGeyg with SiC nanoinclusions. In 2016, Ahmad et al. [191] presented
a strong increase in p-type SigyGepg performance up to a zT of 1.81 and a power factor of 39.05 pW
cm ! K2 via Y,0Oj3 nanoinclusions. Table 7 shows the zT value and power factor of several n- and
p-type doped SigyGepp materials.

Table 7. Dimensionless figure of merit zT and power factor ca? of several doped p- and n-type
SiGe alloys.

Composition  Dopant  Inclusion T/K zT oca?/puWem™1K™2

n-type SiggGeyg P [190] - 1073 1.78 30.3

P [185] - 1173 1.3 30.61

Sb [181] - 1073 0.61 185

P SiC[192] 1173 1.72 28.74

P MgySi[193] 1173 127 29.84

P FeSi, [194] 1173 1.18 27.8

P WSi, [187] 1173  1.16 35.27

p-type SiggGeyg B [40] - 1173 1.22 205
B[180] - 1073 0.96 22

Ga[179] - 1073 0.52 155

B Y,05 [191] 1073 1.81 39.05

B CrSiy [186] 1073 0.65 21.25

B YSi, [189] 1073 0.53 16.57

B WSi, [187] 1173  0.66 17.63

Figure 10 shows the type-I and type-II Ioffe plots and zT plots from several doped SigyGepg
alloys. In general, Si-Ge alloys are characterized by a relatively high power factor of approximately
1540 uW cm 1 K=2 due to their high electrical conductivity, which is why they are located at the
top right of the type-I Ioffe plot. The drawback of a simultaneously high thermal conductivity can
be mitigated via nanostructuring and nanoinclusions without significantly reducing the electrical
conductivity, resulting in zT values of up to 1.7 for n-type and 1.8 for p-type materials. Combined
with a high thermal stability of up to 1200-1300 K in vacuum, Si-Ge alloys are perfect candidates as
thermoelectric materials for deep-space missions. Further adjustment of the thermal conductivity of
such alloys is especially interesting if a high conversion efficiency is desired.
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Figure 10. (a) p-Type; (b) n-type type-I Ioffe plots; (c) p-type; (d) n-type type-II Ioffe plots; (e) p-type;
(f) n-type zT-electrical conductivity plots of several doped Si-Ge alloys [40,185,186,191-193]. Dashed
lines show the corresponding absolute values of the Seebeck coefficient & given in uV K1

4. Comparison of High-Temperature Thermoelectric Materials

Figure 11 shows the type-I and type-II Ioffe plots and zT plots from several of the doped p-
and n-type materials for possible high temperature applications and their comparison to those of
the commercially used BiyTes. Here, the half-Heusler compounds exhibit the highest power factor
values with a simultaneously high electrical conductivity as a result of their electronic band structure,
described above. Therefore, the half-Heusler compounds are the closest to the desired area for both
p- and n-type materials. The conventional Bi;Tez and the SiGe alloys also show a comparably high
power factor at a slightly lower electrical conductivity. Of the compared thermoelectric materials,
the oxide-based materials have the lowest power factor and electrical conductivity. This trend
corresponds to the type-II Ioffe plots, where the half-Heusler compounds and BiyTe3 exhibit the
highest entropy conductivity, while the oxide materials show a significantly lower entropy conductivity,
especially at high temperatures. Furthermore, the Zintl phases are also characterized by a low thermal
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conductivity, which culminates in the n-type Zintl phase of Mgj3 175Mng 0p5Sb1 5Big.49Tep g1 having
the lowest entropy conductivity of all compared n-type materials. As a result, the half-Heusler
compounds as well as BiCuSeO show the highest zT" values within the p-type materials, and the Zintl
compounds have the highest zT value within the n-type materials. As described before, the power
factor corresponds to the maximum power output of the material, making the half-Heusler compounds
the most interesting bulk materials for high-temperature application from this point of view. Yet,
the Zintl compounds and oxyselenides provide a high efficiency in power conversion due to their
significantly lower entropy conductivity. The oxide-based thermoelectric materials show comparatively
low thermoelectric properties, but are characterized by high chemical and thermal stability, especially
in air. As mentioned within the introduction, extension to a functional device always comes alongside
additional tasks. In particular, contact resistivity is crucial to reach full potential, when applying highly
electrical conducting materials such as half-Heusler compounds in a device.
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Figure 11. (a) p-Type; (b) n-type type-I loffe plots; (c) p-type; (d) n-type type-II Ioffe plots; (e)
p-type; (f) n-type zT-electrical conductivity plots of several doped oxide materials [11,39,80,96], Zintl
phases [41,154], half-Heusler compounds [169,173,176], and Si-Ge alloys [191,192] as compared to
doped BiyTez [21,195]. Dashed lines show the corresponding absolute values of the Seebeck coefficient
a given in pV K1,
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A similar comparison of the material properties can be performed by displaying the power factor
as a function of the entropy conductivity, shown in Figure 12. Note that the dashed lines within the plot
represent the dimensionless zT value. It can be easily observed that within the p-type thermoelectric
materials, several compounds from different classes, such as BiCuSeO, SiGe alloys, and half-Heusler
alloys, all reach a zT value of up to 1.5, whereas the power factor shows a strong deviation between
10 and 65 W cm ™! K—2. Within the compared n-type materials, the same behavior can be observed,
although the materials show overall slightly lower zT values. Therefore, this power factor vs. entropy
conductivity plot presents the respective advantages of each kind of thermoelectric material discussed
in terms of a high power factor or high zT value.

‘ Comparison |
‘ p-type ‘ | n-type |
a b
<%
80 N s 80+ N N
4\’ e . &// rd L .
// ’ v // P
70 FeNbysHf, s K . 70 7 M2 NS Sbi s
".‘! 604 half-Heusler phase 5 o %»/D,’ . 700K N! 604 — /// ha\f'H/eys\er phase _—
e i A O e Metalalloy ~,* g o
G 50  (BiSbhTes ;500 H B 0 SFdSE 5 O 50 & 1190k
2 . o A 202 2 B -~ _05_
= 1200k - 0O . Heusler phase %% - s Y L Pl
< 409 si,6e,08 o300y PPt 2 40 K -
= sGen 00k - = o L Bi,Te,:Se
o Metal alloy 7/ < - <] ’ . - .
€ 304 805 - € 304 = SITiO;Nb
© 1_800K s © -7 Oxide
5 20] M ";‘9:5*0;“'% e 5 204 a00K
g Moo T P % O O  zno:Al
2 10{" Tp -5 > 00K & 10-
R 400 |
T T T T T T T T 1 ’ T T T T T T T T 1
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
entropy conductivity / pW cm™ K*? entropy conductivity / pW cm™ K*?

Figure 12. (a) p-Type; (b) n-type power factor vs. entropy conductivity plots of several doped
oxide materials [11,39,80,96], Zintl phases [41,154], half-Heusler compounds [169,176,196] and Si-Ge
alloys [191,192] as compared to doped BipTez [21,195]. Dashed lines show the corresponding zT values.

In addition to the thermoelectric materials discussed above, there are a few material classes
with noteworthy thermal stability of up to 800-900 K, which should also be mentioned here. Cage
compounds such as clathrates [197] and skutterudites [198] are both characterized by good electronic
transport properties while reducing thermal conductivity by filling the cages with guest atoms [49].
In this way, high zT values of up to 1.3 and 1.7 at 800 K can be reached in multiple filled clathrates [199]
and skutterudites [200,201], respectively. However, despite the similarity of these cage compounds,
the respective power factor shows a strong variation with approximately 10 uW cm~! K=2 for
clathrates [199] and approximately 50 pW cm 1 K2 for skutterudites [201] at 800 K. This also results
in a possible tuning for either a high power output or a high conversion efficiency. Last, solid
solutions of MgySi intermetallic silicides are also a focus of interest as mid-temperature thermoelectric
materials of up to 800 K [49]. Solid solutions of MgSi1.xGex and Mgy Siy.,Sny, with an optimized carrier
concentration via doping, reached a power factor of approximately 30 pW cm~! K=2 and a zT value > 1
at 800 K [202,203]. For respective applications at mid-temperatures, a similar comparison to this work
could be performed for evaluation and comparison of these materials and their respective parameters.

5. Conclusions

Different kinds of bulk thermoelectric materials have been compared with respect to their
high-temperature performance and stability. Within the respective thermoelectric material classes,
much research has been conducted within recent decades, however, very few works have compared
these classes. Here, the concept of using Ioffe plots to compare and evaluate the power factor and the
zT value as two different parameters that can be useful for optimization was successfully presented.
Hereby, the strengths and weaknesses of each material class were revealed, which could be useful

44



1.2. Thermoelectric material research

Entropy 2019, 21, 1058 23 of 32

for prospective research and associated applications. Out of all of the compared materials, the class
of half-Heusler compounds exhibited the highest power factor and electrical conductivity, which is
applicable for reaching a high power output at high operating temperatures. Si-Ge alloys reached the
highest zT values but had a significantly lower power factor than the half-Heusler compounds. Other
materials, such as oxide-based materials, oxyselenides, and Zintl compounds, also reached reasonable
zT values, which made these promising materials for reaching high conversion efficiencies.
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1.3. Thermoelectric generators

1.3 From material to device - Thermoelectric gen-
erators

Additionally to the research on improving thermoelectric materials itself, the path
from a designed material to a functional TEG raises several new issues. Within this
chapter, the working principle of a TEG is introduced and several additional tasks on
the way from a material to a device are pointed out. Here, especially the manufactur-
ing process has gained increasing attention in recent years, which is also in the focus
of this work. Until now, main application fields for supply of electrical energy via
TEGs (generator mode) have been established in space exploration in satellites and
space rovers, converting the heat radiated by radio nuclid batteries, energy recycling
in power plants and some niche applications like converting body heat for electronic
supply of small gadgets [48,82,83]. Furthermore, applications in the automotive sec-
tor and big industrial processes, where large amounts of waste heat are generated,
are promising but require further improvement in power output and efficiency and
reduction of production costs of TEGs. Consequently, the manufacturing technology
of TEGs is a second large research field besides the previously discussed improvement
of the materials itself.

1.3.1 Working principle of TEGs

In Figure 1.13, the schematic working principle of a conventional TEG with two ther-
mocouples of n- and p-type thermoelectric materials is shown [84]. The conventional
design is based on an alternating order of n- and p-type bulk thermoelectric materials
(legs), connected via metallic connectors. On the left, the currents of entropy (red ar-
rows) and charge (blue arrows) through the device are displayed. Entropy flows from
the hot side (top) to the cold side (bottom) through the respective n- and p-type legs.
Within the materials, charge carriers (electrons for n- and defect electrons for p-type
materials) gain a higher energy at the hot side of the materials, inducing a flow of
charge carriers within the thermolegs. The flow of entropy is thus coupled with the
flow of charge, either in the same or in the opposite direction. Due to the alternating
order of the thermoelectric materials, this results in an electrical ring circuit which is
capable of performing electrical work. The occurring energy conversion is displayed
on the right side. Thermal energy (red arrows) enters the device at the top side
and is partly converted into electrical energy (blue arrows) within the thermoelectric
materials. As a result, the amount of thermal energy decreases along the thermoleg
(indicated by the decreasing width of the red arrows), while the electrical energy in-
creases (indicated by the increasing width of the blue arrows). In total, at the top
side of the device, the thermal energy is higher compared to the bottom side, while
the electrical energy is lower on the electrical input of the device compared to the
electrical output. As a result of the serial connection of the thermoelectric materials
and the requirement to avoid short circuit between the thermolegs, a free space in
between the materials is required. As this free space does not contribute in the energy
conversion, it is aimed to reduce this free volume as much as possible.

The total power output and power density of a TEG can be analysed via a voltage-
electrical current curve and the resulting electrical power curve, exemplarily shown
in Figure 1.14. The voltage U and electrical current I, are measured at different
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Fig. 1.13: Schematic working principle of a TEG with two thermocouples. A) When
a temperature difference between the top and the bottom side is applied, an entropy
current (red) is induced, which is coupled to an electrical current (blue) within the
n- and p-type materials. As a result, an electrical ring circuit occurs. The energy
conversion due to the coupling is shown in B). The thermal energy (red arrows) enters
the device at the top and is partly converted into electrical energy within the thermo-
electric materials. The electrical energy (blue arrows) is low on the electrical input
and high at the electrical output. Reproduced from [84].

external load resistances, which results in the linear U-I, curve (black). Here, the
open-circuited voltage Uoc (for electrical open-circuit I, = 0) and the short-circuited
current [, gc (for electrical short-circuit U = 0) are characteristic points. The elec-
trical power P, can be determined as the product of voltage U and electrical current
I (red curve). The maximum electrical power output of a TEG Py max TEG IS & char-
acteristic point located at half the open-circuit voltage Uoc and half the short-circuit
current /4 gc. Usually, the maximum power output Pejmax tEc 1S normalized to the
effective area of a TEG, resulting in the maximum electrical power density weimax, TEG,
which is used for comparison in most literature.

The maximum electrical power output of a TEG Pejmax, TG Obviously depends on
the respective thermoelectric materials and can also be mathematically determined as
a function of the material properties according to Equation 1.16.

2 2
1 . é . (Z Qp — Zan) . (AT)Q _ UOC (1.16)
4 1 > é +> % 4- Rrec

However, within Equation 1.16, contact resistances between the legs and the con-
nectors are neglected, which can be misleading, as the contacting of the materials is
an important task. To achieve maximum electrical power output, the total electrical
resistance of the TEG Rrgg should be as low as possible, including the resistances of
the legs as well as the contacts. The influence of the respective contact resistances is
a complex question, which is not fully understood yet.

The maximum conversion efficiency of a TEG can also be calculated via

C Thot —Teoa V1+2T—1 (1.17)
T'TEG,max Thot m 1 .

with the average figure of merit 2T, which is directly connected to the material

Pel,max,TEG -
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Fig. 1.14: Characterization of a TEG via U-1, curve (black) and P-I, curve (red).
The electrical power P, is determined as the product of the voltage U and the elec-
trical current /,. The maximum electrical power output Pejmax is achieved at half the
open-circuit voltage Upc and half the short-circuit current 7, gc.

properties. Analogously to the deviation of maximum power output and maximum
conversion efficiency discussed for materials, the respective properties of a TEG can
also deviate for some material combinations according to finite-element (FEM) sim-
ulations included in section 1.3.4. Therefore, materials choice for a TEG may also
strongly depend on the desired application. This results in a plethora of possibilities
to design a device for various situations and applications.

1.3.2 Manufacturing of TEGs

The conventional manufacturing route of TEGs consists of multiple steps including
synthesis of materials, pressing, shaping and electrical contacting [85]. Next to the
materials itself, this process accounts for a non-negligible share in the overall costs for
a desired commercial application [86]. Thus, improving the manufacturing by investi-
gating fast and easy processing, e.g., via printing processes, is an important research
field. Over the years, quite different designs of TEGs have been reported: (1) The
most common conventional design ('chessboard’ design) consisting of a rigid design of
alternating p-type and n-type thermoelectric materials with metallic connectors and
Al,O3 plates and (2) the flexible design, where films are usually used and attached to
a flexible polymeric substrates. Both designs can be used in the commercial design of
alternating p-type and n-type legs as well as in the uni-leg design, consisting of only
a p-type or a n-type thermoelectric active material. Generally, the manufacturing of
a TEG strongly depends on the application field, especially in respect to the thermal
stability of the respective parts within the certain atmosphere.
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1.3.3 Printing processes

In recent years, investigation of fast and easy manufacturing routes for TEGs has
drawn more and more attention. Especially the rising concept of additive manu-
facturing (AM), which describes 'the process of joining materials to make parts or
object from 3D model data, usually layer upon layer, as opposed to subtractive man-
ufacturing methods’ (ISO/ASTM 52900:2015 [87]), is an interesting concept for the
production of TEGs. In Figure 1.15, various additive printing technologies are dis-
played. All of the displayed methods require inks or pastes of the materials with
varying requirements, making the production of these a topic of itself. Inkjet print-
ing (Figure 1.15A) is a well-known solution-based, highly controllable and mask free
additive process, where ink droplets are printed onto the substrate. This can be done
either in a continuous mode, where selective droplets are charged and deflected onto
the substrate, or in drop-on-demand mode, where a thermal or piezoelectric signal
triggers the drop. For inkjet printing, the fluid density, viscosity and surface tension
are very important, thus additives are often used to reach suitable properties of the
respective inks. Additionally, as the ink is printed through a nozzle, a dispersion of
particles in a solution can lead to problems like particles agglomerating and blocking
the nozzle. In a similar way, dispenser printing (Figure 1.15B) describes a continu-
ous filament extrusion out of a nozzle onto a computer controlled movable substrate.
Again, the ink is printed through a nozzle, leading to similar requirement as for inkjet
printing. In screen printing (Figure 1.15C), the respective ink is pressed through a
porous mesh, which defines the resulting structure. Although the ink requirements for
screen printing are less strict compared to nozzle-based techniques in regards to the
particle size and agglomeration, it’s still necessary to reach a specific viscosity range.
Additionally, the design of the resulting structure is given by the printing mesh and
changing the structure always requires a new design. Alongside long drying times, this
leads to comparably high production costs for this method. All three methods have
specific requirements for the ink and the contained particles, thus organic additives are
often used to control the resulting viscosity and surface tension. This usually requires
organic additives and it has been proven that these additives can have a negative effect
on the resulting thermoelectric properties, especially the electrical conductivity [88].
Via stereolithography (Figure 1.15D) self-supporting thermoelectric structures can be
produced. Here, the material is suspended in a photosensitive resin, which can be
solidified by a computer-controlled ultraviolet laser. This way, self-supporting struc-
tures of the materials and the resin can be produced and the resin can be removed in a
subsequent thermal sintering step. The main advantage here is the total absence of a
printing substrate, but the resulting structures are highly porous, strongly decreasing
the resulting electrical conductivity. Furthermore, the production of a functional TEG
with many thermocouples would be much slower with this method.

All of these printing technologies have been used for the preparation of thermoelec-
tric structures or functional TEGs before. Table 1.2 displays some reported processed
TEG prototypes and the respective maximum power density achieved. Here, proto-
types based on the common BiyTez systems reached maximum power output values in
the range of several yW cm™ [89] up to a few mW cm™ [83] while metallic or polymeric
based TEG prototypes reach a somewhat lower maximum power output in the range
of several nW cm™ [90,91] up to a few pW em™ [92]. Additionally, some basic coating
methods like dip-coating or spray-coating, where far less requirements for the used ink
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Fig. 1.15: Various printing methods utilized for TEG processing: A) Inkjet printing
in continuous mode (left) or in drop-on-demand mode (right), B) dispenser printing,
C) screen printing and D) stereolithography process. Reproduced from [85].

are present, could also be interesting for the preparation of thermoelectric layers, how-
ever, they do not provide a structuring method to gain the leg-based design of a TEG.
Another important factor to utilize printing technology for the production of TEGs
is the substrate required for most printing technology. A flexible substrate brings the
advantage of being adaptable to the surface of the application, e.g., a curved surface
on a mechanical component like in the automotive sector. However, the polymers used
as a substrate limit the resulting maximum application temperature of the TEG to
the thermal stability of the polymer. Therefore, for applications at elevated temper-
atures, ceramic-based substrates are usually used, which do not bring the flexibility
but can withstand the high temperatures. In the case of oxide-based materials such
as CCO, the material requires a sintering step to achieve its promising thermoelectric
properties which has to be integrated into a possible manufacturing route and also
sets the requirement of thermal stability for the substrate.

1.3.4 Laser-induced processes for manufacturing

For the processing of electronic structures and as generally interesting tool for additive
manufacturing, utilization of a laser treatment has arisen in recent years [96, 97].
Via the very high energy input that a laser can provide into a substrate or surface,
these can be cut, structured or even partly sintered in a very fast way. Thus, laser-
based additive manufacturing has been established as a production technology to
produce solid structures via laser sintering of powder components. For this, almost
any powder material that can be thermally sintered, can be used. With respect to
the used laser source, the material sintered and a variety of other parameters, the
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Table 1.2: Literature data for reported processed TEG prototypes with their achieved
power output and energy conversion efficiency nreg max-

Process p-type material | n-type material | AT / K | Pelmax O Wel,max | Reference
Electrochemical Cu Ni 32 25 nW cm™ [90]
Dispenser SbyTes BiyTes 20 75 W cm™ [89]
Dispenser - BiyTes 20 1.6 uW [93]
Screen printing SboTes BigTes 50 3.8 mW cm [83]
Inkjet Ag PEDOT:PSS 100 11.1 nW [91]
Screen printing - BiyTes 60 4.1 yW cm™ [94]
Screen printing SbyTes BisTes 20 420 nW [95]
Screen printing PEDOT:PSS TiS, 30 55 uW [92]
Tooling Medical
Aerospace Automotive
9 9 9 9 System proven in operation
8 8 8 8 System complete
7 74 7 7/ System prototype
6 6 6 6 Demonstration in environment
5 5 & B Validation in environment
4 4 4 4 | validation in lab

Experimental proof
Technology concept

Basic principal

Fig. 1.16: Technology readiness level (TRL) of laser-based additive manufacturing
technology for various application fields. Reproduced from [97].

related methods are subdivided into individual processes, e.g., laser beam melting of
metals (LBM-M) or of polymers (LBM-P) and many more [97]. The above introduced
stereolithography also counts to the category of laser-based additive manufacturing.
As laser sources, COs-lasers, fiber lasers or Nd:YAG lasers are the most common.
Usually these lasers can be operated as continuous wave (CW) lasers or pulsed lasers.
For metals and polymers, melting and sintering via laser treatment is an established
method [97-101]. Figure 1.16 shows the technology readiness levels (TLR) for laser-
induced AM processes [97]. In various application fields, LBM products are already
established and used frequently. In the categories aerospace, tooling and medical
applications a TLR rating of 9 is reached, meaning the according system is proven
and established for an operational system. Within the automotive sector, validation of
this technology is in work (TRL rating up to 5). Here, mostly metallic and polymeric
materials are used for LBM processes.

For thermoelectric materials, however, only a few studies are available investigat-
ing a laser treatment of the material to improve the resulting properties, e.g., for the
Bi-Sb system, Mn-Si system and SrTiO3 [102]. Additionally, some basic research has
been done on laser treatment of materials for other energy harvesting processes like
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TiO, [103], which is commonly used for photocatalysis and for electrolytes for fuel
cells [104]. Due to being a very fast process, laser treatment, melting and sintering
are interesting tools to be utilized for large-scale TEG production. This can be espe-
cially advantageous when a thermal sintering step of the thermoelectric materials or
connection can be replaced by a much faster laser-based technique.
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Abstract: Besides the material research in the field of thermoelectrics, the way from a material to a
functional thermoelectric (TE) module comes alongside additional challenges. Thus, comprehension and
optimization of the properties and the design of a TE module are important tasks. In this work, different
geometry optimization strategies to reach maximum power output or maximum conversion efficiency
are applied and the resulting performances of various modules and respective materials are analyzed.
A Bi,Tez-based module, a half-Heusler-based module, and an oxide-based module are characterized
via FEM simulations. By this, a deviation of optimum power output and optimum conversion
efficiency in dependence of the diversity of thermoelectric materials is found. Additionally, for all
modules, the respective fluxes of entropy and charge as well as the corresponding fluxes of thermal
and electrical energy within the thermolegs are shown. The full understanding and enhancement of
the performance of a TE module may be further improved.

Keywords: thermoelectric materials; energy harvesting; thermoelectric generator; working points;
maximum electrical power point

1. Introduction

The direct energy conversion from wasted thermal energy into usable electrical energy via
thermoelectric (TE) modules has been extensively studied and improved in recent years. Such devices
benefit from long-term stability without the need of maintenance and they are quietly operating
without moving parts that may get damaged over time [1]. The main parts of research on thermoelectric
energy conversion are investigating and improving thermoelectric materials in order to reach high
power output and high conversion efficiency on the one hand [2,3] and the scalable and effective
manufacturing of devices on the other hand [4,5]. However, up to now, TE modules have not achieved
characteristics that justify the investment for a wide commercial usage. Especially, the design of the
device, the optimization of the cross-sectional area ratio, and thermal and electrical contact resistivity
are crucial factors on the way from a promising material to a functional device with high power output
and conversion efficiency [6], even if suitable thermoelectric materials are provided. The aim of the
work is to improve the understanding and the optimization of the working principle of TE modules
based on finite element method (FEM) simulations of several material combinations with the software
ANSYS for various geometry optimization strategies.

1.1. Thermoelectric Materials

The thermoelectric energy conversion can be described by the coupling of the flux density of
electric charge jq and the flux density of entropy js. These fluxes are transmitted by the thermoelectric
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material tensor, which represents the characteristics of the included thermoelectric materials with a
cross-sectional area A and length I, when simultaneously placed in a gradient of electrical potential
V¢ and a gradient of temperature VT, as shown in Equation (1) [7,8].

ja\ _A [ o oy (—Ve¢ (1)
Js T oc-a o-a®+ Aoc -VT

The energy conversion is therefore mainly based on three material parameters: the isothermal
electrical conductivity o, the Seebeck coefficient « and the entropy conductivity at electrical open-circuit
Aoc. In principle, all three quantities are tensors themselves, but, for homogeneous materials, they are
often treated as scalars [8,9]. The figure of merit f = zT [10,11] shown in Equation (2), which displays
the conversion efficiency of a thermoelectric material, is a function of the three material parameters.

2 2

g-x g-K

Ao oo T=zT 2)

Consequently, thermoelectric materials are usually desired to have a high power factor ¢a? and a
simultaneously low open-circuited entropy conductivity Agc. Note that, due to the use of entropy
conductivity Apgc instead of the heat conductivity Agc, the absolute temperature T does not occur
explicitly within the short form of Equation (2), but implicitly within the three material parameter o(T),
IX(T) and Aoc(T) [11].

Within the thermoelectric materials, the respective flux density of thermal energy jg s (x) and flux
density of electrical energy jg ¢ (x) at a certain point x across the length of the materials are given as
the product of the respective flux density of entropy js(x) and flux density of electrical charge jq(x)
and the temperature T(x) and voltage U(x) = A@(x) at this point (Equations (3) and (4)) [8]. Note that
this description is analyzed as a function of x, along a central line through the respective thermoleg
(compare Figure A1), so these values as a function of x are used as scalars.

JEm(x) =Jjs(x) - T(x) ®)
jEel(x) = jq(x) - U(x) @

These descriptions of electrical and thermal phenomena are used as a basis to analyze and improve
the understanding of thermoelectric modules within this work. Here, the explicit description of the
flux densities of charge and entropy and the resulting flux densities of thermal and electrical energy
can be useful in order to further understand and improve the thermoelectric energy conversion.

As thermoelectric materials, various classes of materials have been studied intensively including
bismuth telluride [12,13], which is commonly used for thermoelectric modules, other tellurides [14],
and selenides [15,16], intermetallic phases, such as as Zintl phases [17-19] and half-Heusler phases [20,21],
oxides and oxyselenides [22,23], and conductive polymers [24,25]. Each material class provides a different
thermoelectric characteristic, requires special treatments or fabrication and it is suitable in a certain
application temperature range [2]. In order to influence and improve the thermoelectric properties,
band structure modelling via doping and nanostructuring [26-28], segmentation of thermoelegs [29-31]
and the utilization of hybrid materials [32-34] are widely investigated.

The resulting thermoelectric performance of a material is usually described by the
U-Iq-characteristic (voltage-electrical current curve) and the resulting electrical power curve Pej-Ig.
Here, two important material working points can be identified: the maximum electrical power point
(MEPP) of a respective material (the point where Pg = U - I reaches its maximum), which is given
at half the open-circuited voltage Uoc, and half the short-circuited current I sc and the maximum
conversion efficiency point (MCEP) of a respective material, which is a function of the figure of merit
zT of the material. The MCEP and MEPP drift apart with increasing figure of merit zT of the respective
material, As shown in a previous work [11] (Figure 1). Therefore, optimizing different parameters
to influence the materials MEPP and MCEP are important to effectively improve the performance of
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a resulting TE module. Furthermore, this implies that not only the resulting conversion efficiency
based on the figure of merit zT, but also the resulting electrical power output, which is a function
of the power factor ¢a?, is a key parameter. In fact, the power factor should have at least the same
significance as the figure of merit zT, as has been reported before [2,35].
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electrical current Iq

Figure 1. Normalized U-Iq and Pgj-Iq characteristics of some hypothetic thermoelectric materials with
azT of 0.5, 1, 2, and 4. The second-law energy conversion efficiency 7y mat increases with increasing
figure of merit zT. The maximum conversion efficiency point (MCEP) is a function of the figure of
merit zT and, therefore, drifts apart from the maximum electrical power point (MEPP). Working points
of short-circuit (SC) with the short-circuit current I sc and open-circuit (OC) with the open-circuit
voltage Upc are marked. Reworked from [11].

1.2. From Material to Device

In this work, the concept of the material working points MEPP and MCEP and the resulting
significance of figure of merit zT and power factor ca? are transferred to a TE module. As described
before, the concept and design of a TE module also strongly influence the resulting performance.

This is based on several factors:

e  The respective thermoelectric materials properties.

e  The design of the respective device, the flexibility and the free volume.

e  The aimed application temperature range, limiting the options for thermoelectric materials.

e Optimization factors, such as thermal- and electrical-contact resistivity, as well as the
cross-sectional area ratio between n- and p-type materials

Especially, the respective geometry of the p- and n-type materials strongly influence the certain
MEPP and MCEPs of the materials and therefore the resulting performance of the TE module [6].
Often, the geometry is optimized to a maximum figure of merit zT and the resulting A, /A, ratio is
used for simulations for example by Ouyang and Li [30]. For certain materials, this optimization,
in fact, leads to overlapping MCEP and MEPPs of the respective materials in a resulting module
due to matching values of the thermal conductivity Ay, = A, [36], which, however, is not always
the case. Recently, Xing et al. [36] also described that an optimization of TE modules for a high
power output and an according materials choice can strongly enhance the resulting properties when
compared to an optimization for maximum energy conversion efficiency. This corresponds to the
assertion of the significance of the power factor. Therefore, in this work, an analysis of different
material combinations in a TE module is provided, based on the analogous description of jg i (x) and
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JEe1(x) shown above for three different optimization strategies: for maximum zT, for matching Iy sc
(and, therefore, overlapping material working points), and for maximum electrical power output.
For this purpose, FEM simulations of various modules are provided both based on materials with
similar (BiTez-based TE module and half-Heusler-based TE module), as well as with very different
thermoelectric properties (oxide-based TE module) of the n- and p-type materials.

2. Methods and Simulation

2.1. Materials and Modules for FEM Simulations

Table 1 shows the used materials. For all thermoelectric materials, literature data have been
used. The exact input values are shown in Tables A1-A3 in Appendix A. As a connector, a metal
conductor made of copper with 0.5 mm height, an electrical conductivity of 4.85 x 108 Sm~! and a
thermal conductivity of 400 W m~! K~! was used. Figure 2 shows the resulting TE modules used for
FEM simulations.

Table 1. Material combinations for the simulated modules with according literature for the
thermoelectric properties. The exact input values are shown in Tables A1-A3 in Appendix A. For all
modules, a stable temperature difference of 50 K has been assumed. For the calculation of the An/Ap
ratios, a linear behavior has been assumed and the calculation was done with the medium values of
the respective temperature range.

Module p-Type n-Type Thot/ K Teoa/K
Module 1 Bi0,5Sb1,5Te3 [37] BizTe3_Xbe [38] 348 298
Module 2 FeN_bo'gng()‘lzsb [39] Hf0_62r0‘4NiSno‘995Sb0,oo5 [40] 1000 950
Module 3 Ca3C0409 [41] In1'955n0‘0503 [41] 1075 1025

(a) (b)

n-type material n-type material
Bi,Te,Sb, Hfo 620 4NiSNg 995800 005

p-type material
FeNby ggHfg 1,Sb

p-type
Biy sSb, sTe,

AJA,=1.04 AJA,=1.08

(c)
n-type material
1N 958N 0503

p-type
material
Ca3Co,04

AJA,=0.06 AJA, =013 AJA,=0.24

Figure 2. Resulting modules characterized via finite elemente simulations (FEM)-simulations.
(a) BipTez-based TE module 1, (b) half-Heusler-based TE module 2, and (c) oxide-based TE module
3 with three different An/Ap ratios. The colors refer to the respective temperatures (red: hot side,
blue: cold side). Note that the effective area A, + Ap is constant for all modules and A,/ Ap ratios.
As connector, the characteristics of copper has been used in the simulation.
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2.2. Optimization of Geometry

The An/Ajp ratios for the simulated modules have been calculated for three different optimizations:
First, according to a zT optimization for maximum energy conversion efficiency that has been derived
and used before (Equation (5)) [30]. Here, pn and p}, are the specific electrical resistivity and An and A
the heat conductivity of the n- and p-type materials, respectively:

An,  [pn Ap
[/TP}ZT* @Tn (5)

Second, the [%]matching Iysc ratio for overlapping material working points was calculated
according to Equation (6) (compare Equations (A1)~(A7) in Appendix B). Here, an and a;, are the
Seebeck coefficient of the n-type and p-type materials, respectively:

An

4
[A7p ] matching Iqsc = P an (6)

W Pp
Third, an optimization for maximum power output was conducted according to Xing et al. [36]
via Equation (7) (compare Equations (A8)—(A14) in Appendix C):

An _ [P
3 over = \/; @)

Additionally, the areas of the n- and p-type materials have been chosen for the same effective
area Ay + Ap for all modules. The maximum first-law energy conversion efficiency 71, TEG max for all
optimized geometries have been calculated from the thermoelectric properties of the materials [9,11,30]
(compare Equations (A15)-(A19) in Appendix D). The length of all thermolegs was chosen to be
I =2 mm, as otherwise there would have been too many varying parameters and a fixed and matching
length for n- and p-type is reasonable for a functional TE module.

2.3. Simulation Parameters

The software ANSYS Mechanical (Version 2020 R1), which is based on the finite element method,
is used in order to simulate the TE modules. Here, a steady-state thermal-electrical conduction analysis
that allows for a simultaneous solution of thermal and electrical fields was chosen. After setting
the material parameters for the n- and p-type thermolegs, the following boundary conditions for the
simulation were set: the temperature of the cold junction, the ambient temperature that is equal to the
temperature of the cold junction, the side at zero potential, and the side that determines the value of
the electric current; all of the remaining faces were set for free convection in air with the heat transfer
coefficient with a typical value of 20 W m~2 K~ [42].

The simulation process was divided into two stages. First, a U-Iq curve was taken in order to
evaluate the general characteristics of the TE module. By changing the value of the electrical current
that can flow through the TE module, the effect of the external load on the voltage is simulated.
Using the U-Iq curve, the electrical power Pg was calculated and a Pg-Iq curve was constructed
to determine the MEPP. Then, to study the specific characteristics of the TE module at the MEPP,
the following four distributions were simulated: temperature, flux density of thermal energy, electrical
voltage, and flux density of charge. From each distribution, the values alongside the center of the
thermoleg have been calculated. For these positions inside the leg, the local entropy flux density was
calculated from the local temperature and local flux density of thermal energy according to Equation (3).
The values of the electrical voltage and the local flux density of electrical charge were used in order to
calculate the flux density of the electrical energy according to Equation (4). As a result, a description of
all parameters as a function of the position x, along a central line through the respective thermoleg,
is received. The corresponding images of the distribution of the temperature T(x), the voltage U(x),
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flux density of thermal energy jg (x), and flux density of electrical charge jq(x) within the thermolegs
are shown in Figures A2-A6 in the Appendix E.

2.4. Notes on Limitations

For all material parameters, a linear behavior within the applied temperature range has been
assumed and the average value has been used for the calculation of the An/A} ratio. Over a
relatively small temperature difference of 50 K, the assumption of linear behavior of the thermoelectric
parameters can be made, but, for exact simulations, the respective behavior has to be analyzed in detail
for each specific case. Because the maximum temperature difference in the simulation was only 50 K
and the maximum application temperature was about 1000 K, the dominant mechanism of heat transfer
is convection, so the influence of thermal radiation was not considered. Note that, for temperatures
above 1000 K and if ceramic substrates are used on top and at the bottom, the thermal radiation
becomes increasingly important and has to be considered if an application at higher temperatures is
aimed. For all of the simulated modules, an active cooling with a stable temperature difference of
50 K was assumed. Although a matching length [ for both thermolegs is reasonable, this may also be
optimized, since the length strongly influences the U-Ig-curve as well as the temperature difference,
if no active cooling with a stable temperature difference is applied. Additionally, as mentioned before,
the electric and thermal contact resistivity between each individual thermoleg and the connector is an
important parameter, which has to be investigated and optimized for each individual case. To allow
for comparison, ideal contacts are assumed in this work. The results in this work are specifically shown
for a thermoelectric module in generator mode, which, however, may also apply for the entropy pump
mode in thermoelectric coolers. For the thermoelectric materials, the respective material working
points are also correlated to the material properties [11], but, for the thermoelectric modules in entropy
pump mode, this is yet to be proven.

3. Results and Discussion

As material combinations, a Bi, Tez-based TE module (module 1), a half-Heusler-based TE module
(module 2) and an oxide-based TE module (module 3) were chosen. The respective optimized
geometries Ap/Ap for maximum zT, matching I;sc and for maximum electrical power are shown
in Table 2. For module 1 and 2, all of the optimizations led to very similar An/Ap ratios. Therefore,
only the zT-optimized modules have been simulated. For module 3, the resulting A, /Ay, ratios vary
widely, so simulations of this module were done for all the calculated optimized geometries.

Table 2. Resulting optimized geometries according to the zT optimization, matching I sc and power
optimization. For the values in brackets, no simulations were carried out, due to insignificant deviation
from the zT optimization.

A A 4
Module [ﬁ]zT [ﬁlmatching Iqsc [ﬁ]power

Module1 1.0345 (1.0745) (1.0459)
Module2  1.0831 (1.0969) (1.0308)
Module3  0.059 0.1306 0.2433

3.1. Similar Material Properties

For the materials that were chosen for module 1 and 2, the optimizations of the An /A ratios for
maximum zT, matching material working points and for maximum power output all result in ratios
near 1, with only a slight variation. This is a result of the fairly similar thermoelectric properties of the
respective n- and p-types. Therefore, a fixed An/Ap ratio of 1.04 and 1.08 are used for the simulations
of module 1 and module 2, respectively. Note that, although the calculated optimum Ay /Ay, ratios
for module 1 and 2 all are close together, they are not the same, meaning that an optimization for
maximum power output may still result in a slightly higher power output of the respective module
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compared to a zT optimization. However, the effect is much stronger for the oxide-based module 3,
which is the reason why this module is analyzed in depth for all three optimized geometries.

3.1.1. BipTe3-Based TE Module

For module 1, BiyTe;«Sby [38] and Big5Sby 5Tes [37] were chosen as n- and p-type materials,
respectively. As An/Ap ratio, the zT-optimized ratio of 1.04 was used in the simulation. Figure 3 shows
the simulated U-Iq characteristics and the electrical power output of the BijTez-based TE module and
the respective thermoelectric parameters across the length of the respective legs. The working points of
the p- and n-type material with a zT-optimized An /Ay, ratio show a good overlap. This results in a high
electrical power output of the TE module with a maximum power density wej max TEG Of approximately
124.5 mW cm 2 at the applied temperature difference of 50 K. The individual fluxes that are within in
the p-type and n-type thermolegs are shown in Figure 3c-h. The temperature is set to be 348 K at the
hot side and 298 K at the cold side. The entropy flux density js(x) and therefore also the thermal energy
flux density jg wm(x) are very similar in the respective legs, due to the similar thermal conductivity
of the chosen materials. At the applied temperature difference of 50 K, a voltage U(x) of 11 mV is
achieved in one thermocouple. Analogous to the entropy flux density, the electrical flux density jq(x)
is also similar in the p-type and n-type thermolegs. In one thermocouple, this results in an electrical
energy flux density jg ¢ (x) of 2.4 x 1073 W m~2. Note that the dashed lines presented in Figure 3c-h
represent the metallic connector between the p-type and n-type materials, so both materials are not in
direct contact. Thus the different fluxes do not necessarily have the same value at the dashed line.

Module 1: zT-optimized

(a) 251 (b) 501
EPP
Generator 40 Generator
i
|
= 30 H
>
3 E mepp | MEPP
3 = 20 =
),
), N\
104 n-type | \
p-type ; \
0 - —
8 0 2 4 6 8
/A
6.0x10°
(c) 400 ! 751 p-type ' n-type (e) oo p-type n-type
17 : 1
L 165 : % 55x10°
S 325 E 160 : H :
= 2 . = :
[ 2 155 : = 50x10"\/
% 150 i < :
145 ey 1 S
0 1 2 3 4 4.5x10 1 2 3 4
x/ mm x/ mm
2.6x10° ;
() 2015 p.type ntype (9) p-type : ntype (h) 31 p.type n-type
, oot 5 2410 % 2000
= < H
5 0005 = 2.2x10° = 1000
= <
0.000 J ; |
X T T 7 2.0x10 T ) 3 3 0 1 2 3 4
x/mm x/ mm x/ mm

Figure 3. FEM simulations of module 1 (p-type Bip5Sb; 5Tes and n-type BiyTes Sby) with a hot side
temperature of 348 K and cold side temperature of 298 K. (a) U-Iq characteristics and (b) electrical
power output Pgj-Iq of the module. The respective MEPPs of the materials overlap and result in a high
power output of the TE module. Thermoelectric characteristics of the respective materials as a function
of the length of the respective legs: (c) temperature T(x), (d) entropy flux density js(x), (e) thermal
energy flux density jg 4, (%), (f) voltage U(x), (g) electrical flux density jq(x), and (h) electrical energy
flux density jg ¢1(x) trend throughout one thermocouple. Note that the dashed line in (c-h) represents
the metallic connector between the p-type and n-type materials. The simulated distributions are shown
in Figure A2 in Appendix E.
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3.1.2. Half-Heusler-Based TE Module

Figure 4 shows the simulated U-Ig characteristics and the electrical power output of the
half-Heusler-based TE module and the respective thermoelectric parameters across the length of the

respective legs. For n- and p-type materials, Hfy 4Zrp 4NiSng 9955bg 005 [40] and FeNby ggHf 125b [39]
were chosen.

Module 2: zT-optimized
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Figure 4. FEM simulations of module 2 (p-type FeNbg ggHfpy 1oSb and n-type Hfg ¢ Zry 4NiSng 9955bg go5)
with a hot side temperature of 1000 K and cold side temperature of 950 K. (a) U-Iq characteristics
and (b) electrical power output P¢~Ig of the module. The respective MEPPs of the materials overlap
and result in a high power output of the module. Thermoelectric characteristics of the respective
materials as a function of the length of the respective legs: (c) temperature T(x), (d) entropy flux
density js(x), (e) thermal energy flux density jg (%), (f) voltage U(x), (g) electrical flux density jq(x),
and (h) electrical energy flux density j ¢ (x) trend throughout one thermocouple. Note that the dashed
line in (c-h) represent the metallic connector between the p-type and n-type materials. The simulated
distributions are shown in Figure A3 in Appendix E.

Analogous to the BiyTez-based module, the materials exhibit similar thermoelectric properties
and the resulting An /A ratio is still near 1. For the simulations, the zT-optimized An /A ratio of 1.08
was used. The material working points also show a good overlap as a result of the zT optimization.
Therefore, the module’s MEPP and MCEP are also close together. The TE module reaches a high
electrical power output of approximately 51.1 mW. With an effective area of 0.334 cm?, this corresponds
to a similarly high maximum power density wWe max TG Of 153.14 mW cm~2, which is slightly higher
compared to the BiTez-based module 1. The individual fluxes within in the p-type and n-type
thermolegs are shown in Figure 4c-h. The temperature is set to be 1000 K at the hot side and 950 K at
the cold side. At the applied 50 K temperature difference, a voltage U(x) of 10.54 mV can be reached,
which is slightly lower compared to the BiyTes-based module, as a result of the slightly lower Seebeck
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coefficient of the n-type material. The entropy flux density js(x) of the p-type is slightly higher when
compared to the n-type thermoleg, due to the higher thermal conductivity of the p-type material.
Analogously, the electrical flux density jq(x) is also slightly higher in the p-type material, due to the
higher electrical conductivity of the p-type material. In one thermocouple, a thermal energy flux
density jg i (x) of 16 x 10° W m~2 and an electrical energy flux density jg ¢1(x) of 2.9 x 10° Wm~2 are
reached, both being higher when compared to the Bi,Tez-based module, due to the higher values of
electrical and thermal conductivity of the respective materials.

Table 3 summarizes the simulated characteristics of the Bi,Tez-based and half-Heusler-based
TE modules. The respective material working points are close together, which results in a high
electrical power output and conversion efficiency of both modules. However, the Bi;Te3-based module
1 reaches a higher conversion efficiency of 2.5%, while the half-Heusler based module 2 reaches a
higher power output of up to 153 mW cm~2. This is the expected behavior, due to the higher power
factor, but simultaneously higher thermal conductivity of the half-Heusler materials. This also displays
the aforementioned importance of the power factor (for power output), which, for certain applications,
may be equally important as the figure of merit zT (for efficiency).

Table 3. Resulting maximum electrical power output Pej max TEG, €lectrical power density wel max TEG
and maximum first-law energy conversion efficiency # TEG max of module 1 (Bi;Te3) and module 2
(half-Heusler materials) for zT-optimized geometry.

Module Module MEPP/A  Pgj max TEG/MW  Wel max, TEG/MW cm—2 11, TEG,max

Module 1 3.75 41.60 124.50 2.50
Module 2 4.72 51.10 153.14 0.97

3.2. Dissimilar Material Properties

For n- and p-type materials of module 3, In; 9955n9 9503 and Ca3Co4Oq [41] were chosen. For these
materials, the optimizations of the An /A ratios for maximum zT, matching I3 sc and for maximum
power output result in dissimilar ratios of 0.06, 0.13, and 0.24, respectively. Therefore, modules with
all calculated A/ Ap ratios were simulated.

Oxide-Based TE Module

Figure 5 shows the simulated U-Ig characteristics and the electrical power output of the
Ca3Co0409-In1 955n0,050; TE module and the thermoelectric parameters across the length of the
respective legs. Here, the zT optimization of the A, /A ratio does not result in an overlap of the
respective material working points. The short-circuited electrical current Iqsc of the p-type CazCosO9
is approximately twice the short-circuited current Igsc of the n-type Inj955n9050,. Therefore,
the resulting MEPP of the TE module is located between the respective material working points,
and the power output of the module is only slightly higher when compared to the power output of the
p-type Ca3CoyOq leg. With an effective area of 0.3332 cm? the simulated TE module reaches a maximum
electrical power density we| max TEG Of approximately 4.5 mW cm 2. The individual fluxes within in
the p-type and n-type thermolegs are shown in Figure 4c-h. The temperature difference was again
set to 50 K, with a hot side temperature of 1075 K and a cold side temperature of 1025 K. The strong
difference of the Seebeck coefficient of n- and p-type materials is displayed in the distribution of the
voltage U(x). In the p-type material, a voltage of 6.6 mV is reached, while, in the n-type material,
the voltage only increases by 1 mV to 7.6 mV. The strong difference of thermoelectric properties of
p- and n-type materials is also displayed in the flux density of charge and flux density of entropy,
both being higher in the n-type Inj 9955100503 due to the higher electrical and thermal conductivity.
Therefore, the same behavior is noticeable in the flux densities of thermal energy and electrical energy.
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Module 3: zT-optimized
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Figure 5. FEM simulations of the zT-optimized module 3 (p-type CazCo4Oy and n-type Inj 955n(9503)
with a hot side temperature of 1050 K and cold side temperature of 1000 K. (a) U-Iq characteristics
and (b) electrical power output Pj-Iq of the module. Thermoelectric characteristics of the respective
materials as a function of the length of the respective legs: (c) temperature T(x), (d) entropy flux
density js(x), (e) thermal energy flux density jg s (x), (f) voltage U(x), (g) electrical flux density jq(x),
and (h) electrical energy flux density jg ¢ (x) trend throughout one thermocouple. Note, that the dashed
line in (c-h) represent the metallic connector between the p-type and n-type materials. The simulated
distributions are shown in Figure A4 in Appendix E.

Figure 6 shows the simulated U-I characteristics and the electrical power output of the
CazCo0409-Inj 955N 050, TE module and the respective thermoelectric parameters across the length of
the respective legs for an optimized An/Ap ratio for matching Iqsc. As a result of this optimization,
the module MEPP is also similar to the both materials” working points and the power output of
the module is already significantly higher than of the respective materials. With an effective area of
0.333 cm? a maximum electrical power density Wel,max, TEG Of approximately 5.64 mW cm 2 can be
reached. The individual fluxes within in the p-type and n-type thermolegs for the module optimized
for matching I sc are shown in Figure 6c-h. When compared to the zT optimization, the larger area
of the n-type Inj g955n0 0503 results in a bigger impact of the material, displayed in a higher value of
voltage reached in the n-type material. Additionally, both the entropy flux density (slightly) as well
as the electrical flux density (significantly) of the n-type material are lower, due to the larger area,
which results in the same trend for the flux densities of thermal energy and electrical energy.
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Figure 6. FEM simulations of the module 3 (p-type Ca3zCo40q and n-type In; 955ng 0503) with matching
Iqsc with a hot side temperature of 1050 K and cold side temperature of 1000 K. (a) U-Iq characteristics
and (b) electrical power output Pej-Iq of the module. Thermoelectric characteristics of the respective
materials as a function of the length of the respective legs: (c) temperature T(x), (d) entropy flux
density js(x), (e) thermal energy flux density jg ¢, (%), (f) voltage U(x), (g) electrical flux density jq(x),
and (h) electrical energy flux density jg ¢ (x) trend throughout one thermocouple. Note, that the dashed
line in (c-h) represent the metallic connector between the p-type and n-type materials. The simulated
distributions are shown in Figure A5 in Appendix E.

Finally, in Figure 7, the power optimization of the An/Aj ratio according to Equation (7) is shown.
Again, the material working points do not overlap, but as a result of the increasing cross-sectional
area of the n-type Inj 955ng 050>, the electrical power output of the the n-type material is significantly
higher compared to the other two optimization strategies. In fact, both materials reach a similar
electrical power output Py max of about 1 mW, resulting in a maximum electrical power output
Pei max1EG of about 2 mW for the module. This corresponds to a maximum electrical power density
Wel max,TEG Of 5.89 mW cm 2. The individual fluxes within in the p-type and n-type thermolegs for the
power-optimized module are shown in Figure 7c-h. Here, the trend from the module optimized for
matching [y sc continues. The larger area of the n-type material results in a higher voltage U(x) and as
well as decreasing flux densities of entropy js(x) (slightly lower) and charge jq(x) (significantly lower).
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Figure 7. FEM simulations of the power-optimized module 3 (p-type CazCosO9 and n-type
Ing 955N ,0503) with a hot side temperature of 1050 K and cold side temperature of 1000 K. (a) U-Iq
characteristics and (b) electrical power output Pg-Iq of the module. Thermoelectric characteristics
of the respective materials as a function of the length of the respective legs: (c) temperature T(x),
(d) entropy flux density js(x), (e) thermal energy flux density jg ,(x), (f) voltage U(x), (g) electrical flux
density jq(x), and (h) electrical energy flux density jg ¢ (x) trend throughout one thermocouple. Note,
that the dashed line in (c-h) represent the metallic connector between the p-type and n-type materials.
The simulated distributions are shown in Figure A6 in Appendix E.

Table 4 summarizes the simulated characteristics of the zT-optimized CazCo0409-In; 95510 0502
TE module, the optimized module for matching I, sc, as well as for the power-optimized geometry.
The module with power-optimized An/Ap ratio reaches a maximum power density of 5.89 mW
cm 2, which is slightly higher compared to the module with overlapping material working points
and about 30% higher when compared to the module with zT-optimized geometry. Additionally,
the maximum first-law energy conversion efficiency 71 TEG max for all three optimized geometries have
been calculated. As expected, the zT-optimized module reaches the highest #1 TEG max With 0.13%,
while the module optimized for matching Iy sc and the power-optimized module show slightly lower
efficiencies of 0.11% and 0.09%, respectively. This shows the contrary trend of a higher efficiency
(for the zT-optimized module) and of higher power density (for the power-optimized module).
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Table 4. Resulting maximum electrical power output Pej max TEG, €lectrical power density wel max, TEG,
and maximum first-law energy conversion efficiency 71 TEG max of module 3 with optimized geometry
for maximum zT, matching I; sc and maximum power output. The resulting power density increases
due to the overlapping material working points.

Module Module MEPP/mA Pel,max’TEG/mW wel’max’TEG/mW Cm72 11, TEG,max
zT-optimized 189.90 1.50 451 0.13%
same Igsc 239.89 1.86 5.64 0.11%
power-optimized 252.00 1.96 5.89 0.09%

As a result, module 3 is build based on the same materials with identical thermoelectric properties,
but it is either optimized for maximum zT, matching Iqsc or maximum power output. Figure 8
summarizes the results of all three optimization strategies. The zT optimization leads to a module
with the highest conversion efficiency, but the lowest electrical power output. Contrary, the power
optimization leads to a module with the the highest electrical power output, but the lowest conversion
efficiency. The module with optimized geometry for matching Iy sc is in between, but closer to the
maximum electrical power output. This also corresponds to the results of Xing et al. [36], who observed
a similar increase in the maximum electrical power output with a respective geometry optimization
when compared to an optimization for maximum zT. Note that this correlation between the deviation
of optimum power output and optimum conversion efficiency is here shown on the example of
module 3, but also applies for the other TE modules. As shown in Table 2, the optimum A, /A, ratio
for the BipTes-based module 1 and the half-Heusler-based module 2 also varies slightly for the different
optimization strategies. Therefore, also for quite similar thermoelectric materials, a slight deviation
between optimum power output and energy conversion efficiency can be expected.

20.0 T T T T v
17.54 zT- matching =~ power-
optimized Isc optimized

15.04
12.54 N U-1 -—— -— ——
10.04
7.54 Ao N P
5.04 RN

251 RN MEPP

0.0
0

Ulmv

100 200 300 400 500

1,/ mA
Figure 8. Comparison of all three optimization strategies for module 3 (dash: zT-optimized, dash-dot:
matching I sc, line: power-optimized). The power-optimized module shows a significantly higher
power output when compared to zT-optimized module. The module with overlapping material
working points is in between, but closer to the maximum power output.

4. Conclusions

Three different optimization strategies for the An/Ap ratio were applied, whereas, for certain
modules, they all resulted in different geometries. For module 3, based on strongly dissimilar
thermoelectric properties of the p-type CazCosO9 and the n-type Injo5Sng 503, the geometry
optimizations show strongly dissimilar An/Aj ratios. Here, a strong deviation between high
conversion efficiency (with zT-optimized geometry) and high power output (with power-optimized
geometry) was found. The power optimization resulted in a 30% higher power output compared to
the zT-optimized counterpart. For modules with more similar thermoelectric properties of the n- and
p-type, which, in this work, are the BiyTes-based module 1 and the half-Heusler-based module 2,
the respective optimum geometries only differ slightly, but also show this deviation in the geometry
optimization. This emphasizes that, for TE module concepts, various optimization strategies may be
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applied, either to target high conversion efficiency or high power output. This phenomena correlates to
the diversity of the thermoelectric materials that were used for the TE module. Additionally, this also
underlines the similar importance of the power factor of thermoelectric materials, to target a high
power output, when compared to the figure of merit zT.
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Abbreviations
The following abbreviations are used in this manuscript:

TE module thermoelectric module

TEG thermoelectric generator

MCEP maximum conversion efficiency point

MEPP maximum electrical power point

ocC (electrical) open-circuit

SC (electrical) short-circuit

Symbols

The following symbols are used in this manuscript:

Geometry

A cross-sectional area of thermoelectric material

An cross-sectional area of n-type material

Ap cross-sectional area of p-type material

I length of thermoelectric material

In length of n-type material

Iy length of p-type material

ﬁ—“ ratio of the cross-sectional areas of the n-type and p-type materials

[%]ZT ratio of the cross-sectional areas of the n-type and p-type materials for maximum zT
[%]matching lsc  ratio of the cross-sectional areas of the n-type and p-type materials for matching I sc
[ﬁ—;]power ratio of the cross-sectional areas of the n-type and p-type materials for maximum power

Material properties

« Seebeck coefficient

o Seebeck coefficient of n-type material
ap Seebeck coefficient of p-type material
An heat conductivity of n-type material

Ap heat conductivity of p-type material
Aoc  heat conductivity under electrically open-circuited (OC) conditions
Aoc  entropy conductivity under electrically open-circuited (OC) conditions

14 specific electrical resistivity

On specific electrical resistivity of n-type material
op specific electrical resistivity of p-type material
Rn resistance of n-type material

Rp resistance of p-type material

o isothermal electrical conductivity

f figure of merit (as introduced by Zener [43]

zT figure of merit (as introduced by Ioffe [10])
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Thermodynamic potentials

@ electric potential

T absolute temperature

Teoid temperature of the thermoelectric material at its cold side
Thot  temperature of the thermoelectric material at its hot side

vT gradient of the temperature

AT difference of temperature (along the thermoelectric material)
u voltage

Uoc  voltage at electrically open-circuited (OC) conditions

Fluxes

i normalized electrical current

Iq electrical current

Igsc  electrical current at electrically short-circuited (SC) conditions
iq electrical flux density

js entropy flux density

jeel  electrical energy flux density
jeth  thermal energy flux density
q electric charge

S entropy

Performance

Pel max maximum electrical power output of the thermoelectric material (at MEPP)
PelmaxTEG ~ maximum electrical power output of the module (at MEPP)

Welmax, TEG ~ Maximum electrical power density of the module (at MEPP)

IqMEPP current Iq at the MEPP

IqMEPPn current I at the MEPP of the n-type material

IqMEPPp current I at the MEPP of the p-type material

UmeppTEG — voltage U at the MEPP of the TE module

IgMEPRTEG — current Ig at the MEPP of the TE module

RTeG internal resistance of the TE module

111,mat second-law energy conversion efficiency of a thermoelectric material
1, TEG,max maximum first-law energy conversion efficiency of the TE module
HCarnot Carnot efficiency of the TE module

NI TEGmax  Maximum second-law energy conversion efficiency of the TE module

Appendix A. Input Data for FEM-Simulation

Table Al. Thermoelectric parameters of module 1 (p-type Big5Sb; 5Tes [37], n-type BipTes«Sbx [38])
used for FEM simulations. For all material parameters a linear behavior within the applied temperature
range has been assumed and the average value has been used for the calculation of the An/Ap ratio.

p-Type n-Type
T/K 348 298 348 298
0/Scm™! 760 990 711 875
a/pvV K1 227 213 —228 —220
Aoc/Wm—1K1 1.31 1.39 1.40 1.35

Aoc/Wm™1K=2 376x107% 466x1073 4.02x1073 453 x 1073
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Table A2. Thermoelectric parameters of module 2 (p-type FeNbgggHfy12Sb [39], n-type
Hf 6Zro 4NiSng 9955bg 05 [40]) used for FEM simulations. For all material parameters a linear behavior
within the applied temperature range has been assumed and the average value has been used for the
calculation of the An /A ratio.

p-Type n-Type
T/K 1000 950 1000 950
o/Sem™! 1053 1158 960 1000
a/uV K1 223 217 —212 219
Aoc/Wm—1K1 433 4.44 4.16 3.90

Aoc/Wm™1K™2 433x1073 476 x1073 416 x 1073 411 x 1073

Table A3. Thermoelectric parameters of module 3 (p-type CazCo40Oq [41], n-type Inj 95510 0503 [41])
used for FEM simulations. For all material parameters a linear behavior within the applied temperature
range has been assumed and the average value has been used for the calculation of the An/Ap ratio.

p-Type n-Type
T/K 1075 1025 1075 1025
o/Scem™! 29.63 31.48 609.26 448.15
a/pV K1 202.83 225.74 —100.94 —92.45
Aoc/Wm 1K1 0.63 0.66 10.70 10.94

Aoc/Wm™TK2 059%x1073 064 x1073 995x 1073 10.67 x 103

Appendix B. Ap/A;, Optimization for Matching Short-Circuit Current

Here, the optimized Ap /Ay ratio for matching Iy sc is derived. The idea of this optimization

is as

follows: the working points of the respective thermoelectric materials overlap, if the flux of charge in

both materials is the same. Then, the working points of the materials overlap, so

IgMEPPn = IgMEPEp
By including
L ATy
QMEPPR = )b
and
! _ ap(AT)?
qMEPPp — ZRp
with the electrical resistance of the materials
1
Rn = POn - Afr:-l
and
l
_ P
Rp =pp - Ay

the following relation is received:

lan| - (AT)? _ ap - (AT)?

1 1
200 Ay ZPPTI;,

After rearrangement and with the assumed same length of the thermolegs I, = I, the result
An/Ap ratio for matching Iy sc is:

(A1)

(A2)

(A3)

(A4)

(A5)

(A6)

for a
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An _ % fn

= (A7)
Ap |otn| Op

Appendix C. Ay/A, Optimization for Maximum Power

The maximum power output of a TE module is a function of the electrical current I of the module
at the MEPP I MeppTEG and the voltage U of the module at the MEPP Uy eppTEG, which are calculated
according to Equations (A8) and (A9):

B (ap — &n) - AT
IgmEppTEG = — 58— (A8)
A — &pn) - AT
UMEPPTEG = % (A9)

From this, the maximum electrical power output of a module at the MEPP can be derived as

(‘)‘p - “n)z : (AT)Z

P = A10
el,max, TEG 4 RTEG ( )

with the internal electrical resistance of the module Rtgg
R = l—p + l—n (A11)

TEG = Pp Ay On A,

Considering, that the effecive area A is a sum of the cross-sectional areas A, and Ap, Equation (A11)
can be differentiated and has to be equal 0 for its maximum. So

PPIP _ onln
2 (A+dp)  Ap?

eplp | _pnl
(K"’_ AE/I\IP)Z

— (ap — an)*(AT) =0 (A12)

This Equation (A12) is zero, if the numerator of the fraction is zero, so

Pelp  pnln
(At A2 Az " (A13)

After rearrangement, the optimum A, /A, ratio for maximum power output is received as

An _ [P0 (A14)
Ap Pp

The final Equation (A14) derived corresponds to the reported ratio for maximum power output of
Xing et al. [36] .
Appendix D. Efficiency of the Module

The maximum first-law efficiency #1 TEG max Of @ module is the product of the Carnot efficiency
#Carmot and the second-law efficiency #11 TEG max [9,11] and can be determined as

NLTEG =1c ILTEG _ Thot — Teold 1+72T -1
LTEGmax = “ 11, TEG,max = ) !
max arnot max Thot - " == n N

Here, T is the average temperature and Z is a function of the materials thermoelectric parameters:

(A15)

(A16)

with
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a = (ap —an) (A17)

R=— - —“—+— — (A18)
and
AP
K=Xp —+An (A19)
P

So, the maximum first-law efficiency #1 TEG max Of a module can be determined as a function of
the materials thermoelectric parameter and the respective cross-sectional areas An and Ay, [30].

Appendix E. Simulated Module Fluxes

Xx=2mm

x=4mm

Figure Al. Analyzed path x along a central line through the respective thermoleg on the example of

module 1.
(@) (b) (©)
348 K 6.15-10* W m2 6.15-10* Wm2
298 K 3.18-10° Wm2 3.18-10°Wm2
d
(d) () )
1.12-102V 2.36-10° Am?2 2.36-10° Am?2

ov 1.13-102Am? 1.13-102Am?

Figure A2. Distribution of (a) temperature T(x), (b,c) flux density of thermal energy jg (), (d) voltage
U(x) and (e,f) flux density of electrical charge jq(x) in module 1.
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(a) (b) (c)

727 K 2.04-10° W m? 2.04-10° W m?

677 K 5.03-10°Wm? 5.03-10°Wm?

=) ) )

1.06-10° V 3.11-10°Am? 3.11-10°Am?

ov 1.43-102Am2 1.43-102Am?
Figure A3. Distribution of (a) temperature T(x), (b,c) flux density of thermal energy jg ¢ (x), (d) voltage

U(x) and (e,f) flux density of electrical charge jq(x) in module 2.

(a) (b) (c)
802K 3.81-10°W m? 3.81-105W m?
752K 7.83-102W m?2 7.83-102W m?
(d) (e)
7.69-10°V 4.530 - 10° Am2 4.530 - 10° Am2

ov 8.96 - 10' Am 8.96 - 10' Am?2

Figure A4. Distribution of (a) temperature T(x), (b,c) flux density of thermal energy jg ,(x), (d) voltage
U(x) and (e,f) flux density of electrical charge jq(x) in module 3 with zT-optimized geometry.

(a) (b) (c)

802K 3.79 - 10° W m? 3.79-10° W m?

752K 1.22-10°W m?2 1.22-10°W m?2
(d) (e) )
7.78-103V 4.10 - 105 Am2 4.10 - 105 Am?

ov 8.17-10' Am2 8.17-10' Am2
Figure A5. Distribution of (a) temperature T(x), (b,c) flux density of thermal energy jg (x), (d) voltage

U(x) and (e,f) flux density of electrical charge jq(x) in module 3 with geometry for matching Iy sc.
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(a) (b) (c)

802K

3.19-105W m? 3.19-105W m?

752 K 1.05-10° W m? 1.05-10° W m?

(d) (e) (f)

7.72-10%V

2.93-10°Am? 2.93-105Am?

oV 4.73-10' Am2 4.73-10' Am?

Figure A6. Distribution of (a) temperature T(x), (b,c) flux density of thermal energy jg 1 (x), (d) voltage
U(x) and (e,f) flux density of electrical charge jq(x) in module 3 with power-optimized geometry.

References

1.

10.

11.

12.

13.

14.

15.

16.

Kishore, R.A.; Marin, A.; Wu, C.; Kumar, A.; Priya, S. Energy Harvesting—Materials, Physics, and System
Design with Practical Examples; DEStech Publications: Boston, MA, USA; Berlin, Germany, 2019.

Wolf, M.; Hinterding, R.; Feldhoff, A. High Power Factor vs. High zZT—A Review of Thermoelectric Materials
for High-Temperature Application. Entropy 2019, 21, 1058. [CrossRef]

Gayner, C.; Kar, KK. Recent Advances in Thermoelectric Materials. Prog. Mater. Sci. 2016, 83, 330-382.
[CrossRef]

He, R.; Schierning, G.; Nielsch, K. Thermoelectric Devices: A Review of Devices, Architectures, and Contact
Optimization. Adv. Mater. Technol. 2018, 3. [CrossRef]

Liu, X.; Wang, Z. Printable Thermoelectric Materials and Applications. Front. Mater. 2019, 6, 1-5. [CrossRef]
He, W.; Zhang, G.; Zhang, X.; Ji, ].; Li, G.; Zhao, X. Recent Development and Application of Thermoelectric
Generator and Cooler. Appl. Energy 2015, 143, 1-25. [CrossRef]

Fuchs, H.U. A Direct Entropic Approach to Uniform and Spatially Continuous Dynamical Models of
Thermoelectric Devices. Energy Harvest. Syst. 2014, 1, 1-18. [CrossRef]

Feldhoff, A. Thermoelectric Material Tensor Derived from the Onsager-de Groot-Callen Model.
Energy Harvest. Syst. 2015, 2, 5-13. [CrossRef]

Fuchs, H. The Dynamics of Heat—A Unified Approach to Thermodynamics and Heat Transfer, 2nd ed.; Springer:
New York, NY, USA, 2010. [CrossRef]

Ioffe, A.F. Semiconductor Thermoelements, and Thermoelectric Cooling, 1st ed.; Info-search Ltd.: London, UK,
1957. [CrossRef]

Feldhoff, A. Power Conversion and its Efficiency in Thermoelectric Materials. Entropy 2020, 22, 803.
[CrossRef]

Mamur, H.; Bhuiyan, M.R.; Korkmaz, F; Nil, M. A Review on Bismuth Telluride (Bi;Tes) Nanostructure for
Thermoelectric Applications. Renew. Sustain. Energy Rev. 2018, 82, 4159—-4169. [CrossRef]

Guo, W.; Ma, ].; Zheng, W. BiyTez Nanoflowers Assembled of Defective Nanosheets with Enhanced
Thermoelectric Performance. J. Alloy. Compd. 2016, 659, 170-177. [CrossRef]

Zhang, J.; Wu, D.; He, D.; Feng, D.; Yin, M.; Qin, X.; He, J. Extraordinary Thermoelectric Performance
Realized in n-Type PbTe through Multiphase Nanostructure Engineering. Adv. Mater. 2017, 29, 1-7.
[CrossRef] [PubMed]

Zhao, L.D.; Lo, S.H.; Zhang, Y.; Sun, H.; Tan, G.; Uher, C.; Wolverton, C.; Dravid, V.P.; Kanatzidis, M.G.
Ultralow Thermal Conductivity and High Thermoelectric Figure of Merit in SnSe Crystals. Nature 2014,
508, 373-377. [CrossRef] [PubMed]

Peng, K.; Lu, X.; Zhan, H.; Hui, S.; Tang, X.; Wang, G.; Dai, ].; Uher, C.; Wang, G.; Zhou, X. Broad Temperature
Plateau for High zTs in Heavily Doped p-Type SnSe Single Crystals. Energy Environ. Sci. 2016, 9, 454—460.
[CrossRef]

82



1.3. Thermoelectric generators

Entropy 2020, 22,1233 21 0f 22

17.  Shuai, J.; Mao, J.; Song, S.; Zhang, Q.; Chen, G.; Ren, Z. Recent Progress and Future Challenges on
Thermoelectric Zintl Materials. Mater. Today Phys. 2017, 1, 74-95. [CrossRef]

18.  Sun, J.; Singh, D.J. Thermoelectric Properties of AMg;X,, AZnySb, (A = Ca, Sr, Ba; X = Sb, Bi), and BayZnX;
(X =Sb, Bi) Zintl Compounds. ]. Mater. Chem. A 2017, 5, 8499-8509. [CrossRef]

19. Chen, X;; Wu, H.; Cui, J.; Xiao, Y.; Zhang, Y.; He, J.; Chen, Y,; Cao, J.; Cai, W.; Pennycook, S]J.;
et al. Extraordinary Thermoelectric Performance in n-Type Manganese Doped Mg3Sb, Zintl: High Band
Degeneracy, Tuned Carrier Scattering Mechanism and Hierarchical Microstructure. Nano Energy 2018,
52,246-255. [CrossRef]

20. Zhu, H.; He, R.;; Mao, J.; Zhu, Q.; Li, C.; Sun, J.; Ren, W.; Wang, Y.; Liu, Z.; Tang, Z.; et al. Discovery of
ZrCoBi Based Half Heuslers with High Thermoelectric Conversion Efficiency. Nat. Commun. 2018, 9, 1-9.
[CrossRef]

21. Poon, S.J. Half-Heusler Compounds: Promising Materials For Mid-To-High Temperature Thermoelectric
Conversion. J. Phys. D Appl. Phys. 2019, 52, 493001. [CrossRef]

22. Yin, Y.; Tudu, B.; Tiwari, A. Recent Advances in Oxide Thermoelectric Materials and Modules. Vacuum 2017,
146, 356-374. [CrossRef]

23.  Zhang, X.; Chang, C.; Zhou, Y.; Zhao, L.D. BiCuSeO Thermoelectrics: An Update on Recent Progress and
Perspective. Materials 2017, 10, 198. [CrossRef]

24. Cowen, LM.; Atoyo, J.; Carnie, M.J.; Baran, D.; Schroeder, B.C. Review—Organic Materials for
Thermoelectric Energy Generation. ECS J. Solid State Sci. Technol. 2017, 6, N3080-N3088. [CrossRef]

25. Boudouris, B.W.; Yee, S. Structure, Properties and Applications of Thermoelectric Polymers. ]. Appl.
Polym. Sci. 2017, 134. [CrossRef]

26. Ashalley, E.; Chen, H.; Tong, X.; Li, H.; Wang, Z.M. Bismuth Telluride Nanostructures: Preparation,
Thermoelectric Properties and Topological Insulating Effect. Front. Mater. Sci. 2015, 9, 103-125. [CrossRef]

27. Gharsallah, M.; Serrano-Sanchez, F.; Bermudez, J.; Nemes, N.M.; Martinez, ].L.; Elhalouani, F.; Alonso, J.A.
Nanostructured BiyTe; Prepared by a Straightforward Arc-Melting Method. Nanoscale Res. Lett. 2016,
11,4-10. [CrossRef]

28. Kim, K,; Kim, G.; Lee, H.; Lee, K.H.; Lee, W. Band Engineering and Tuning Thermoelectric Transport
Properties of p-type Big 5,Sb1 48 Tesz by Pb Doping for Low-Temperature Power Generation. Scr. Mater. 2018,
145, 41-44. [CrossRef]

29. Ming, T, Wu, Y;; Peng, C.; Tao, Y. Thermal Analysis on a Segmented Thermoelectric Generator. Energy 2015,
80, 388-399. [CrossRef]

30. Ouyang, Z; Li, D. Modelling of Segmented High-Performance Thermoelectric Generators with Effects of
Thermal Radiation, Electrical and Thermal Contact Resistances. Sci. Rep. 2016, 6, 1-12. [CrossRef]

31. Korotkov, A.S.; Loboda, V.V.; Makarov, S.B.; Feldhoff, A. Modeling Thermoelectric Generators Using the
ANSYS Software Platform: Methodology, Practical Applications, and Prospects. Russ. Microelectron. 2017,
46, 131-138. [CrossRef]

32. Oshima, K; Inoue, J.; Sadakata, S.; Shiraishi, Y.; Toshima, N. Hybrid-Type Organic Thermoelectric Materials
Containing Nanoparticles as a Carrier Transport Promoter. |. Electron. Mater. 2017, 46, 3207-3214. [CrossRef]

33. Culebras, M.; Igual-Muiioz, A.M.; Rodriguez-Fernandez, C.; Gémez-Gémez, M.1.; Gémez, C.; Cantarero, A.
Manufacturing Te/PEDOT Films for Thermoelectric Applications. ACS Appl. Mater. Interfaces 2017,
9,20826-20832. [CrossRef]

34.  Wolf, M.; Menekse, K.; Mundstock, A.; Hinterding, R.; Nietschke, F.; Oeckler, O.; Feldhoff, A. Low Thermal
Conductivity in Thermoelectric Oxide-Based Multiphase Composites. ]. Electron. Mater. 2019, 48, 7551-7561.
[CrossRef]

35. Narducci, D. Do we Really Need High Thermoelectric Figures of Merit? A Critical Appraisal to the Power
Conversion Efficiency of Thermoelectric Materials. Appl. Phys. Lett. 2011, 99. [CrossRef]

36. Xing, Z.; Liu, R; Liao, J.; Wang, C.; Zhang, Q.; Song, Q.; Xia, X.; Zhu, T.; Bai, S.; Chen, L. A-Device-To-Material
Strategy Guiding the “Double-High” Thermoelectric Module. Joule 2020. [CrossRef]

37. Poudel, B.; Hao, Q.; Ma, Y.; Lan, Y,; Minnich, A,; Yu, B.; Yan, X.; Wang, D.; Muto, A.; Vashaee, D.; et al.
High-Thermoelectric Performance of Nanostructured Bismuth Antimony Telluride Bulk Allys. Science 2008,
320, 634-638. [CrossRef]

83



Chapter 1. Introduction

Entropy 2020, 22, 1233 22 0f22

38.

39.

40.

41.

42.

43.

Kim, H.S.; Kikuchi, K.; Itoh, T.; Iida, T.; Taya, M. Design of Segmented Thermoelectric Generator Based on
Cost-Effective and Light-Weight Thermoelectric Alloys. Mater. Sci. Eng. B Solid State Mater. Adv. Technol.
2014, 185, 45-52. [CrossRef]

Fu, C,; Bai, S.; Liu, Y.; Tang, Y.; Chen, L.; Zhao, X.; Zhu, T. Realizing High Figure of Merit in Heavy-Band
p-Type half-Heusler Thermoelectric Materials. Nat. Commun. 2015, 6, 1-7. [CrossRef] [PubMed]

Chen, L.; Gao, S.; Zeng, X.; Mehdizadeh Dehkordi, A.; Tritt, T.M.; Poon, S.J. Uncovering High Thermoelectric
Figure of Merit in (Hf,Zr)NiSn half-Heusler Alloys. Appl. Phys. Lett. 2015, 107, 041902. [CrossRef]

Bittner, M.; Geppert, B.; Kanas, N.; Singh, S.P; Wiik, K.; Feldhoff, A. Oxide-Based Thermoelectric
Generator for High-Temperature Application Using p-Type CazCo4O9 and n-Type Inj 955n( 0503 Legs.
Energy Harvest. Syst. 2016, 3, 213-222. [CrossRef]

Bergman, T.L.; Lavine, A.S.; Incropera, FP.; DeWitt, D.P. Fundamentals of Heat and Mass Transfer, 7th ed.;
John Wiley & Sons: Hoboken, NJ, USA, 2011; p. 8.

Zener, C. Putting Electrons to Work. Trans. ASM 1961, 53, 1052-1068.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

84



1.3. Thermoelectric generators

List of Figures

1.1
1.2
1.3

1.4

1.5
1.6

1.7
1.8
1.9

1.10
1.11

1.12
1.13
1.14
1.15
1.16

Total global energy generation by source . . . . . .. .. ... ... .. 1
Statistic stock market data of Energy Harvesting . . . . . .. ... .. 2
Thermal conductivity as a function of the electrical conductivity and

the carrier density of a semiconductor . . . . . . . . ... ... ... .. 7
Optimum power factor and conversion efficiency as a function of the

charge carrier density . . . . . . .. ..o oo 8
Narducci plot . . . . . . . . 9
Schematic voltage-electrical current curve and electrical power curve

with material working points . . . . . . . . . .. ..o 10
Concept of doping for band engineering of thermoelectric materials . . 12
Scheme of nanostructuring of thermoelectric materials . . . . . . . . .. 13
Schematic temperature range and limitation of common thermoelectric

materials and material classes . . . . . . .. ... L. 16
Comparison of various thermoelectric material classes via loffe plots . . 17
Crystal structure of BisTes and contribution of various thermoelectric

material classes to the thermoelectric technology . . . . . . . . .. . .. 18
Crystal structure and anisotropic behavior of CCO . . . . . . . . . .. 19
Schematic working principle of a TEG with two thermocouples . . . . . 56
Schematic voltage-electrical current and electrical power curve of a TEG 57
Various printing methods utilized for TEG processing . . . . . . . . .. 59
Technology readiness level of laser-based additive manufacturing tech-

nology for various application fields. . . . . . . .. ... ... ... ... 60

85



Chapter 1. Introduction

Bibliography

1]

[10]

[11]

[12]

[13]

IEA, IEA Data and Statistics (2020).

URL https://www.iea.org/data-and-statistics?country=WORLD&fuel=Energy

supply&indicator=ElecGenByFuel, visited 2020-11-10.

T. Takaishi, R. Nakano, A. Numata, K. Sakaguchi, Approach to High Efficiency
Diesel and Gas Engines, Mitsubishi Heavy Industries, Ltd.; Technical Review
45 (1) (2008).

Energy Flowchart (2020).
URL https://electrek.co/2020/04/09/us-energy-chart-2019/, visited
2020-11-10.

R. Kishore, A. Marin, C. Wu, A. Kumar, S. Priya, Energy Harvesting - Materi-
als, Physics, and System Design with Practical Examples, DEStech Publications,
2019.

M. Shirvanimoghaddam, K. Shirvanimoghaddam, M. M. Abolhasani,
M. Farhangi, V. Zahiri Barsari, H. Liu, M. Dohler, M. Naebe, To-
wards a Green and Self-Powered Internet of Things Using Piezoelec-
tric Energy Harvesting, IEEE Access 7 (December) (2019) 94533-94556.
doi:10.1109/ACCESS.2019.2928523.

A. Feldhoff, Power Conversion and Its Efficiency in Thermoelectric Materials,
Entropy 22 (8) (2020) 803. doi:10.3390/e22080803.

A. Feldhoff, Thermoelectric Material Tensor Derived from the Onsager-de
Groot-Callen Model, Energy Harvesting and Systems 2 (1-2) (2015) 5-13.
d0i:10.1515/ehs-2014-0040.

H. U. Fuchs, A Direct Entropic Approach to Uniform and Spatially Continuous
Dynamical Models of Thermoelectric Devices, Energy Harvesting and Systems
1 (3-4) (2014) 1-18. doi:10.1515/ehs-2014-0011.

C. Goupil, W. Seifert, K. Zabrocki, E. Miiller, G. J. Snyder, Thermodynamics of
Thermoelectric Phenomena and Applications, Entropy 13 (8) (2011) 1481-1517.
do0i:10.3390/e13081481.

A. Feldhoff, B. Geppert, A High-Temperature Thermoelectric Generator
Based on Oxides, Energy Harvesting and Systems 1 (1-2) (2014) 69-78.
d0i:10.1515/ehs-2014-0003.

A. F. Toffe, Semiconductor Thermoelements, and Thermoelectric Cooling., 1st
Edition, Info-search Ltd., London, 1957. doi:10.1080/01650521.2017.1414983.

C. Kittel, Einfiihrung in die Festkorperphysik, 12th Edition, R. Oldenbourg
Verlag, Miinchen, Wien, Dresden, 1999.

H. Ibach, H. Liith, Festkorperphyisk - Einfithrung in die Grundlagen, 7th Edi-
tion, Springer, Berlin, Heidelberg, 2008.

86



Bibliography

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

H. Goldsmid, Introduction to Thermoelectricity, Springer-Verlag, Berlin, Hei-
delberg, 2010.

E. H. Hwang, E. Rossi, S. Das Sarma, Theory of Thermopower in Two-
Dimensional Graphene, Physical Review B - Condensed Matter and Materials
Physics 80 (23) (2009) 1-5. doi:10.1103/PhysRevB.80.235415.

K. Seeger, Semiconductor Physics, 9th Edition, Springer-Verlag, Berlin, Heidel-
berg, 1991. doi:10.1007/978-3-662-09855-4.

M. Bittner, B. Geppert, N. Kanas, S. P. Singh, K. Wiik, A. Feldhoff, Oxide-
Based Thermoelectric Generator for High-Temperature Application Using p-
Type CazgCosOg9 and n-Type Iny 95509 0503 Legs, Energy Harvesting and Systems
3 (3) (2016) 213-222. doi:10.1515/ehs-2016-0002.

E. Guilmeau, D. Bardan, C. Simon, A. Maignan, B. Raveau, D. Ovono, F. De-
lorme, Tuning the Transport and Thermoelectric Properties of In,O3 Bulk Ce-
ramics through Doping at In-Site, Journal of Applied Physics 106 (5) (2009).
do0i:10.1063/1.3197064.

G. Job, R. Riiffler, Physikalische Chemie - Eine Einfithrung nach neuem
Konzept mit zahlreichen Experimenten, 1st Edition, Vieweg + Teubner Ver-
lag, Wiebaden, 2011.

M. Wolf, K. Menekse, A. Mundstock, R. Hinterding, F. Nietschke, O. Oeckler,
A. Feldhoff, Low Thermal Conductivity in Thermoelectric Oxide-Based Multi-
phase Composites, Journal of Electronic Materials 48 (11) (2019) 7551-7561.
do0i:10.1007/s11664-019-07555-2.

M. Bittner, N. Kanas, R. Hinterding, F. Steinbach, D. Groeneveld, P. Wemhoff,
K. Wiik, M. A. Einarsrud, A. Feldhoff, Triple-Phase Ceramic 2D Nanocomposite
with Enhanced Thermoelectric Properties, Journal of the European Ceramic
Society 39 (4) (2019) 1237-1244. doi:10.1016/j.jeurceramsoc.2018.10.023.

M. Wolf, R. Hinterding, A. Feldhoff, High Power Factor vs. High zT - A Re-
view of Thermoelectric Materials for High-Temperature Application, Entropy
21 (2019) 1058. doi:10.3390/e21111058.

D. Narducci, Do we Really Need High Thermoelectric Figures of Merit? A Crit-
ical Appraisal to the Power Conversion Efficiency of Thermoelectric Materials,
Applied Physics Letters 99 (10) (2011). doi:10.1063/1.3634018.

G. Tan, L. D. Zhao, M. G. Kanatzidis, Rationally Designing High-Performance
Bulk Thermoelectric Materials, Chemical Reviews 116 (19) (2016) 12123-12149.
d0i:10.1021/acs.chemrev.6b00255.

J. He, T. M. Tritt, Advances in Thermoelectric Materials Research:
Looking Back and Moving Forward, Science 357 (2017) eaak9997.
doi:10.1126 /SCIENCE.AAK9997.

J. P. Heremans, B. Wiendlocha, A. M. Chamoire, Resonant Levels in Bulk
Thermoelectric Semiconductors, Energy and Environmental Science 5 (2) (2012)
5510-5530. doi:10.1039/clee02612g.

87



Chapter 1. Introduction

[27]

[28]

[29]

[30]

[31]

[32]

X. Shi, L. Chen, C. Uher, Recent Advances in High-Performance Bulk Ther-
moelectric Materials, International Materials Reviews 61 (6) (2016) 379-415.
doi:10.1080/09506608.2016.1183075.

M. G. Kanatzidis, Nanostructured Thermoelectrics: The New Paradigm?,
Chemistry of Materials 22 (3) (2010) 648-659. doi:10.1021/cm902195j.

W. Liu, X. Yan, G. Chen, Z. Ren, Recent Advances in Thermoelectric Nanocom-
posites, Nano Energy 1 (1) (2012) 42-56. doi:10.1016/j.nanoen.2011.10.001.

B. C. Sales, FElectron Crystals and Phonon Glasses: A New Path to
Improved Thermoelectric Materials, MRS Bulletin 23 (1) (1998) 15-21.
doi:10.1557/S0883769400031419.

N. Toshima, Recent Progress of Organic and Hybrid Thermoelectric Materials,
Synthetic Metals 225 (2017) 3-21. doi:10.1016/j.synthmet.2016.12.017.

Y. Wang, Y. Sui, J. Cheng, X. Wang, W. Su, Comparison of the
High Temperature Thermoelectric Properties for Ag-Doped and Ag-Added
CazCo40g, Journal of Alloys and Compounds 477 (1-2) (2009) 817-821.
d0i:10.1016/j.jallcom.2008.10.162.

D. J. Bergman, O. Levy, Thermoelectric Properties of a Composite Medium,
Journal of Applied Physics 70 (11) (1991) 6821-6833. doi:10.1063/1.349830.

R. Hinterding, Z. Zhao, M. Wolf, M. Jakob, O. Oeckler, A. Feldhoff, Ceramic
Composites Based on CazCo,O9 and LasNiOy4, 5 with Enhanced Thermoelectric
Properties, Open Ceramics 6 (2021) 100103. doi:10.1016/j.0oceram.2021.100103.

H. Mamur, M. R. Bhuiyan, F. Korkmaz, M. Nil, A Review on Bismuth Telluride
(BiyTez) Nanostructure for Thermoelectric Applications, Renewable and Sus-
tainable Energy Reviews 82 (2018) 4159-4169. doi:10.1016/j.rser.2017.10.112.

C. Gayner, K. Kar, Recent Advances in Thermoelectric Materials, Progress in
Materials Science 83 (2016) 330-382. doi:10.1016/j.pmatsci.2016.07.002.

V. Q. Nguyen, J. Kim, S. Cho, A Review of SnSe: Growth and Thermoelec-
tric Properties, Journal of the Korean Physical Society 72 (8) (2018) 841-857.
d0i:10.3938 /jkps. 72.841.

X. L. Shi, X. Tao, J. Zou, Z. G. Chen, High-Performance Thermoelectric SnSe:
Aqueous Synthesis, Innovations, and Challenges, Advanced Science 7 (7) (2020).
do0i:10.1002/advs.201902923.

J. W. Fergus, Oxide Materials for High Temperature Thermoelectric Energy
Conversion, Journal of the European Ceramic Society 32 (3) (2012) 525-540.
d0i:10.1016/j.jeurceramsoc.2011.10.007.

Y. Yin, B. Tudu, A. Tiwari, Recent Advances in Oxide Thermoelectric Materials
and Modules, Vacuum 146 (2017) 356-374. doi:10.1016/j.vacuum.2017.04.015.

88



Bibliography

[41]

[42]

[47]

[52]

J. Shuai, J. Mao, S. Song, Q. Zhang, G. Chen, Z. Ren, Recent Progress and
Future Challenges on Thermoelectric Zintl Materials, Materials Today Physics
1 (2017) 74-95. doi:10.1016/j.mtphys.2017.06.003.

S. Chen, Z. Ren, Recent Progress of half-Heusler for Moderate Tempera-
ture Thermoelectric Applications, Materials Today 16 (10) (2013) 387-395.
d0i:10.1016/j.mattod.2013.09.015.

J. S. Poon, Recent Advances in Thermoelectric Performance of half-Heusler
Compounds, Metals 8 (12) (2018) 989. doi:10.3390/met8120989.

J. S. Poon, Half-Heusler Compounds: Promising Materials for Mid-to-High Tem-
perature Thermoelectric Conversion, J. Phys. D: Appl. Phys. 52 (2019) 493001.

G. Schierning, Silicon Nanostructures for Thermoelectric Devices: A Review
of the Current State of the Art, Physica Status Solidi (A) Applications and
Materials Science 211 (6) (2014) 1235-1249. doi:10.1002/pssa.201300408.

L. M. Cowen, J. Atoyo, M. J. Carnie, D. Baran, B. C. Schroeder, Re-
view - Organic Materials for Thermoelectric Energy Generation, ECS Jour-
nal of Solid State Science and Technology 6 (3) (2017) N3080-N3088.
do0i:10.1149/2.0121703jss.

M. Kishi, H. Nemoto, T. Hamao, M. Yamamoto, S. Sudou, M. Mandai,
S. Yamamoto, Micro Thermoelectric Modules and their Application to
Wristwatches as an Energy Source, Eighteenth International Conference
on Thermoelectrics. Proceedings, ICT’99 (Cat. No.99THS8407) (1999) 301-
307doi:10.1109/1CT.1999.843389.

L. E. Bell, Cooling, Heating, Generating Power, and Recovering Waste
Heat with Thermoelectric Systems, Science 321 (5895) (2008) 1457-1461.
doi:10.1126/science.1158899.

E. Ashalley, H. Chen, X. Tong, H. Li, Z. M. Wang, Bismuth Telluride Nanos-
tructures: Preparation, Thermoelectric Properties and Topological Insulating
Effect, Frontiers of Materials Science 9 (2) (2015) 103-125. doi:10.1007/s11706-
015-0285-9.

B. Poudel, Q. Hao, Y. Ma, Y. Lan, A. Minnich, B. Yu, X. Yan, D. Wang,
A. Muto, D. Vashaee, X. Chen, J. Liu, Dresselaus, G. Chen, Z. Ren, High-

Thermoelectric Performance of Nanostructured Bismuth Antimony Telluride
Bulk Alloys, Science 320 (5876) (2008) 634—638. doi:10.1126 /science.1155140.

S. I. Kim, K. H. Lee, H. A. Mun, H. S. Kim, S. W. Hwang, J. W. Roh, D. J.
Yang, W. H. Shin, X. S. Li, Y. H. Lee, G. J. Snyder, S. W. Kim, Dense Disloca-
tion Arrays Embedded in Grain Boundaries for High-Performance Bulk Ther-
moelectrics, Science 348 (6230) (2015) 109-114. doi:10.1126/science.aaa4166.

A. Feldhoff, M. Arnold, J. Martynczuk, T. M. Gesing, H. Wang, The Sol-Gel
Synthesis of Perovskites by an EDTA/Citrate Complexing Method Involves
Nanoscale Solid State Reactions, Solid State Sciences 10 (6) (2008) 689-701.
doi:10.1016/j.solidstatesciences.2007.11.030.

89



Chapter 1. Introduction

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[61]

[62]

[63]

Z. Shi, J. Xu, J. Zhu, Y. Zhang, T. Gao, M. Qin, H. Sun, Effect
of Platelet Template Seeds on Microstructure and Thermoelectric Proper-
ties of CazCosO9 Ceramics, Ceramics International (October) (2018) 1-7.
d0i:10.1016/j.ceramint.2018.10.092.

T. Schulz, J. Topfer, Thermoelectric Properties of CazCo,Og9 Ceramics Prepared
by an Alternative Pressure-Less Sintering/Annealing Method, Journal of Alloys
and Compounds 659 (2016) 122-126. doi:10.1016/j.jallcom.2015.11.001.

S. Bresch, B. Mieller, C. Selleng, T. Stocker, R. Moos, T. Rabe, Influ-
ence of the Calcination Procedure on the Thermoelectric Properties of Cal-
cium Cobaltite CazCosOg, Journal of Electroceramics 40 (3) (2018) 225-234.
d0i:10.1007/s10832-018-0124-3.

M. Bittner, L. Helmich, F. Nietschke, B. Geppert, O. Oeckler, A. Feldhoff,
Porous CazCo,09 with Enhanced Thermoelectric Properties Derived from Sol-
Gel Synthesis, Journal of the European Ceramic Society 37 (13) (2017) 3909—
3915. doi:10.1016/j.jeurceramsoc.2017.04.059.

K. X. Wang, J. Wang, H. Wu, N. Shaheen, X.-Y. Zha, L.-J. Gao, H.-C. Bai,
Thermoelectric Properties of Lower Concentration K-Doped CazCos0O9 Ceram-
ics, Chinese Physics B 27 (5) (2018). doi:10.1088/1674-1056/27/5/057201.

G. Constantinescu, S. H. Rasekh, M. A. Torres, C. Chocarro, J. C. Diez, M. A.
Madre, A. Sotelo, Influence of Ca Substitution by Mg on the CazCo,Oq9 Perfor-
mances, Boletin de la Sociedad Espanola de Ceramica y Vidrio 53 (1) (2014)
41-47. doi:10.3989/cyv.62014.

J. S. Cha, S. Choi, G. H. Kim, S. Kim, K. Park, High-Temperature
Thermoelectric Properties of Sm?"-Doped CazCo4Qg,s Fabricated by
Spark Plasma Sintering, Ceramics International 44 (6) (2018) 6376-6383.
d0i:10.1016/j.ceramint.2018.01.030.

S. Saini, H. S. Yaddanapudi, K. Tian, Y. Yin, D. Magginetti, A. Ti-
wari, Terbium Ion Doping in Ca3CosOg: A Step Towards High-Performance
Thermoelectric Materials, Scientific Reports 7 (November 2016) (2017) 1-9.
d0i:10.1038 /srep44621.

N. Prasoetsopha, S. Pinitsoontorn, T. Kamwanna, V. Amornkitbamrung,
K. Kurosaki, Y. Ohishi, H. Muta, S. Yamanaka, The Effect of Cr Substitu-
tion on the Structure and Properties of Misfit-Layered CazCo4.CryOg,s Ther-
moelectric Oxides, Journal of Alloys and Compounds 588 (2014) 199-205.
doi:10.1016/j.jallcom.2013.11.034.

S. Butt, W. Xu, W. Q. He, Q. Tan, G. K. Ren, Y. Lin, C. W. Nan, Enhancement
of Thermoelectric Performance in Cd-Doped CazCo40Oq via Spin Entropy, Defect
Chemistry and Phonon Scattering, Journal of Materials Chemistry A 2 (45)
(2014) 19479-19487. doi:10.1039/c4ta03891f.

U. Hira, L. Han, K. Norrman, D. Christensen, N. Pryds, F. Sher, High-
Temperature Thermoelectric Properties of Na- and W-Doped Ca3zCo,O9 System,
RSC Adv. 8 (2018) 12211-12221. d0i:10.1039/c8ra01691g.

90



Bibliography

[64]

[65]

[66]

[67]

[68]

[72]

[73]

[74]

C. Liu, F. Jiang, M. Huang, B. Lu, R. Yue, J. Xu, Free-Standing PEDOT-
PSS/CazCo,409 Composite Films as Novel Thermoelectric Materials, Journal of
Electronic Materials 40 (5) (2011) 948-952. doi:10.1007/s11664-010-1465-0.

F. Kahraman, M. A. Madre, S. Rasekh, C. Salvador, P. Bosque, M. A. Torres,
J. C. Diez, A. Sotelo, Enhancement of Mechanical and Thermoelectric Properties
of CazCo,0g by Ag Addition, Journal of the European Ceramic Society 35 (14)
(2015) 3835-3841. doi:10.1016/j.jeurceramsoc.2015.05.029.

L. Han, N. Van Nong, W. Zhang, L. T. Hung, T. Holgate, K. Tashiro,
M. Ohtaki, N. Pryds, S. Linderoth, Effects of Morphology on the Thermoelec-
tric Properties of Al-Doped ZnO, RSC Advances 4 (24) (2014) 12353-12361.
d0i:10.1039/¢3rad7617k.

N. H. Tran Nguyen, T. H. Nguyen, Y.-r. Liu, M. Aminzare, A. T. T. Pham,
S. Cho, D. P. Wong, K.-H. Chen, T. Seetawan, N. K. Pham, H. K. T. Ta, V. C.
Tran, T. B. Phan, Thermoelectric Properties of Indium and Gallium Dually
Doped ZnO Thin Films, ACS Applied Materials & Interfaces 8 (49) (2016)
33916-33923. doi:10.1021/acsami.6b10591.

A. Graff, Y. Amouyal, Effects of Lattice Defects and Niobium Doping on
Thermoelectric Properties of Calcium Manganate Compounds for Energy Har-
vesting Applications, Journal of Electronic Materials 45 (3) (2016) 1508-1516.
d0i:10.1007/s11664-015-4089-6.

S. Paengson, P. Pilasuta, K. Singsoog, W. Namhongsa, W. Impho, T. Seetawan,
Improvement in Thermoelectric Properties of CaMnOjs by Bi Doping and
Hot Pressing, Materials Today: Proceedings 4 (5) (2017) 6289-6295.
d0i:10.1016/j.matpr.2017.06.129.

J. W. Seo, G. H. Kim, S. M. Choi, K. Park, High-Temperature Thermoelectric
Properties of Polycrystalline CaMn;_,Nb,O3s, Ceramics International 44 (8)
(2018) 9204-9214. doi:10.1016/j.ceramint.2018.02.130.

M. Qin, F. Gao, M. Wang, C. Zhang, Q. Zhang, L. Wang, Fab-
rication and High-Temperature Thermoelectric Properties of Ti-Doped
SrgpgLiag1TiO3 Ceramics, Ceramics International 42 (15) (2016) 16644—16649.
d0i:10.1016/j.ceramint.2016.07.091.

A. C. Iyasara, W. L. Schmidt, R. Boston, D. C. Sinclair, I. M. Reaney, La and
Sm Co-Doped SrTiO3.s Thermoelectric Ceramics, Materials Today: Proceedings
4 (12) (2017) 12360-12367. doi:10.1016/j.matpr.2017.10.004.

Y. Chen, J. Liu, Y. Li, X. Zhang, X. Wang, W. Su, J. Li, C. Wang, Enhance-
ment of Thermoelectric Performance of Srq_,TipsNbg20O3 Ceramics by Intro-
ducing Sr Vacancies, Journal of Electronic Materials 48 (2) (2019) 1147-1152.
doi:10.1007/s11664-018-6831-3.

J. Mao, Y. Wang, H. S. Kim, Z. Liu, U. Saparamadu, F. Tian, K. Dahal, J. Sun,
S. Chen, W. Liu, Z. Ren, High Thermoelectric Power Factor in Cu-Ni Alloy
Originate from Potential Barrier Scattering of Twin Boundaries, Nano Energy
17 (2015) 279-289. doi:10.1016/j.nanoen.2015.09.003.

91



Chapter 1. Introduction

[75]

[76]

[77]

[82]

[83]

[84]

H. Muta, K. Kurosaki, M. Uno, S. Yamanaka, Thermoelectric Properties of
Constantan/Spherical SiOy and AlyO3 Particles Composite, Journal of Alloys
and Compounds 359 (2003) 326-329. doi:10.1016/50925-8388(03)00295-0.

M. Yuan, L. Sun, X. W. Lu, P. Jiang, X. H. Bao, Enhancing the Thermoelec-
tric Performance of Cu-Ni Alloys by Introducing Carbon Nanotubes, Materials
Today Physics 16 (2021). doi:10.1016/j.mtphys.2020.100311.

C. A. Wu, K. C. Chang, F. H. Lin, Z. R. Yang, A. Gharleghi, T. Z. Wei,
C. J. Liu, Low Thermal Conductivity and Enhanced zT Values of Porous and

Nanostructured CuyNiy alloys, Chemical Engineering Journal 368 (February)
(2019) 409-416. doi:10.1016/j.cej.2019.02.198.

H. Kang, Z. Yang, X. Yang, J. Li, W. He, Z. Chen, E. Guo, L. D. Zhao,
T. Wang, Preparing Bulk Cu-Ni-Mn Based Thermoelectric Alloys and Syn-
ergistically Improving their Thermoelectric and Mechanical Properties us-
ing Nanotwins and Nanoprecipitates, Materials Today Physics 17 (2021).
d0i:10.1016/j.mtphys.2020.100332.

J. Shuai, B. Ge, J. Mao, S. Song, Y. Wang, Z. Ren, Significant Role of Mg
Stoichiometry in Designing High Thermoelectric Performance for Mgs(Sbh,Bi)s-
Based n-Type Zintls, Journal of the American Chemical Society 140 (5) (2018)
1910-1915. doi:10.1021/jacs.7Tb12767.

C. Fu, S. Bai, Y. Liu, Y. Tang, L. Chen, X. Zhao, T. Zhu, Realizing High Figure
of Merit in Heavy-Band p-Type half-Heusler Thermoelectric Materials, Nature
Communications 6 (2015) 1-7. doi:10.1038 /ncomms9144.

X. Wang, H. Lee, Y. Lan, G. Zhu, G. Joshi, D. Wang, J. Yang, A. Muto,
M. Tang, J. Klatsky, S. Song, M. Dresselhaus, G. Chen, Z. Ren, Enhanced
Thermoelectric Figure-of-Merit in Nanostructured n-Type Silicon Germanium
Bulk Alloys, Applied Physics Letters 93 (2008) 193121. doi:10.1021/n18026795.

S. B. Riffat, X. Ma, Thermoelectrics: A Review of Present and Po-
tential Applications, Applied Thermal Engineering 23 (8) (2003) 913-935.
doi:10.1016/S1359-4311(03)00012-7.

S. J. Kim, J. H. We, B. J. Cho, A Wearable Thermoelectric Generator Fabricated
on a Glass Fabric, Energy and Environmental Science 7 (6) (2014) 1959-1965.
d0i:10.1039/c4ee00242c.

M. Wolf, M. Abt, G. Hoffmann, L. Overmeyer, A. Feldhoff, Ceramic-Based
Thermoelectric Generator Processed via Spray-Coating and Laser Structuring,
Open Ceramics 1 (2020) 100002. doi:10.1016/j.oceram.2020.100002.

M. Orrill, S. LeBlanc, Printed Thermoelectric Materials and Devices: Fabri-
cation Techniques, Advantages, and Challenges, Journal of Applied Polymer
Science 134 (3) (2017) 44256. doi:10.1002/app.44256.

S. Leblanc, S. K. Yee, M. L. Scullin, C. Dames, K. E. Goodson, Material and
Manufacturing Cost Considerations for Thermoelectrics, Renewable and Sus-
tainable Energy Reviews 32 (2014) 313-327. doi:10.1016/j.rser.2013.12.030.

92



Bibliography

[87]

[38]

[91]

[92]

[95]

[96]

[97]

International Organization for Standartization: ISO/ASTM 52900, Tech. rep.
(2015).

X. Huang, T. Leng, X. Zhang, J. C. Chen, K. H. Chang, A. K. Geim, K. S.
Novoselov, Z. Hu, Binder-Free Highly Conductive Graphene Laminate for Low
Cost Printed Radio Frequency Applications, Applied Physics Letters 106 (20)
(2015) 203105. doi:10.1063/1.4919935.

A. Chen, D. Madan, P. K. Wright, J. W. Evans, Dispenser-Printed Planar Thick-
Film Thermoelectric Energy Generators, Journal of Micromechanics and Micro-
engineering 21 (10) (2011) 104006. doi:10.1088/0960-1317/21/10/104006.

W. Glatz, S. Muntwyler, C. Hierold, Optimization and Fabrication
of Thick Flexible Polymer Based Micro Thermoelectric Generator, Sen-
sors and Actuators, A: Physical 132 (1 SPEC. ISS.) (2006) 337-345.
do0i:10.1016/j.sna.2006.04.024.

A. Besganz, V. Zollmer, R. Kun, E. Pal, L. Walder, M. Busse, Inkjet Printing
as a Flexible Technology for the Deposition of Thermoelectric Composite Struc-
tures, Procedia Technology 15 (2014) 99-106. doi:10.1016/j.protcy.2014.09.043.

A. G. Rosch, A. Gall, S. Aslan, M. Hecht, L. Franke, M. M. Mallick, L. Penth,
D. Bahro, D. Friderich, U. Lemmer, Fully Printed Origami Thermoelectric
Generators for Energy-Harvesting, npj Flexible Electronics 5 (1) (2021) 1-8.
doi:10.1038/s41528-020-00098-1.

D. Madan, A. Chen, P. K. Wright, J. W. Evans, Printed Se-doped MA n-Type
BisTes Thick-Film Thermoelectric Generators, Journal of Electronic Materials
41 (6) (2012) 1481-1486. doi:10.1007/s11664-011-1885-5.

T. Varghese, C. Hollar, J. Richardson, N. Kempf, C. Han, P. Gamarachchi,
D. Estrada, R. J. Mehta, Y. Zhang, High-Performance and Flexible Thermoelec-
tric Films by Screen Printing Solution-Processed Nanoplate Crystals, Scientific
reports 6 (September) (2016) 33135. doi:10.1038/srep33135.

7. Cao, E. Koukharenko, M. J. Tudor, R. N. Torah, S. P. Beeby, Flex-
ible Screen Printed Thermoelectric Generator with Enhanced Processes
and Materials, Sensors and Actuators, A: Physical 238 (2016) 196-206.
d0i:10.1016/j.sna.2015.12.016.

S. Nolte, F. Schrempel, F. Dausinger, Ultrashort Pulse Laser Technology,
Springer International Publishing, Heidelberg, New York, Dordrecht, London,
2016.

M. Schmidt, M. Merklein, D. Bourell, D. Dimitrov, T. Hausotte, K. We-
gener, L. Overmeyer, F. Vollertsen, G. N. Levy, Laser Based Additive Man-
ufacturing in Industry and Academia, CIRP Annals 66 (2) (2017) 561-583.
do0i:10.1016/j.cirp.2017.05.011.

M. Agarwala, D. Bourell, J. Beaman, H. Marcus, J. Barlow, Direct Selective
Laser Sintering of Metals, Rapid Prototyping Journal 1 (1) (1995) 26-36.

93



Chapter 1. Introduction

[99]

100]

[101]

[102]

103]

[104]

J. Kruth, X. Wang, T. Laoui, L. Froyen, Laser and Materials in Selective Laser
Sintering, Assembly Automation 23 (4) (2003) 357-371.

J. P. Kruth, P. Mercelis, J. Van Vaerenbergh, L. Froyen, M. Rombouts, Binding
Mechanisms in Selective Laser Sintering and Selective Laser Melting, Rapid
Prototyping Journal 11 (1) (2005) 26-36. doi:10.1108/13552540510573365.

R. D. Goodridge, C. J. Tuck, R. J. Hague, Laser Sintering of Polyamides
and Other Polymers, Progress in Materials Science 57 (2) (2012) 229-267.
doi:10.1016/j.pmatsci.2011.04.001.

Y. Kinemuchi, M. Mikami, I. Terasaki, W. Shin, Rapid Synthesis of Thermo-
electric Compounds by Laser Melting, Materials and Design 106 (2016) 30-36.
d0i:10.1016/j.matdes.2016.05.093.

M. Radovi¢, G. Dubourg, S. Koji¢, Z. Dohcevi¢-Mitrovié, B. Stojadinovié,
M. Bokorov, V. Crnojevié-Bengin, Laser Sintering of Screen-Printed TiOq
Nanoparticles for Improvement of Mechanical and Electrical Properties, Ceram-
ics International 44 (9) (2018) 10975-10983. doi:10.1016/j.ceramint.2018.03.181.

S. Mu, H. Huang, A. Ishii, Z. Zhao, M. Zou, P. Kuzbary, F. Peng,
K. S. Brinkman, H. Xiao, J. Tong, Rapid Laser Reactive Sinter-
ing of BaCey7Z191Y01Ybo 103 Electrolyte for Protonic Ceramic Fuel
Cells, Journal of Power Sources Advances 4 (February) (2020) 100017.
do0i:10.1016/j.powera.2020.100017.

94



2. Improvement of thermoelectric ma-
terials

2.1 Summary

In this chapter, material research for improving the properties of thermoelectric ma-
terials is presented. As described before, the deviation of maximum conversion effi-
ciency and maximum power output is an increasing and important topic within the
thermoelectric community. The deviation can strongly influence the viability of some
materials, as they may be either designed for high conversion efficiency or high power
output. This is shown here via two examples:

In section 2.2, the concept of multiphase hybrid materials is presented. Here, the
idea is the combination of different materials into one hybrid material in the hope to
combine the favorable attributes of every component. The most promising oxide-based
thermoelectric material, CazCosO9 (CCO), was combined with metallic Ag particles
in order to increase the electrical properties, as well as with a polymeric phase to
adjust the thermal conductivity. Via the introduction of heteromaterial interfaces
and due to the utilization of a polymer, the resulting hybrid materials showed an
exceptionally low thermal conductivity. This, however, also resulted in a decrease
of the electrical conductivity. Although the inclusion of an increasing amount of Ag
leads to an improvement, the resulting power factor is still lower than that of pure,
sintered, bulk CCO. This concept of hybrid materials nevertheless proved to be able
to strongly decrease the thermal conductivity and is therefore promising to adjust the
figure of merit 27.

In section 2.3, the thermoelectric properties of Cu-Ni alloys are investigated. As
introduced, the utilization of metallic materials in order to achieve high power out-
put is interesting, even if the conversion efficiency is lower compared to established
semiconductors. Here, Cu-Ni alloys with added Sn or W are presented. This is based
on the well-known isotan, which has seen wide use in the form of thermoelements.
Tin and tungsten have been chosen as much heavier elements in order to alter the
structure and reduce the still comparably high thermal conductivity of the material,
its major drawback. In the displayed work, the results of the nanoparticles-based arc
melted samples are presented, showing an increase in both the power factor as well
as the figure of merit 2T for low doping levels of 1 - 2 %, resulting in a maximum
power factor of 52 uW em™ K2 and a maximum 27" of 0.15 for the 1 % Sn alloyed
sample. This work shows the promising properties of basic metal alloys such as Cu-Ni
to achieve a high power factor via noncritical and nontoxic materials that are suitable
for large scale metallurgic processes.
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Thermoelectric oxide-based multiphase systems gain synergistic properties
from different materials. Therefore, multiphase systems based on a thermo-
electric oxide, combined with both a polymeric phase (Matrimid) and a highly
electrically conducting phase (Ag, carbon black) have been investigated.
Compared to single-phase porous CazCo4Oy, the resulting composite materials
showed a decreased electrical conductivity while reaching a high Seebeck
coefficient of up to 200 uV/K as well as a 4 times lower thermal conductivity.
The strongly enhanced phonon scattering in the multiphase system resulting
in low thermal conductivity is an especially interesting concept to design
thermoelectric multiphase materials. Additionally, Ioffe plots are revitalized
to compare the resulting power factor and thermal properties of the composite
materials. The significantly low thermal conductivity due to the heteromate-
rial interfaces in the composite materials especially underlines the potential of
multiphase systems as thermoelectric materials.

Key words: Energy harvesting, thermoelectric materials, energy materials,
composite materials

the material. The applied temperature gradient VT

INTRODUCTION

In recent years, the utilization of waste energy
has become an important topic in energy research.
Since wasted energy is dissipated as heat, thermo-
electric materials are of special interest for the
direct conversion of heat to electrical energy.l?
However, due to low overall conversion efficiency,
low energy density and high material costs,® ther-
moelectric materials still need to be improved. In
general, thermoelectric power generation from a
temperature gradient is based on the diffusion of
charge carriers from the hot side to the cold side of

(Received March 14, 2019; accepted August 13, 2019)

Published online: 27 August 2019

is coupled with the electrical potential gradient Vo,
resulting in flux densities of entropy js and charge
Jq- The relation between the potential gradients and
the related flux densities is mediated by a thermo-
electric material tensor (Eq. 1).%°

() -0 o %5a) (358) o

The thermoelectric material tensor is composed of
the isothermal electrical conductivity o, the Seebeck
coefficient o and the electrically open-circuited
entropy conductivity A. The efficiency of power
conversion can be derived from this material tensor
resulting in the dimensionless figure of merit z7T'
(Eq. 2), as first described by Ioffe®:

T=—"=""""T (2)
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Based on Eq. 2, promising thermoelectric materi-
als exhibit a high power factor cx? and a low
electrically open-circuited entropy conductivity A.
The thermal conductivity can be either expressed by
the entropy conductivity A or the heat conductivity
A, which are related by the absolute temperature T'
(Eq 3). In the following, both entropy conductivity
A and heat conductivity A refer to electrically open-
circuited conditions.

I=A-T (3)

Expressing the thermal conductivity by the
entropy conductivity A enables concise forms of
the basic transport equation (Eg 1) as well as of the
figure of merit 2T (Eq. 2).° In the authors’
opinion, use of the more fundamental entropy
conductivity is straightforward and advantageous.
However, to allow comparison with reported values,
the traditional heat conductivity is used as well.

Commercial thermoelectric generators mostly
consist of BigTez-based compounds, Wh1ch offer good
thermoelectric propertles with 2T > 1,° but feature
disadvantages in costs, toxicity, elaborate produc-
tion needs and scale-up difficulty.!® Therefore,
different groups of materials including metal-based
materials and intermetallics [half-Heusler com-
pounds MCoSb (M=Ti, Zr, HN2 Zintl-
phases,'? te.] oxide-based materials
(03300409,15’16 ZnOh’18 etc.) or other metal-chalco-
genide compounds (SnSe,® tetrahedrites,? etc.) are
being researched. Apart from the conventional
materials, organic and hybrid materials for thermo-
electric appl1cat10ns have aroused high interest in
recent years.2'2* Within the group of thermoelec-
tric metallic oxides, dlfferent n-type materials such
as Zn0?>?6 or SrT103 as well as p-type materials
such as Na .C00,2® or CazCo 0y (CCO)'?° have

already been studied extensively. Thermoelectric
oxides are characterized by their non-toxicity, high
temperature and mechanical stability, and show
good thermoelectric properties at high tempera-
tures, reachmg zT values up to 0.75 in a bulk
material.*°

For a better understanding, the interrelation
between the thermoelectric properties can be
demonstrated by Ioffe plots® of these d1fferent
materials, which present the power factor ¢o? as a
function of the electrical conductivity o. Figure la
shows Ioffe plots of different materials from various
groups of thermoelectric materials. Here, metals
show the highest power factor despite their low
Seebeck coefficient, while polymers feature the
lowest power factor of the materials discussed here.
Bi,Te; compounds and oxide-based materials offer
the highest Seebeck coefficient o. A desired material
would be located at a high power factor and high
electrical conductivity (top right). Analogous plots
can be made for the electrically open-circuited
entropy conductivity A, which can be displayed
with the same unit and scale leading to a directly
observable zT value. In Fig. 1b, it can clearly be
seen that metals exhibit the highest entropy con-
ductivity, while polymers have the lowest entropy
conductivity. Here, a desired material with a high
figure of merit 27" would be located at a low entropy
conductivity and high electrical conductivity (bot-
tom right). Furthermore, the slopes in Fig. 1b show
the Lorenz number L, according to the Wiedemann—
Franz relation. This empirical relation, which is
valid for many metals, alloys and half-metals at
T > 150 K, describes a proportional behavior
between electrical conductivity and thermal con-
ductivity. This proportional behavior generally
leads to an inherent conflict, since a high-z7T" mate-
rial requires high electrical conductivity but low
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Fig. 1. (a) loffe plot and (b) entropy-electrical conductivity plot of different materials (note: Isotan = alloy with 55% Cu, 44% Ni,
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Dashed lines in (a) show Seebeck coefficient o in uV/K. Slopes in (b) show the empirical Wiedemann—Franz relation with the two classical limiting
cases of the Lorenz number for complete degeneracy (Lo) and complete non-degeneracy (L;). Some complex semiconducting materials like
CCO do not follow this slope, making them very promising materials. Note that both plots use an identical unit and scale on horizontal and vertical

axes, respectively.
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thermal conductivity.?! Classically, the ratio L = A/
o varies between the Sommerfeld value for complete
degeneracy of Lo = 2 k%/3e% = 2.45 x 1078 W (VK2
(Fermi gas) and L; = 1.48 x 1078 W /K2 for com-
plete non-degeneracy.%>2 However, especially non-
degenerated inorganic semiconductors with low
carrier concentration, and thus many modern ther-
moelectric materials with complex structural and
electronic properties, diverge from the classical
proportionality.?®3* Moreover, the respective ratio
shows a strong dependency on the specific materi-
als, charge carrier concentrations, effective electron
masses and external conditions like pressure and
temperature.®®?5 As a result of the inherent conflict
mentioned above, investigation of promising new
thermoelectric materials focuses on materials with
a strong deviation from the empirical relation.
Accordingly, the plots in Fig. 1b clearly show that
some high-zT semiconducting thermoelectric mate-
rials, like CCO, as well as many organic thermo-
electric materials and even metal alloys such as
Isotan, do not follow the slope of the empirical
Wiedemann—Franz relation, thus making these
materials very promising candidates for a signifi-
cantly low ratio of thermal conductivity to electrical
conductivity and therefore a high zT value.

Besides common strategies such as the enhance-
ment of concentration, mobility as well as effective
mass of charge carriers and the nanostructuring as
well as doping, the combination of different mate-
rials is a promising way of tuning thermoelectric
parameters and especially the thermal conductivity,
which is pursued in this work. Resulting composite
materials offer an interesting pathway of utilizing
beneficial properties of different materials. Besides
adjusting thermal properties by nanostructuring,
texturing and homomaterial interfaces in a bulk
material, a high concentration of heteromaterial
interfaces in a multiphase system leads to enhanced

an exceptionally low thermal conductivity.*! As
described above, the slope of the well-known ther-
moelectric material CCO does not show Wiede-
mann—Franz behavior, thus making it a very
interesting material to design a multiphase system.
Here, the advantages of composite materials were
already shown, for example, by adding metallic
phases (e.g. Ag) to oxide-based thermoelectric mate-
rials, such as CCO, resulting in composite materials
with enhanced thermoelectric properties.*%*?
Recently, composite materials of conducting poly-
mers with small amounts of inorganic compounds
have been investigated.?****" Zheng et al.*®
showed that the Seebeck coefficient of polyaniline
can be strongly improved by adding low amounts of
CCO. The possibility of increasing the Seebeck
coefficient by developing PEDOT:PSS composite
materials with low amounts of CCO was also
presented.*** Recently, composite materials with
BiyTe3?%5! or carbon nanotubes®®®® in a polymeric
matrix, e.g. polyethylene or PEDOT derivates, were
analyzed and also showed enhanced thermoelectric
properties, especially a high power factor. In Fig. 2,
several of the aforementioned composite materials
are classified within an Ioffe plot and an entropy-
electrical conductivity plot.

In this paper, the feasibility to synthesize bulk
multiphase composites with combined thermoelec-
tric properties of different materials has been
investigated. All thermoelectric parameters of a
composite material are strongly affected by its
composition and microstructure.’#%® To prepare
multiphase composites, non-toxic CCO was com-
bined with low amounts of up to 10% of polymeric
and metallic phases. As a polymer, Matrimid 5218,
a thermoplastic polyimide, was used because of its
good processability and high thermal stability of up
to 623 K in air.’®°” Ag and carbon black were used
to reach a tunable electrical conductivity. The

phonon scattering at these interfaces, resulting in thermoelectric properties as well as the
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Fig. 2. (a) loffe plot and (b) entropy-electrical conductivity plot of different composites and dense bulk CCO materials.?%4447-51:58 Daghed lines
in (a) show Seebeck coefficient « in xV/K. Note that both plots use an identical unit and scale on horizontal and vertical axes, respectively.
Compared to (a), literature values in (b) have been reported only in some cases. From this work, single-phase porous CCO (filled symbols) and

one representative composite material (open symbols) are included.
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Fig. 3. XRD patterns of (a) multiphase composite materials with 1 wt.%, 2 wt.%, 5 wt.% and 10 wt.% Ag and (b) multiphase composite materials
with 1 wt.%, 2 wt.% and 5 wt.% C. Positions of reflections with their Laue indices are given for Ag®® and carbon black.®® Reflections of CCO
correspond to superspace group Cm (0 1 — p 0).%" Increasing amounts of Ag and carbon black can be observed by increasing intensities of

corresponding reflections.

microstructure of the multiphase composites were
analyzed and compared to a single-phase porous
CCO sample. One representative sample is also
classified within the Ioffe plot and entropy-electrical
conductivity plot in Fig. 2.

RESULTS AND DISCUSSION
Microstructural Characterization

Results of x-ray diffraction (XRD) analysis in
Fig. 3 reveal successful preparation of CCO and
composites. XRD patterns of multiphase systems
show reflections of Ag and carbon black next to the
CCO matrix, whereas the amorphous polymer
exhibits no reflections. With increasing amount of
Ag and carbon black, intensities of their correspond-
ing reflections also increase.

Figure 4 shows scanning electron microscopy
(SEM) micrographs of CCO and CCO/Ag powder
used. The CCO powder exhibits typical platelet-like
crystals with a diameter of about 1-2 ym and a
thickness of about 40-60 nm. Figure 4d shows a
larger Ag particle within the CCO/Ag powder
surrounded by the CCO particles.

After pressing of pellets, the samples were stored
in a dichloromethane (DCM) atmosphere leading to
a dissolving process of included polymer which then
fills the pores in the samples and leads to interlaced
stripes perpendicular to the pressing direction. For
the CCO/Ag/polymer sample (Fig. 5a, b, ¢, and d),
Ag inclusions in the range of 10-20 um can be
observed within the matrix, which are well con-
tacted to surrounding particles and the polymeric
matrix. Analogously to the polymer, in the CCO/C/
polymer sample (Fig. 5e, f, g, and h), the included
carbon black forms stripes perpendicular to the
pressing direction, leading to a matrix of polymer
and carbon black. In the CCO/Ag/C/polymer com-
posite (Fig. 51, j, k, and 1), both Ag particles and
carbon black stripes can be observed, resulting in

CCO powder

CCOI/Ag powder

Fig. 4. SEM micrographs of (a, b) CCO and (c, d) CCO/Ag powder
samples. CCO particles exhibit a platelet-like shape. Green marker
in (d) shows larger Ag inclusion, surrounded by CCO particles (Color
figure online).

the same matrix with included particles of CCO and
Ag. In the higher magnified images (Fig. 5b, f, and
j), the CCO agglomerates exhibit dimensions of
about 500 nm-1 um thickness and a length of 1-
3 um, while in the CCO/C/polymer samples some
larger agglomerations of CCO particles can be
observed. Furthermore, due to the relatively low
sintering temperature, the CCO agglomerates exhi-
bit a high amount of interfaces and do not show any
preferred orientation in the composites.

Thermoelectric Properties of Multiphase
Composites

In Fig. 6, the electrical conductivity ¢ and See-
beck coefficient « of prepared multiphase composites
are displayed. For all samples, the electrical con-
ductivity increases with the temperature. Com-
pared to single-phase porous CCO, the CCO/
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CCO/Ag/polymer

CCO/C/polymer

CCO/Ag/C/polymer

Fig. 5. Cross-sectional SEM micrographs and energy-dispersive x-ray spectroscopy (EDXS) elemental distributions (red = Co; green = Ag;
blue = C): (a—d) CCO/Ag/polymer composite material with 10 wt.% Ag, (e—h) CCO/C/polymer composite material with 5 wt.% carbon black and
(i-l) CCO/Ag/C/polymer composite material with 10 wt.% Ag and 5 wt.% carbon black. The Ag inclusions (bright contrast) are in the range of 10—
20 um. Both the carbon black and the polymer form stripes perpendicular to the vertical pressing direction (Color figure online).

polymer composites exhibit a strong decrease in
electrical conductivity, which is attributed to the
insulating polymer and the relatively low sintering
temperature. However, by adding the highly con-
ductive third-phase material, the electrical conduc-
tivity can be slightly enhanced depending on the
amount of Ag or carbon black. The expected trend
of increasing ¢ with increasing amounts of Ag and
carbon black can be clearly seen (Fig. 6a, c, and e).
The inclusions of Ag and carbon black stripes lead
to additional highly electrically conducting path-
ways inside the matrix. However, due to the usage
of insulating polymer, the electrical conductivity of
the multiphase system is around 1 S/cm and
therefore still lower than that of single-phase
porous CCO (up to 10 S/cm). The Seebeck coeffi-
cient « is positive and thus shows p-type conduc-
tion for all samples investigated. Analogous to the
electrical conductivity, the Seebeck coefficient o
slightly decreases in CCO/polymer composites com-
pared to single-phase porous CCO. Here, addition
of Ag and carbon black again has a beneficial
effect, although these materials normally exhibit a
low Seebeck coefficient.’? In general, the same
trend of decreasing o by adding of the polymeric
phase and then an increasing o by adding increas-
ing amounts of Ag and carbon black can be seen
(Fig. 6d, e, and f). This behavior disagrees with the
expected and already reported trend of a

decreasing Seebeck coefficient with increasing
amount of Ag inclusions without a polymeric
phase.*? Therefore, this effect has to be explained
as an effect of the multiphase system, where the
Ag inclusion alongside the polymer leads to an
electron-scattering process at the heteromaterial
interfaces. Despite this electron scattering, the
electrical conductivity increases with the amount
of Ag, as described above, which could be explained
by the high charge carrier mobility of Ag. There-
fore, these oxide-based multiphase systems with a
polymeric and a metallic phase exhibit values of
electrical conductivity of about 1 S/cm and a high
Seebeck coefficient of about 150-200 xV/K, which
results in a slightly lower power factor compared to
single-phase porous CCO phase.

Figure 7 shows the thermal -conductivity,
expressed either as entropy conductivity A (a, c, e)
or heat conductivity A (b, d, f) for various samples as
a function of the temperature 7. The entropy
conductivity was calculated by normalizing the heat
conductivity A with the absolute temperature T
(Eq. 3). Despite not being able to measure the
entropy conductivity directly, it is more fundamen-
tal than the heat conductivity as it appears in the
thermoelectric material tensor in the basic trans-
port equation (Eq.1). For the evaluation of a
material, both expressions of the thermal conduc-
tivity can be used, but the entropy conductivity A

101



Chapter 2: Improvement of thermoelectric materials

Wolf, Menekse, Mundstock, Hinterding, Nietschke, Oeckler, and Feldhoff

| electrical conductivity |

(a) 8 1 wt% Ag
2 wt% Ag a—"
71 5 wt% Ag -
10wt%Ag__m—
61 /. single-phase porous CCO
~ |
£ 54 -/ CCOJ/Ag/polymer
o L
» E
° 1.54
1.0
0.5 )
0.0 CéO/ponmer 10%
350 375 400 425 450 475 500 525 550
T/K
©) gy -1wtnc
—O—-2wt% C a—"
74 —~A-5wt% C —
-
6 —
|
- /l/ single-phase porous CCO
g °] =
(] T
9 1.54 CCOIClpolymer
b
1.0+ N
A /9;4'—”—0
0s{ o—0—" -
0.0 ' ¢ CCO/ponﬁwr 10%
350 375 400 425 450 475 500 525 550
T/K
(e)
84 -/\-5wt% Ag, 5wt% C
o /- 10 wt% Ag, 5 wt% C ——
u
6 /l/
9 n
s | i -
c 5 ./ single-phase porous CCO
o 4
(/2] CCO/Ag/C/polymer
~ 1.54
<]
1.0
0.5 _
0.0 CCOl/polymer 10%

350 375 400 425 450 475 500 525 550

T/IK

| Seebeck coefficient

(b)
2201
CCO/Ag/polymer
200
u single-phase porous CCO
<, 1804 ™ i P
X | |
> =
E- 160+
3
140 1
120 CCOl/polymer 10%
350 375 400 425 450 475 500 525 550
T/IK
(d)
2201
single-phase porous CCO
200+
CCO/C/polymer
u
<, 1804 ™ A
X A —L=
> u
E- 160+
3 ©) Q
1401 Q 8 o
1201 CCOl/polymer 10%
350 375 400 425 450 475 500 525 550
T/IK
()
220
2004
™ single-phase porous CCO
<, 1804 -
4 . .
i - ———
-~ 1604 CCOl/polymer 10%
3
1401 A
A . A\
1204 o v /
CCO/Ag/C/polymer
T T T T T T T 1
350 375 400 425 450 475 500 525 550

T/IK

Fig. 6. Electrical conductivity ¢ and Seebeck coefficient « of (a, b) CCO/Ag/polymer, (c, d) CCO/C/polymer and (e, f) CCO/Ag/C/polymer
composites and comparison to single-phase porous CCO sample and CCO/polymer composite, respectively. Both values were measured

perpendicular to the pressing direction.

exhibits the same unit as the power factor. Here,
both values show the expected decreasing thermal
conductivity in the CCO/polymer system, caused by
the low thermal conductivity of the polymer and
additional inorganic-organic interfaces. Addition-
ally, the thermal conductivity of all composites
further decreases with increasing amounts of Ag
and carbon black, although the added materials
normally are characterized by a high electrical
conductivity as well as thermal conductivity and

Wiedemann-Franz behavior.®> This can be
explained by the phonon scattering at the interfaces
of the CCO agglomerates as well as at the hetero-
material interfaces in the composite material. The
scattering is defined by the mean free path of
phonon distribution and therefore strongly corre-
lates with the amount and distance of the scattering
centers. With increasing amount of Ag or carbon
black, the propagation of phonons is therefore
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Fig. 7. Thermal conductivity expressed as entropy conductivity A and heat conductivity 4 of (a, b) CCO/Ag/polymer, (c, d) CCO/C/polymer and
(e, f) CCO/Ag/C/polymer composites and comparison to single-phase porous CCO sample and CCO/polymer composite, respectively. The

thermal conductivity was measured parallel to the pressing direction.

disturbed, and the resulting thermal conductivity
can be strongly decreased.

Note, that the authors renounce the determina-
tion of zT values since the composites may show
different behavior parallel and perpendicular to the
pressing direction, caused by the anisotropic

character of CCO as well as the texturing of the
composites. Correct determination of in-plane and
out-of-plane properties can only be done for large
bulk samples, which, however, require special
preparation techniques that are not suitable for
the investigated samples.5*
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Fig. 8. loffe plots (bottom, left axis) and entropy-electrical
conductivity plots (top, right axis) of CCO/Ag/polymer, CCO/C/
polymer and CCO/Ag/C/polymer compared to single-phase porous
CCO (black) and CCO/polymer composite (orange), respectively.
Dashed lines show Seebeck coefficient o in uV/K. Note that the axes
to the left and right use identical physical units (Color figure online).

Figure 8 shows the Ioffe plot and entropy-electri-
cal conductivity plot of the studied composite mate-
rials combined into a single plot. Note again that the
entropy conductivity A uses the same physical unit
as the power factor ox®. The Ioffe plots (Fig. 8
bottom) of the composites display the expected
combined behavior, by showing an increased power
factor oo and electrical conductivity ¢ with increas-
ing amounts of Ag, as described above. The Seebeck
coefficient «, displayed as dashed lines in the Ioffe
plot, also shows an increasing behavior, resulting in
a high Seebeck coefficient up to 200 xV/K. However,
the prepared composite materials exhibit lower
power factor values compared to the single-phase
porous CCO. The entropy-electrical conductivity
plots (Fig. 8 top) show the significantly decreased
thermal conductivity in the composite materials due
to strongly enhanced phonon scattering at the CCO
interfaces and the heteromaterial interfaces and
simultaneously the increased electrical conductivity
by use of Ag and carbon black. Note that none of the
studied materials follow the Wiedemann—Franz
relation, which can be easily seen when comparing
the slopes of the entropy-electrical conductivity to
Fig. 1b.

Due to the low electrical conductivity, the ther-
moelectric properties of the prepared composite
materials are not yet competitive as compared to
dense bulk CCO. Based on this, both values of the
power factor as well as the electrical conductivity
are about two orders of magnitude lower, as shown
in Fig. 2. Nevertheless, promising synergetic prop-
erties of different materials in composites could be

observed, especially regarding the high Seebeck
coefficient of up to 200 uV/K at 523 K, despite
increasing amounts of Ag or carbon black, as well
as significantly decreased thermal conductivity.
Especially, the latter could be reduced by a factor
of four even at relatively low temperatures (see
Fig. 2b). Additionally, compared to other CCO-
based composite materials, designed multiphase
systems reach a slightly higher power factor at a
comparable thermal conductivity. A combination of
other interesting materials (e.g. conductive poly-
mers such as PEDOT) may lead to composite
materials with higher electrical conductivity and,
consequently, more competitive thermoelectric
properties. Compared to known dense bulk materi-
als, this concept may lead to composite materials
with a comparable power factor and significantly
lower thermal conductivity.

CONCLUSIONS

Overall, multiphase composites with combined
properties and up to four times lower thermal
conductivity compared to single-phase porous CCO
have been presented. Although the materials are
characterized by a lower overall performance com-
pared to dense bulk CCO, the concept of multiphase
systems is a promising path to combine the proper-
ties of different materials and classes. Especially,
the thermal conductivity could be significantly
lowered, attributed to various material interfaces,
even if highly thermally conductive materials such
as Ag and carbon black were used. Furthermore, the
combination with materials characterized by a high
electrical conductivity also showed a beneficial
effect on the resulting power factor. Additionally,
Toffe plots were utilized to present and compare the
power factors as well as the thermal properties of
composites and dense bulk materials. The designed
composite systems also show strong deviations from
the classical Wiedemann—Franz relation, thus mak-
ing them an interesting concept towards exception-
ally low thermal conductivity. Further investigation
of multiphase composite materials, e.g. by using
conductive polymers, may lead to a promising
thermoelectric multiphase material.

EXPERIMENTAL SECTION
Material Synthesis

If not mentioned separately, all reagents were
obtained from commercial vendors at reagent-grade
purity or higher and used without further purifica-
tion. The Ca3Co4O9 was prepared via a sol-gel
synthesis route.®® The corresponding metal nitrates
[calcium(II) nitrate tetrahydrate and cobalt(II)
nitrate hexahydrate] were dissolved in an aqueous
ammonia solution (pH = 9) and complexed by add-
ing 1:1 citric acid and ethylenediaminetetraacetic
acid (EDTA). The obtained powders were calcinated
at 973 K for 10 h in air with a heating and cooling
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rate of 3 K/min. The samples containing Ag were
prepared by adding the according amount of sil-
ver(I) nitrate to the solution of metal nitrates
driving the sol-gel synthesis. The hybrid materials
containing non-conducting Matrimid, a thermoplas-
tic polyimide based on 5(6)-amino-1-(4’aminophe-
nyl)-1,3-trimethylindane, = were prepared by
grinding the CazCosO9 powder with Matrimid
5218 powder (purchased at HUNTSMAN US) and
carbon black (spherical porous particles, average
thickness 30 yum) or grinding the Ag-containing
Ca3zCo0409 with Matrimid 5218. The mixed powders
were then pressed in pellet shape (16 mm diameter
and about 1 mm thickness) at 60 kN for 15 min,
stored in an atmosphere of dichloromethane for 12 h
and sintered at 573 K for 10 h with a heating and
cooling rate of 3 K/min. The full preparation
scheme is also shown in Fig. 9. The pellets were
cut into bar-shaped specimens (area = 1 mm x 2
mm, length =7 mm for thermoelectric measure-
ments; area = 1 mm x 4 mm, length = 16 mm for

mechanical stability measurement) using an O’'Well
model 3242 precision vertical diamond wire saw.

An overview of all prepared samples is shown in
Table I. CCO/polymer multiphase systems were
prepared with 10 wt.% of Matrimid polymer. Mul-
tiphase systems containing Ag and carbon black
were developed using fixed 10 wt.% of polymer and
different amounts of Ag and carbon black between
1 wt.% and 10 wt.%. Additionally, a single-phase
CCO pellet was pressed for comparison. All samples
were treated at 573 K (maximum treatment tem-
perature for used polymer) for 10 h to cause consol-
idating effects within the samples.

Characterization

Powders as well as the sintered composites were
characterized by x-ray diffraction (XRD, Bruker D8
Advance with Cu-K, radiation). For microstructural
characterization, a field-emission scanning electron
microscope (FE-SEM, JEOL JSM-6700F) equipped
with an energy-dispersive x-ray spectrometer (EDXS,

(a)l CECO ’

i Ca(NO,), - 4 H,0 CCO/polymer

! . H,0, ammonia

: CO(N%SZTAS HO | — > CCO powder

: Ry 383K, 6h

i CitricAcid 673K,2h

d 1073 K, 10 h CCO/Cl/polymer
(®);

i Ca(NO3), - 4 H,0 CCO/Ag/polymer

i Co(NO3), - 6 H,0 H,O, ammonia

! AgNO; _— CCO/Ag powder

i EDTA 383K,6h

i - : 673K, 2h

! Citric Acid 1073 K, 10 h CCO/Ag/Clpolymer

Fig. 9. Preparation scheme of multiphase systems. (a) Sol—gel synthesis of CCO powder and preparation of CCO/polymer and CCO/C/polymer

composites and (b) sol-gel synthesis of CCO/Ag powder and preparation of CCO/Ag/polymer and CCO/Ag/C/polymer composites.

Table I. Prepared multiphase composites and corresponding amounts of CCO, polymer (Matrimid) and

additional phases (Ag, C)

Composite wt.% polymer

Single-phase porous CCO -

CCO/polymer 10
CCO/Ag/polymer 10
CCO/C/polymer 10
CCO/Ag/C/polymer 10

Treatment Additional phases

573K 10 h -

573K 10 h -

573 K10 h 1 wt. %, 2 wt.%, 5 wt.%, 10 wt.% Ag

573 K10 h 1 wt. %, 2 wt.%, 5 wt.% carbon black
573 K10 h 5 wt.% Ag + 5 wt.% carbon black and

10 wt.% Ag + 5 wt.% carbon black

Included is single-phase porous CCO, which was treated at the same temperature, thus resulting in a porous single-phase sample.
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Oxford Instruments INCA 300) for elemental analysis
was used. Thermoelectric properties were measured
as a function of temperature from room temperature to
520 K. The electrical conductivity ¢ and the Seebeck
coefficient o were measured with home-made mea-
surement cells with an ELITE thermal system and
KEITHLEY 2100 digital multimeters. Heat conduc-
tivity 2 was calculated from thermal diffusivity,
measured with a Linseis LFA 1000 laser flash setup
equipped with an InSb detector and carbon-coated
samples in air atmosphere. Density measurement was
performed by an Archimedes setup, and heat capacity
was estimated from the Dulong—Petit model. The
power factor oo® and the entropy conductivity A
(Eq. 3) were calculated.
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Abstract: A new approach for designing thermoelectric materials while focusing on a high power
factor instead of a large figure of merit zT has drawn attention in recent years. In this context, the
thermoelectric properties of Cu-Ni-based alloys with a very high electrical conductivity, amoderate
Seebeck coefficient and therefore a high power factor are presented as promising low-cost alterna-
tive materials for applications aiming to have a high electrical power output. The Cu-Ni based alloys
are prepared via an arc melting process of metallicnanopowders. The heavy elements tin and tung-
sten are chosen for alloying, to further improvethe power factor while simultaneously reducing the
high thermal conductivity of the resulting metal alloy to also beneficially influence the zT value.
Overall, the samples prepared withlow amounts of Sn and W show anincrease in the power factor
and the figure of merit zT compared to the pure Cu-Ni alloy. These results demonstrate the potential
of these often overlooked metal alloys and the utilization of nanopowders for thermoelectric energy
conversion.

Keywords: ThermoelectricMaterials, Cu-Ni, Alloying, Thermal conductivity, Power factor

1. Introduction

To achieve a sustainableelectric power supply, the use of thermoelectric generators
is a possible method to increase the energy efficiency in various applications by directly
converting heat (waste) to electrical energy [1]. Thermoelectric materials have been in-
tensely studied in recent decades, and promising candidates have been found for different
applications [2]. The performance of a thermoelectric material is defined by the three cen-
tral thermoelectric quantities, namely, the Seebeck coefficient o, the electrical conductivity
o and the open-circuited entropy conductivity A, whichis related to the heat conductivity
A=T- A via the absolute temperature [3-6]. In the context of this work, thermal conduc-
tivity is used as a general term that can be expressed either by the heat conductivity A or
by the more fundamental entropy conductivity A. From these thermoelectric quantities,
the power factor oa2, which can be used to calculate the maximum achievable power, and
the figure of merit f = zT, which is used to calculate the maximum energy conversion
efficiency, canbe determined according to Eq. 1 [3,4,6]. By using the entropy conductivity
Ain Eq. 1, the dimensionless figure of merit appears in a more concise form only contain-
ing the material parameters and it is not explicitly a function of the absolute temperature
T, but implicitly as all material parameters are temperature-dependent.

f:T:T'T:ZZT (1)

Alloys 2021, 1, Firstpage-Lastpage. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/alloys

109



Chapter 2: Improvement of thermoelectric materials

Alloys 2021, 1, FOR PEER REVIEW

Thermoelectric materials are conventionally designed to maximize the figure of merit
zT, and thus the energy conversion efficiency. For example, these benefits can be achieved
by nanostructuring or doping of promising materials [7-9]. For near room-temperature
energy conversion, BizTes shows the most advanced properties [10,11], but is character-
ized by major drawbacks: The toxicity of telluride compounds and the poor thermal sta-
bility. Consequently, various alternatives such as oxides [12-14] or intermetallic phases
such as Zintl [15,16] or half-Heusler phases [17-19] are widely investigated. In recent
years, investigation of promising polymeric thermoelectric materials such as PEDOT:PSS
also arose [20-22]. However, the focus on maximizingthe figure of merit zT is questiona-
ble [2,23], as the electrical power output of the material is determined by the power factor
and not the figure of merit zT [24]. As a result, recent considerations have shown that to
achieve a high electrical power output for high-temperature applications with a constant
heat gradient, a high power factor can be equally or more important than a high efficiency
[2,23]. A promising approach for developing thermoelectric materials is to focus on a ma-
terial with a high electrical conductivity, such as one of the infrequently considered metal
alloys, and then try to gradually improve the Seebeck coefficient and lower the thermal
conductivity, while retaining a high electrical conductivity, and thus achieving a very high
power factor. In Fig. 1, Ioffe plots of type I (power factor vs. electrical conductivity) and
type II (entropy conductivity vs. electrical conductivity) are displayed for comparison of
common thermoelectric materials. Here, all relevant material parameters can be displayed
in a concise form giving a direct comparison and including information about the figure
of merit due to the utilization of the entropy conductivity A instead of the heat conductiv-
ity A. In this plots, the thermoelectric properties are displayed as a function of their mate-
rial parameters and not the absolute temperature T. This corresponds to the concise form
of the figure of merit by utilization of the entropy conductivity. The aforementioned Bi>Tes
compounds show a very good power factor of 30 to 50 pW cm-1 K-2[10,25]. Additionally,
half-Heusler compounds such as FeNbossHfo125b [26] have been shown to reach a very
high power factor of approximately 40 to 60 uW cm-1 K2 [19,26] and good zT values, and
they are among the most advanced materials in the field. However, within the Ioffe plots,
another promising material from the group of metal alloys can be identified, when a high
power output is the main goal: Cu-Ni alloys. This elemental combination has been widely
used in thermoelements as constantan (Cu-Ni-Mn) due to its properties and stability at
elevated temperatures. It is characterized simultaneously by a very high power factor up
to 100 uW cm-1 K2 (see Fig. 1a) and a high thermal conductivity, showing potential for
high-temperature applications where power output may be more relevant than conver-
sion efficiency [27,28]. Cu-Ni alloys are especially promising candidates due to the reso-
nant levels in their electronic structure, resulting in a remarkably high Seebeck coefficient
[29]. Furthermore, Cu-Ni alloys show a strong deviation of the empirical Wiedemann-
Franz relation, which is especially promising to be utilized for thermoelectric energy con-
version [30]. Another major advantage of such alloys is that they consist of inexpensive
and nontoxic elements, are characterized by a good thermal and mechanical stability and
they canbe produced via large-scale metallurgic processes. The only disadvantage is the
high thermal conductivity, which leads to a relatively low conversion efficiency (see Fig.
1b). But especially for high-temperature applications with low-cost heat sources, e.g. in
the automotive sector or solar heat, and when a constant temperature gradient can be
maintained, e.g, by an active cooling, the thermal conductivity plays a subordinate role
and a high power factor is highly advantageous [2,23,31].
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Fig. 1. Ioffe plots of type I (power factor vs. electrical conductivity) and type II (entropy conductivity
vs. electrical conductivity) for comparison of promising materials form various classes. Cu-Ni alloys
are located at a very high power factor, making them promising materials for applications where a
high power output is desired. Reworked from [30] with permission from Springer.

In this study, the above approach was employed, and the thermoelectric properties
of Cu-Ni-based alloys were investigated. To date, only a few studies have investigated
Cu-Ni alloys for thermoelectric purpose. Some researchers tried to alter the material at the
nanoscaleby incorporating carbon nanotubes or Al20s nanoparticles into the alloy [27,32].
In both cases, the thermal conductivity could be significantly lowered, resulting in an in-
creased zT up to 0.35 at 800 K [32]. However, the incorporation alsostrongly reduced the
electrical conductivity and therefore the power factor. Nanostructured and nanotwinned
Cu-Ni alloys were alsoinvestigated and were found to reach an exceptionally high power
factor up to 100 yW cm-1K-2 at 900 K and a figure of merit of 0.18 [28,33]. Shimizu et al.
presented a Cu/Cu-Ni thin film TEG on a polyimide substrate; this film attained a remark-
able power output of 21 uW at a temperature difference of 70 K [34].

The approach of this study was to alter the structure of the metal on the atomic level
by alloying Cu-Ni with heavier elements to beneficially influence the power factor and
simultaneously reduce the thermal conductivity via long-range phonon scattering. Spe-
cifically, Sn and W were chosen as metals; they are both heavier than Ni and Cu but have
quite different properties. While Sn has a low melting point of 505K [35] and mixes well
with Cu (bronzen), W has a much higher melting point of 3695K [35] and is not incorpo-
rated in the matrix [36]. The degree to which these different properties influence the re-
sulting microstructure and the thermoelectric properties was studied. All alloys have been
prepared from metal nanopowders via arc melting, compared to our previous report [37]
that presented the idea of Cu-Ni alloys from larger flakes resulting in more inhomogene-
ous distribution and inferior thermoelectric properties. By this, the influence of the utili-
zation of nanopowders as well as the results of alloying with Sn and W are investigated.

2. Materials and Methods

If not mentioned otherwise, all metals were obtained from commercial vendors at
99.9 % purity or higher and are used without further purification. Cu, Sn and W nanopow-
ders (average diameter less than 100 nm) were obtained from IoLiTec Nanomaterials, and
Ni (average diameter less than 100 nm) was obtained from Sigma-Aldrich. These powders
were stored and processed under an intert gas atmosphere in a glove box. Metallic pre-
cursor mixtures were prepared by mixing, agitating and shaking under inert gas with the
stoichiometric ratios listed in Tab. 1. The resulting powders were pressed into discs using
a hydraulic press; they were subsequently arc-melted in a copper crucible to form ingots
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by means of an EWM TETRIX 521 CLASSIC activArc TIG welding machine that was op-
erated for 30 s with a current of 150 A and an inert gas flow of 5 I min-.

Tab. 1. Designations and atomic compositions of the prepared samples in atomic percent. All sam-
ples have been prepared from nanopowders with an average diameter less than 100 nm.

x (Cu) x (N1) x (Sn) x (W)

Cu50Ni50 50 50 - -
Snl 49.5 49.5 1 -
Sn2 49 49 2 -
Sn5 47.5 47.5 5 -
W1 49.5 49.5 - 1
W5 47.5 47.5 - 5

W10 45 45 - 10

For the measurement of the Seebeck coefficient and the electrical conductivity, rod-
shaped samples (3 mm diameter and 10 mm length) were cut with a Sodick AD325L wire
electrical discharge machine (EDM) unit. The microstructure and composition were char-
acterized by X-ray diffraction (XRD, Bruker D8 Advance with Cu-Ka radiation) of the
polished alloys and by field-emission scanning electron microscope (FE-SEM, ZEISS Su-
pra 55 VP) of polished cross-sections. The electron microscope was additionally equipped
with an energy-dispersive X-ray spectrometer (EDXS System Quantax from Bruker). The
electrical conductivity o was determined with a custom-made measurement cell with an
ELITE thermal system and KEITHLEY 2100 digital multimeters. The Seebeck coefficient
a was measured using a ProbotStat A apparatus from NorECs. The density was then de-
termined at room temperature by using the Archimedes method with isopropanol as sol-
vent. The thermal diffusivity was measured using a light flash analyzer (Netzsch LFA 467
HT) from room temperature to 600 K. The heat capacity was calculated using the Dulong-
Petit law.

3.Results and Discussion

XRD patterns of the Cu-Ni-based alloys are shown in Fig. 2. For the Cu50Ni50 sam-
ple, good agreement with the literature data for Cu-Ni alloysis apparent. Small additional
reflections marked with an asterisk correspond to minor NiO impurities, most likely due
to the utilization of nanopowders, which are especially susceptible to oxidation due to
their high surface area. This impurities can be identified for all Sn-alloyed samples, but
cannot be identified for the 5 at.% and the 10 at.% W samples. For the Sn-alloyed samples,
the observed 111 and 200 Cu-Ni reflections are shifted towards lower angles as indicated
by vertical dashed lines. This can be explained by an incorporation of the Sn atoms into
the Cu-Ni matrix, resulting in a larger lattice parameter. With increasing amount of Sn,
this shift to lower angles becomes more apparent (Fig. 2a). Additionally, no pure Sn in-
clusion can be identified. In the W-alloyed samples, the Cu-Ni reflections are not shifted,
as again indicated by vertical dashed lines, and additional reflections can be observed for
the 10 at.% W sample, that match the reflections expected for pure W from literature
(Fig. 2b). This indicates that W is not incorporated into the matrix, but forms a separate
phase, which is in good agreement with the much higher melting point and the previous
results of the flake-based samples [37]. As a result, Sn seems to be at least partly incorpo-
rated into the matrix, while tungsten primarily forms inclusion. For the alloys, changed
ratios of the intensities of the 111 and 200 reflections can be detected, e.g., shown in the
Sn2 sample, which is based on a preferred orientation due to directed solidification in the
arc-melting process. This has been reported before for arc-melted Cu-Ni alloys [28,33] but
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with minorinfluence on the thermoelectric properties due to the isotropic fcc crystal struc-
ture [33].
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Fig.2. Normalized XRD patterns of the prepared samples from nanopowders. a) Sn-alloyed and b)
W-alloyed Cu-Ni samples. Positions of the expected reflections for Cu-Ni (PDF 01-077-7711, black),
Sn (PDF 01-077-3457, blue and W (PDF 01-080-3012, green) are included and marked via vertical
dashed lines, which are grouped by horizontal lines. Reflections marked with an asterisk corre-
spond to NiO impurities (PDF 01-089-5881). The black dashed lines show the 111 and 200 Cu-Ni
reflections of the undoped Cu-Ni to highlight the occurring shift in the Sn alloyed samples com-
pared to the W alloys samples. For the Sn samples, this shiftindicates the incorporation of Snin the
matrix. In the W samples, W can be identified as an additional phase thatis notincorporatedin the
matrix.

Backscattered electron (BSE) micrographs and EDXS elemental mappings for Cu, Ni,
Sn and W of the Cu50Ni50 sample and the Sn-alloyed samples are shown in Fig. 3. The
BSE micrograph of the Cu50Ni50 sample shows a mostly homogeneous distribution and
some darker spots indicating lighter elements such as oxygen. Alongside the smallimpu-
rities found in the XRD pattern, this could be caused by NiO inclusions. Within the EDXS
mapping, the mostly purple coloration is assumed to indicate a relatively homogenous
distribution of Ni (blue) and Cu (red). This shows a significantly improved elemental dis-
tribution due to the utilization of nanopowders, compared to the large flake-based sam-
ples [37]. However, some areas with increased Cu or Sn concentrations are still recogniza-
ble. On closer inspection, it is noticeable that Sn mixes preferentially with Cu (reddish-
turquoise spots), while there is less mixing of Ni and Sn (blueish-magenta spots). This
indicates that on a macroscopic scale, Sn is at least partly incorporated into the Cu-Ni
matrix. Additionally, small lighter spots are recognizable within the BSE micrographs,
which correspond to Sn-rich areas according to the EDXS elemental analysis. Although
the XRD patterns show that Sn is incorporated into the structure, some additional small
Sn-rich spots are also formed. So, Sn seems to be partly incorporated and partly is appar-
ent as a separate phase. This is most likely the result of two factors: First, the mixture of
the nanopowders was prepared by mixing, agitating and shaking under inert gas. This
may not result in a homogeneous mixture on the nanoscale and may be improved by dis-
persing the powders in an organic solvent with a subsequent drying step or via a bottom -
up synthesis. Second, the relatively short time within the arc-melting process compared
to annealing the alloys over several hours does not leave much time for the melted parti-
cles for a better distribution and incorporation. The Sn-alloyed samples also exhibit dark
blue, Ni-rich spots. Here, a beginning dendritic growth of this inclusion becomes appar-
ent, which have been reported for NiO before [38-40]. It is assumed, that the formation of
NiO is also a result of the utilization of nanopowders, which are susceptible to oxidation
due to their high surface area.
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Fig.3. SEM BSE micrographs and EDXS elemental mappings of prepared Sn-alloyed samples from
nanopowders. a) BSE micrograph and b) EDXS elemental mapping of the Cu50Ni50 sample, c-e)
BSE micrographs and f-h) EDXS elemental mappings of the Sn-alloyed samples. Cu (red) and Ni
(blue) form the matrix, in which Sn (cyan) is incorporated.

The measured temperature-dependent thermoelectric properties of the Sn-alloyed
samples are shown in Fig. 4. Here, an additional comparison to the constantan alloy
(CuseNie2Mn:) reported from Mao et al. [28] was chosen (dashed lines), as they also used
a top-down approach via ball-milling with subsequent arc-melting, resulting in the best
comparability. In the following, this literature sample for comparison is referred to as con-
stantan. The Cu50Ni50 sample shows a similar electrical conductivity compared to con-
stantan around 20,000 S cm-! with weak temperature dependence. After alloying with
1 at-% Sn (Sn1), an increased electrical conductivity between 23,500 S cm-! and 21,500 S
cm-! could be reached (Fig. 4a). For 2 at.-% Sn (Sn2), the electrical conductivity is again
slightly increased, up to 24,500 S cm-! at 300 K. Afterwards, it decreases with increasing
amount of Sn, equaling the Cu50Ni50 sample at5 at.-% Sn, as further Sn addition forms
more and more inclusions. All prepared samples show a more metallic behavior, with a
decreasing electrical conductivity with increasing temperature. The higher electrical con-
ductivity of the Snl and Sn2 samplesis assumed to be a result of the incorporation of the
Sn into the matrix which directly influences the charge carrier concentration. The Seebeck
coefficient of the Sn1 sampleis slightly higher compared to Cu50Ni50 and then also show-
ing a slightly decreasing behavior with increasing amounts of Sn (Fig. 4b). The resulting
power factor (Fig. 4c) of 38 pyW cm-1K2at 573K for the Sn1l sample is therefore about12 %
higher compared to the Cu50Ni50, surpassing the aforementioned half-Heusler com-
pounds, which usually show a power factor around 20 to 30 uW c¢cm-! K2 in this tempera-
ture region [19]. Compared to constantan, however, the resulting power factor is lower
due to the lower Seebeck coefficient. The density of the metal alloys (Fig. 4d) increase as
a result of the Sn inclusion for the Sn1 sample and then also show a decreasing behavior
with increasing amounts of Sn. The values for the heat conductivity of the Sn-alloyed sam-
ples areshown in Fig. 4e. With 1 at.% Sn, the heat conductivity is slightly higher compared
to the Cub0Ni50 sample, due to the much higher electrical conductivity. With increasing
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amounts of Sn, the heat conductivity decreases as expected, as a result of the decreasing
electrical conductivity and long-range phonon scattering at the inclusions. Compared to
constantan, the samples are characterized by a significantly lower thermal conductivity,
probably alsodue to the utilization of nanopowders. Finally, the resulting figure of merit
isdisplayed in Fig. 4f. As aresult of the increased electrical conductivity, the zT of the Snl
sample is slightly higher compared to the Cu50Ni50, but slightly lower compared to con-
stantan, reaching a zT up to 0.09 at 573 K. The zT value of the Cu50Ni50 is therefore also
slightly lower compared to constantan, as it is characterized by a lower Seebeck coeffi-
cient, which is not fully compensated by the lower thermal conductivity.
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Fig.4. Measured temperature-dependent thermoelectric properties of the Sn-alloyed samples from
nanopowders. a) Isothermal electrical conductivity o; b) Seebeck coefficient a, note the reversed
vertical axis; ¢) resulting power factor ca?; d) density p; e) heat conductivity A; f) resulting figure of
meritzT. Especially the Sn1 sample shows an increased electrical conductivity. The power factor is
slightly higher compared to the Cu50Ni50 sample, but lower compared to the constantan
(CussNis2Mnz2) from Mao et al. [28]. The heat conductivity slightly decreases with increasing amount
of Sn. The resulting figure of merit zT of the Sn1 sample is slightly higher compared to the Cu50Ni50
sample, but slightly lower compared to constantan.

SEM microstructural analyses of the W-alloyed Cu-Ni samples are shown in Fig. 5.
The distribution of Cu and Ni is analogous to the Sn-alloyed samples and again NiO in-
clusions can be seen in all samples. In accordance to the discussion of the XRD patterns,
the W seems to be not incorporated into the matrix and can be clearly identified aslighter
spots in the BSE micrographs. With increasing amount of W, more of these spots can be
seen. This is confirmed by the EDXS elemental mappings of the samples, where sharply
defined green spots are recognizable; they also show that W forms its own pure phase and
is not part of the matrix.
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Fig. 5. SEM BSE micrographs and EDXS elemental mappings of prepared W-alloyed samples from
nanopowders. a) BSE micrograph and b) EDXS elemental mapping of the Cu50Ni50 sample, c-e)
BSE micrographs and f-h) EDXS elemental mappings of the W alloyed samples. Cu (red) and Ni
(blue) form the matrix, in which W (green) isnot incorporated.

The measured temperature-dependent thermoelectric properties of the W-alloyed
samples are shown in Fig. 6. A comparison to constantan is again shown via dashed lines.
The electrical conductivity slightly decreases as a result of the W inclusions and with in-
creasing amountof W (Fig. 6a). The Seebeck coefficient of the W1 sampleis slightly higher
compared to the Cu50Ni50 sample and similar to constantan (Fig. 6b). However, with
increasing amount of W, the Seebeck coefficient shows the same decrease as in the Sn
samples. Resultantly, the power factor (Fig. 6c) of the W1 sample is also higher compared
to the Cu50Ni50 sample (about 38 %), due to the higher Seebeck coefficient, but decreases
with increasing amount of W. This is analogously to the Sn-alloyed samples, however,
here the increased power factor is a result of a higher Seebeck coefficient, while in the Sn-
alloyed samples it is based on a higher electrical conductivity. Compared to constantan,
the power factor again is slightly lower. The values of the sample density also show a
similar behavior as the Sn-alloyed samples; first it shows an increase up to 5 at.-% and
then decreases to the value of the Cu50Ni50 sample (Fig. 6d). The measured heat conduc-
tivity again decreases with increasing amounts of W, as expected, due to the decreasing
electrical conductivity and long-range phonon scattering due to the inclusions (Fig. 6e).
Here, the alloying with 1 at.-% W results in a figure of merit of approximatelay 0.12 at 573
K, corresponding to an increase of about 26 % compared to the Cu50Ni50 sample. (Fig.
6f).

116



2.3. Cu-Ni alloys

Alloys 2021, 1, FOR PEER REVIEW

= - - constantan
a) * ‘CuS0Ni50 b) -60 C)
-0-w1
P < v 60 -
£ 22000 ) x -
e 2 e -
> 3 : - 0 38%
— O +38%
z E 3 40 _.--O 0
£ 20000 2 = - .
3 g ] o e *
H 3 5 -
H g 20 g _—
b < 8201 &
5 3 8
s 4
£ 18000 % N § o o —0—— 0o
s @ — A
° - v - [ A ———a s
300 350 400 450 500 550 600 300 350 400 450 500 550 600 300 350 400 450 500 550 600
temperature / K temperature / K temperature / K
d) e) f)
40
50 . 0.15
° - -7
X -7
85 E -
- =z 30 LT K 010
E = - £
5 o = P £
a0 A 2 - g
e H s -
& T H -
2 .g 20 H 005{ O )
875 s = *
£ o —0 o
2 o—
7. 0
0 2 4 6 8 10 12 300 350 400 450 500 550 600 300 350 400 450 500 550 600
%W temperature / K temperature / K

Fig. 6. Measured temperature-dependent thermoelectric properties of the W-alloyed samples from
nanopowders. a) Isothermal electrical conductivity o; b) Seebeck coefficient a, note the reversed
vertical axis; ¢) resulting power factor ca?; d) density p; e) heat conductivity A; f) resulting figure of
meritzT. The W1 sample shows the highest power factor, which is slightly higher compared to the
Cu50Ni50 sample, but slightly lower compared to constantan. The heat conductivity of all samples
isagain reduced, resulting in ahigher figure of merit zT of the W1 sample compared to the literature
reference and the Cu50Ni50 sample.

Fig. 7 summarized the measured thermoelectric properties of the Sn-alloyed and W-
alloyed Cu-Ni samples. In the type-I Ioffe plot (Fig. 7a) the power factor of the samples is
shown as a function of the electrical conductivity. Both, the Sn1 and W1 sampleexhibit a
higher power factor compared to the Cu50Ni50 sample, but slightly lower compared to
the reported values for constantan. The Sn-alloyed samples show a strong increase in the
electrical conductivity, most likely due to the incorporation of the Sn into the matrix and
the consequent influence on the charge carrier concentration. The W-alloyed samples are
characterized by a higher Seebeck coefficient but a decreased electrical conductivity as it
is not incorporated and primarily forms inclusions. In the type-II loffe plot (Fig. 7b), the
entropy conductivity is displayed as a function of the electrical conductivity. All prepared
samples have a lower thermal conductivity compared to constantan, which is based on
the alloying with Sn and W resulting in enhanced phonon scattering, especially at the
inclusions, and on the utilization of nanopowders. With increasingamounts of Sn and W,
the thermal conductivity further decreases slightly. The resulting figure of merit of all
prepared samplesis shown in Fig. 7c. For W-alloying, the respective sample with 1 at.-%
are characterized by anincreased zT value of 0.12, while the Sn-alloying resulted in similar
zT value of 0.09.
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Fig.7. Summarized thermoelectric properties of the investigated samples. a) Power factor as a func-
tion of the electrical conductivity (type-I Ioffe plot). b) Entropy conductivity as a function of the
electrical conductivity (type-IlIoffe plot). c) Resulting temperature-dependent figure of merit zT for
Sn and W alloying. The power factor could be increased by low amounts of Sn and W compared to
the pure Cu-Ni alloy, butis lower compared to constantan. The energy conversion efficiency could
be improved in comparison to both, the pure Cu-Ni alloy and constantan with low amounts of Sn
and W.

Overall, Cu-Ni alloys containing Sn and W could be prepared. Due to the utilization
of nanopowders, the distribution within the alloys could be significantly improved com-
pared to large flake-based samples [37]. However, the distribution and homogeneity of
the Sn and W can still be further enhanced, as both can still be identified as inclusions,
although especially Sn should be incorporated in the Cu-Ni matrix. To improve this, other
or multiple melting steps or additional annealing steps could be applied. Additionally,
formation of NiO impurities could be found (see Figures 2, 3 and 5), which also might
influence the resulting thermoelectric properties. Generally, these impurities should lead
to a reduced electrical conductivity, due to the insulating character of NiO, but simulta-
neously also to alower thermal conductivity. Here, the latter has been found for allinves-
tigated alloys. For the electrical conductivity, however, the expected decrease canbe iden-
tified for the W-alloyed sample, while alloying with small amount of Sn show anincrease
in electrical conductivity, due to the incorporation of Sninto the matrix. If these impurities
can be avoided, the thermoelectric properties and especially the power factor may be im-
proved even further. In general, alloying with only smallamounts, namely, 1 at-% Sn or
W, shows a beneficial behavior. For these samples, a higher power factor of 38 and 47 uW
cm-! K2 and zT values of 0.09 and 0.12 were determined, respectively, corresponding to
anincrease of approximately 12 % and 38 % in the power factor compared to the Cu50Ni50
sample and 26 % increase in the figure of merit for the W-alloyed sample. Here, alloying
with Sn resulted mainly in an increase in electrical conductivity, while alloying with W
resulted in an increase in the Seebeck coefficient. This proves the potential of utilization
of nanopowders, as a preparation from large metal flakes did not result in improved prop-
erties [37]. Compared to other works, Kang et al. [33] also prepared constantan with a
nominal composition of CussNis2Mn2 doped with 0.25 at.-% Zr via ball milling and induc-
tion melting, resulting in similar values to constantan for the undoped samples and in-
creased values for Zr-doped samples with a power factor of 80 uW c¢cm-! K2and a peak zT
of 0.22 at 800 K after aging. Yuan et al. [32] prepared a CussNissSe/carbon nanotube hybrid
material via ball milling and annealing, resulting in a zT value of 0.35 at 873 K, strongly
increased by the inclusion of the carbon nanotubes which leads to a drastically lowered
thermal conductivity. Here, the results of this work are slightly lower, but show the ben-
eficial characteristics by alloying with other elements and the utilization of nanopowders,
which could be consequently combined with other concepts. These results underline the
potential of this mostly overlooked materials; by alloying with other metals, the thermo-
electric properties canbe further enhanced and may even reach a moderate figure of merit
zT, under maintaining a high power factor within an inexpensive, nontoxic and easily
obtainable material.
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4. Conclusions

Cu-Ni-based metals alloyed with tin and tungsten were successfully produced via
the arc melting of metal nanopowders. XRD and SEM analyses showed that tin is partly
incorporated into the matrix, while tungsten primarily forms a separate phase. The ther-
mal conductivity is slightly reduced by both alloying elements, whereas the power factor
could be enhanced by small amounts of tin and tungsten compared to the pure Cu-Ni
alloy. The largest improvement were observed for samples with 1 at-% tin or tungsten,
resulting in a peak power factor of 38 yW cm-1K2 and 47 uW cm- K2 for 1 at.-% Sn and
1 at-% W at 573 K. Especially the utilization of nanopowders proved to result in better
distribution and increased thermoelectric properties. Remarkably, Sn alloying mainly re-
sulted in an increase in electrical conductivity, while W alloying increased the Seebeck
coefficient. Within all samples, NiO impurities could be found. If avoided, then these val-
ues are expected to be improved even further. These results showed that Cu-Ni alloys are
aninteresting starting point for the development of anew generation of inexpensive, non-
toxic, easily obtainable and processable thermoelectric materials with a very high power
factor to be utilized for high power output.
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3. Processing of thermoelectric gen-
erators

3.1 Summary

Within this chapter, a new manufacturing route for functional thermoelectric gen-
erators (TEGs) on a large scale is presented. As discussed before, various different
additive and subtractive manufacturing methods are in focus of research.

In section 3.1, investigation of a spray-coating process is applied to a thermoelectric
calcium cobaltite (CCO) layer. The CCO can be easily dispersed in isopropanol
without the need of any additives and subsequently spray-coated on top of various
substrates. For this work, a flexible low-temperature co-fired ceramic substrate was
utilized, as its sintering conditions overlap with the sintering of CCO around 1100 K to
1200 K. During the spray-coating, the resulting layer thickness can be controlled by the
duration of spray-coating. In the subsequent laser structuring step, the geometry of
the CCO structures can also be precisely controlled. After sintering, expected values
for the Seebeck coefficient of the CCO layers can be achieved, while the electrical
conductivity only reaches about 5 % of the electrical conductivity of the conventional
sintered bulk material. This is a result of the high porosity of the layer and due to
the missing pressing step that is used for the bulk material.

In section 3.2, the combination of a spray-coating process with subsequent laser
structuring is expanded to a functional TEG. For proof of concept, commercial Ag
paste is used as counterpart to the CCO. With the developed process, the geometry of
both the CCO and Ag structures and therefore of the resulting TEG can be precisely
controlled within the spray-coating and laser structuring. All steps before the final
sintering can be done rapidly and are suitable for large scale production. A prototype
of a CCO/Ag TEG is presented, reaching an electrical power density of 1.6 yW cm™
with 9 thermocouples at a hot-side temperature of 673 K and a temperature difference
of 100 K. The concept of this manufacturing process may also be adapted for other
kinds of thermoelectric materials, e.g., half-Heusler compounds or alloys.

Finally, in section 3.3, the concept of a laser sintering step, either instead of or
additionally to the thermal sintering is investigated. As the structuring of the TEG is
done by utilization of a laser anyway, an additional sintering of the layer with suitable
laser parameters can be favorably. Here, especially the combination of laser treatment
and thermal sintering was beneficial for increasing the electrical conductivity of the
CCO film compared to an only thermally sintered layer. This concept is therefore
proven to be a promising addition to the thermal sintering and to be included in the
manufacturing of TEGs.

121



Chapter 3: Processing of thermoelectric generators

3.2 Combined spray-coating and laser structuring
of thermoelectric ceramics
Marvin Abt, Mario Wolf, Armin Feldhoff and Ludger Overmeyer

Journal of Materials Processing Technology, 275 2020, 116319
doi: 10.1016/j.jmatprotec.2019.116319

122



3.2. Spray-coating and laser structuring of thermoelectric ceramics

Journal of Materials Processing Tech. 275 (2020) 116319

journal homepage: www.elsevier.com/locate/jmatprotec

Contents lists available at ScienceDirect

Journal of Materials Processing Tech.

JOURNAL OF MATERIALS

PROCESSING TECHNOLOGY

Combined spray-coating and laser structuring of thermoelectric ceramics

Marvin Abt™*, Mario Wolf>*, Armin Feldhoff", Ludger Overmeyer®

2 Institute for Integrated Production Hannover, Hollerithallee 6, D-30419 Hanover, Germany

L)

Check for
updates

® Institute of Physical Chemistry and Electrochemistry, Leibniz University of Hanover, Callinstrafe 3A, D-30167 Hanover, Germany

ARTICLE INFO ABSTRACT

Associate Editor: Prof A. Clare

Keywords:
Thermoelectric
Processing
Printed ceramics
Laser structuring

The processing of ceramics is an important technology for various technical applications. In this paper, a highly
controllable process consisting of spray-coating and laser structuring to design ceramic layers on a versatile
applicable substrate is presented. A thermoelectric oxide, CazCo409, which is a type of thermoelectric material,
is used in the process and applied to a flexible ceramic substrate. The resulting structures have highly con-
trollable shapes and good thermoelectric properties, and they can be used to produce a printable thermoelectric
generator (TEG). The use of a flexible ceramic substrate and the high feasibility of the process lead to a uni-

versally applicable procedure that can be used to process ceramics with unique structures and designs.

1. Introduction
1.1. Thermoelectric energy harvesting

Today, wireless sensor networks and monitoring systems are
common components in building infrastructure, e.g., for smart home
applications, as shown by Matiko et al. (2014), automotive safety and
control applications, as reported by Vullers et al. (2010), medical ap-
plications (e.g., portable biomedical systems, as shown by Chen and
Wright (2012)) and smart agriculture (e.g., resource optimization and
land monitoring, as described by Lachure et al. (2015)). Energy har-
vesting solutions often secure the power supply for such systems,
especially when the installation and maintenance of battery storage and
supply networks is too costly. Thermoelectric power conversion is one
way to convert energy obtained from the environment into electrical
energy to power sensors and measuring and transmitting electronics.
The conversion of energy by thermoelectric generators (TEGs) can be
described as the thermal induction of an electrical current (see Feldhoff
(2015)). The maximum achievable electrical power output of a ther-
moelectric generator is determined by the power factor PF of a ther-
moelectrically active material.

PF = op-a? (€D)]

Therefore, the power factor of a material is characterized by the
isothermal electrical conductivity o < ce:inf > T < /ce:inf > and
the Seebeck coefficient a. Bismuth telluride is the state of the art
thermoelectric and is the most effective known thermoelectric material

at room temperature. However, according to Rowe (2012), the raw
materials used to produce bismuth telluride are expensive and toxic.

* Corresponding authors.

https://doi.org/10.1016/j.jmatprotec.2019.116319

Therefore, the development of telluride-free alternatives has gained
much attention in recent years. In particular, intermetallic compounds,
e.g., Zintl phases, as shown by Toberer et al. (2010), and Heusler
compounds, as shown by Chen and Ren (2013), as well as oxide-based
materials, e.g., layered cobaltites such as CazCo409 (CCO), have be-
come a primary focus of research on thermoelectric materials.

1.2. Processing of thermoelectric generators

In addition to materials research, the production of conventional
thermoelectric generators is a complex process that also requires re-
search attention. As described by Orrill and LeBlanc (2017), conven-
tional TEGs are produced by several steps, which include synthesis,
pressing, sawing and electrical contacting. LeBlanc et al. (2014) showed
that the cost of manufacturing these manually assembled TEGs accounts
for a significant portion of the commercial price of conventional ther-
moelectric generators. Therefore, research has also focused on in-
vestigating alternative additive and subtractive manufacturing methods
for producing various thermoelectric materials.

In this context, several additive manufacturing processes have al-
ready been investigated. In particular, various printing technologies,
such as ink jet printing, dispensing or screen-printing, have already
been used to process thermoelectric structures. For example, (Besganz
et al., 2014) developed PEDOT:PSS/ZnO structures via an inkjet tech-
nology and (Madan et al., 2011) prepared Bi,Tez and Sb,Te; thick films
via dispensing. (Cao et al., 2016) reported the production of printed
flexible TEGs composed of Bi,Te; by a screen-printing method. In
particular, the latter approach is suitable because it is an inexpensive
and easily scalable method that can be used to produce ceramic
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materials and has already been used for thermoelectric applications, as
demonstrated by Shin et al. (2017). The investigated printing processes
are often carried out on flexible substrates. For this purpose, polymers
such as polyethylene terephthalate (PET) or polyamides, are commonly
used, as demonstrated by Du et al. (2018). The use of polymers enables
the innovative design and manufacture of thermoelectric generators by
a technique known as “roll-to-roll”. Using this technique, the structures
are first printed two-dimensionally on a flexible substrate, and then, the
printed substrate is rolled up into a three-dimensional cylinder. As
stated by Wu et al. (2016), the main advantages of these printable TEGs
over conventional thermoelectric generators are their scalability, im-
proved geometric flexibility and more compact design.

However, due to their reduced thermal stabilities, the use of poly-
meric substrates limits the availability of suitable thermoelectric ma-
terials. Additionally, most of the abovementioned printing technologies
are characterized by long production times and require the elaborate
development of pastes and dispersions. Specifically, oxide-based ma-
terials, which have high thermal stabilities and are nontoxic and rela-
tively inexpensive, can only be manufactured by conventional methods
and still require innovative processes, designs and substrates.

1.3. Process design

Here, we present a two-dimensional subtractive manufacturing
process to prepare conductive ceramic structures on a flexible substrate,
as shown in Fig. 1. Due to the use of a subtractive manufacturing
technology, a large area of the substrate can be coated, and the coating
can be quickly structured afterwards. During this process, thermo-
electric CCO and a flexible low-temperature co-fired ceramic substrate
(LTCC), which consists of ceramic particles embedded in a polymeric
matrix, are used. First, the CCO particles are dispersed in a solvent, and
the resulting dispersion is applied to the LTCC substrate by spray-
coating (Fig. 1A). Due to the flexibility of the substrate, the thermo-
electric material can be easily processed and adapted to accommodate
various application needs. As reported by Bechtold (2009), because the
LTCC substrates are highly resilient and have higher thermal con-
ductivities compared to polymer films, laser technology can be used for
structuring the LTCC substrates. Thus, the CCO particles can be selec-
tively removed to structure the coated surface (Fig. 1B). Subsequently,
the LTCC substrate and the thermoelectric CCO layer can be sintered in
a single post-treatment step (Fig. 1C and D). This ensures the electrical
conductivity of the CCO layer and turns the substrate into a rigid and
robust material. This flexible substrate allows for the use of a roll-to-roll
process and can subsequently be transformed into a robust structure.
Additionally, the proposed method is also suitable for processing other
thermoelectric materials for various applications.

spray-coating

laser structuring

pre-processing processing

Journal of Materials Processing Tech. 275 (2020) 116319

2. Experimental
2.1. Materials synthesis

Unless otherwise mentioned, all reagents obtained from commercial
vendors were reagent grade or higher and used without further pur-
ification. Calcium cobalt oxide Ca3Co4Oo was purchased from
CerPoTech (Tiller, Norway). The spray-coating paste was obtained by
dispersing 30 wt.% CCO in isopropyl alcohol by stirring and ultra-
sonication. For the flexible LTCC substrate, a material called 951 PX,
which was obtained from DuPont, with a thickness of 220 pm was used.
For easier handling, a two-layer substrate with an effective substrate
thickness of 440 um was used in the process. CCO was applied by spray-
coating. In one cycle, 16 ml of the dispersion of CCO in isopropyl al-
cohol was applied to an area of approximately 152.4 mm x 152.4 mm
(6” x 6”). The substrate was heated to approximately 363K by a
heating plate to directly remove the isopropyl alcohol. A 75 W pulsed
CO,, laser with 30% to 40% of the maximum power input (Epilog Fusion
32 M2 Dual, spot diameter = 80 um) was used to structure the CCO
layer. The coated and structured substrates were sintered at 973 K for

10h in air. The heating rate was 3 Kmin ™.

2.2. Characterization

The CCO powder and the sintered CCO ceramic layers on the LTCC
substrate were characterized by X-ray diffraction (XRD, Bruker D8
Advance with Cu-Ka radiation). The confocal laser scanning microscope
images were acquired at a 10x magnification (Nanofocus usurf custom).
For the microstructural characterization, a field-emission scanning
electron microscope (FE-SEM, JEOL JSM-6700F) equipped with an
energy-dispersive X-ray spectrometer (EDXS, Oxford Instruments INCA
300) for elemental analysis was used. The thermoelectric properties
were measured as a function of temperature from room temperature to
673 K. The electrical conductivity o and the Seebeck coefficient a were
measured with a homemade measurement cell, an ELITE thermal
system and Keithley 2100 Digital Multimeters. The power PF was cal-
culated using Eq. (1).

3. Results and discussion

Fig. 2 presents the process proposed to design sintered ceramic
structures via spray-coating and laser structuring. The CCO powder
exhibits platelet shaped crystals with width from 0.1 ym to 0.4 ym and
thicknesses of approximately 30 nm (Fig. 2 A and B). A black paste
containing 30 wt.% CCO was obtained with stirring and ultrasonication
and used for spray-coating. The LTCC substrate exhibits good adhesion
properties, leading to a stable CCO layer after spray-coating and drying
at 373 K. Using a laser structuring process (Fig. 2D), the CCO layer can
be selectively detached, leading to a defined structure. Additionally, the
laser can be utilized to cut the whole substrate into the desired shape.
Therefore, the geometry and shape can be more easily controlled using

D

structured CCO
P

n

spacer

flexible rigid & retains shape

post-processing

Fig. 1. Proposed concept for processing thermoelectric CCO layers. Commercial CCO powder is dispersed into a paste, and the resulting dispersion is spray-coated
and pressed onto a flexible LTCC substrate (preprocessing, A). Laser structuring is utilized to obtain a defined structure on the CCO layer deposited on the flexible
substrate (processing, B). During sintering (postprocessing, C and D), the substrate becomes rigid and retains its given shape.
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spacer

flexible

defined structure

laser structuring

| I -

sintering

Fig. 2. Highly controllable process to obtain a ceramic CCO layer on a flexible LTCC substrate. (A) SEM micrographs of commercially obtained CCO powder platelets;
(B) spray-coating of the CCO paste on the LTCC substrate; (C) laser structuring process used to obtained a defined structure; (D) resulting flexible substrate with a

structured CCO layer; and (E) SEM micrograph of the CCO layer after sintering.

laser structuring compared to conventional sawing and the manual
deposition of bulk materials onto rigid ceramic substrates. Because this
process is highly controllable, many different structures and shapes can
be obtained. For our purposes, the ceramic CCO structures were de-
signed for potential thermoelectric applications (Fig. 2E). Furthermore,
due to the flexibility of the substrate, its shape can be individually
modified, e.g., using a roll-up step. Finally, a sintering step is used to
harden the substrate and sintering of the CCO layer. The substrate can
therefore be adapted to accommodate the various needs of a potential
application and retains its given shape after sintering. As opposed to the
rigid design of conventional thermoelectric generators, this flexible
substrate can be adjusted to have varying surface structures and tex-
tures, while still retaining a good mechanical stability after sintering.
In Fig. 3, the designed ceramic structures are shown in detail. The
resulting structures exhibit widths of 2 mm and heights of 20 mm. The
substrate is highly flexible before sintering (Fig. 3B). The confocal laser
scanning microscope images show that CCO partially detaches during
the laser structuring. Additionally, short-circuit between the ceramic
structures was not detected, proving the successful detachment of the
ceramic structures. After sintering, the difference in height between the
smooth ceramic structures and the substrate is approximately 250 pm.
Fig. 4 shows the XRD patterns of the pristine LTCC substrate and the
spray-coated CCO layer after sintering. The XRD patterns of the coated
substrate prove the successful preparation of a CCO layer on the

substrate. After 1 and 2 cycles of spray-coating, peaks of the substrate as
well as the CCO layer are visible in the XRD patterns. However, with an
increasing number of spray-coating cycles, the peaks corresponding to
the substrate become less intense and can no longer be identified. This
leads to the assumption that, by increasing the number of spray coating
cycles, the resulting CCO layer becomes thicker; therefore, no peaks
corresponding to the LTCC substrate can be observed.

Fig. 5 shows the cross-sectional SEM micrographs and the resulting
layer thicknesses after varying numbers of spray-coating cycles. The
cross-sectional SEM micrographs show porous CCO layers, which have
thicknesses between 17 pm and 37 pum, on top of the sintered substrate.
As expected, the layer thicknesses increase as the number of spray-
coating cycles increases. This agrees with the abovementioned results of
the XRD results. The EDXS elemental maps prove that a Co-rich ther-
moelectric phase exists on top of the Al-rich LTCC substrate. Both the
SEM micrographs and the EDXS elemental maps show that the CCO
layer is highly porous due to the low pressure and relatively low sin-
tering temperature.

Fig. 6 shows the general trend observed for the layer thickness with
increasing numbers of spray-coating cycles before and after the sin-
tering step. Both show the same trend of increasing layer thicknesses.
Before sintering, the bar representing thickness on the plot exhibits
larger error bars, due to the rougher surface. After sintering, the layers
practically did not shrink, thus resulting in a highly porous layer of
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Fig. 3. (A and B) Images of the resulting structured CCO layer on the flexible LTCC after laser structuring and (C) confocal laser scanning microscope images and
height profile after laser structuring and sintering. The latter images show the successful partial detachment of CCO, resulting in the thermoelectric CCO structures

(width: 2mm, height: 20 mm) on a flexible substrate.
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Fig. 4. XRD pattern of the pristine LTCC substrate after sintering and after
spray-coating the substrate with 1 cycle, 2 cycles, 5 cycles and 10 cycles of CCO
and sintering. The peaks obtained for CCO correspond to the Cm (0 1 — p 0)
space group, according to Miyazaki et al. (2002). XRD patterns obtained for the
spray-coated samples have peaks that correspond to the substrate and the CCO
layer. As the number of spray-coating cycles increases, the peaks corresponding
to the substrate can no longer be identified.

sintered CCO particles. Therefore, in the proposed process, a porous
layer of CCO can successfully be attached to the flexible LTCC substrate,
and the thickness of the CCO porous layer can be controlled by tuning
the number of spray-coating cycles. Compared to conventional bulk
materials, this leads to a more efficient use of the material. After sin-
tering, a porous and smooth CCO layer with a thickness between 15 um
and 40 pm can be obtained.

The resulting values of the electrical resistance R, electrical

1 cycle 2 cycles
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Fig. 6. Resulting thicknesses, before and after sintering, of the CCO layers after
spin-coating with 1 cycle, 2 cycles, 5 cycles and 10 cycles.

conductivity o and the Seebeck coefficient a, as well as the determined
power factor oa?, are shown in Fig. 7. The resistance R of the CCO layer
decreases as the number of spray-coating cycles increases and can be
explained by the presence of a thicker and denser layer. When between
5 and 10 cycles are performed, on the other hand, only a slight decrease
in the resistance can be detected; under these conditions, the CCO layer
exhibits a resistance of approximately 200Q at 673 K. The determina-
tion of the electrical conductivity o by using the layer thicknesses
shown in Fig. 6 leads to the observation of a similar trend when in-
creasing the number of spray-coating cycles. The sample obtained after
10 cycles of spray-coating exhibits a slightly lower electrical con-
ductivity, due to an increase in the layer thickness, but it also exhibits a
similar resistance compared to the sample obtained after 5 cycles. The
sample obtained after 5 cycles of spray-coating has an electrical con-
ductivity of approximately 3Scm ™! at 673 K.

The measured values of the Seebeck coefficient a show a similar

5 cycles 10 cycles

Fig. 5. Cross-sectional SEM micrographs and EDXS maps of the spray-coated CCO layers after sintering and spray-coating with (A-C) 1 cycle, (D-F) 2 cycles, (G-1) 5
cycles and (J-L) 10 cycles. Layer thickness of the CCO layer increases as the number of spray-coating cycles increases. After sintering, a smooth and porous CCO layer

with a thickness of 15-40 um can be identified.
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Fig. 7. In-plane measurements of (A) the electrical resistance R and electrical conductivity o, (B) the Seebeck coefficient a and (C) the power factor PF as a function of
the temperature T of the spray-coated CCO after sintering. As the number of spray-coating cycles increases, the resistance decreases due to the larger resulting layer
thickness, leading to a higher electrical conductivity. Resulting structures exhibit a maximum power factor of approximately pW ecm ™' K~ 2.

trend. The Seebeck coefficient is approximately 120 to 160 uVK ™' at
673K, decreasing with the amount of cycles and therefore with in-
creasing electrical conductivity. The opposite relationship between the
electrical conductivity o and the Seebeck coefficient a results in the
sample obtained with 5 cycles of spray-coating having a maximum
resulting power factor of approximately 0.07 uyW cm ™~ K~ 2. Compared
to bulk CCO, porous CCO exhibits a lower electrical conductivity, as
reported by Bittner et al. (2017), which can be explained by the low
pressure and low sintering temperature used in the process and leads to
porous layers that have higher intergranular contact resistances. The
measured values of the Seebeck coefficient a are slightly lower com-
pared to bulk CCO but are slightly higher compared to thin film CCO, as
published by Wei et al. (2013); a similar trend is observed for these CCO
sample types, so our results agree with these data.

In conclusion, the developed process is an interesting approach that
can be used to design printed thermoelectric structures composed of
oxide ceramic materials. The developed process can be easily adapted
to accommodate various application needs, geometries, structures and
materials, which leads to a more efficient material use, and the prop-
erties of the resulting materials can be maintained during scale-up
processes, e.g., a roll-to-roll process. The thermoelectric properties may
be further enhanced, e.g., achieving denser structures, by improving the
process and using nanostructuring and doping.

4. Conclusions

A highly controllable process used to obtain thermoelectric ceramic
structures via spray-coating and laser structuring was presented. A
flexible LTCC substrate with interesting properties was successfully
utilized and coated with a CCO-based paste via spray-coating. The
thickness was controlled in the process by varying the number of spray-
coating cycles. Furthermore, laser structuring produced ceramic coat-
ings that had well defined and highly controllable designed structures.
Due to the flexibility of the substrate, it can be easily adapted to ac-
commodate various application needs, e.g., a curved surface. The sub-
strate and the CCO layer could be sintered at temperatures up to 973K,
leading to a rigid substrate and ceramic structures with electrical con-
ductivities of up to 3Sem™'. Overall, the spray-coated porous CCO
layer achieved a power factor of approximately 0.07 yWem ™ 'K™2,
Further improvement and research may lead to a fully printable oxide-
based thermoelectric device. In general, this process can be easily ap-
plied to different types of materials and application needs.
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Processing technology to improve the manufacturing of thermoelectric generators (TEGs) is a growing field of
research. In this paper, an adaptable and scalable process comprising spray-coating and laser structuring for fast
and easy TEG manufacturing is presented. The developed process combines additive and subtractive processing
technology towards an adaptable ceramic-based TEG, which is applicable at high temperatures and shows a high

optimization potential. As a prototype, a TEG based on Ca3Co409 (CCO) and Ag on a ceramic substrate was
prepared. Microstructural and thermoelectric characterization is shown, reaching up to 1.65 pW em~2 at 673 K
and a AT of 100 K. The high controllability of the developed process also enables adaptation for different kinds of

thermoelectric materials.

1. Introduction

Thermoelectric energy conversion has attracted researchers from
various fields in recent years due to its potential in direct energy con-
version from waste heat to electrical energy [1,2]. Therefore, energy
harvesting of wasted thermal energy is the focus of research for several
new technologies such as sensor technology and sensor networks or
microelectronic devices, as well as multiple high temperature applica-
tions [3]. The energy conversion in thermoelectric materials is based on
the coupling of electrical current I and entropy current Is. When a
voltage U and a temperature difference AT are applied across the length [
of a thermoelectric materials with a cross-sectional area A, the coupled
currents can be obtained for steady-state conditions by Eq. (1) [4,5].
Here, the thermoelectric material is represented by a tensor, which
contains the isothermal electrical conductivity o, the Seebeck coefficient
a and the electrically open-circuited entropy conductivity Aoc.

Iy _ A c c-a U
<1S)7 1 (ma c-a®+ A0C>‘<AT> @

Note, that the here used entropy conductivity Aoc is a more funda-
mental parameter to describe the thermal conductivity and is connected

* Corresponding author.
** Corresponding author.
*** Corresponding author.

to the traditional heat conductivity Aoc via the absolute temperature T
[6]. Based on this, the power factor PF of a thermoelectric material can be
determined as a function of the isothermal electrical conductivity ¢ and
the Seebeck coefficient a (Eq. (2)):

PF =oc-d* 2

The figure-of-merit zT (Eq. (3)), which is related to the material’s
power conversion efficiency, is obtained as a function of the power factor
PF and the entropy conductivity Aoc.
PF _ PF

T =—
ADC

Toc 3)

The basic working principle of a thermoelectric generator (TEG) via
coupled currents is schematically shown in Fig. 1. Driven by the tem-
perature difference AT, entropy flows from the hot side (top) to the cold
side (bottom) through the device. In the alternating n- (o < 0) and p-type
(a > 0) materials, a current of charge in the opposite or the same di-
rection is induced, respectively. Consequently, a circular electrical cur-
rent results in the case of an electrical closed circuit. As a result, a transfer
from thermal energy (red arrows in Fig. 1b) to electrical energy (blue
arrows in Fig. 1b) within the thermoelectric materials occurs, which can

E-mail addresses: mario.wolf@pci.uni-hannover.de (M. Wolf), abt@iph-hannover.de (M. Abt), armin.feldhoff@pci.uni-hannover.de (A. Feldhoff).

https://doi.org/10.1016/j.oceram.2020.100002

Received 18 February 2020; Received in revised form 29 April 2020; Accepted 29 April 2020

Available online 13 May 2020

2666-5395/© 2020 The Author(s). Published by Elsevier Ltd on behalf of European Ceramic Society. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

129



Chapter 3: Processing of thermoelectric generators

M. Wolf et al.

a) Thot

a>0,p

-type 1. ‘ "

Open Ceramics 1 (2020) 100002

b) Thot

e
AT

122

AT
!
=
!
-
7
l
“F“
'
'l

¢ i' Tcold ¢ ¢

| T L R

' Tcold ‘

J charge: I,

Currents of
{ entropy: Is

<—<— -« - & & W1hw - @
©) ©

§ electrical energy: el

§ thermal energy:  fgy,

Fig. 1. Working principle schematic of a TEG with two thermocouples of n-type (@ < 0) and p-type (@ > 0) materials. a) The currents of charge I and entropy I are
coupled in the thermoelectric materials. Entropy enters the device at the hot side (top) and leaves it at the cold side (bottom), as indicated by red arrows. The thermally
induced currents of charge in the n-type and p-type materials lead to an external ring circuit, as indicated by blue arrows. Note, that the dissipation of excess entropy
has been skipped for clarity. b) Thermal energy, as indicated by red arrows, enters the device at the hot side, and in the thermoelectric materials, it is partly converted
into electrical energy. The latter is indicated by blue arrows. Note that the width of the blue arrows indicates that at the electrical input of the device the electrical
power is low, whereas at the electrical output, it is high. The difference is the useful electrical power to drive some external load, which is symbolized by an external
load resistance. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

be used in an external load. The electrical power output is determined by
the power factor PF of the thermoelectric materials and the temperature
difference AT [7].

Thermoelectric materials are therefore desired to have a high power
factor PF and a simultaneously low open-circuited entropy conductivity
Aoc. Commercially available TEGs are based on n- and p-type doped
BiyTes, which provides good thermoelectric properties at room temper-
ature [8]. However, BizTes struggles on its poor temperature stability and
toxic precursors. Therefore, especially for application at higher temper-
atures [9], intermetallics such as Zintl phases [10-13] and half-Heusler
phases [14-16] as well as oxide-based ceramics [17], such as layered
cobaltites [18,19] or oxyselenides [20-22], have been studied exten-
sively in the last decade. Here, the oxide-based materials are character-
ized by their good temperature stability in air and are less toxic compared
to telluride based alternatives [9,23]. Within this group, the layered
misfit CazCo40g (CCO) is one of the best known p-type materials [24,25].
To further improve the material properties, many different strategies
have been investigated, including doping, nanostructuring, optimization
of calcination and sintering and preparation of thin films and hybrid
materials [26-28].

In addition to material improvement, research has also focused on the
production technology of TEGs [29]. Conventionally, TEGs are processed
via manual assembling of thermoelectric materials on rigid substrates
such as Al,O3. However, this leads to an inflexible design and a rather
costly manufacturing with a noteworthy share in the overall price [29,
30]. Consequently, different highly controllable and scalable
manufacturing methods are the focus of research [31]. Especially, the
concept of flexible thermoelectric devices via printing and additive
manufacturing have been investigated recently, including various tech-
niques such as ink jetting [32], dispensing [33,34] and screen printing
[35,36]. Here, mostly organic electronics [37,38] or the conventional
BisTes [39,40] have been investigated as thermoelectric materials. A
desired high-temperature application of TEGs, however, leads to special
requirements in the temperature stability and longevity of the used
thermoelectric materials as well as the connectors and substrates. The
above-mentioned substrate-based scalable production technologies were
shown only on glass or polymeric substrates and are mostly based on
organic electronics, resulting in a relatively low temperature stability,
which limits the application to temperatures below 600 K [41]. For high
application temperatures, only free-standing films such as flexible

graphene oxide have been presented [42]. As a result, a universal and
scalable preparation technique for TEGs, especially including a flexible
substrate, combined with possible application at high temperatures in air
is still desired.

In our previous work [43], the processing of ceramic materials such as
CCO within a precisely controllable and adaptable process was pre-
sented. Here, we extend this process to develop a universal
manufacturing route for functional and high-temperature applicable
TEGs. To show the functionality of the process, a prototype based on the
well-known CCO as thermoelectric materials is prepared. For electrical
contact, commercially available Ag paste is used, which is also charac-
terized by a high temperature stability. Spray-coating and laser struc-
turing of the layers on a flexible low-temperature co-fired ceramic (LTCC)
substrate are used to design the TEG prototype. The LTCC technology is
in the focus of research since it found application in various fields of
microelectronic devices and can be easily adapted to the preparation
process and the final application [44-46]. It consists of ceramic particles,
embedded in a polymeric matrix, thus ensuring the flexibility within the
preparation and also allowing a simultaneous sintering process at high
temperatures. The universal manufacturing process and adaptable sub-
strates also enable similar processing for different kinds of thermoelectric
materials and TEGs Additionally, the design of the TEG can be easily
adapted to the desired application field, while the application tempera-
ture of the prepared TEG is not restricted by a polymeric substrate.

2. Experimental section
2.1. Generator design

If not mentioned separately, all reagents were obtained from com-
mercial vendors at reagent purity of higher and used without further
purification. CCO was purchased at CerPoTech (Tiller, Norway) and used
to obtain spray-coating paste by dispersing 30 wt% in isopropyl alcohol
via stirring and ultrasonication. As a contact material, a commercial Ag
paste (conductive silver varnish spray, purchased at Tifoo) was used,
because of the high temperature stability of Ag allowing the post-process
sintering at 1033 K. Both pastes were applied on a commercially avail-
able two-layer flexible LTCC substrate (951 X, purchased at DuPont) with
an effective substrate thickness of 440 pm via spray-coating (Sogolee
Airbrush HP-200) of CCO on one side of the substrate and Ag on the other
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Table 1
Details of the spray-coating process step to build CCO and Ag layers on the LTCC
substrate and the laser structuring process step for partly ablation.

Spray-coating
Sogolee Airbrush HP-200

Laser structuring
Epilog Fusion 32 M2 Dual CO»

nuzzle diameter 0.2 mm spot diameter 80 pm
pressure 3.5 bar max. laser output 40 W
distance to substrate 30 mm power output used 30-40%
spray-coating angle 30° number of cycles 1
line distance 25 mm wave type continuous wave
number of cycles 5 scan mode parallel line scan
subsequently dried at 373K scan speed 240 mm s~}
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Fig. 2. Schematic manufacturing process of the TEG with CCO and Ag via a)
spray-coating (preprocessing) and b) laser structuring (processing) on top of a
flexible LTCC substrate. In the postprocessing step (c,d), the flexible and
structured substrate is sintered to obtain a robust body. For details of the
respective process parameters compare Table 1.

side. Details of the spray-coating step are shown in Table 1. The coated
substrate was dried at 373 K on a heating plate after each step. A CO,
laser (Epilog Fusion 32 M2 Dual) was used for subsequent laser struc-
turing of both sides, details for the laser structuring are also shown in
Table 1.

Subsequently, the still flexible substrate with CCO and Ag structures
on the front and back side, respectively, was sintered at 873 K for 5 h and

Open Ceramics 1 (2020) 100002

1033 K for 2 h under air with a heating and cooling rate of 3 K min~'. The
maximum sintering temperature of 1033 K was chosen as a result of the
commercial sintering temperature of the LTCC (1033 K) and the tem-
perature stability of CCO, which starts to decompose above 1073 K.
Finally, the CCO and Ag layers were contacted via Ag paste and again
dried at 973 K for 5 h with a heating and cooling rate of 3 K min~". The
developed preparation process is also shown in Fig. 2.

2.2. Microstructural characterization

Spray-coated structures and the LTCC substrate were characterized by
X-ray diffraction (XRD, Bruker D8 Advance with Cu-K, radiation).
Microstructural characterization was performed with a field-emission
scanning electron microscope (FE-SEM, JEOL JSM-6700F) and a field-
emission transmission electron microscope (FE-TEM, JEOL JEM-2100F-
UHR) both equipped with an energy-dispersive X-ray spectrometer
(EDXS, Oxford Instruments INCA) for elemental analysis. The TEM was
also equipped with a spectrometer for electron energy-loss spectroscopy
(EELS, Gatan Imaging Filter GIF 2001). EELS measurements of the sample
were carried out in scanning transmission electron microscope (STEM)
mode at 0.5 eV/channel or 0.1 eV/channel with the electrostatic drift
tube calibrated to the first maximum of the Ni-L3 edge of an NiO standard
(853 eV [47]). The background was subtracted with a power-law model.
TEM specimen was prepared by cutting (Diamond wire saw, O’Well
model 3242), infiltration with epoxy resin, grinding and polishing from
both sides on polymer embedded diamond lapping films (Allied High
Tech, Multiprep) down to 10 pm thickness. Subsequent Ar ion polishing
(Gatan model 691 PIPS, precision ion polishing system) yielded electron
transparent regions. However, for SEM analysis, fractured samples were
used to prevent the porous layer to be infiltrated by epoxy resin, which
would change the sample structure at the top of the porous layer.

2.3. Thermoelectric characterization

The Seebeck coefficient @ and generator power output were measured
as a function of the temperature with a ProboStat A setup from NorECs
with ELITE thermal system and KEITHLEY 2100 Digit Multimeters. The
isothermal electrical conductivity ¢ was measured with a home-made
modified measurement cell based on the description of Indris [48]
with a horizontal Carbolite tube furnace and KEITHLEY 2100 Digit
Multimeters. The power factor PF of CCO and Ag was calculated ac-
cording to Eq. (2). The power output of the generator was measured near
room temperature (Thot = 373 K and Thor = 423 K) and at higher tem-
peratures (Thot = 573 K and Tyt = 673 K). For the U-I,; and power output
curves, linear fits and second-degree polynominal fits were used,
respectively. The maximum electrical power output of the TEG Pe| max, TEG
was calculated via Eq. (4) with the open-circuited voltage Upc and the
internal generator resistance Rrgg [7,38].

Uoc
4-Rreg

4

Pel,mnx,TEG =

3. Results and discussion

The schematic manufacturing process for a TEG based on CCO and Ag
via spray-coating and laser structuring is shown in Fig. 2. First, the pre-
pared CCO paste and the Ag paste are spray-coated on the front and back
side of the flexible LTCC substrate, respectively. Compared to other
processing technologies such as screen printing, no additives within the
pastes, which may influence the resulting properties such as electrical
conductivity [49], are used and the layer thickness can be precisely
controlled (compare [43]). Furthermore this can be easily transferred to
other particle systems and non-planar substrates or surfaces. After a
drying step, laser structuring is utilized to give a defined structure of both
sides as well as make cuts for later contact. Here, the CCO is ablated from
the substrates in the respective lines, resulting in a thermoleg structure.
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Fig. 3. Photos and SEM cross-section micrographs of the processed TEG: a,b,c) front side with CCO and d,e,f) back side with Ag. The corresponding XRD patterns
confirm the presence of g) CCO and h) Ag on top of the sintered LTCC substrate. In the XRD patterns, reflections of the blank sintered LTCC substrate are given to

indicate reflections from the substrate in coated specimens.

This ablation of the CCO can be done with a rather low laser power,
minimizing the risk of graphit formation out of the polymeric matrix of
the substrate. Accordingly, no short circuit between the resulting layers
could be detected. Utilization of laser structuring enables highly
controllable processing, making it possible to obtain many different
structures and shapes. Additionally, compared to the established screen
printing, the laser structuring does not require printing masks and is
capable to reach much finer structures and therefore show a higher

CCO

LTCC

optimization potential. With this two-step combination of additive and
subtractive processing, easy and fast preparation and structuring of large
areas is enabled and the layer formation and structuring are decoupled
and can be individually controlled and adapted. This is beneficial for
research as well as commercial TEG manufacturing, especially due to the
absence of additives and the precise control of the resulting structures. It
results in a flexibility to adjust the design for a certain form or applica-
tion. Subsequently, the flexible substrate and both layers are sintered at

Figure 4. a-c) Cross-sectional SEM micrographs and d) EDXS elemental distribution (red: Ca, green: Co, blue: Si) of the fractured CCO-coated front side. The CCO layer
shows typical platelet-like CCO crystals. EDXS elemental distribution shows the Al- and Si-based LTCC substrate and the Ca- and Co-rich phases on top. High-resolution
images of the interface between the CCO layer and the LTCC substrate show smaller particles (red entangled areas in c)) attributed to the decomposition of CCO at

the interface.
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Fig. 5. Cross-sectional STEM micrographs and
EDXS elemental distribution (red: Ca, green: Co,
blue: Si) of the CCO coated front side a-c) in the
CCO layer approximately 10 pm from the top of
the substrate and d-f) at the interface of the CCO
layer and the LTCC substrate. In the first 2 pm of
the layer, an interface can be seen, where CCO
has decomposed into Ca-rich and Co-rich phases.
EELS measurements in g) of the spots marked in
b) and e) proves this decomposition in the inter-
face layer, while showing CCO above. The
energy-loss near-edge structures (ELNESs) of the
O-K edge in h) and i) show CaO and Ca3zO4 as
products of decomposition at the interface with
the LTCC substrate. (For interpretation of the
references to colour in this figure legend, the

interface reader is referred to the Web version of this
layer article.)
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1033 K in one post-processing step resulting in a rigid TEG.

The front and back side are electrically contacted with Ag ink using
the edges prepared via laser cutting. Generally, the presented process
may also be adapted to various kinds of thermoelectric materials.

Micrographs of the front and back side of the resulting sintered TEG
are shown in Fig. 3a and d. For this prototype, CCO structures with a
width of 2 mm and a length of 20 mm have been prepared within the
laser structuring process. This CCO layers on the front side are contacted
via silver ink with the Ag structures on the back side. The contact can be
done manually or by dipping the edges into silver ink. In the laser ablated
lines, the CCO and Ag have been removed, respectively. SEM micro-
graphs in Fig. 3b and c and Fig. 3e and f shows the corresponding layers
on top of the ceramic-based LTCC substrate. The CCO layer has a layer
thickness of approximately 36 pm, which can be controlled within the
process via the amount of spray-coating cycles [43]. Control of the
resulting layer thickness of the ceramic layer is an important parameter
to adjust and improve the resulting thermoelectric properties. For this
prototype, processing via 5 cycles of spray-coating, resulting in a layer
thickness of approximately 36 pm, showed the best results [43]. The
sintered Ag layer on the back side of the substrate exhibits a thickness of
approximately 7-8 pm. XRD patterns in Fig. 3g and h confirm the pres-
ence of the CCO layer on the front side and the Ag layer on the back side
of the sintered ceramic substrate, respectively.

Coatings and interfaces on both sides of the LTCC substrate were
investigated in detail by SEM and EDXS elemental analysis. Fig. 4 shows
the microstructural characterization of the CCO layer and its interface
with the ceramic substrate. The sintered substrate mostly contains
ceramic Al- and Si-based phases. Within the porous CCO layer with a
thickness of approximately 36 pm, typical platelet-like CCO particles are

energy loss / eV

present with diameters varying from 500 nm up to a few pm. However, at
the interface of the LTCC substrate and the CCO layer, some smaller
particles can be found, thus leading to the assumption of interface re-
actions occurring between the CCO and substrate during sintering.

Therefore, the CCO layer and especially the interface of the CCO layer
and the LTCC substrate were investigated by TEM micrographs and EELS
measurements, as shown in Fig. 5. Between the ceramic substrate and the
CCO layer, the TEM micrographs reveal an interface layer with a thick-
ness of approximately 2 pm. Within this interface layer, some particles
smaller than the typical platelet-like CCO particles can be observed. The
EDXS elemental maps (Fig. 5¢ and f) show that within this interface layer
decomposition occurred, resulting in Ca-rich and Co-rich particles next to
each other. Above this interface layer, the typical platelet-like CCO
particles can be identified, and the EDXS elemental distribution also
exhibits only particles containing both Ca and Co.

To further analyze the decomposition within this interface layer and
to prove the identity of CCO above this layer, EELS spectra of the Ca-rich
and Co-rich phases as well as of the CCO particles above were taken
(Fig. 5g). While in the EELS spectra of the CCO particles, the Ca-Ly 3, O-K
as well as the Co-Ly 3 edge can be observed, the particles in the interface
layer exhibit only the Ca-Ly 3 or the Co-Ly 3 edge together with the O-K
edge. Fine-structure measurements of the O-K edges and comparison
with reference materials (Fig. 5h and i) were used to identify Co304 and
CaO as products of decomposition. This corresponds to the typical
decomposition products of CCO [50]. Before sintering, the LTCC sub-
strate contains ceramic particles embedded in a polymeric matrix, while
in the sintering process, the polymer is burnt out, and the ceramic par-
ticles are sintered to a rigid substrate. Here, the burn of the polymer is
assumed to lead to a reduced partial oxygen pressure at the interface,
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Figure 6. a-c) Cross-sectional SEM micrographs and d) EDXS elemental distribution (red: Al, green: Si, blue: Ag) of the fractured Ag-coated back side. The EDXS
elemental distribution shows the Al- and Si-based LTCC substrate and the Ag layer on top.
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Fig. 7. Measured values of the a) electrical conductivity o, b) Seebeck coefficient a and c) resulting power factor and d) power factor as a function of electrical
conductivity (Ioffe plot) of the Ag and CCO layers. The CCO bulk reference (open symbols) [24] in d) shows an example of an achievable power factor by optimizing

the CCO processing. Dashed lines in d) show the Seebeck coefficient a in pV K.

resulting in the decomposition of the oxygen-rich CCO near the substrate
and therefore the formation of cobalt oxide and calcium oxide. However,
above this interface layer with a thickness of about 2 pm and therefore as
main part of the layer, no decomposition of CCO has occurred, resulting
in a functional thermoelectric layer.

The Ag layer on the back side was also investigated via SEM micro-
graphs and EDXS elemental distribution (Fig. 6). The observed Ag layer
exhibits a layer thickness of approximately 7-8 ym with a high porosity,
analogous to the CCO layer. Here, no additional phases at the interface of
the LTCC substrate and the Ag layer were found. The EDXS elemental
distribution shows the Si- and Al-rich LTCC substrate and the overlying
pure Ag phase with a sharp distinction.

The thermoelectric properties of both the CCO and the Ag layer are
shown in Fig. 7. For the CCO, processing via 5 cycles of spray-coating
were chosen, based on the analysis in the previous work [43]. The sin-
tered Ag exhibits a high electrical conductivity of approximately 7000 S
em ™! at 373K and 3000 S cm ™! at 773 K and a typical Seebeck coefficient
of approximately 3-5 pV K. However, the CCO exhibits a rather low

electrical conductivity of approximately 2-3 S cm ™! which corresponds
to approximately 2.5-5% of the undoped bulk material [24,51,52] and
annealed undoped films [53,54]. This is mainly attributed to the high
porosity of the CCO layer, which results due to the fact of a missing high
pressure densification within the process. Due to the utilization of the
flexible LTCC substrate, only a relatively low pressure densification with
4.2 - 10° Pa could be applied.

The measured Seebeck coefficient a of the CCO layer up to 125 pV K1
at 773 K shows p-type conduction and is comparabale to reported
undoped thin film CCO [53,54] prepared via chemical solution deposi-
tion and is therefore in good agreement with literature data as well as our
previous results [43]. However, it is lower than that of undoped bulk
CCO [24,51,52] and that of thin film CCO prepared via pulsed-laser
deposition [28,55]. The resulting values of the power factor of both
layers are as high as 0.06 pV cm ™! K2 and as high as 0.75 pW cm ™! K2
for the CCO and Ag layers at 773 K, respectively. To allow an easy
comparison of measured data with literature, Fig. 7d summarizes the
measured thermoelectric properties of both layers in an Ioffe plot,
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Table 2. similar electrical power density compared to printed devices based on
able

Measure values of the open-circuited voltage Upc and short-circuited electrical
current I ¢ and via Eq. (4) calculated maximum electrical power output Pej max
of the TEG at different applied Ty, The electrical power density ®elmax Was
obtained by normalizing the maximum electrical power output Pejmax With the
geometry shown in Fig. 8a.

2

Thot/K AT/K Uoc/mV I sc/mA Pelmax/nW el max/MTW cm
373 50 70.5 528 -107* 931 53.18

423 100 99.7 7.82.107* 19.49 111.38

573 90 122.96 414 .107°  127.26 727.20

673 100 161.16 7.18-107°  289.28 1653.03

showing the power factor as a function of the electrical conductivity.
Displayed reference data for undoped bulk CCO [24] show the potential
of optimizing the CCO processing, especially by gaining higher densifi-
cation and therefore less porosity of the CCO layer to obtain a higher
power factor. For this, the process may be transferred to other kinds of
thermoelectric materials or performed on alternative substrates, where a
high pressure densification step can be done or is not even needed. Note
also, that for this prototype, undoped CCO has been used, to prove the
functionality of the system. As a result, the thermoelectric properties
could also be enhanced by using doped CCO or hybrid materials e.g.
Ag-added CCO.

In Fig. 8, the voltage-electrical current curves and the resulting
electrical power output of the prepared prototype TEG at different Tt
values are given. At relatively low temperatures, the device reaches
Pejmax = 10 and 20 nW at a AT of approximately 50 K and 100 K,
respectively. With the geometry of 0.175 cm?, shown in Fig. 8a, this
corresponds to an electrical power density ®el,max of 50-115 nW em 2
Both the electrical conductivity ¢ and the Seebeck coefficient a of both
sides increase with increasing temperature, resulting in an analogous
increase in the electrical power output of the generator. At Thot = 673 K
and AT =100 K, the processed TEG reaches an electrical power output of
Pelmax = 289 nW and a corresponding electrical power density of wel,max
of 1.65 pyW cm 2.

Table 2 summarizes the measured thermoelectric parameters at
different applied temperature conditions. With an electrical power den-
sity of 1.65 pW cm ™2 with 10 CCO and 9 Ag layers, this prototype provide

thermoelectric polymers, which are usually in the range of approximately
500 nm [56,57] up to several pW with a high amount of thermocouples
[58]. However, Bi;Tes-based printed devices have been reported to reach
higher electrical power densities, e.g. by Chen et al. [59] up to 75 pW
cm 2ata AT of 20 K or by Kim et al. [60] reaching 3.8 mW cm 2ata AT
of 50 K. Compared to this, our prototype provides a rather low electrical
power density, which is attributed to the low electrical conductivity of
the CCO layer, resulting in a high electrical resistivity of the generator
Rygg. Further adjustment of the presented process, especially the sin-
tering of the layers and of course the adaptation to other thermoelectric
materials, may strongly increase the electrical power output of the pro-
cessed generator, making the presented manufacturing process a prom-
ising way to prepare and adapt TEGs for a desired application.

4. Conclusions

An adaptable process for TEG manufacturing has been presented on
the example of a prototype based on CCO and Ag on a ceramic-based
LTCC substrate. The structure and shape of the thermoelectric layers
and the resulting TEG are given by the utilization of spray-coating and
laser structuring, while no printing masks or additives are required. The
prepared prototype consists of porous layers of CCO and Ag and is
applicable at higher temperature compared to polymer-based manufac-
tured TEGs. An electrical power density of up to 1.65 pyW cm™2 at 673 K
and a AT of 100 K could be achieved, mainly limited by the high porosity
of the ceramic CCO layer reaching a low electrical conductivity of only
approximately 5% of the bulk material. However, a high potential to
optimize the thermoelectric properties and electrical power output is
given by adjusting the process to tailor the densification and sintering of
the layers and further adjustment of the thermoelectric materials. The
presented process may also be adapted to different kinds of thermo-
electric materials and TEG design for various applications.
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The manufacturing technology of thermoelectric materials is laborious and expensive often including complex and time-
intensive preparation steps. In this work, a laser sintering process of the oxide-based thermoelectric material Ca3Co40s is
investigated. Samples based on spray-coated Ca;Co,Oy were prepared and subsequently sintered under various laser
parameters and investigated in terms of the microstructure and thermoelectric properties. Here, the combination of laser
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1 Introduction

The demand for electrical energy continues to grow, featur-
ing an increasing desire to reduce the vast amount of wasted
energy, especially in form of heat. A simple and environ-
mentally friendly method is the conversion of wasted heat
into usable electricity with thermoelectric materials [1-3].
The major advantage of energy harvesting via thermoelectric
generators (TEGs) are their reliability in direct power con-
version without moving parts, thus they can operate long
term without need of exchange. However, TEGs have been
used only in niche applications, like space exploration or
microelectronics [4, 5], because performance is too low for
wide commercial application compared to the competition.
Additionally, the cost and slow production of thermoelec-
tric materials and TEGs also prevent a wide-ranging utiliza-
tion of thermoelectric power conversion [6,7].

The thermoelectric energy conversion is based on the
coupling of thermal and electronic currents within the ther-
moelectric material. Eq. (1) shows the underlying transport
equation. When a voltage U and a temperature difference
AT are applied at a material with the cross-sectional area A
and a length , the electrical current I, and the entropy
current Is are coupled via a material tensor, containing the
three main thermoelectric parameters: The isothermal elec-
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trical conductivity o, the Seebeck coefficient o and the
open-circuited entropy conductivity Aoc [8,9].

Iy _Afo oa U )
Is - ! oa UC(Z + AOC AT

The performance of a thermoelectric material can then be
described by the figure of merit zT, which reflects the con-
version efficiency of the thermoelectric material. It is deter-
mined as the quotient of the power factor ca® and the
entropy conductivity Aoc (Eq. (2)) [10-12].
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Recently, the concept of optimizing the power factor oc>
instead of focusing on the figure of merit zT arose in the
thermoelectric community [3, 13]. The power factor directly
determines the achievable maximum electrical power out-
put of a material [14], which can be equally or more impor-
tant than the conversion efficiency based on the zT value.
As a result, focusing on improvement of the isothermal
electrical conductivity o and the Seebeck coefficient @ can
be advantageous for specific desired applications.

The most common thermoelectric materials utilized so
far, such as Bi,Te; [15], bring major drawbacks in their
toxicity and poor thermal stability, hindering an application
at elevated temperatures in air. As a result, various kinds of
promising materials are investigated and improved includ-
ing intermetallic phases such as Zintl [16,17] and half-
Heusler phases [18,19], oxides [20,21] and polymers [22].
From these, oxide-based materials are the most promising
for applications at high temperatures, due to their good
thermal stability in air atmosphere. Within this group, calci-
um cobaltite (Ca;Co,40y, CCO) proved to be the best candi-
date [23,24]. CCO is characterized by a layered crystal
structure, consisting of electrically conducting CoO, layers
and poorly conducting Ca,CoOj; layers that cause phonon
scattering [3]. As these two subsystems exhibit incommen-
surable lattice parameters b; and b,, the structure is
described in a 4-dimensional superspace group [25]. For
the thermoelectric properties of CCO, the production pro-
cess plays an important role [26-28]. A high energy sinter-
ing step is required to ensure a good electrical conductivity.
For this, various methods like hot pressing [29, 30], conven-
tional sintering [31], spark plasma sintering (SPS) [32], cold
sintering [33,34] and pressureless sintering methods [35]
have been investigated. However, all of these established
techniques are usually quite long procedures or restricted to
small amounts per sintering step.

Additionally, optimization of the manufacturing technol-
ogy of materials (especially films) and TEGs is also in the
focus of research. Here, printing processes and additive
manufacturing are promising for fast and rapid production.
Rosch et al. [36] produced a printed origami TEG, consist-
ing of poly-3,4-ethylenedioxythiophene (PEDOT) nano-
wires and TiS on a thin, flexible substrate. At a temperature
difference of 30 K, an electrical power output of 50 tW cm ™
was achieved. Kim et al. [4] fabricated a flexible screen-
printed TEG based on Bi,Te; and Sb,Te; by printing
respective pastes on the substrate via a screen-printing pro-
cess and rolling up the thermocouples. An electrical output
power of 4mW cm™ at a temperature difference of 50 K
was achieved. Glatz et al. [37] fabricated a micro-TEG for
non-planar surface applications based on copper and nickel.
The fabrication process consists of four photolithography
steps and four electrochemical deposition steps. Here, an
electrical power output of 25nW cm™ at a temperature
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previous work [38], the authors presented a fast and simple
fabrication process for an oxide-based thermoelectric gener-
ators from a combination of spray coating and laser pat-
terning. The prototype was based on CCO and Ag on a
ceramic substrate, making it applicable at high tempera-
tures. The produced prototype achieved an electrical
power density of up to 1.65 W cm™ at a temperature dif-
ference of 100K and a power factor of the CCO layer of
0.06 ©V cm ™' K. The electrical conductivity was highly lim-
ited by the high porosity and poor sintering of the CCO
layer. For this process, the established sintering techniques
described above are insufficient for a rapid and fast produc-
tion of well sintered oxide-based thermoelectric films.

In this work, laser sintering as an alternative as well as an
addition to the commonly used thermal sintering processes
is therefore investigated. For this, various parameters of the
utilized CO, laser were analyzed in terms of their influence
on the microstructure and resulting electrical conductivity.
Selective laser sintering (SLS) has already been investigated
and is an established preparation method for other kinds of
materials, especially metallic and polymeric ones, but also
some ceramic materials [39-41]. For laser sintering, layers
of powdered materials are usually used, which are then
rapidly heated and consolidated by the laser [39]. This can
be done layer after layer, building up 3-dimensional bodies.
The biggest advantages of this process are the fast and rapid
production and the absence of any binder [39, 41]. For SLS,
usually particle sizes around 40-100pm are considered
optimal, although smaller particles can result in a better
surface density and overall quality, when the particles are
fixed onto the substrate to avoid agglomeration due to static
force [39]. For ceramic materials, Mu et al. recently pre-
sented protonic ceramic films with a thickness of up to
200 pm and a grain size between 2 and 5um [41,42]. Due
to the fast and rapid process of laser processes, a laser
sintering of thermoelectric materials can also be highly
advantageous and significantly improve the manufacturing
technology for thermoelectric materials and TEGs. Espe-
cially for the preparation of thin films, a laser sintering pro-
cess can be promising for rapid production and a reduction
of the high manufacturing costs.

2 Experimental Section
2.1 Sample Preparation

CCO powder was purchased from CerPoTech (Tiller, Nor-
way) and was used as a spray coating paste by dispersing
30 wt % in isopropyl alcohol with agitation and ultrasonica-
tion. The CCO is characterized by platelets with dimensions
about 500 nm in a,b-direction and about 30 nm in c-direc-
tion. SEM micrographs of the powder are shown in the
Supporting Information (Fig. S1). The paste was applied to
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a two-layer flexible low-temperature co-fire ceramic sub-
strate (LTCC, DuPont 951X) with an effective substrate
thickness of 440 um via spray coating (Sogolee Airbrush
HP-200). The coated substrate was dried on a heating plate
at 373 K after each step. A CO,-laser (Epilog Fusion 32 M2
Dual, 75W maximum power, spot diameter 80 jim) was
then used for laser sintering of the CCO layer. Tab. 1 shows
the different laser parameters. The parameters were chosen
similar to a work of Mu et al. [42], who used a power
between 2 and 10 W and a defocus up to 20 mm. As the
decomposition of CCO starts at approximately 1200K in
air [43], the high power of the laser can obviously result in
a rapid decomposition and phase separation. As a result, a
significantly higher scan speed of 200 mms™ (compared to
around 1 mms! used by Mu et al. [42]) was used here. In
Tab. 1, a cycle describes the number of times the laser has
passed the sample. Samples A-D have been prepared 1) via
laser treatment with the respective parameters and 2) via
laser treatment followed by a thermal sintering step (5h at
873K and 1033 K for 2h with a heating and cooling rate of
3Kmin™ according to our previous work [38]). For com-
parison, a thermally sintered reference sample of the CCO
layer spray-coated onto the LTCC substrate was prepared
analogously. By this, a comparison of pure thermal sinter-
ing, pure laser sintering and combination of laser sintering
and thermal sintering can be achieved. Additionally, a CCO
bulk sample for comparison of the electrical conductivity,
Seebeck coefficient and power factor was prepared by press-
ing of 1g of CCO and subsequent sintering at 1073 K for
10 h.

Table 1. Details of the laser sintering of the CCO layers. Sam-
ples A-D were prepared with the displayed laser parameters.
Every sample has been additionally prepared with a subsequent
thermal sintering to investigate the combination of laser and
thermal sintering at 873 K for 5h and 1033 K for 2 h. A thermally
sintered reference was prepared for comparison.

Sample Cycles Scanning speed  Power Focus distance
[mms™'] w] [mm]

Reference - - - -

A 1 200 11.25 0.0

B 1 200 7.5 10.0

C 1 200 7.5 15.0

D 10 200 7.5 17.5

2.2 Characterization

The CCO layers on the LTCC substrates were characterized
as-produced by X-ray diffraction (XRD, Bruker D8 Ad-
vance with Cu-K,, radiation) to investigate crystallinity and
identify possible decomposition processes. Additionally,
grazing incidence XRD patterns were measured at a fixed
angle of 4° for the X-ray source and are included in the
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supporting information (Fig. S2). Microstructural charac-
terization was done via a field-emission scanning electron
microscope (FE-SEM, JEOL JSM-6700F). Fractured samples
were used for SEM analysis. Additionally, the films were an-
alyzed by a field-emission transmission electron microscope
(FE-TEM, JEOL JEM-2100F-UHR) equipped with an ener-
gy dispersive X-ray spectrometer (EDXS, Oxford Instru-
ments INCA200 TEM) for elemental analysis. For TEM
analyses, cross-section views were prepared by infiltrating
the sample with epoxy resin followed by polishing and
grinding to achieve sufficient sample thickness. Scanning
TEM (STEM) micrographs and selected area diffraction
(SAED) in TEM mode were both done at 200kV. The
isothermal electrical conductivity o was measured using a
home-made modified measurement cell with a horizontal
tube furnace (Carbolite) and KEITHLEY 2100 Digit Multi-
meters in a modified van-der-Pauw setup based on the
description of Indris [44]. The Seebeck coefficient & was
measured as a function of the temperature with a ProboStat
A setup from NorECs with an ELITE thermal system and
KEITHLEY 2100 Digit Multimeters.

3 Results and Discussions

3.1 X-ray Diffraction

In Fig. 1, the normalized XRD patterns of the CCO layers
are shown. Fig.la compares the thermally sintered refer-
ence with the pure laser sintered samples. After laser sinter-
ing, the XRD patterns still show the presence of the CCO
layer, but the intensity of all reflections are significantly
lower and the background becomes very noisy. Additionally,
the 0020 and 0040 reflections that correspond to the a,b-di-
mensions of the CCO platelets strongly decreases after laser
treatment. This can be explained by a strongly decreasing
crystallinity due to the high power of the laser. As a result,
the reflections of the substrate also become more apparent.
After laser treatment, an additional reflection at approxi-
mately 41.5° can be seen, especially in samples A and D.
This could be explained by the formation of Ca3Co0,0s,
which can be formed by the decomposition of CCO. As this
reflection is especially intense in samples A and D, the cor-
responding reflections of CCO are less pronounced in the
normalized XRD pattern. Grazing incidence XRD patterns
of the films have been also measured and are included in
the Supporting Information (Fig. S2). Interestingly, the
grazing incidence XRD pattern do not show the formation
of Ca3Co0,04 on the surface after laser treatment, but also
show the strongly decreasing overall crystallinity and
vanishing 0020 and 0030 reflections of the platelets. Addi-
tionally, only sample C shows the 1101 reflection. This
could be explained by the laser parameters, as sample C was
treated by the lowest power and simultaneously highest
focus distance, which should result in the least impact on
the film. Although the platelets were also mostly destroyed,

www.cit-journal.com

141



Chapter 3: Processing of thermoelectric generators

¢ These are not the final page numbers!

Chemie
4 Research Article Ingenieur
Technik
| | | laser + thermal |
AL
§iie
"
isubstrate | i substrate |
1 1
\ A sample A A I ' sample A
A
3 sampleB 2 J sample B
5 ©

© MMMWWWM - A i

; sampleC > J J sample C

B e = A i I W O,

2 mj c |

2 V"“ Meakdd WP - “vw—m g \

£ ‘ I reference £ I reference

J " * l ) * *
T T M T T T T
20 30 40 20 30 40
20/° 20/°

Figure 1. Normalized XRD patterns of thermally sintered reference and samples A-D after a) only laser sintering and b) the combination
of laser sintering and thermal sintering. Literature reflections and indices of the Ca3Co40, reference correspond to the superspace
group Cm (0 1 - p 0) [25]. The reflections of the substrate have been extracted from a measurement of the pure LTCC substrate. The
asterisk corresponds to minor impurities of CaCo,0,. After laser sintering, the crystallinity of the samples is reduced, but the reflections
of the CCO can still be identified. After subsequent thermal sintering, the crystallinity is restored.

smaller particles could still be present and show the 1101
reflections, which does not correspond to the a,b-dimension
of the platelets.

In Fig. 1b, the same comparison is shown for the combi-
nation of laser sintering and thermal sintering. Again, all
XRD patterns confirm the presence of the CCO layer. The
peak intensity for all samples after laser sintering and ther-
mal sintering is relatively higher and sharper than the sam-
ples sintered only via laser treatment, which indicates that
the thermal sintering restored the crystallinity of the CCO
film. Additionally, the intensity of the 1101 reflection differs
significantly, as it is strongly pronounced in samples A and
D, while it is only implied for samples B and C. While large
CCO platelets can be seen in all samples, the samples B and
C show less of the smaller particles covering the platelets
compared to samples A and D, which could be responsible
for the intensity of the 1101 reflection.

3.2 Microstructural Analyses

SEM analysis of the thermally sintered reference sample,
the laser sintered sample C and the same sample prepared
via a combination of laser sintering and thermal sintering
are shown in Fig. 2. The thermally sintered reference sample
shows typical CCO platelets with dimension about 500 nm
up to 1-2um in the a,b-dimension (Fig.2a, b). The film
shows a high porosity, featuring large pores with several pm
in size (see Supporting Information Fig. S3). After laser
treatment, the typical CCO particles cannot be identified
anymore (Fig.2c, d). Here, a network of melted particles
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can be seen in the micrographs. As no defined particles can
be seen here, the laser treatment could lead to a melting of
the film resulting in an amorphous region on top of the
film. This assumption corresponds to the strongly decreas-
ing reflection intensity in the XRD pattern (cf. Fig. 1) and
absence of the 0020 and 0030 reflections in the grazing inci-
dence XRD pattern (Fig. S2). The other samples A, B and D
show a similar behavior of a melted particle network with
slight differences based on the varying laser parameters (see
Supporting Information, Fig. S4). After subsequent thermal
sintering, the CCO platelets can be seen again (Fig. 2e, f).
Compared to the thermally sintered reference, larger plate-
lets up to several pm in a,b-dimension and a slightly denser
network could be achieved (Fig. S3-S5). The samples A, B
and D again similarly show large CCO platelets after sinter-
ing (see Fig. S5).

The layer thickness of all prepared samples has been ana-
lyzed via cross-sectional SEM images, which is shown in
Fig.3. The cross-sectional SEM micrographs of sample C
after laser sintering (Fig.3a) and combination of laser and
thermal sintering (Fig. 3b) show the porous CCO layer on
top of the LTCC substrate. Fig. 3¢ shows a comparison of
the layer thickness of all prepared samples according to
cross-sectional SEM micrographs. The layer thickness and
the error bars were determined as the median of the layer
thickness at various points alongside the samples. Because
the spray coating and all sintering steps are done pressure-
less, the samples show a strong topography and the error
bars of the resulting values for the layer thickness are com-
parably large. After laser sintering, the layer thickness
slightly decreases for all samples, as the laser treatment also
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reference

laser

laser + thermal

agglomerations of much smaller
and spherical particles compared
to the typical CCO platelets
underneath (Fig. 4a, b). However,
the EDXS elemental mapping in
still shows a mostly homoge-
neous distribution of Ca and Co,
similar to the typical CCO, but
with some red or green spots.
Therefore, no complete decom-
position of CCO into CaO and
Co;0,, the typical decomposition
products [43], can be found. The
few green and red spots that
can be identified indicate a
starting phase separation of Ca
and Co due to the high energy of
the laser. Therefore, we assume
the formation of some other
Ca-Co-O  phases such as
Ca3;Co0,04 or CaCo,0O, [43,45]
alongside separated CaO and
presumably CoO or Cos;0, after
the laser treatment, correspond-
ing to the finding of the XRD
analyses.

After subsequent thermal sin-
tering, the first 2-3 um seem to
be less porous compared to the
area underneath and are charac-
terized by large platelets with a
homogeneous distribution of Ca

Figure 2. Top-view SEM micrographs of sample C after a,b) thermal sintering (reference),
¢,d) laser sintering and e,f) combination of laser sintering and thermal sintering. The micro-
graphs prove a melting of the CCO particles after laser sintering and show a denser sintered
CCO network with larger platelets after the combination of laser and thermal sintering.

results in an ablation of particles and agglomerates. As the
ablated parts may just drop onto the film again, the layer
becomes even rougher, leading to an even bigger error bar.
The subsequent thermal sintering leads to an additional
slight shrink of all layers. For samples A and B, the shrink-
age is quite low and similar to the reference sample, while
in samples C and D the layer thickness shows a stronger de-
crease. This indicates that the subsequent thermal sintering
of samples C and D leads to a denser CCO film as a result
of the previous laser treatment. The cross-sectional SEM
micrographs (Fig. S5) support this by showing denser layers
of particle networks compared to the thermally sintered
reference.

To further analyze the laser sintering process of the CCO
layer, TEM analyses of the laser-sintered sample C as well
as the combination of laser and thermal sintering of the
same sample were done, shown in Fig. 4. After laser sinter-
ing, the top 2-3 pm of the CCO film are characterized by

Chem. Ing. Tech. 2022, 94, No. 1-2, 1-10
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and Co (Fig. 4c, d), showcasing a
better sintering of the particles
within the laser treated area. Se-
lected area electron diffraction
(SAED) of the top film of spheri-
cal particles (Fig.5b) exhibit a
diffuse diffraction near the main beam, indicating amor-
phous regions analogously to the findings of the XRD pat-
terns. The CCO platelets underneath do not show a diffuse
diffraction (Fig. 5¢). These results indicate that a laser treat-
ment before thermal sintering results in much smaller,
spherical and amorphous regions that show an initial sin-
tering process. The subsequent thermal sintering then
results in a denser area with well sintered, larger CCO
particles. This however only occurs in the first 2-3 um of
the film, while the rest of the film seems to be mostly
unaffected. Compared to other selective laser sintering pro-
cesses of ceramics [41,42], this is a quite low impacted area,
probably due to the high scanning speed of 200 mms™ and
high focus distance of the laser, which, however, is required
to avoid a decomposition of CCO, which presumably
already started at the high scanning speed used, as indicated
by the small red and green spots.
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Figure 3. Layer thickness analyses of the prepared samples. Cross-sectional SEM micrographs of sample C after
a) laser sintering and b) combination of laser sintering and thermal sintering. ¢) Comparison of the layer thickness
of the spray-coated CCO film, the thermally sintered reference sample and samples A-D after laser sintering and the

combination of laser and thermal sintering.

laser

=

| laser + thermal | |

Figure 4. Cross-sectional STEM analysis of a,b) laser-sintered
sample and ¢,d) combination of laser and thermal sintering in
sample C. The EDXS elemental distributions in a) and ¢) show
homogeneous distributions of Ca (red) and Co (green). The
high-resolution STEM annular dark-field micrograph of the
laser-sintered sample in b) exhibits small spherical particles in
the first 2-3 um of the CCO film, with the typical platelet parti-
cles underneath. After subsequent thermal sintering, the
respective 2-3 um can be still identified, characterized by large
sintered CCO platelets, shown in d).

3.3 Thermoelectric Characterization

Fig.6 presents the electrical conductivity of measured
samples. In Fig.6a, the comparison of an as-prepared
spray-coated CCO layer, the pure laser-sintered sample C, a
conventional thermally sintered reference sample and the
combination of laser and thermal sintering is shown. By

www.cit-journal.com
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pure laser sintering, the electrical conductivity increases by
2 to 3 orders of magnitude compared to the pristine spray-
coated CCO layer, proving the initial sintering due to the
laser treatment. The electrical conductivity of a thermally
sintered reference sample is around 2 to 4§ cm™! (cf. [38]).
Via combination of laser and thermal sintering, the result-
ing electrical conductivity is again up to one order of
magnitude higher. This is shown in Fig. 6b in detail. Here,
sample C exhibits the highest electrical conductivity of
approximately 18 Scm™ at 773 K. Samples A and B also
show an increased electrical conductivity, while sample D
exhibits roughly the same values as the pure thermally
sintered reference sample. The higher electrical conductivity
as a consequence of the combination of laser sintering and
thermal sintering is in good agreement with the findings of
the microstructural characterization. The resulting denser
layer with well sintered particles in the top 2 to 3 um is
highly beneficial for the electrical conductivity. However,
due to the remaining layer being mostly unchanged and
therefore highly porous with smaller, poorly sintered plate-
lets, the film is still characterized by a lower electrical con-
ductivity compared to the bulk CCO sample.

In Fig. 6¢, the measured Seebeck coefficient a of the ther-
mally sintered reference, the prepared Samples A-D and a
CCO bulk sample for comparison are shown. The samples
B and C show a slightly increased Seebeck coefficient while
samples A and D are characterized by a slightly decreased
Seebeck coefficient. Consequently, samples B and C
achieved a higher power factor up to 0.4 yW cm 'K com-
pared to the thermally sintered reference. The prepared
CCO bulk sample still shows a higher power factor up to
1.5uW cm 'K as a result of the higher electrical conduc-
tivity and higher Seebeck coefficient. The values of the
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quent sintering, the crystallinity of all
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Figure 6. Temperature-dependent electrical conductivity o, Seebeck coefficient « and calculated power factor of
the prepared samples. a) Comparison of spray-coated CCO film, reference sample, laser sintering and combination
of laser and thermal sintering. b) Electrical conductivity and c) Seebeck coefficient of samples A-D after combination
of laser and thermal sintering and comparison to the thermally sintered reference sample. The resulting electrical
conductivity and consequently the power factor of the samples B and C shown in d) is increased compared to the
thermally sintered reference.
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(samples B, C) both showed a noteworthy increase in the
electrical conductivity, resulting in a peak power factor of
0.4 pW cm'K? at 773 K, which corresponds to an increase
of approximately one order of magnitude compared to the
thermally sintered reference. Additionally, a higher focus
distance of 15 mm (sample C) showed slightly better results
compared to 10 mm focus distance (sample B). Based on
the TEM microstructural analyses of sample C, via the
investigated laser parameters mainly the top 2 to 3 um of
the film were influenced by the laser treatment, as a result
of the high scanning speed. However, this resulted in a
strongly increased electrical conductivity after subsequent
thermal sintering, due to a denser layer with larger and well
sintered CCO particles. This shows the potential of a laser
sintering process in the manufacturing of ceramic thermo-
electric films. Via further investigation and variation of the
vast amount of laser parameters, the influence of the
parameters can be investigated in more details and the
resulting thermoelectric properties may be further en-
hanced.

4 Conclusions

A promising optimization for manufacturing of oxide-based
thermoelectric materials is presented by laser sintering of a
CCO layer. The laser sintering of a spray-coated CCO layer
mostly impacted the top 2 to 3 um of the film, resulting in
much smaller, spherical, amorphous regions after laser
treatment. Via a subsequent thermal sintering, the crystal-
linity within this 2 to 3 um could be restored and the film
was characterized by a denser layer and larger CCO plate-
lets. As a result, the film showed a strongly increased electri-
cal conductivity of approximately 18Scm™, resulting in a
power factor of 0.4uW cm™K™? at 773K. A stand-alone
laser sintering without subsequent thermal sintering did not
result in increased properties. Nevertheless, these results
prove the potential of a supporting laser sintering in the
manufacturing of ceramic thermoelectric films and, conse-
quently, the manufacturing of TEGs.

Supporting Information
Supporting Information for this article can be found under

DOI: https://doi.org/10.1002/cite.202100128.
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Fig. S1 shows the SEM micrographs of the purchased CCO powder. The CCO

particles are in form of platelets with dimensions of about 200-500 nm in a,b-direction

(with some larger platelets up to 1 um) and 20-30 nm in c-direction.

Fig. S1. SEM micrographs of as-received CCO powder. The CCO is characterized by
platelets with dimension of about 200-500 nm in a,b-direction and a thickness of about
20-30 nm.

Fig. S2 displays the as-prepared gracing incidence XRD patterns of the laser treated
samples A-D and the samples A-D prepared via combination of laser and thermal
sintering. Both compared to gracing incidence XRD pattern of a thermally sintered
CCO reference. After laser treatment, especially the 0020 and 0040 reflections, that
corresponds to the elongation of the platelets in the a,b-direction, vanish. After
subsequent thermal sintering, these reflections become more visible to the growth of
the platelets. The asterisks in b) correspond to minor CaO impurities, that could be
found in sample A and C, most likely due to some decomposition at the laser treated

surface.
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Fig. S2. Grazing incidence XRD patterns of a) laser treated samples A-D and b) via
combination of laser and thermal sintering prepared samples A-D, both compared to gracing
incidence XRD pattern of thermally sintered CCO reference. The XRD patterns were
measured via a detector scan with the X-ray source fixed at an angle of 4°. The Asterisks in
b) most likely correspond to small CaO impurities found at the surface of sample A and C.
The increasing intensity of the 0020 reflection after a combination of laser and thermal
sintering correspond to the larger CCO platelets on top of the film.

Fig. S3 shows SEM micrographs of the thermally sintered reference sample. The top
view (left) shows the CCO platelets, mostly with dimensions around 500 nm, but
some larger particles around 1-2 pm can be seen. Alongside the cross-sectional
views, the high porosity of the film can be seen, featuring large pores in the range of

several pm.

Thermal sintering

Reference

Fig. S3. SEM micrographs of the thermally sintered reference. The left micrograph shows

SEM top-view and the two right show SEM cross-sectional view.
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Fig. S4 shows the SEM microstructure of the laser sintered samples A-D. The top
view micrographs of all samples show the beginning sintering process on the top of
the film. Especially for samples B-D, the film seems to be less porous on top
compared to the reference samples in the main manuscript. Overall, all samples
show a similar behavior of melted and sintered networks, but show slight differences
according to the varying laser parameters: Sample D shows a strongly melted
network and a high topography, most likely due to the high amount of cycles (10)
despite a high focus distance of 17.5 mm. Sample B and C were prepared with the
same power and same amount of cycles, but different focus distance. As a result,
sample B (focus distance 10 mm) show a stronger melted network compared to
sample C (focus distance 15 mm). Sample A was prepared at a higher power (11.25
W), also showing a melted network and a rough surface with high topography due to
the high power of the laser. The cross-sectional views show the rough topography of
the CCO layers after laser treatment. The layer thickness varies between 25-35 um

for all samples.

Fig. S5 shows the SEM microstructure of the laser sintered and thermally sintered
samples A-D. The top-view micrographs show the large CCO platelets, similar to the
pure thermally sintered reference sample, but more sintered networks can be
observed. Additionally, especially sample C shows a denser CCO film with less large
pores that can be seen compared to the other samples. The layer thickness is
somewhat lower and varies between 20-30 um. Remarkably, the sample B and C
both show a significant shrinkage from a layer thickness of about 33 um and 30 pm
after laser sintering to about 25 pm and 20 pm after subsequent thermal sintering,

respectively.
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Laser sintering

sample A

sample B

sample C

sample D

Fig. S4. SEM micrographs of laser sintered samples A-D. The left column shows SEM top-
view and the two right columns show SEM cross-sectional view of the respective samples.
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Laser + thermal sintering

sample A

sample B

sample C

sample D

Fig. S5. SEM micrographs of laser sintered and thermally sintered samples A-D. The left
columns show SEM top-view and the two right columns show SEM cross-sectional view of
the respective samples.
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4. Conclusions and Outlook

In this work, both the material research and improvement as well as the investigation
of new manufacturing processes for thermoelectric generators (TEGs) have been illu-
minated. Within the material research, a new look on the importance of conversion
efficiency and electrical power output has been presented, opening paths to individual
optimization depending on the desired application. Furthermore, a new manufactur-
ing concept for the production of TEGs combining additive and subtractive methods
in combination with the utilization of promising laser-induced processes have been
shown.

The concept of thermoelectric materials optimized for a high power factor instead
of a high figure of merit has drawn uprising attention in recent years. In order to
achieve an overview on the already established materials from various material classes
through the eyes of this concept, a special review utilizing loffe plots to evaluate and
compare different materials focussing on high-temperature applications was devised.
By using the loffe plots, the full picture of the thermoelectric properties of a material
can be revealed, not only comparing the figure of merit but also the respective power
factor and electrical conductivity. This may result in some promising candidates that
have been overlooked until now, especially to achieve a high electrical power output. In
a theoretical work, based on finite elemente method (FEM) simulations, the mentioned
concept to optimize either for a high figure of merit or a high power factor could also
be transferred to the design of TEGs. For their optimization, the general concept
is to optimize the geometries of the n- and p-type materials to maximize the figure
of merit, which, however, not necessarily also leads to a maximized electrical power
output of the TEG. This means that for both, material development as well as TEG
design, the concept of optimization toward high electrical power output instead of
a high conversion efficiency is an important task, opening up both a path to new
materials as well as designs.

As an example for optimization of the conversion efficiency, a hybrid material
consisting of the most promising oxide-based material CazCosO9 (CCO) combined
with a polymeric (Matrimid) and a metallic phase (Ag) was prepared and character-
ized. The resulting hybrid material featured heteromaterial interfaces leading to an
exceptionally low thermal conductivity as a result of the strongly reduced mean-free
path of the phonons. On the downside, the thermal stability of the hybrid mate-
rial was strongly reduced due to the introduction of a polymeric phase. However,
as a result of this work, additional investigations on hybrid materials with CCO and
anisotropic oxide materials were performed, achieving increased zT values compared
to pure CCO. Designing hybrid materials for thermoelectric applications therefore is
a promising concept that can be further investigated in the future by adding various
different phases to tune individual properties or to combine with other techniques such
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as doping or nanostructuring.

As an example for an optimization of the power factor, the mostly overlooked Cu-Ni
alloy was investigated. Naturally, the comparatively high thermal conductivity results
in a fairly low 27 for this material, but due to the high electrical conductivity and the
moderate Seebeck coefficient, the resulting power factor even surpasses the values of
the established half-Heusler compounds. The investigated alloying with Sn and W as
heavier elements proved the potential of this alloys, as small amounts of both elements
result in an increase in both the power factor as well as the figure of merit. Due to
the availability and the vast amount of suitable processing technology for metals, such
simple alloys are especially interesting for fast and scalable manufacturing technologies
such as printing or additive manufacturing.

A combination of spray-coating and laser structuring was presented as a new con-
cept for the manufacturing of TEGs. Here, a porous layer of CCO was applied on
a low-temperature co-fire ceramic (LTCC) substrate and subsequently partly ablated
using a COs-laser to achieve a TEG structure. Within the spray-coating process, the
thickness of the resulting layer can be controlled and varied between 10 and 40 pm.
On the back side of the substrate, an Ag layer was applied in the same manner and
the legs were contacted over the edges, resulting in a prototype TEG. After sintering
of the layers, a maximum power output of 1.6 yW cm™? at a hot-side temperature
of 673 K and a temperature difference of 100 K could be achieved. Compared to
previously reported printed TEGs, this first CCO-based prototype therefore reached
a higher electrical power output compared to the polymer or metal-based prototypes
but a lower electrical power output than BisTes-based prototypes. The developed pro-
cess was performed with a simple CCO dispersion without the need of any additives
that can decrease the resulting performance. However, the resulting CCO layer still
only reached about 5 % of the electrical conductivity of the undoped bulk material
due to the high porosity of the layer. Here, the biggest optimization potential is lo-
cated in gaining a higher densification of the layer and therefore a higher electrical
conductivity. Compared to undoped bulk CCO, a possible enhancement of one or-
der of magnitude for the resulting electrical conductivity and therefore the resulting
electrical power output may be achieved. Due to the adaptability of the developed
process, it can also be transferred to various other kinds of materials and substrates.

The most limiting remaining process step was the need of a thermal sintering step
to ensure the electrical conductivity of the layers. As a possible alternative or addition,
a laser sintering process of the CCO layer was investigated. Here, first sintering
steps could be easily achieved by a laser treatment of the pristine spray-coated CCO
layer. The microstructural characterization showed a beginning sintering processes
of the CCO particles already after short treatment with a COs-laser at low power
around 10 W. However, the X-ray diffraction pattern also proved a strongly decreasing
crystallinity of the particles and, for some laser parameters, even a decomposition of
the CCO. After subsequent thermal sintering, the crystallinity can be restored. Via
TEM analyses, the indicated decreasing crystallinity after laser sintering could be
proven by showing amorphous regions. Overall, the resulting electrical conductivity
could be increased via a combination of laser sintering and thermal sintering compared
to only thermal sintering of the film. This shows the potential of laser treatment as
an addition to traditional thermal sintering. The interaction between the laser and
the sample, however, is a complex process that has to be further investigated in an
stand-alone project in terms of optimizing the resulting thermoelectric properties.
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For further investigation of the material development for manufacturing of TEGs,
all found aspects play an important role. Obviously, the described optimization to-
wards either a high power conversion or a high electrical power output also impacts
the material choice for manufacturing of TEGs. The developed manufacturing route
for a CCO/Ag based TEG can be further improved by gaining a higher densification
but also by transferring it to other material systems. The also investigated Cu-Ni
alloy is a promising candidate with the aim of a high electrical power output, as the
manufacturing of metals is less limited and already established for electronic struc-
tures. Generally, the utilization of fast and scalable printing as well as laser-induced
processes is a promising path to decrease the costs of TEGs and therefore increase
their viability for wide application. The concept of laser sintering can be a powerful
tool as an alternative to thermal sintering, which is a hardly limiting step in fast
production of TEGs.
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