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Preface

Thermoelectric materials have emerged as a vital research focus in the quest for
sustainable energy technologies. Their unique ability to convert thermal energy into
electrical energy and vice versa opens a wide range of power generation, cooling,
and energy harvesting applications. This edited book, Advanced Thermoelectric
Materials — Theory, Development, and Applications, brings together contemporary
research covering the theoretical foundations, material innovations, fabrication
techniques, characterization methods, and real-world applications of thermoelectric
materials. The book begins with Chapter 1 and a comprehensive overview of the
field, offering a historical perspective and mapping out the current landscape of
thermoelectric materials research. It introduces readers to key themes explored
throughout the volume, including the role of material structure, performance
metrics, and application domains.

Chapter 2 provides a focused summary of the fundamental physical effects that
govern thermoelectric behavior, such as the Seebeck, Peltier, and Thomson effects.
It outlines essential performance indicators like the thermoelectric figure of merit
(ZT) and presents the theoretical basis for understanding and optimizing thermo-
electric systems. Building upon this, Chapter 3 examines the underlying electron and
phonon transport mechanisms in thermoelectric materials. This chapter highlights
how microscopic transport processes influence macroscopic material properties
and discusses engineering strategies for enhancing thermoelectric performance by
controlling scattering events and carrier mobility. Chapter 4 focuses on advanced
bulk and thin-film materials, particularly those based on doped lead telluride sys-
tems. The chapter addresses synthesis routes and structural perfection techniques,
demonstrating their influence on charge transport and thermal conductivity.

Chapter 5 explores novel nanofluidic and confined-phase thermoelectric materials.
These systems introduce new opportunities for manipulating heat and charge trans-
port through interface effects, nanoconfinement, and fluid dynamics, representing
a frontier in thermoelectric material design. Chapter 6 presents the development of
flexible thermoelectric films and devices. This chapter discusses fabrication strate-
gies and challenges involved in creating mechanically compliant thermoelectric
systems suitable for integration into wearable and portable electronics. The applica-
tion of ceramic-based thermoelectric materials in high-temperature environments
is addressed in Chapter 7. This contribution examines the performance of ceramic
thermoelectric generators in automotive and industrial contexts, focusing on thermal
stability, material compatibility, and engineering design. Finally, Chapter 8 investi-
gates thermoelectric materials developed for biomedical and wearable applications.
The chapter showcases recent advances in soft, lightweight materials capable of
harvesting body heat for powering low-energy medical and electronic devices.

This book is intended for a broad readership, including materials scientists,
physicists, engineers, and graduate students who are interested in the theoretical



principles, material development, and engineering applications of thermoelectrics.
By combining foundational knowledge with state-of-the-art research, the book aims
to serve both as a reference and as a source of inspiration for future innovations in
the field. We extend our sincere appreciation to the contributing authors for their
valuable insights and to the reviewers for their detailed and constructive feedback.
Special thanks are due to the editorial and production teams for their consistent
support throughout the preparation of this book. We hope that this book will provide
a meaningful contribution to the ongoing development of advanced thermoelectric
materials and will stimulate further interdisciplinary research and collaboration.

Dr. Uday M. Basheer Al-Naib

Centre for Advanced Composite Materials (CACM),
Universiti Teknologi Malaysia (UTM),

Malaysia
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Chapter1

Advanced Thermoelectric
Materials: A Snapshot of Theory,
Development, and Applications

Mohammad Ali Nasiri

Abstract

This chapter provides a comprehensive overview of high-performance thermoelectric
materials and their transformative role in energy conversion technologies. Beginning
with the fundamentals of thermoelectricity, the chapter traces the historical
development of materials like bismuth telluride and explores the advancements in
organic, hybrid, and nanostructured thermoelectric systems. Special focus is given
to cutting-edge materials, including topological insulators, 2D materials, and ionic
thermoelectric materials, which exploit ionic conductivity and thermodiffusion for
efficient low-grade heat harvesting. Key strategies such as alloying, nanostructur-
ing, and doping are discussed alongside computational methods that drive material
innovation. The chapter also highlights diverse applications, from waste heat recovery
to wearable devices and green energy systems, emphasizing their role in sustainable
energy solutions. Advanced phenomena, including the Soret effect, and state-of-
the-art modeling techniques are analyzed to provide insights into optimizing perfor-
mance. By synthesizing historical perspectives, breakthroughs, and future potentials,
this chapter serves as a resource for researchers and engineers aiming to advance
thermoelectric materials and systems. It addresses current challenges and outlines
future directions to illuminate the path toward more efficient and sustainable energy
conversion technologies.

Keywords: high-performance materials, ionic thermoelectric, Soret effect, low-grade
thermal energy harvesting, Seebeck effect

1. Introduction

The search for efficient technologies of energy conversion has become para-

mount in the quest for sustainable energy solutions. One such avenue can be found

in thermoelectric materials, a class of materials possessing the capability to directly
transform heat energy into electrical power via the Seebeck effect [1]. Considering
global warming, which is an environmental challenge today, devices made of thermo-
electric materials can play a role in reducing the harm of global warming by directly
converting heat into electrical energy [2, 3]. The conventional sources of energy are
per se connected with limited resource supply and environmental impact, making
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the satisfaction of the fast-growing demand in power very challenging. Fossil fuel
combustion not only causes the release of greenhouse gases but also the consumption
of limited reserves; hence, alternative and sustainable energy conversion technologies
have to be found. In such a scenario, thermoelectric materials emerge as a very prom-
ising solution that will capture waste heat from various sources and convert it into
useful electricity [4, 5]. On the other hand, ensuring the sustainability of thermoelec-
tric materials remains a challenge. A sustainable material such as lignin, a complex
natural polymer, can be combined with other thermoelectric materials [6, 7]. Recent
research has shown that thermoelectric systems can be built using this material. In
these systems, positive and negative ions, rather than electrons, serve as electrical
carriers in lignin-based microchannels, enabling the observation of the Seebeck effect
in this structure [8, 9].

In thermoelectric materials, charge transfer typically requires a medium such as a
metal or semiconductor, where the differential potential is governed by the movement
of electrons. In contrast, ionic thermoelectric systems rely on the movement of ions
(both positively and negatively charged) within an electrolyte or fluid. These fluids
exhibit electrical conductivity due to the presence of mobile ions. In such systems,
the driving force for ion movement is associated with thermodiffusion phenomena,
where a temperature gradient induces ionic motion. Therefore, the movement of par-
ticles, such as ions, under the influence of a temperature gradient is referred to as the
Soret effect in the context of ionic systems [8, 10]. Qiao et al. introduced a linearized
approach to solving the Poisson-Nernst-Planck equations, employing a gradient-flow
framework and simplifying the logarithmic function [11]. Fish provided a theoretical
model to analyze nanocomposite electrolytes, describing the space charge layer and
its influence on the conductivity of insulating spheres within ionically conductive
materials [12]. Fleharty examined nanochannels with electric double layers compa-
rable to the channel width, solving the Poisson-Boltzmann equation using charge
regulation boundary conditions [13]. Moya et al. investigated cylindrical nanopores
containing ternary electrolyte solutions, analyzing the effects of wall charge polarity.
They applied the network simulation method to solve the Poisson-Boltzmann equa-
tion and used modified Navier-Stokes and Nernst-Planck equations to determine
velocity and conductivity [14]. Jing et al. evaluated the electroviscous effect on
electric double layers, revealing its insignificance at high Z potential [15]. Luo and
Keh derived expressions for electrophoretic mobility and conductivity in salt-free
suspensions, highlighting their dependence on surface charge density [16]. Varner
studied dilution effects in ionic liquid supercapacitors to improve performance [17].
Huang explored hydrodynamic slippage and its impact on nanoscale power genera-
tion [18]. Levy et al. modeled the dielectric response of ionic liquids, accounting for
ion-dipole interactions and deriving a closed-form dielectric constant [19]. Stout et al.
summarized ionic transport principles [20], and Qiao et al. further refined numerical
schemes for solving ionic transport equations [11].

In other hand, Topological materials, characterized by their distinct band
structures, have garnered significant interest in condensed-matter physics, thermo-
electrics, spintronics, and other related fields. Thermoelectric technology, which
enables the direct conversion of heat to electricity or vice versa, holds considerable
promise in addressing the global energy crisis and advancing solid-state cooling
solutions. In recent research systematically investigates the magneto-thermoelectric
transport properties of a high-quality single-crystalline BiggSb;, topological insulator.
It observes a large magneto-Seebeck effect due to the material’s ultrahigh mobility and
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linear band dispersion, which results in an enhanced magneto-zT under magnetic
fields aslow as 1 T. A high zT value of ~1.7 + 0.2 is achieved at 180 K and 0.7 T, par-
ticularly significant below 300 K. The study highlights the importance of magneto-
thermoelectric correlations as an effective strategy for optimizing thermoelectric
performance. It suggests future exploration of p-type Bi;_Sby with hole doping to
further improve the material’s response [21].

In conclusion, thermoelectric materials represent a promising avenue for sustain-
able energy conversion, addressing both global energy demands and environmental
concerns. Advances in ionic thermoelectric systems, particularly those utilizing
sustainable materials like lignin, offer new pathways for efficient waste heat recovery.
Additionally, the exploration of topological materials, such as Bi; - ,Sby, demonstrates
the potential for enhanced thermoelectric performance through magneto-thermo-
electric effects. By integrating novel material systems and theoretical models, future
research can further optimize thermoelectric technologies for widespread energy
applications. Here, we do not categorize thermoelectric materials based on high or
low-temperature gradients; instead, we classify them according to material types. Our
focus is on sustainable materials and enhancing the performance of thermoelectric
materials in light of recent research. Additionally, we aim to identify integrated
systems that strive to develop compact electrical or sensor modules.

2. Theoretical foundations

Thermoelectric materials represent the research field where the groundbreaking
application of the Seebeck effect, a basic concept that permits the direct conversion of
temperature gradients into electrical voltage, is put into practice. Such a characteristic
makes up the very core of harvesting lost heat and converting it directly into pre-
cious electrical output. But before introducing different classes of material and their
uses, understanding the principal laws with which the basics of thermoelectricity are
embodied would first be appropriate [22]. The very essence of thermoelectricity is
dependent upon the behavior of the charge carriers in a material across a temperature
gradient. Keeping this view in mind, if two materials with different conductivity
to electricity are brought in contact, then electrical charge will start moving from
the high-conductivity material, like from the hot side to the low-conductivity mate-
rial, the cold side. This migration of charge carriers creates the potential difference,
hence establishing an electric current. Hence, this would allow conversion of thermal
energy into electrical energy on the principle of thermoelectricity [23, 24].

The Seebeck effect is the cornerstone of thermoelectric phenomena. Discovered
by Thomas Johann Seebeck in the early nineteenth century, this effect illustrates
the generation of an electromotive force (EMF) across a temperature gradient. The
magnitude of the generated voltage is proportional to the temperature difference
across the material. Harnessing the Seebeck effect allows for the creation of thermo-
electric generators capable of converting waste heat from various sources, such as
industrial processes or car exhaust, into electricity [25-27]. On the other hand, named
after Jean Charles Athanase Peltier, the Peltier effect is the reverse of the Seebeck
effect. It describes the absorption or release of heat at an electrical junction, result-
ing in a temperature gradient. This effect is fundamental in thermoelectric cooling
applications, where an electric current is applied to transfer heat from one side of the
material to the other. Peltier devices are found to be used in electronic cooling systems
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and temperature control applications [28]. Also, the Thomson effect, also known as
the Kelvin or Joule-Thomson effect, describes the temperature change that occurs
when a current flows through a homogeneous conductor subjected to a thermal
gradient. Though less commonly employed in practical applications than the Seebeck
and Peltier effects, the Thomson effect plays a role in understanding the overall
behavior of thermoelectric materials under varying conditions [29, 30]. To quantify
the efficiency of a thermoelectric material, researchers commonly refer to the figure
of merit, denoted as zT. The zT value amalgamates various material properties,
including electrical conductivity, thermal conductivity, and temperature, into a single
metric. Higher zT values signify superior thermoelectric performance. The quest
for materials with elevated zT values is a driving force in the development of high-
performance thermoelectric materials, as it directly correlates with their ability to
convert heat into electrical power effectively. In subsequent sections, we will explore
how different classes of materials strive to optimize zT values for enhanced energy
conversion efficiency [31, 32].

Figure 1 Considering that the sign of a, for electrons is negative, it depicts the
production of an electric field that opposes the temperature gradient VT [33]:

E=a VT 1)

n

The electronic contribution to the Seebeck coefficient can be expressed generally as

_ ks (E; E o(E)
IKT adE ()

In this equation, e stands for elementary charge, kB for Boltzmann, and constant
6(E) for electric conductivity, which takes energy-dependent scattering mechanisms
and density of states into consideration. By integrating electric conductivity over all
energies (o =] o(E)d(E)), one may determine the total conductivity, or 6, where T
is the temperature. Furthermore, we take into consideration the mobility edge,
where Ep — E, denotes the Fermi level location with respect to the valence band edge.

Tc AT

T
o.o ®°®°® & "_',_
L
=

E

F 3

Figure 1.

An illustration of the thermoelectric effect in an equilibrium system, when a material is exposed to an external
temperature gradient. The mean free path of the more energetic electrons is longer. Green dots represent these
higher energetic electrons, which then diffuse to the cool side until an electric field (E) is created to prevent any
further diffusion, reproduced with permission.
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The figure of merit for thermoelectric materials is represented by zT, according to the
expression

oS?
2T = - T (3)

In this case, T is the absolute temperature, o is the electrical conductivity, S is the
Seebeck coefficient, and « is the thermal conductivity. As a result, zT uses in-verse
temperature units. The value of zT is roughly 1 for thermoelectric materials that
are efficient. The higher the zT number, the better thermoelectric generators and
refrigerators work. Furthermore, the power factor (PF = S%) is typically employed
to compare materials’ thermoelectric efficiencies with similar thermal conductivities.
The thermal conductivity can be expressed as k = k, + kg, which is the sum of the
lattice contribution (k) and the electronic contribution (kg). Because charge carriers
also contribute to heat transfer, the electronic contribution to thermal conductivity
rises with carrier concentration:

k; =LoT =neu LT 4)

where L is the Lorenz factor, 2.44 x 10°% (J* C"* K™) for free electrons, n charge
carrier density, e is Elementary charge, 4, is charge carrier mobility and T is absolute
temperature, and has dimension of K (kelvin).

The efficiency of a thermoelectric device is fundamentally defined

e (5)

According to the first law of thermodynamics, gy is the rate of heat flow from the
hot to the cool section, and PO is the electrical power production:

e = TH _Tc
¢ T, (6)

The efficiency of thermoelectric devices (1) must be calculated using zT and the
Carnot efficiency (nc), which is derived from the temperature differential (AT) and
the hot-side temperature (Ty). The formula for this isnc = AT/Ty. The word “this
relationship” accurately describes

1+2T -
n=te——— 7
1+2T +-5 7)
TH

[any

On the other hand, the charge on ions plays a crucial role in the mechanism of
voltage generation in ionic thermoelectric materials. This process is driven by the
interplay between ion transport, electrostatic interactions, and thermal gradients
(Soret effect), allowing for the efficient conversion of heat into electricity. Ionic
thermoelectric materials leverage the interplay between ion transport, electrostatic
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interactions, and thermal gradients to convert heat into electricity efficiently. In
lignin-derived ionic membranes infused with KOH electrolyte, the formation of an
electric double layer (EDL) plays a crucial role in facilitating selective ion diffusion.
Upon immersion in KOH, the lignin surface transforms into negatively charged
alkoxide (C-O") groups, attracting K* cations and establishing a structured ionic
environment. This arrangement enables efficient charge transport along aligned
channels. Under a thermal gradient, ion migration occurs due to the Soret effect,
where differences in temperature drive the redistribution of cations and anions. The
resulting imbalance in ionic concentration, coupled with electrostatic interactions
within the charged channels, enhances thermally driven ionic conductivity and the
ionic Seebeck effect. The synergy between selective ion diffusion and thermophoresis
highlights the potential of lignin-based membranes for sustainable energy harvesting,
offering a pathway toward efficient utilization of low-grade thermal energy [8, 34].

3. Material classes

Thermoelectric Materials encompass diverse categories, with notable examples
including inorganic materials like bismuth telluride and lead telluride, organic and
organic—inorganic hybrids such as conducting polymers [5] and metal-organic frame-
works [35], nanostructured materials like silicon nanowires [36] and quantum dots
[37], and advanced materials like topological insulators [38] (e.g., bismuth selenide)
and 2D materials like graphene [39]. Ongoing research endeavors aim to optimize
the thermoelectric efficiency of these materials by tailoring their properties, explor-
ing novel synthesis methods, and advancing their performance in diverse operating
conditions. The collective goal is to harness these materials for converting waste
heat into valuable electrical energy, contributing significantly to the development of
sustainable energy technologies.

3.1Inorganic materials

In the area of thermoelectric materials, inorganic compounds have historically
played a very significant role, with typical examples being bismuth telluride and lead
telluride. These materials have received a lot of attention due to their favorable ther-
moelectric properties, making them very basic in thermoelectric device development.

Development of Traditional Inorganic Thermoelectric Materials:

Among the inorganic thermoelectric materials, bismuth telluride (Bi,Te;) and lead
telluride (PbTe) share significant importance. Known since the middle of the twenti-
eth century, bismuth telluride has a high Seebeck coefficient and low thermal con-
ductivity, so it was considered the material of choice for cooling applications. On the
other hand, good electrical properties are hosted by the lead telluride, which makes it
particularly effective in power generation. Bi;Te; has been under investigation since
1954 and is still one of the most commonly applied TE materials. Nevertheless, Bi;Te;
remains a material with a high potential of interest and has recently been subject to
remarkable improvements. The thermoelectric figure of merit zT of material limits
the efficiency of thermoelectric energy converters. Recent progress in zT, particularly
nanostructure-based approaches aiming to limit phonon heat conduction, is reach-
ing the fundamental limit. The thermal conductivity cannot be reduced below the
amorphous limit. Joseph P. Heremans and colleagues explored the enhancement of
the Seebeck coefficient by a distortion of the electronic density of states and showed
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thallium impurity levels that gave high Seebeck coefficients in lead telluride, PbTe.
This engineering of the band structure resulted in an improvement in zT in p-type
PbTe by a factor of two to values above 1.5 at 773 Kelvin. The combination of this
new physical principle with nanostructuring for lowering thermal conductivity can
further improve zT and broaden the uses for thermoelectric systems [40]. Another
intriguing class of materials is the silver-copper chalcogenide family, which has gar-
nered significant attention for its exceptional thermoelectric properties. Remarkably,
studies have reported zT values ranging from 0.3 to 1.6, showcasing their potential for
high-efficiency thermoelectric applications. These materials exhibit a unique com-
bination of high electrical conductivity and low thermal conductivity, which is often
attributed to their complex crystal structures and effective phonon scattering mecha-
nisms [41]. Nanostructured Bi,Te;-based materials significantly outperform their
bulk counterparts in thermoelectric efficiency, as reflected in their higher zT ~ 1.4
values. Bulk Bi,Te; typically achieves zT ~ 0.8-1.0 at room temperature (300 K),
which serves as a benchmark for comparison [42]. In contrast, nanostructured vari-
ants, such as nanocomposites (e.g., Bi;Te;/Sb,Te;) and superlattices [43], achieve zT
values ranging from 1.2 to 2.4, benefiting from reduced lattice thermal conductivity
and enhanced power factors due to quantum confinement and optimized carrier
concentrations [44, 45]. Specifically, superlattices hold the record with zT values up
to 2.4 at 300 K, while doped nanostructures (e.g., Pb-doped Bi,Te;) [46] and alloyed
systems (e.g., p-type Big sSb; sTes) [47] achieve zT ~ 1.6-1.9 making them highly
promising for thermoelectric applications. Overall, the advancements in nanostruc-
turing and alloying have pushed zT values to new heights, highlighting their potential
in high-performance thermoelectric devices [48].

Moving on to CoSb;-based materials, binary skutterudites with a CoAs;-type
structure have been investigated [49], showing enhanced zT values as high as 1.1 at
~550°C in n-type nanostructured CoSb; _Te, skutterudite compounds. Additional
substitution of IVB-group elements (Si, Ge, Sn, and Pb) for Sb, particularly Sn, was
found to be the most effective in enhancing zT by extending the solubility limit of
Te in CoSb; _ Tey, reducing thermal conductivity more significantly than electrical
conductivity [50].

In another research study, a comprehensive exploration of the Mn doping effect
on CoSb;-skutterudite was reported, encompassing both theoretical and experimen-
tal investigations. An innovative approach was adopted, focusing initially on single
Mn-doped Mn,Co, _4Sb; samples before delving into co-doping with Te to prepare
Mn,Co; _ Sb, g5Teg 15 samples, evaluating their impact on both conduction types.
Theoretical density functional theory (DFT) results unveiled the feasibility of single
Mn doping, a finding successfully validated experimentally with the production of
pure samples featuring a low solubility of Mn (x < 0.05 in Mn,Coy _Sb;) positioned
at the Co site. Up to a certain level of Mn substitution, a minor amount of the binary
MnSb phase was formed. In terms of transport properties, it was demonstrated
for the first time that Mn stabilizes p-type conduction with a substantial Seebeck
coefficient, resulting from a slight reduction of the valence electron concentration
(VEC) per formula due to Co substitution. This led to an improvement in the power
factor (PF) and the resulting figure of merit zT in the near-room temperature range
(T < 450 K). Co-doping with Te was subsequently undertaken, revealing an unex-
pectedly prevalent formation of the additional MnTe phase over Co substitution.
Structural investigations highlighted that Te substitutes for Sb without filling the
icosahedral voids present in the CoSb; skutterudite. Moreover, a significant enhance-
ment of the PF was achieved, reaching an ultrahigh value of 4.7 mW m™ Kat 725K,
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rarely reported for rare-earth-free skutterudites. This was attributed to a remarkable
increase in the Seebeck coefficient in the co-doped CoSb; skutterudite. The combined
experimental and theoretical findings indicated that various factors contribute to

the substantial enhancement of the Seebeck coefficient, allowing for a maximum

zT value of 1 at 725 K. The controlled formation of the MnTe secondary phase was
identified as a key factor, slightly reducing thermal conductivity and maximizing an
unexpected PF to a level comparable to that reported for expensive rare-earth-filled
skutterudites. This achievement contributes to the development of a new genera-

tion of sustainable thermoelectric (TE) materials by exploring the magnetic and
composite effects, aiming to provide stable, cost-efficient, and high-performance
materials for thermoelectricity based on unfilled skutterudites [51]. Ongoing research
in CoSbs-based thermoelectric nanocomposites involves innovative cold sintering
processes, such as CSP and post-annealing techniques. Aida Serrano et al. reported
successful sintering of CoSb3-based thermoelectric nanocomposites by CSP with
suitable mechanical integrity and similar morphological and structural properties

as the starting powders. The thermoelectrical properties are shown to be dependent
on the sintering process, with the highest power factor (1000(200) yW m™" K2

and zT (0.12(3) at RT) achieved for nanocomposites sintered by CSP followed by a
subsequent post-annealing at 500°C, presenting the highest CoSb; phase content with
adequate grain and crystallite size [52].

3.1.1 Recent advancements and improvements

Recent years have shown renewed interest in the performance enhancement of tra-
ditional inorganic thermoelectric materials. Scientists have introduced a number of new
synthesis methods and alloying and nanostructuring strategies to improve such mate-
rial’s figure of merit. The advances in material designs and fabrication have resulted
in the optimization of thermoelectric properties, thus showing continuing efforts to
improve the efficiency and applicability of inorganic thermoelectric materials.

This collection portrays a comprehensive view of diverse inorganic materials
for thermoelectricity, from state-of-the-art thermoelectric materials to much less
conventional ones but with huge potential for future applications. Although being
concerned, like many authors, with the new figure of merit, zT max, we also empha-
size the significance of the average zT, especially in the temperature region of interest,
along with a few other significant thermoelectric parameters. Potential fulfillment
of this important checklist has entered an era of exceptional materials advancement
and discovery through a combination of data mining, machine learning, and high-
throughput calculations, providing active research in modeling and experimental
instrumenting. The pursuit of Earth-abundant, non-toxic starting materials remains
a cardinal constraint for driving down cost and environmental impact. Coupling of
atomistic and density of states calculations with band structure engineering will be
instrumental in deciding upon effective additives to either enhance electrical con-
ductivity or reduce thermal conductivity. In spite of these advances, the way is one of
dealing with a vaster field: leading the material to the same level of performance as
p-type, leading to good mechanical properties and stability, degrading mechanisms
controlling, interfacing of thermoelectric modules, processing costs to levels where
broad market competitiveness is attainable. A detailed assessment of the production
costs, cost-effective material processing, and manufacturing routes has been consid-
ered long overdue for the purpose of wider adoption of thermoelectrics [53].
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3.2 Organic and organic-inorganic hybrid materials

A paradigm change in the sector is shown by the introduction of organic and
organic—inorganic hybrid thermoelectric materials. These materials provide new pos-
sibilities for thermoelectric applications because of their tunable electronic character-
istics, cheap production cost, and flexibility.

Creating polymer-inorganic thermoelectric composites offers a viable strategy
to address the poor electrical conductivity, low Seebeck coefficient, and inad-
equate power factor (PF) of polymers, as well as the expensive nature of inorganic
materials. Multiple techniques have been utilized to produce these hybrid poly-
mer-inorganic substances, including physical mixing, solution mixing, and in situ
polymerization. It is important to note that the thermal conductivity of polymers
is approximately an order of magnitude lower than that of conventional inorganic
thermoelectric materials. This characteristic positions polymers like polyaniline
(PANI), polythiophene (PTH), and poly(3,4-ethylenedioxythiophene) (PEDOT)
as excellent candidates for the advancement of new thermoelectric materials [54].
One way to enhance the performance of this class of thermoelectric materials is
through doping. This process, referred to as chemical or primary doping, can be
accomplished via two methods: (1) A charge transfer (CT) mechanism that involves
the incorporation of a redox-active molecule such as tetrakis (dimethylamino)
ethylene (TDAE) into the conducting polymers, where the doping mechanism is
founded on a CT interaction between the donor and the acceptor. 2) A comprehen-
sive investigation was conducted to examine the complex effects of primary doping
processes, which utilize acid-base (A* — B7) and charge transfer (CT) mechanisms
via H,SO, and TDAE, respectively. Additionally, the study explored the secondary
effects of ethylene glycol (EG) on the thermoelectric (TE) performance of both
p-type Te/PEDOT:PSS and n-type Ag,Te/PEDOT:PSS hybrids. In particular, the
results have shown pronounced differences between EG post-treatment of pure
PEDOT:PSS versus Ag,Te/PEDOT:PSS hybrid systems. Unlike improved conforma-
tion exhibited in pure PEDOT:PSS systems, EG post-treatment mostly disturbs
morphological conformations of PEDOT chains in hybrid systems. The upset
negatively impacts on the lamellar domains, which raises the energy conversion
layers (ECLs) full width at half maximum. This generally degrades the whole TE
performance by increasing carrier mobility, p, and conductivity, . Besides, deep
insight is given into how these numerous post-treatment processes create structural
and electrical changes in hybrid organic-inorganic materials, underlining complex
results realized in Ag,Te/PEDOT:PSS hybrid systems in comparison with pure
polymer systems. This work puts these strategies in the broader perspective of
hybrid electronic material research and focuses on PEDOT-based hybrid materials
for thin-film TEs [55].

3.3 Nanostructured organic-inorganic hybrid thermoelectric materials

Organic thermoelectric materials exploit the intrinsic features of carbon-based
molecular structures and polymers. Tuning their electronic structure is a highly
promising approach for designing materials with improved thermoelectric per-
formance. Moreover, hybrid materials have been developed in which organic and
inorganic components interact synergistically to provide flexibility without sacrific-
ing stability, thereby expanding their potential for diverse applications.
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3.3.1 Nanostructured materials

Nanostructured materials represent a cutting-edge approach in the pursuit of high-
performance thermoelectric materials. Gervino-Solona and colleagues claim a novel
interconnected nanostructure of Bi,Te;, which achieves impressive thermoelectric
performance despite using only 10% of the material typically required for thin films.
The addition of sodium lignosulfonate during electrochemical deposition significantly
improves the material’s morphology and output performance. The fabrication method
is scalable, offering the potential for flexible thermoelectric devices, particularly
in energy-harvesting applications for wearable technologies [56]. Utilizing phonon
scattering and quantum confinement processes, nanostructured thermoelectric
materials such as nanowires and nanoparticles can dramatically change the thermal
and electrical transport characteristics [57]. By overcoming the conventional trade-off
between electrical and thermal conductivity [58], these materials seek to further the
limits of thermoelectric efficiency [59]. Recent research shows that the addition of
single-wall and multi-wall carbon nanotubes (SWCNTs and MWCNTs) to the con-
ductive polymer base on PEDOT can significantly enhance its thermal conductivity.
Researchers have demonstrated that these organic materials can increase the thermo-
electric performance of flexible polymers. The authors claim that films with MWCNTs
exhibit slightly higher electrical conductivity than those with SWCNTs. Using the LbL
technique, the primary electrode made of MWCNTs achieved a conductivity of 31.26
Scm™, playing a critical role in subsequent polymerization. For SWCNTs, the conduc-
tivity was recorded at 3.49 Sem™ under the same conditions [5].

For the development of thermoelectric generators that have nanometer thickness,
increasing the electrical sheet resistance and thermal resistance is one of the chal-
lenges ahead. As a result, methods such as manufacturing thermoelectric micrometric
strips with nanometer thickness and creating an interconnected network of these
generators can be a way to overcome this problem. However, creating more costs
for using the micrometric dimension manufacturing system and the need for more
professional operators leads to an increase in the price of the final product. To find the
optimal dimensions, theoretical methods and simulation software can help in finding
the optimal dimensions quickly [59].

3.4 Advanced materials

Advanced materials like topological insulators have a good talent for thermoelec-
tric applications. Due to their special boundary states that are topologically shielded
from backscattering at non-magnetic impurities and defects, topological insulators
show enormous promise in the domains of electronics and magnetism. Interestingly,
most topological insulators are also very good thermoelectric materials since they
have comparable properties to thermoelectric compounds [60]. Quantized energy
quanta linked to lattice vibrations, phonons are essential for a number of important
physical processes, including heat capacity, electron-phonon/magnon-phonon inter-
actions, thermal conduction, and lattice thermal expansion. Gaining better control
over phonons, one of the main heat carriers in thermal transport, has important
applications in a number of energy materials domains, such as waste heat recovery,
phononic devices, and thermoelectric conversion. THz phonons in natural crystal-
line materials have gained interest recently because of the importance of atomic
lattice vibrations in physics. Topological phonons in crystalline materials have been
theoretically classified into a number of different forms, such as Dirac/ Weyl point
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phonons and [61] nodal-line phonons, using a framework akin to the topological
classifications in electronic systems [62]. Wearable technology with maintenance-free
batteries is necessary for the “Internet of Things“ [63, 64] rapid development, and
thermoelectric energy conversion based on large-area flexible materials has garnered
a lot of interest. Recently, a fully printed origami thermoelectric generator (TEG)
module has demonstrated significant advancements in power output, power density,
and scalable manufacturing. By employing screen printing for the thermoelectric
and contact materials, researchers developed a high-performance TEG module using
synthesized n-type Ag,Se and p-type Bi-Sb-Te materials. The design incorporates an
origami-inspired folding process to enhance thermal impedance matching, with heat
flow directed in-plane along the module’s height. The printed module achieves a low
resistance of 56 Q and demonstrates substantial power output, indicating its potential
for effectively powering IoT sensors [65]. Because of their superior transport charac-
teristics and high-power factors, 2D materials—such as graphene and similar materi-
als—are among the most promising large-area flexible materials for thermoelectric
applications. The experimental reports on thermoelectric devices of graphene, black
phosphorus, transition metal dichalcogenides, and other 2D materials are used in this
review to survey both single-crystalline and polycrystalline 2D materials. Particular
attention is paid to their carrier density-dependent thermoelectric characteristics and
power factors that are optimized by Fermi level tuning methods. When the relevant
performances of 2D materials and widely utilized thermoelectric materials are com-
pared, it becomes clear that 2D materials have much higher power factors [66].

4. Methods for enhancing thermoelectric performance

In the pursuit of more efficient thermoelectric materials, various strategies have
been employed to enhance the figure of merit (zT), a critical parameter for assessing
thermoelectric performance. This section explores key methodologies, including
alloying, nanostructuring, doping, and the increasingly influential role of computa-
tional methods in material design.

4.1 Alloying

This is the classical strategy where alloying several different elements in a material
can be deliberately combined to improve thermoelectric performance [67]. A proper
choice of alloying elements could modify the electronic structure and phonon scattering
mechanisms in a material [68]. That is to say, the optimization for increasing electrical
conductivity and decreasing lattice thermal conductivity will contribute to elevating zT.
Much success in alloying has already been achieved with traditional inorganic materials;
for example, bismuth telluride alloys [69] have been prepared in tailored compositions
and show considerable enhancement of thermoelectric efficiency. Bismuth telluride has
long dominated TE technology, the scarcity of tellurium has shifted focus to abundant
alternatives like Mg;(Sb,Bi),-based materials, which exhibit a high thermoelectric figure
of merit (zT > 1) over a broad temperature range (300-773 K) [70].

4.2 Nanostructuring

Manipulating materials at the nanoscale, or “nanostructuring,” has been pro-
posed as a novel technique to improve thermoelectric qualities. Based on quantum
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confinement, material design at the nanoscale modifies electrical and thermal
transport properties through the use of nanowires, nanoparticles, and even hierarchi-
cal nanostructures. However, increased phonon scattering at the interfaces has been
found to significantly inhibit thermal conductivity, and in some situations, quantum
confinement effects in such nanostructured materials may even enhance electrical
conductivity. zT values are enhanced when these two elements are combined. The
inherent trade-offs between electrical and thermal conductivity have been particu-
larly promisingly overcome by nanostructuring, which hasled to unprecedented
levels of thermoelectric efficiency.

Our group has achieved a significant advancement in the power factor augmenta-
tion of a conductive polymer by employing a sustainable technology aimed at improv-
ing the efficiency of a flexible thermoelectric module built on films based on carbon
nanotubes infused with PEDOT. With an emphasis on conductivity and doping
control through the incorporation of CNTs, a strategic combination of the Layer-
by-Layer method for forming the layer of CNTs and electrochemical polymerization
for the conducting polymer was utilized in the synthesis of effective thermoelectric
nanocomposites. After measuring the Seebeck coefficient and assessing the samples’
electrical conductivity, the samples were fully characterized. The power factor could
be further estimated from these data. The synergistic combination of PEDOT and
SWCNTSs produced a competitive power factor of 131.1 t\Wm ' K™, which is compa-
rable to the performance of conventional inorganic thermoelectric materials. This
method has the potential to be a very successful way to recycle heat waste because it
is simple, affordable, and environmentally benign. Bright futures lie ahead for the
advancement of flexible and effective thermoelectric module technology, thanks to
green methods [5].

Antonios and coworkers have carefully investigated the effect of increasing the
degree of modulation on the thermoelectric efficiency of width-modulated nanow-
ires. More specifically, this work systemically elongates the modulation by adding
modulation units and explains the effects of multiple modulation units on transport,
keeping an eye on the optimization of the modulation profile toward maximum TE
efficiency. The investigations took into consideration two-quantum dot and multiple-
QD modulation scenarios, couplings between modulation units, and periodic and
aperiodic sequences interacting with each other. Among the main observations
made was that the electron transport property and thermoelectric power factor are
augmented with an increase in modulation units and the maximum increase being for
periodic modulation. The study went ahead to establish that phonon thermal conduc-
tance decreases with rising modulation, attaining the SL value for periodic modula-
tion. Most importantly, the researchers uncovered the fact that a drastic increment
in zT accompanies modulation, specifically for aperiodic modulation profiles where
quasi-localized states for electrons are created. It will open new routes to optimize
width modulation in order to achieve maximum TE efficiency, mostly in scenarios
dominated by quantum effects in transport [71].

4.3 Doping

Doping is the deliberate introduction of foreign components into a material
with the goal of altering its electrical structure. It is a very commonly used strategy.
Researchers can manipulate the charge carrier concentration and mobility, which
impacts the material’s thermoelectric properties, by carefully selecting dopants [72].
Doping is a flexible approach that may be used with a wide range of thermoelectric

12



Advanced Thermoelectric Materials: A Snapshot of Theory, Development, and Applications
DOI: http://dx.doi.org/10.5772/intechopen.1009518

materials, both inorganic and organic. Optimizing electrical conductivity and the
Seebeck coefficient by precise control of the doping process results in improved ther-
moelectric performance [73]. Zhibin and coworkers try to enhance the thermoelectric
performance of BiCuSeO for its practical application in thermoelectric power genera-
tion and thermoelectric catalysis. According to the authors, the practical application
of BiCuSeO is hindered by the fact that it shows lower thermoelectric efficiency. Bulk
materials of BiCuSeO were prepared using the solid-phase reaction method combined
with the ball milling method and spark plasma sintering. In this respect, the authors
attempted to optimize thermoelectric performance through the synergistic enhance-
ment of both carrier concentration and mobility. Enhancement was achieved by

Al doping into a BiCuSeO matrix. Here, adjustments in carrier mobility were to be
attained by an energy band adjustment. The results indicated that Al doping enlarged
the bandgap and increased the carrier mobility of BiCuSeO; hence, it is a useful way
to improve the thermoelectric properties at middle and high temperatures. Besides,
Pb was used as a doping element to adjust the carrier concentration of BiCuSeO. Such
Al and Pb dual-doping exhibited a great effect on improving carrier concentration
without losing high carrier mobility. This method could improve electrical conduc-
tivity without sacrificing a large Seebeck coefficient. The power factor for the Al/
Pb-doped BiCuSeO reached ~7.67 pWem ™ K™ at 873 K. The thermal conductivity for
all doped samples was found to be low in the measured temperature range. Finally,
the zT of Al/Pb-doped BiCuSeO was ~1.14 at 873 K, which is far greater compared

to the pure phase. This successful dual-doping strategy eventually improved the
thermoelectric properties of the BiCuSeO matrix [74]. Mg;Bi,-based thermoelectric
materials have also been recognized as highly promising materials for thermoelectric
applications. The sample preparation of Mg;Bi, was carried out by a high-temperature
synthesis. This study has focused on the influence of Mg/Sb content on the electri-

cal transport properties and properties related to semiconductor-semimetal. The
efficiency in terms of introducing electrons from excess Mg by high-temperature
synthesis is relatively lower in comparison with that achieved by ball milling. This is
mainly attributed to the high vapor pressure of Mg during synthesis. Herein, we pres-
ent the substitution of Sb/Te at the Bi site, and its effect in bringing about a transition
from p-type to n-type conduction. The increased content of the stronger Mg content
weakens the material’s behavior on the semiconducting side and strengthens the
material’s semi-metallic tendency with a corresponding enhancement of the material’s
conductivity. To this particular goal, the present results are of vital value regarding
the optimization of the performance in the thermoelectric material series containing
Mg;Bi, and help to shed light on factors like synthesis methods and elemental doping
used for the tailoring of their electrical properties [75].

4.4 Computational methods

Advances in computational methods have revolutionized the field of thermo-
electric materials by enabling researchers to predict and design new materials with
targeted properties. Quantum mechanical calculations, density functional theory
(DFT), and high-throughput screening methodologies facilitate the exploration of
vast material databases, accelerating the discovery of novel thermoelectric candi-
dates. Computational tools It is now possible to predict and design new thermoelec-
tric materials, thanks to advances in computational methods. Such efforts include
quantum mechanical calculations, density functional theory, and high-throughput
screening methodologies that allow for huge material databases to be mined quickly
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and easily for a variety of thermoelectric candidates. The computationally determined
electronic structure and bandgap engineering are helpful in developing phonon
properties of materials that will turn out to be guiding experiments toward the
synthesis of the best possible materials. What has happened, in view of this synergy
of experimental and computational approaches, is a radical contraction of the cycle of
development for materials and an expanded range of their application in the domain
of thermoelectricity. Furthermore, these CFD tools prove exceedingly useful for
researchers, designers, engineers, and analysts since they provide a view that assists in
early decision-making, thereby saving much valuable engineering design process time
[76]. On the other hand, Rodrigo et al’s study explores the potential of novel silicide-
tetrahedrite modules for energy generation. In the research, performance studies
were carefully made on thermoelectric generators using computer simulations via the
finite element method and the implicit finite difference method. For the verification
of their computational models, the team uses validation against data measured on a
specifically designed system working with commercial TE devices. It is found that
high predictive capability is obtained with the developed models, with deviations of
<10%. The implicit finite difference method (IFDM) analyzes the power performance
developed by the silicide-tetrahedrite TEGs under different temperature differen-
tials AT, while the finite element method (FEM) [77] gives a detailed investigation
of temperature distributions within the test system. This work thus shows the role
computational modeling can play in understanding the behavior of new thermoelec-
tric materials and proves the reliability of developed models in predicting the perfor-
mance of TEGs [78]. Except for this, the search for identifying new high-performance
TE materials that are economical and environmentally friendly remains a pressing
task for the Thermoelectric society. However, the advancement in this task has been
considerably exacerbated by the conventional trial-and-error approach being tedious
and expensive. In fact, the field of TE materials research is now in the midst of a
transformative change due to remarkable progress in the hardware of computers,
efficient methods of computation, advanced artificial intelligence algorithms, and
exponential growth in material data. Upon this paradigm shift, innovative strate-
gies are built to transcend these limitations. A number of electrical and thermal
performance descriptors for new materials have been advocated, accompanied by the
creation of efficient high-throughput (HTP) calculation methods. The high-through-
put methods, hence, allow the rapid screening of potential TE materials from large
material databases. Moreover, a few HTP experiments using doped systems have been
devised to gain a larger density of information in a single experiment, thus reduc-
ing the time and cost involved. In addition, the inclusion of machine learning (ML)
methods in thermoelectrics has added to newer dimensions. The previous sections in
this review present a description of the HTP strategies used in discovery processes in
general, performance descriptors applications, HTP calculations, HTP experiments,
and ML. Moreover, it highlights the challenges of using this area and explores the
possible directions of future research [79].

On the other hand, Tiryaki and coworkers have examined novel techniques
for characterizing high-performance thermoelectric materials, specifically p-type
Sb,Bi,Ba,B.Yb,,Te; and n-type Bi,Ba,B,Yb,Te;-based thermoelectric alloys. Two dif-
ferent cases of n-type Bi, yTe; and p-type Sby sBiy 5 «Te; will be presented, where in all
cases, x varies from 0 to 0.5 for Ba, B, and Yb, respectively, when tools for measuring
electrical and thermal conductivity are not available. First, the experimental data at
different temperatures for different compositions of these alloys were obtained. Then,
training was performed using 26 machine-learning algorithms. More importantly,
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some compounds’ transport properties, like the p-type Sb; sBij ;B 3Te; and n-type

Bi; 9Bag 1Tes, have been predicted only using the best ML algorithm. The predictive
analysis is divided into two cases: case 1, in which only the Seebeck coefficient and
electrical resistivity are forecasted, and case 2, for which heat capacity values Cp

and thermal diffusivity were predicted. Both cases are under identical experimental
conditions, classified just due to the availability of particular measuring equipment
for thermoelectricity. Case 1 refers to situations in which the Seebeck coefficient and
electrical resistivity-measuring device is not available and need an ML-driven predic-
tion. Similarly, case 2 corresponds to the situation wherein the device measuring
heat capacity and thermal diffusivity is not available and is in need of an ML-driven
prediction. More importantly, as shown in this work, the challenge of the variation in
the scales of the data during the training and test phases is addressed by normaliza-
tion techniques [80].

Put another way, a rapidly expanding influence from computational approaches
unites traditional methods of alloying and nanostructuring with doping, offering a
potent toolkit for improving thermoelectric performance. When combined, these
approaches are pushing thermoelectric materials toward increased efficiency and
broader applications. Recently, researchers have demonstrated that integrating
theoretical approaches with numerical computations for the Matrix Transfer Method
can lead to the development of metamaterial structures. Ultimately, they successfully
combined this structure with a thermoelectric conductive polymer to create a hybrid
energy harvesting device [77].

5. Applications

In this section, we try to show recent applications of thermoelectric materials.
Here, we show in an ionic system, lignin-like sustainable material can be used to
make a conductive membrane that can generate valuable Seebeck voltage. Also, it is
interesting to discuss hybrid energy thermoelectric devices that combine metamate-
rial structure and organic conductive polymer. Furthermore, we demonstrate how
thermoelectric technology can be scientifically combined with electrical generator
technology in space to mitigate global warming. Finally, we explore the applications
of thermoelectric materials in the automotive and sensor industries.

5.1 Lignin-derived ionic conducting membranes

In recent research, the ionic thermoelectric properties of lignin-derived mem-
branes were investigated in the low-temperature heating zone. Membranes infused
with aqueous KOH electrolyte were evaluated for ionic conductivity and Seebeck
coefficients. The selective ion transport mechanism, thermal ion diffusion, and
intermolecular bonding were illustrated, with phenolic groups on lignin surfaces
converting into anionic alkoxides upon KOH immersion. This transformation induced
negatively charged channels that attracted K*, forming an electric double layer (EDL)
and facilitating selective ion diffusion. The membranes demonstrated an ionic Seebeck
coefficient of up to 5.7 + 0.4 mV K, attributed to increased lignin content enhancing
nanochannel dominance and thermoelectric diffusion efficiency [8].

According to Figure 2, thermal conductivity was measured in both dry
and wet membranes. Dry membranes exhibited low thermal conductiv-
ity (0.10-0.14 W m 1K), while KOH infiltration increased conductivity to
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Figure 2.

(a) Schematic representation of selective ion diffusion within the channels of lignin-derived ionic conducting
membranes, and ionic thermoelectric performance of synthesized membranes in terms of (b) thermal
conductivity, and (c) estimated ionic Seebeck value in lignin-derived membranes (parallel) at channel vadii and
EDL potential. Reproduced with permission [8] (Copyright 2023, Wiley-VCH).

0.17-0.20 W m K" due to water uptake. Numerical modeling further confirmed
that narrower channel radii and higher EDL potentials optimized the ionic Seebeck
effect. Enhanced lignin content increased functional group ionization, leading to
higher EDL potentials and thermopower. However, the experimental thermopower
(571 mV K™) fell slightly below the modeled maximum (6.36 mV K™!) due to channel
size variation and tortuosity in real samples. These findings validate the potential of
lignin membranes for efficient thermoelectric applications [8].

5.2 Integration of organic thermoelectric materials with metamaterial structures

Figure 3 shows that enhancing light absorption is crucial for advancing solar
thermoelectric generators. Conventional light absorbers often rely on a back mir-
ror, typically a thick metal film, to minimize reflectivity by facilitating interference
between incident and reflected light. However, such continuous metal films pose
a challenge for thermoelectric applications as they can short-circuit the Seebeck
voltage. Recently, researchers introduced a back mirror-free selective light absorber
tailored for thermoelectric devices. The design optimizes the combination of materi-
als with high and low refractive indices coated with a semi-transparent electrode.
Unlike a back mirror, the semi-transparent electrode can be patterned to preserve

16



Advanced Thermoelectric Materials: A Snapshot of Theory, Development, and Applications
DOI: http://dx.doi.org/10.5772/intechopen.1009518

Selective Absorber Thermoelectric Cell
Nickel Nickel
Silica Conductive polymer
1.0 B silicon N silicon
@ 0.9
Bos
c
© 0.8 4
-1
[ =
G 07- _v_y
a
o 0.6 v

1 1 T 1 T 1 T
400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 3.
An illustration of the integration of thermoelectric materials with metamaterial structures [77]. (Copyright 2024,
Advanced Optical Materials).

the Seebeck voltage. This approach also allows the low-refractive-index material to

be substituted with a transparent thermoelectric material, enabling efficient heat-
to-energy conversion without compromising absorption performance [77]. The
researchers show a back mirror-free selective absorber for thermoelectric applications
has been numerically simulated and experimentally realized. Designed with layers of
nickel, silica, and silicon on a transparent substrate, the structure has demonstrated
scalable fabrication potential. By eliminating the back mirror, improved thermo-
electric performance has been achieved, along with greater tolerance to fabrication
parameter variations, such as layer thickness or refractive index. The silica layer has
been replaced in some cases with a transparent thermoelectric polymer (conductive
PEDOT: PSS) for light-to-electricity applications. Devices fabricated in this way have
shown over 60% absorption and a Seebeck coefficient exceeding 22 WVK 2, paving the
way for innovative combined thermoelectric-photovoltaic.

5.3 Space exploration

For decades, thermoelectric materials have played an important role in space
exploration. Inherent in these materials is the ability to power long-duration mis-
sions and deep-space probes with radioisotope thermoelectric generators at the core
of space exploration. RTGs convert heat emanating from radioactive isotopes into
electric power. The technology has been used since the Voyager, Cassini, and Mars
rovers [82]. Xinyu Miao et al. present a coupling system integrating alkali metal
thermoelectric converter (AMTEC), TEG, and microwave power transmission (MPT)
subsystems to enhance thermoelectric efficiency in rovers and lunar bases by recy-
cling AMTEC’s waste heat (Figure 4). Thermodynamic analyses reveal that AMTEC
primarily determines system performance, with output power and efficiency varying
by key parameters (], i, and heat exchange area). The combined system achieves
maximum efficiency at 37% under optimal conditions, suggesting potential for
efficient, low-cost, high-power spacecraft applications in space exploration [81].
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Figure 4.
Nuclear space power stations (NSPS) with unit alkali metal thermoelectric converter (AMTEC) with TEG
combined unit. Reproduced with permission [81] (Copyright 2024, Journal of Annals of Nuclear Energy).

5.4 Automotive and sensor industry

In the automotive sector, high-efficiency thermoelectric materials apply to more
than just waste heat recovery. First, they can be used in advanced cooling systems to
improve the efficiency of temperature control in e-vehicles and traditional combus-
tion engine vehicles. Second, the thermoelectric modules in hybrid vehicles capture
and turn into electricity part of the energy wasted as heat through the exhaust system,
thereby contributing to total energy efficiency. Kim et al. developed a fiber-shaped
thermoelectric temperature sensor tailored for advanced wearable applications. This
sensor utilizes a continuous graphene fiber with two halves in distinct reduction
states, achieved by treating each half with hydroiodic acid (HI) at different concen-
trations. The differing reduction levels create a seamless junction with varied Seebeck
coefficients, enabling thermoelectric functionality. This flexible graphene thermo-
couple demonstrates high sensitivity (12.5 pV/K), linearity, and fast response time
(0.24 s), making it suitable for integration into wearable textiles, like gloves, without
needing external power [83].

6. Challenges and future directions

Several challenges still remain, and future directions beckon toward more effi-
cient, cost-effective, and far-reaching applications as high-performance thermoelec-
tric materials continue in the process of evolution. Addressing these challenges is very
critical to unlocking the full potential of thermoelectric technology.

6.1 Challenges and future
6.1.1 Challenges

In this section, it was highlighted the challenging points for researchers that need
to be addressed to advance the development of thermoelectric materials and their
applications. In order to advance the thermoelectric industry, factors such as cost and

scalability, efficiency, operating temperature range, and environmental protection are
crucial to address.
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6.1.1.1 Cost and scalability

One of the primary challenges lies in the cost of manufacturing and scalability of
high-performance thermoelectric materials [73]. Many of the materials with superior
thermoelectric properties, such as certain rare or toxic elements, can be expensive and
hinder large-scale deployment. Finding cost-effective alternatives without compro-
mising performance is a critical challenge.

6.1.1.2 Efficiency trade-offs

Traditional thermoelectric materials often face a trade-off between electrical
conductivity and thermal conductivity. Enhancing one property tends to nega-
tively impact the other, limiting the overall efficiency of the material. Striking the
right balance and overcoming this trade-off is an ongoing challenge in material
design [84].

6.1.1.3 Temperature range

Many thermoelectric materials exhibit optimal performance only within specific
temperature ranges. This limitation hinders their applicability in environments with
fluctuating or extreme temperatures. Developing materials that maintain high perfor-
mance across a broader temperature spectrum is a challenge for achieving versatility
in applications [85].

6.1.1.4 Environmental impact

A few high-efficiency thermoelectric materials may include elements that are
environmentally sensitive or might have a possible negative impact on the environ-
ment during mining and manufacturing. The sustainability of thermoelectric materi-
als to the environment remains the latest concern [86].

6.1.2 Future
6.1.2.1 Future divections

Materials Discovery and Design: Improvements in the area of computational
methods, using machine learning and artificial intelligence, open up exciting
avenues for the accelerated discovery and design of new thermoelectric materials.
High-throughput simulations and predictive modeling guide researchers toward the
identification of materials with optimal properties and reduce the time and resources
required for experimental exploration [87].

6.1.2.2 Multidisciplinary approaches

In this respect, if the challenges that now exist are to be surmounted, it will be
incumbent upon at least some diversified fields of disciplines, such as materials sci-
ence, physics, chemistry, and engineering. It is expected that multidisciplinary study
may awaken creativity and facilitate an understanding of the complex interactions
among multiple factors that influence thermoelectric performance [77].
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6.1.2.3 Flexible and stretchable thermoelectvic materials

With the rising demand for wearable devices and flexible electronics, the devel-
opment of thermoelectric materials that are not only efficient but also flexible and
stretchable is a promising avenue. Such materials could open up new possibilities for
energy harvesting in unconventional settings [88].

6.1.2.4 Nanostructured and 2D materials

By adjusting electrical and thermal transport characteristics at the nanoscale,
more studies in nanostructured materials such as nanowires and 2D materials such as
graphene, could help overcome efficiency trade-offs. These materials present special
chances to customize thermoelectric performance [89].

6.1.2.5 Hybrid and composite materials

Investigating hybrid and composite materials, which combine the best features
of several material classes, may have a positive feedback loop and enhance overall per-
formance. This strategy might lessen the difficulties brought on by personal material
constraints [90].

6.1.2.6 Real-world integration

One of the most important future directions is to close the gap between labora-
tory-scale demonstrations and real-world implementations. Incorporating thermo-
electric materials into useful devices, systems, and infrastructure necessitates taking
technical and financial concerns into account in addition to material obstacles [91].

In conclusion, although the creation and use of high-performance thermoelectric
materials have not yet been successful and are really difficult to execute, continu-
ous efforts have opened up new ways for research and development. Potential
applications of thermoelectric technology can create tremendous changes in energy
harvesting, waste heat recovery, and the use of widely available, environmentally
friendly materials. Thermoelectric materials present an exciting pathway for sustain-
able energy solutions, offering opportunities for energy harvesting and waste heat
recovery. However, challenges such as cost, efficiency trade-offs, environmental
impact, and scalability remain significant barriers. Addressing these hurdles requires
advancements in computational design, multidisciplinary collaborations, and the
exploration of nanostructured, hybrid, and flexible materials. Looking ahead, the
integration of thermoelectric technology into real-world applications holds transfor-
mative potential, driving innovations in energy systems and contributing to a greener,
more sustainable future.
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Nomenclature

oy Seebeck coefficient for electrons VK1

E electric field Vm™

VT temperature gradient Km™

S Seebeck coefficient VK™

kg Boltzmann constant 1.38 x 102K
e elementary charge 1.602x 107 C
o(E) energy-dependent electrical conductivity Sm™

c total electrical conductivity Sm™!

T absolute temperature K

Er fermi level energy eV

E, valence band edge energy eV

zT thermoelectric figure of merit Dimensionless
K thermal conductivity Wm K™

KL lattice thermal conductivity Wm K™’

K. electronic thermal conductivity Wm K™

PF power factor Wm K2

L Lorenz factor 244 x 10 WQK ™
n charge carrier density m”

He charge carrier mobility m’V s

qn rate of heat flow from hot to cold section W

Py electrical power output W

n thermoelectric conversion efficiency Dimensionless
nc Carnot efficiency Dimensionless
Ty hot-side temperature K

Tc cold side temperature K

Nomenclature: Key terms and symbols in advanced thermoelectric materials.
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Chapter 2

Thermoelectric Complete Response

Ronald Edgar Pirela La Cruz and
Sergio Rafael Veldsquez Guzmdn

Abstract

A new theory is introduced to describe the response of thermoelectric modules and
materials in the presence and absence of both electrical and thermal power sources,
assuming that the thermoelectric modules and materials are capacitors capable of
storing electrical and thermal energy at the same time. The theory here described is
designed by resolving the thermal components, and satisfies Newton’s cooling law,
Luttinger’s thermal transport coefficients theory, and first and second-order electric
circuit behavior. An especially useful feature is that a new equation for the thermo-
electric figure of merit is given in terms of the ratio of two temperatures
ZT = AT'/AT. The successive analysis and mathematical operations yield equations
for the thermal conductivity «, electrical resistivity p, Seebeck coefficient a, and figure
of merit ZT; as well as, it includes the obtention of the thermal conductance K,,,
electrical resistance R,,, thermal resistances related to thermal contacts R¢,,, and R,,,,
thermoelectric resistance Ryg, thermal capacitances related to thermal contacts Cc,
thermoelectric capacitances Cy, and Crg, and among other less relevant specific vari-
ables. Additionally, through this theory, it is possible to determine the characteristic
time constants t7g, 74, 7,, 71, and relaxation time, as well as the characteristic angular
frequencies wrg, Wy, ®,, and w;. Mathematical development and experiments consid-
ered non-ideal contacts and non-adiabatic conditions at room temperature, that is,

T = 300K.

Keywords: figure of merit, thermoelectric characterization, thermoelectric angular
frequency, thermoelectric time constant, thermoelectric forced response,
thermoelectric natural response, thermoelectric complete response

1. Introduction

Thermoelectric modules and thermoelectric materials (TEM) are solid-state ther-
modynamic engines that convert heat into electricity, a process known as Seebeck
effect, or use electricity to pump heat from a cold side to a hot side, a process known
as Peltier effect and Thomson effect. The term thermoelectric devices is used to refer
without distinction to thermoelectric modules and thermoelectric materials (TEM),
which usually consist of p and n type semiconductor material arrangements,
connected thermally in parallel and electrically in series [1-4].

The thermoelectric performance of TEM is reduced to the determination of a
single dimensionless quantity called figure of merit (ZT), and a way of expressing it is
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presented in (1), where T is the average working temperature of the system, R, is the
electrical resistance, K is the thermal conductance to the vanishing electric current,
and « is the global Seebeck coefficient characterizing the thermoelectric coupling
between the electric current and the heat flux through the TEM terminals [5]:

2T
" R.K,

ZT (1)

In the late 1950s, a method was presented by Harman for testing the resistance in
alternating current and determining the figure of merit of a thermoelectric material
sample [6]. Also, the same methodology was used by Harman et al. to measure
thermal conductivity by applying the Peltier effect [7]. In the early 1990s, a test
methodology was developed by Buist, and this method is referred to as the transient
test method, which is based on a similar concept but some fundamental differences
compared with Harman’s methods which gave rise to improvement in accuracy and
reproducibility [8]. The fundamental similarity is that the techniques cited before are
designed to solve the voltage components of a TEM and the fundamental difference is
that Harman’s method does this by measuring the resistive component, and transient
test’s method measures the Seebeck component. In 2022, a novel methodology was
presented by Pirela and Veldsquez, which was designed by determination of the
thermal components, and it is intended to provide the ultimate solution for measuring
the thermal conductance, thermal conductivity, and the figure of merit of TEM [9].

This chapter delves deeper into the study of TEM in the time domain and shows
that both forced response and natural response correspond to fast perturbation and
slow perturbation, respectively; as well as, related to small-signal models for fre-
quency analysis and to existing DC models [10]. The theory proposed here follows a
nomothetic order and it is consistent with the classical methods for studying first and
second-order electrical circuits, providing theoretical foundations for the develop-
ment of new characterization methods and enhancement of TEM [11, 12].

The chapter is structured as follows: in Section 2, the complete response of ther-
moelectric modules and materials is presented; then in Section 3, modeling and equa-
tions derivation; in Section 4, the simulations and experimental results, and then in
Section 5 continues with thermoelectric characterization. Finally, the conclusions and
bibliographical references.

2. Complete response of TEM

The unification of thermoelectric forced response (slow and fast perturbation) and
thermoelectric natural response (absence of perturbation) theories allows to describe
the complete response of thermoelectric modules and material, as well as consent to
the study, characterization, and improvement of TEM [12-14].

2.1 Forced response of TEM

The thermoelectric circuit in Figure 1 can be considered for both cases when a DC
voltage source (V) is suddenly applied to the electrical terminals of TEM or correla-
tively when a temperature difference (AT) is suddenly applied across the thermal
contacts of TEM. The electric current, thermal current, voltage, or temperature
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Veu(t)

Figure 1.
Thermoelectric civcuit Ryo;ChorRoCihReoldCeola in cascade with external power source.

Rﬂ't

R TE

Figure 2.
Equivalent thermoelectric civcuit RrpCrg.

sources can be modeled as a step function, and the response is known as a step
response. The forced response of TEM represents its behavior when the excitation is a
step function [13]. The thermoelectric circuit in Figure 1 can be replaced by the
equivalent thermoelectric circuit RrgCrg in Figure 2; where V,u(z) is a step DC
voltage source, Rt = 1/Kyg is the equivalent thermoelectric resistance, Crg is the
equivalent thermoelectric capacitance, « is the Seebeck coefficient, T =

(Thot + Teo1a)/2 is the average temperature and the electric current through of TEM is
I=[Vau(t) — V,]/Ry,and V, = aAT = a (Typ — Tem). Therefore, Crg and R can be
written as Eqgs. (2) and (3), respectively [13]:

Crz = Curl|Cc = Cur + (Chotl Coota) 2)
Rre = Ro||[Rc = Rol|(Rhot + Reola) (3)

The temperature difference AT across the capacitor Cry is selected as the response
of the thermoelectric circuit to be determined. An initial temperature difference
AT’ = 0 is assumed across Crg; that is, inside of the TEM, and a temperature differ-
ence AT = 0 across the thermal contact. Since the voltage of an electric capacitor
cannot change instantaneously, then analogously, it is assumed that the temperature
difference of a TEM cannot change abruptly. Therefore, these assumptions can be
represented by Eqgs. (4) and (5); where AT'(07) is the temperature difference across
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Crg, just before switching and AT'(07) is the temperature difference immediately
after switching. For ¢ > 0, the switch “sw” of the thermoelectric circuit in Figure 1 is
closed [13].

AT(07) = AT(0%) = AT (4)
AT'(07) = AT'(0") = AT, 5)

The Norton equivalent of the network connected to Crg in Figure 2 is obtained by
applying Kirchhoff’s Current Law (KCL), represented by Eq. (6) [11]. And dividing
Eq. (6) by Crg, it yields a first-order differential equation, Eq. (7), analogous to first-
order electrical circuits. Solving Eq. (7), it shows that the temperature difference
across the equivalent thermoelectric capacitor is defined as AT¢,,(¢), as shown in
Eq. (8) [9, 13]:

d[ATCTE (t)] + ATCTE (t) T

—=aTl 6
Crg It Rrg a (6)
d[ATCTE (t)] ATc,, (t) _ CU_TI 7)
dt RTECTE CTE
ATc,,(t) = aTIR7g + [ATc,, (0) — aTIRyg)e "/ RreCre) (8)

Fort > 0, the time constant is 7rg = RrpCrg and is determined considering that the
amplitude increases by a factor “e” (63.2% of the amplitude it has) [9, 13]. Therefore,
from the step response, it is possible to obtain the characteristic thermoelectric time
constant of thermoelectric modules, and it corresponds to the inverse of the charac-
teristic angular frequency of thermoelectric modules, that is, 775 = 1/w7g, which can
be written as Eq. (10) [5]:

RoR Cy + C
715 = RreCre = (Cy + Cg) <R0 :_ }(;C) - Ktz + KZ ®
1
Cu +C 1
g = = a0

“Ko+Ke o

From Figure 2, it is appreciated that AT¢,, = AT’ = AT — AT¢.. Then AT¢,,
represents the temperature difference behavior of TEM. However, when the power
source is connected to the thermoelectric device abruptly, which corresponds to a
quasi-instantaneous state change, that is, ¢ — 0, the impedance associated with the
thermal contacts disappears. In fact, in this case, thermal contacts have no influence.
This corresponds to the small-signal analysis when the frequency increases enough; at
high frequency, the thermal capacitances create a bypass for the heat current and
impose that AT¢,, = AT’ = AT. For the AC and DC regimes, the resistance Rrg comes
from the modification of the electromotive force AT’ with the electric current. Thus, it
yields Eq. (11) [5, 13]:

AT(t) = aTIRrg + [AT'(0) — aTIRyg]e ¥/ (11)

Analogously to the analysis of an RC type electrical circuit, Eq. (11) is a way of
expressing the thermoelectric complete response to the sudden application of a DC
voltage source at its electrical terminals, assuming that the TEM represents a
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thermoelectric capacitor initially discharged, then it must be noted that AT'(0) = 0 in
Eq. (11), so that the forced response can be obtained through the temperature differ-
ence generated by a TEM, from the Peltier effect, and is given by the following
mathematical expressions Eqgs. (12) and (13) [9, 11, 13]:

AT () = oTIR7g (1 — e*t/mf) (12)
AT(t) = aTRg [w} (1 — 87%TE) (13)

From Egs. (12) and (13), it follows that 77z = R7gCrg is acquired considering that
the amplitude of AT, T4, The or V, increases by a factor “e” (63.2% of the maximum
amplitude that it has); where V, = aAT (Seebeck voltage). And the time required for
AT, Ty, or V, to reach its final value is 5¢7z.

If the measurement is performed on the cold side thermal contact, the time con-
stant related to the thermal contacts 7¢ is obtained and is the time required for T, to
decrease by a factor of 1/e (36.8% of the initial value). Consequently, when the
thermal contacts are absent, that is, the case where only thermoelectric material is

present. Eq. (13) is reduced to Eq. (14) [13]:

[Vou(t) — Va(t)] (1 — e*t/frh) (14)

m

Analogously to the analysis of electric circuits, the temperature difference AT (¢)
across the thermal contacts of the TEM has two components and there are two
classical ways to decompose them into two parts. The first way is to divide it into “a
forced response (independent source) and a natural response (stored energy)”, and
the second way is to divide it into “a steady-state response (permanent or stable part,
which is the behavior of the thermoelectric circuit long after an external excitation is
applied) and a transient response (temporary part, which will die out over time)” [9].

2.2 Natural response of TEM

To study the natural or transient response of TEM, it is necessary to refer to the
model that represents a thermoelectric generator in Figure 3, which includes non-
ideal thermal contacts [5, 9, 15]. For this model, two main scenarios can be considered;
in the first scenario, it is assumed that for ¢ < 0, the TEM has been connected through
the thermal contacts to two thermal reservoirs at constant temperatures, one at hot
temperature T), = T}, and another at cold temperature T, = T4, where T, < T}, and
in the second scenario, it is assumed that for ¢ < 0 a thermoelectric module has been
connected to a direct current voltage source. The thermal contacts are characterized
by finite thermal conductance, defined as Kj,,; = 1/Ry,; (hot side thermal contact) and
K,o1a = 1/R.14 (cold side thermal contact), and Ko = 1/R, (thermal conductance of
the cold side thermal contact). Also, as a complement, the capacitances are defined as
Cy, (capacitance of the thermoelectric material), and Cj,; and C,; (capacitances of
both hot and cold side thermal contacts, respectively) [14].

Consider the thermoelectric circuit shown in Figure 3 as a cascade thermoelectric
circuit, analogous to a cascade RCRCRC electric circuit, which belongs to a thermo-
electric generator; where it is assumed that, Ry = 1/K is the thermal resistance of the
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Figure 3.
Thermoelectric civcuit Rpo:ChotRoCunReotdCoota i1 cascade without external power sources.

thermoelectric material, and the thermal contacts are characterized by finite thermal
resistance defined as Ry, = 1/Kj,,; and Ry = 1/K 4. The thermoelectric circuit is
excited by the energy initially stored in Cy,, Cpy, and C,,yq. Such energy is represented
by the sum of the initial temperature of the hot side thermal capacitor AT, , initial
temperature of the cold side thermal capacitor AT, and the temperature of the
thermoelectric capacitor AT,,,. Att = 0, the switch sw is open (sw interconnects the
direct current voltage source V,u(t) with the thermoelectric circuit). Therefore,

_ 1 _ AT _ 1 (9 _
Tcth(o) - C_th.J;ooIQCthdt - ATCth - AT > Tchot(o) - mj’fooIQChotdt - ATChot’ and
Tc,.(0) = - ﬁmIQcdet = AT¢,,; where the temperature difference provided by

the thermal contacts is given by AT¢ = T¢,, — T'c,,,,» temperature difference provided
by the thermoelectric material is AT, = AT" = Tjm — Tem, and the thermal currents
through thermal contacts capacitors and thermoelectric capacitor are I, , Iq. ,and
Iq , respectively [14].

According to Fourier’s law, thermal currents through the thermoelectric resistor
and thermal contact resistors are Iqp (£) = ATk, (t)/Ro; Iag, (t) = AT, (t)/Ruor and
Iqg () = ATR,,(t)/Rea, respectively. From equivalent cascade thermoelectric cir-
cuit RoCy,RcCc shown in Figure 4, the thermal current I through the device is
obtained, where R¢ = 1/K¢ and K¢ = K}t K 010/ (Kot + Keota) = Rior + Reota. There-
fore, Iq can be represented as I (t) = I, = ATc(t)/Rc. The thermal currents
through each of the capacitors are given by I, (t) = Cpod [Tq,, (t)]/dt,

Igc,,(t) = Ceoad [Tc,,(t)]/dt, I ac, () = Cud [AT, (t)] /dt, and the thermal current
through the equivalent capacitor of the thermal contacts Iq (t) = Ccd[AT ¢, (t)]/dt;
where Cc = CpptCeota / (Chat + Ccold)~

Applying Kirchhoff’s Voltage Law (KVL) along the outer mesh of the thermoelec-
tric circuit RoCy,RcCe, as shown in Figure 4, it allows us to obtain the temperature
difference across of the device; that is, AT = AT’ + AT, and temperature difference
across the equivalent thermal contacts capacitor AT¢, = AT — AT'. Remembering
that, AT is the temperature difference between the two thermal reservoirs, and it is
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Rm
@Em AT’ aTl ——Cin Ry
Figure 4.

Equivalent thermoelectric circuit R,CyRcCe.

defined by AT = T}y — Tio1a = T, — T Therefore, AT seen by the thermoelectric
generator inside the TEM satisfies AT" = Tjp — Tem = AT — Rclg. Since the temper-
ature difference of capacitors cannot change abruptly, as occurs with electrical capac-
itors, then it is assumed that AT(0~) = AT(0") = AT.

Hence, it yields Re 1o (t) + o, (t)} +Ro [IQ(t) +1gg, (t)} — AT. Parat> 0, sw is

open as shown in Figure 3 and all independent sources are off; thus, AT’ + AT¢, = 0 and
ATc, = —ATg, (t) = —AT'. Therefore, R¢ I (t) + Ic.(t)] + Ro[lo(t) + I, ()] = 0.
Applying Kirchhoff’s Current Law (KCL), other expressions can be obtained for I (),
which, when substituted in the expressions for the different temperature differences, it is
possible to determine the general mathematical expression that models the natural
response of the TEM. This mathematical expression is a second-order differential equa-
tion as a function of time, which is represented in Eq. (15) [14]:

d*[AT, (1)) d[ATc, (t)]

RcCcRoCy, T + (RCCC + R()Cth) [ i + ATCZ;, (t) =0 (15)

Solving the second-order differential equation requires two initial conditions,
namely initial value of AT, and its first derivative. With two initial conditions,
Eq. (15) can be solved. Based on the theory of first-order electric circuits, it indicates
that the solution is exponential [11]. Thus, AT, can be written as Eq. (16), where A
and s are constant to be determined. By replacing Eq. (16) in Eq. (15) and performing
the necessary derivations, it gives Eq. (17):

|ATc, | = [-ATc.| = |Ae”| (16)

RcCc 4+ RoCyy, 1
A" {;2 + <7>s + (7” =0 17
RcCcRoCy RcCc + RoCy, 7

Since the solution under search is AT, = Ae*, then only the expression in square
brackets in Eq. (17) can be zero. Therefore, Eq. (18) represents a quadratic equation,
and it is known as the characteristic equation of the differential Eq. (17), since its roots
dictate the character of AT ¢, and AT¢,:
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RcCc + RoC, > ( 1 >
2 cLucC 0%th
sSs+|l————)s+|=—————| =0 (18)
( RcCcRoCy, RcCc + RoCy,

Hence, Eq. (18) represents a quadratic equation, and it is known as the character-
istic equation of the differential equation Eq. (17). The compact and notable ways of
expressing the roots of Eq. (18) ares; = —f + v/ B —wo?and s, = —f — /f* — wo?.
The roots s; and s, are called natural frequencies, measured in Nepers per second
(Np/s), because they are associated with the natural response of the TEM, where

j=vV-1, w4 = /(w0 — p) is called the damping frequency, w, is called the resonant

frequency of TEM, or more strictly, the undamped natural frequency of TEM, and f is
the frequency associated with thermal contacts. The characteristic thermoelectric
angular frequencies emanate from the roots as f = w1 = (RcC¢ + RoCy,)/2RcCcRoCy,
and wo = 1/v/2RcCcRoCy,. So, Eq. (18) can be written in terms of the characteristic
angular frequency w; and w,; that is, s? + 2wys + a)g = 0. When thermal contacts are
equal, the damping ratio { is obtained through Eq. (19) [11, 13]:

1 (6002 + 6012) (19)

2wo w1

The values 51 and s, indicate that there are two possible solutions to AT ¢, each one
is expressed in the form of the assumed solution in Eq. (16); that is,

AT Gooa(t) = A1, AT g (t) = Aze™ (20)

Then, Eq. (15) is a linear equation. So, any linear combination of the two distinct
solutions AT ¢, and AT ¢y, is also a solution of Eq. (21). A complete solution of
Eq. (15) would require a linear combination of AT ¢, and AT ¢y,,. Therefore, the
natural response can be expressed in terms of thermal contacts by Eq. (21); where A;
and A; are determined from the initial values of AT¢,(0) and dAT¢, (0)/dt, or from
the initial values of AT¢,(0) and dAT¢,(0)/dt. This shows that the natural response of
a TEM expressed in terms of temperature is an exponential drop of the initial tem-
perature and obeys Newton’s cooling law [16, 17]. It is also shown that the natural
response of a thermoelectric module expressed in voltage is an exponential drop of the
Seebeck voltage and complies with the theory of first and second-order electric cir-
cuits, considering that V, = aAT:

ATCC (t) = Aleslt + Az€52t (21)

The time constant associated with the thermal contacts is 7¢ = RcC¢ = 7¢,, = 71
=1/p = 1/w1, and it is determined considering that the cold side thermal contact tem-
perature is increased by a factor 1/e (36.8% of the amplitude it has). For the case where
the cold side thermal contact is equal to the hot side thermal contact, 7 is obtained
experimentally from the temperature measurement on the cold side thermal contact.
Thus, the capacitor related to the cold side thermal contact takes 5z¢ to reach its final state
[5,9, 14].

The time constant associated with the capacitance of the thermoelectric material
7y, could be obtained at a slightly longer time than expected. Considering that the
amplitude is reduced by a factor 1/e, it can be obtained at a longer time with respect to
the relationship 7z, = 1/wy,, for which the case of an overdamped thermoelectric
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circuit is considered; when f§ < wq. Therefore, the roots can be ass; = —f +

—(wo2 — p*) = —p+jwgand s = —f — /—(wo? — f*) = —p — jwy; where both w
and wy are natural frequencies because they contribute to determining the natural
response of TEM; while wy is often called the undamped natural frequency, w, is
called the damped natural frequency or displacement frequency. The relaxation time
associated with the capacitance of the thermoelectric material is obtained at 5z,.

Therefore, the natural response with respect to the thermoelectric material is defined
by Eq. (22) [5, 9, 14]:

ATc, (t) = e Pt (Aqcos wyt + Aysenwyt) (22)

With the presence of the sine and cosine functions it is trivial that the natural
response for this case is exponentially damped and oscillatory. Such natural response
has a time constant associated with the thermoelectric capacitance 7, and a period
T =27 /w,, and as the amplitude is reduced by a factor 1/e, there are two time scales:
T measures the time it takes to oscillate and 7y, the time it takes to dampen. The
dimensionless quotient is represented by Eq. (23) [11]:

T g

T o Zﬂﬂth

(23)

The time taken by AT to decay is given by the time constant 7, = RoCy, = 1/8,,.
From Eq. (23) can be obtained an expression for the characteristic angular frequency
related to the thermoelectric material between the thermal contacts, which is known
as wy, [6], and is given by Eq. (24) [5, 9, 14]:

2
oy = 2nfy, = — (24)

Tth

3. Modeling and equations derivation
3.1 Thermoelectric coefficients and parameters

Using the forced response, it is possible to obtain K using Eq. (10) as follows [5, 9,
13, 14]:

Cy, + Cc

=2 "~ _— CmR 2
TTE Ko+ Ko TeRTE (25)
TTE(KO +Kc) =Cy + Ce (26)
C C C
Ko=tTCC_ p _CTE_ g, 27)
TTE TTE

1 1
Ko=— —— (28)

"R Rc

Also, from the forced response, it is possible to find Ryg using Eq. (12); considering
that, att = 0 the temperature difference AT,,(0) = 0 and that after 5¢7z the equiva-
lent thermoelectric capacitor Cyg will be fully charged, obtaining Eq. (29). Eq. (29) can
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be expressed in a simpler form if it is taken into consideration that for a time greater
than ¢ > 57y, e*/*™ tends to zero, then another expression for Ry is shown in Eq. (30).

AT(t
Rrp = % (29)
aoTl (1 — e_/fTE)
AT
TE = o (30)

Using the natural response, R¢ can be obtained through Egs. (16) and (21). The
Eq. (21) shows that AT, is the result of the temperature contribution of each thermal
capacitor, and R is the result of the sum of the thermal resistances of the thermal
contacts. Therefore, Eq. (21) is used considering that att = 0, A; = aTIrgg R.,,, and
A, = aTlrgg,R,,,; where Irgg, is the short-circuit current of the TEM in thermal
generator mode; that is, the load connected to the thermoelectric generator is zero
Ohm. Thus, for Ri4,s = 0 Q, Itgg, = Vo/Ry. And assuming that, R, , =R,

Rc =R, +R,, =2R.,,, and A; = A,. Therefore, R¢ is obtained by Eq. (35); where
R, is given by Eq. (36). The minimum temperature value at the cold side thermal

contact T, is obtained at¢ = 0.
ATc,(t) = aTlrgg, R.,,,€" + aTl1gG, R, € (31)
Tc,,(t) = aTlrsc, %6’5 o (32)
T¢,,(t) = aTlgg, R,,,,.€" (33)
bt = % (34)
Ry = w (36)

Also, from the natural response, it is possible to obtain K, through Eq. (22).
Considering that, at = 0 the maximum value of the temperature differential
ATc, (t) = AT is obtained, and A; = A; = aTlrgg, R, senwt = 0 and coswgt = 1;
that is, a term in Eq. (22) does not contribute to the temperature difference AT, (t).
Then the relation for Eq. (22) is reduced to Eq. (37). Therefore, using the identity
Ro =Ky tand V,, = aAT, other expressions for K are given by Egs. (39) and (40).

ATCzh (t) = AT = AT — TCWM = (ITITEG,CRO (37)
_ ATCm (t) _ AT — Tszd _ AT — Tcmld (38)
O aTIrpe, aT(Va/Rn) aT(AT/R,)
AT(AT/R,,)
Kop=———7--—=-
° AT - Tcmld (39)
a?ATT
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Finally, the electric resistivity is obtained using Eq. (36) by multiplying R,, per
A/L, obtaining Eq. (41). Also, the thermal conductivity of the thermoelectric material
k is obtained using Eq. (40) by multiplying K per L/A, obtaining the Eq. (42), where
L and A are the length and area of the specimen under test [9]:

ICUEATEN )
k
- Y

3.2 Figure of merit

Considering forced response, another mathematical expression for ZT is obtained,
substituting Eq. (28) in Eq. (1). Now, ZT is given by Eq. (43) [9, 13]:

(IZTR TER C

Zr = L TTERC
R, (Rc — Rrr)

(43)

Using natural response, new mathematical expressions for ZT are obtained,
substituting Eq. (39) in Eq. (1) and Eq. (40) in Eq. (1). Therefore, also ZT is given by
Eq. (44) and Eq. (45) [9, 14, 18, 19]:

AT - Tg

zZT AT cold (44)
AT
7T = AT (45)

Eq. (44) is reciprocal to Buist’s equation ZT = V,,/(Vi, — V,,) and Eq. (45) has the
Harman’s equation form ZT = V,/V,,. However, equations for ZT discovered through
the theory explained in this chapter are expressed as a temperature function instead of
voltage function as the ones obtained by both Buist and Harman [6, 8].

For the case where the test configuration includes a Heat Sink (HS), such that the
temperature of the hot side is set to the ambient temperature, then the temperature at
the cold contact can be expressed as shown in Eq. (46) [13]:

Teoi = Tamp — [(ThNa S Tﬂmh) + TCHS] (46)

4. Simulation and experimental results

To illustrate the complete response of thermoelectric modules and materials, a
special thermoelectric module is considered as a sample [20], used by Lineykin and
Ben-Yaakov [4, 18], Apertet and Ouerdane [5, 19]; as well as by Pirela and Velasquez
[9, 13, 14, 21]. The parameters of the TEM at AT = 70 K are presented in Table 1.

4.1 Simulation results

The simulations were performed using PSpice simulator (Orcad Family Release 9.2
Standalone).
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R, (Q) Ko (WK™) Ca JK) a (VK™ zZr

1.602 0.667 0.35 0.0532 0.795

For AT =70K, T = 300 K, Vypax = 159V, Lyax = 7.6 A, Ry (295 K) = 1.5 Q (Tolerance: +/— 10%), Q e = 75 W.
Dimensions: 40 mm x 40 mm x 3.5 mm.

Table 1.
Kryotherm TB-127-1.4-1.2. Thermoelectric parameters.

PARAMETERS: PARAMETERS: PARAMETERS:
T_amb 300 Th 355 Cth1 0.35
RL 1.609 Te 285 Ceontact  5.34
Rm 1.609 A 0.0532 Cte1 3.02
PARAMETERS: PARAMETERS:
Rth1 1.5 Viotal 19.624
Rcontact 0.25 VA 3.724
Rte1 0.375 Vsource 16.9
tClose=0
2 N
1~
u1
G
T Ce = Rt ; < {Rm} .} Vsource
{Cte1} {Rte1} fevouey
= ~,

Figure 5.
Thermoelectric civcuit for forced response simulation.

4.1.1 Simulation vesults (forced response)

Figure 5 shows the equivalent thermoelectric circuit for forced response
simulation. Figure 6 shows the temperature difference AT measured across
the thermal contacts of TEM, and it is found from forced response simulation,
where the time constant related to the thermoelectric module is 7 = 1.133 5.
And it is obtained at 63.2% of the final value of AT. Also, zrg can be obtained by
measuring temperature on the hot side thermal contact, temperature of the cold
side thermal contact, or equally by measuring the Seebeck voltage generated by the
TEM. Therefore, the angular frequency related to the thermoelectric module is
WTE = 1/CTERTE = 1/TTE = 1/11335 = 0.882 md/s.

4.1.2 Simulation vesults (natural vesponse)

Figure 7 shows the equivalent thermoelectric circuit for natural response simula-
tion. Figure 8 shows the temperature difference AT measured across the thermal
contacts of TEM, and it is obtained through natural response simulation, where the
time constant related to thermoelectric material is 7;;, = 3.387 5. It is obtained at 36.8%
of the initial value of AT. Also, 7y, can be obtained by measuring voltage on electrical
terminals of the TEM, that is, from the Seebeck voltage, which is given by V,, = aAT.
And considering that the natural response of a thermoelectric capacitor presents an
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Thermoelectric forced response of the TEM sample. The time constant trg = 1.133 s, obtained from AT at 63.2%

of its final value.
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R_contact_cold
{Rcontact}

Thermoelectric civcuit for natural response simulation.

underdamped response, thus the angular frequency related to the thermoelectric
material is wy, = 27/7y, = 27/3.387 s = 1.854 rad /s.

4.2 Experimental results

Suspended configuration has been used for the experimental demonstration, as
shown in Figure 9. Figure 10 shows the complete response of the thermoelectric
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Figure 8.
Thermoelectric natural response of the TEM sample. The time constant t,, = 3.387 s, obtained from AT at 36.8%
of its initial value.
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Figure 9.
TEM sample in suspended configuration and non-adiabatic conditions. Connection points for the characterization
process.

module sample measuring AT, by the Peltier effect [2]. After the disconnection of the
voltage source V;, the natural response of the TEM is obtained, and it obeys Newton’s
cooling law [16, 20]. Figure 11 shows the voltage measured on the electrical terminals
of the sample, where the voltage measured during the forced response is given by V,
and the voltage measured during the natural response is V,,, by the Seebeck effect [1].

4.2.1 Forced response test vesults

The thermoelectric time constant 7z = 1.130 5 is found experimentally, when V is
active, measuring the temperature difference AT across the thermal contacts of the
device and at 63.2% of its maximum, as shown in Figure 10. Therefore, the angular
frequency is wrg = 1/775 = 0.884 rad/s.
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Complete response of the sample through measurement of AT.
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Figure 11.
Complete response of the sample through measurement of V and V,.

4.2.2 Natural response test vesults

The time constant 7, = 3.304 s is found experimentally measuring the tempera-
ture difference AT, when Vi is inactive and is determined considering that the tem-
perature difference at 36.8% of the maximum value of either AT or V,, as shown in
Figures 10 and 11, respectively. Considering that the natural response concerning the
thermoelectric capacitor presents an underdamped response, then the angular fre-
quency related to the thermoelectric material inside of the thermoelectric module
sample is wy, = 27 /7y, = 27/3.304 s = 1.901 rad/s.

The time constant 7c = 1.370 s is obtained experimentally through the measure-
ment of the cold side temperature T, and is determined considering that the
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Natural response of the sample through measurement of T 4.

temperature increases by a factor 1/e (36.8% of the initial value), as shown in
Figure 12. The angular frequency associated with thermal contacts is
w1 = 1/7¢ = 1/1.370 s = 0.729 rad/s.

5. Thermoelectric characterization
5.1 Calculation of the thermoelectric coefficients

A complete thermoelectric characterization can be done using the equations found
in Section 3 and either simulations or experimental results.

Therefore, combining both forced and natural responses, a complete characteriza-
tion is made. Considering that at ¢ = 0, both T, and T¢,, must be equal to 300 K;
that is, temperature offset errors must be corrected for each thermocouple before
starting the test:

_ AT _ 352.7§1K —283.5K 0394 WK
aTI  (0.0508 V.K1)(300 K)(11.518 A)

oo Touw _ 300K —283.5K
¢TI, (0.0508 V.K 1)(300K)(2.061 A)

1 1 1 1
Rz Rc 0394Q 0.525Q
1 1

" Ko 0.633WK !
Rc 0525WIK
2 2

Rrg

=05255W 1K

=0.633WK!

Ko =

R =159 W1K

Rc =022 W 1K

cold = Rchnt =
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1 1
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CTRc 055 W K
TTE 1.130s 1
Crp=—"r=———"2-—=2871] K
T Ree 0394 W K J
1.370
Ceu = Coy = < 3705 = 2-609]1{71

Rc 0555WK

Cc =2Cc,, =2Cg,, = 5218 J. K
( 3.304s

" 27Ro  22(1.579) WK

Cu =0.333].K!

5.2 Calculation of the figure of merit

The figure of merit is obtained using either Eq. (42) and Eq. (1). Also, using other
expressions for ZT:

AT -Tc,, 6925K—165K
=T AT © emKr 7%

2T [(0.0508 VK )| (300 K)
T = =
A RaKo ~ (15920)(0633 WK )

zZT

=0.763

where R,, ca be obtained using Eq. (36). Also, through the mathematical expression
Ry = (Vinax/Inax) [(Thor — AT max )/ Thot) as follows [4, 22]:

R, = (159 V/7.6 A)[(352.75K — 69,25 K)/352.75 K] = R,, = 1.592 2

The experimental results presented correspond to the characterization of a ther-
moelectric module, specifically, Kryotherm TB-127-1.4-1.2 [20], at AT = 69.25K, in
suspended configuration and without being thermally insulated; that is, it is in non-
adiabatic conditions, where the environment or reservoir to which the module ther-
mal contacts are exposed is at an ambient temperature of T = 300K. For temperature
measurements, two special K-type thermocouples were used with an error (Special
Limits Error) of +/— 1.1°C or +/ — 0.4%. The measurement process used is the
methodology proposed by Pirela and Veldsquez [9].

6. Conclusion

The unification of the forced response and natural response theories consent to
describe the complete response of the thermoelectric modules and materials. The
forced response expressed in terms of temperature difference is the exponential
increase of the Peltier effect, and in terms of voltage, it is an exponential increase of
the Seebeck effect and complies with the theory of first-order electrical circuits. The
natural response expressed in temperature is an exponential drop in the temperature
difference and satisfies Newton’s cooling law, and in terms of voltage, it is an
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exponential Seebeck voltage drop and complies with second-order electrical circuits
theory. Through the complete response, it is possible to perform direct measurement
of the figure of merit with exactness and reproducibility. The subsequent computa-
tions yield values for the Seebeck coefficient, electrical resistance, and thermal con-
ductance, as well as the famous thermoelectric transport coefficients «, p, and k.
Therefore, it is demonstrated that by combining forced response and natural response
theory, there are enough fundamentals to develop new characterization methods and
enhancement of thermoelectric modules and materials.
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Chapter 3

Electron and Phonon Transport
Mechanisms in Thermoelectric
Materials

Hong Liu and Xinli Cheng

Abstract

Thermoelectric materials can directly convert thermal energy into electrical
energy. Although the low efficiency of thermoelectric devices limits their use in the
professional market, the development and improvement of condensed matter physics
theory, as well as the emergence of various new material synthesis processes, have
brought new research and development momentum to the utilization of thermoelec-
tric materials. This chapter first starts from the basic theory of thermoelectricity,
introduces the thermoelectric transport equation and the Boltzmann transport equa-
tion that controls phonon and electron transport, and then reviews the strategies to
further improve the thermoelectric properties of materials in the past two decades.
and evaluated the effectiveness and universality of existing strategies, pointing out
their limitations. Subsequently, based on the superconducting Bardeen-Cooper-
Schrieffer (BCS) theory and phonon drag effect, this chapter proposes a new physical
paradigm different from the phonon-glass-electron-crystal method. The core of the
new paradigm is to shift from decoupling the electron-phonon transport process to
optimizing the electron-phonon coupling mechanism and provides a theoretical
mechanism for improving the performance of thermoelectric materials by optimizing
the electron-phonon coupling. Identified the material design concepts and challenges
for implementing the new paradigm.

Keywords: thermoelectricity, Boltzmann transport equation, physical paradigm,
electron-phonon coupling, phonon drag effect

1. Introduction

Thermoelectric technology, characterized by direct thermoelectric conversion, is
increasingly recognized as a key component of emerging green energy technologies. In
order to make thermoelectric equipment more economical and efficient, we must
improve the energy conversion efficiency, which is evaluated by the material quality
factor (ZT). ZT = S* oT /x [1] depends on conductivity (¢), Seebeck coefficient (S),
and thermal conductivity (x, sum of phonon x; and electron k, components). ZT
enhancement is typically achieved by increasing the power factor (S* 6) and decreas-
ing k;, which correspond to charge carrier transport and phonon propagation,
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respectively, and which is challenging as these requirements are often contradictory to
each other in conventional materials [2].

High-performance thermoelectric materials rely on innovative thermoelectric
transport mechanisms. Related strategies include the quantum confinement effect [3],
resonant energy levels [4], band convergence [5], liquid ions [6], entropy engineering
[7], anharmonicity [8], modulation doping [9], spin orbit coupling (SOC) [10], and
Rashba effect [11], which enhance ZT in many thermoelectric material systems.
However, the research progress on enhancing thermoelectric material ZT seems to
have only partial and minor success. In order to further promote the development of
thermoelectric materials, exploring the paradigm shift mechanism is crucial. This
chapter will start from the basic theory of thermoelectricity and explore new thermo-
electric transport mechanisms, highlighting the main physical parameters and related
description methods that affect electron and phonon transport processes, providing
new prospects for manipulating thermoelectric properties. Firstly, briefly introduce
the basic principles of thermoelectric devices and materials (Section 2), and then
summarize the current status of the optimization mechanism of thermoelectric trans-
port in thermoelectric materials (Section 3). Then, we will discuss the thermoelectric
transport mechanism in bulk materials, as well as the physical paradigm for synergis-
tically reducing the thermal conductivity and improving the power factor of bulk
materials (Section 4), and finally present the conclusions of this chapter (Section 5).

2. Thermoelectric transport
2.1 Transport equation in thermoelectric materials

The electrical and thermal transport processes in thermoelectric materials are not
independent but interact with each other. Essentially, the charges in semiconductors
and conductors carry away heat during their movement. The interrelated current
density J, and heat flux density ] ¢ can be expressed as [12, 13]

dd aT
Je=Ln ( E) + L1 < E) 1)

Jq=Ln < 6%) +Lxn ( Z-Z;) (2)

Consider one-dimensional transport, where L1; is the conductivity and @ is the
potential, which is the electrochemical potential per unit charge. In an isothermal
conductor, heat flux can be expressed as

]qzije:r[]e (3)

Proportional to the current, the proportionality constant is the Peltier coefficient
I1. Although the Peltier coefficient is an inherent material property, as shown in
Figure 1, due to the imbalance of Peltier heat between the inflow and outflow junc-
tions, Peltier cooling and heating occur when two materials with different Peltier
coefficients are connected together. Control volume analysis shows that the cooling or
heating Q occurring at the junction is equal to
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Figure 1.
Cooling or heating at the junctions of two materials occur because of the different Peltier coefficients of the two
materials, which can be used as thermoelectric refrigerators or heat pumps.

Q= I, —IIy)I (4)

In Eq. (4), I is the current, and IT; and II, represent the Peltier coefficients of the
two materials. According to the definition of the Seebeck coefficient, taking J, = 0 in
Eq. (1), the Seebeck coefficient can be obtained as

_—d®jdx V. Ly

5= dT/dx ~— AT Ly

©)

As shown in Eq. (5), the Seebeck voltage V between two points on a uniform
material is independent of temperature distribution. Thermocouples measure tem-
perature based on this material characteristic.

The Seebeck coefficient and the Peltier coefficient are not independent but inter-
related and are expressed as IT = TS, this is also a generalized Onsager reciprocity
relationship Ly = TLqs.

Furthermore, one can eliminate the electrochemical potential in Eq. (1) and
express the heat current as

aT
Jy =11 =k 6)

where the electronic contribution to thermal conductivity is

LipLoy
L1

)

Ke = Ly —

The transport coefficient can be further correlated with the electronic band struc-
ture of the material. Based on the Linearized Boltzmann Transport Equation (LBTE)
formalism under the relaxation time approximation, the transport coefficient of iso-
tropic materials with a single energy band can be expressed as [14].

2 0
Ly = _%JU%?;—EN(EME (8)
2 0
Lp = ?f—T J v’r(E — Ey) ?;—EN(E)dE ©)
0
Ly=-— %TJUZT(E — E)’ (Z[—EN(E)dE (10)

Among them, 7 is the relaxation time, N (E) is the density of electronic states per unit
volume per unit energy interval, f° is the Fermi Dirac distribution in equilibrium
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state, and Ey is the electrochemical potential based on doping modulation. According
to Egs. (5), (8), and (9), the Seebeck coefficient can be expressed as
@50
1 Jvzr(E — Ey) “5 N(E)E
S = (11)

€T o°
2
Jv 2z N(E)E

According to Egs. (1) and (2), considering a virtual process that does not generate

. . JJT . .
temperature gradients, we can obtalnz% = S, this means that the Seebeck coefficient

is the entropy current carried by a unit current density. Moreover, temperature
gradient (phonon non-equilibrium distribution) can generate non-uniform distribu-
tion of charge carriers and form potential gradient, and similarly, potential gradient
(charge carrier non-equilibrium distribution) can lead to non-uniform distribution of
phonons and form temperature gradient. Explanation of the evolutionary mechanisms
for phonon non-equilibrium distribution and charge carrier non-equilibrium distri-
bution in sections 2.2 and 2.3.

2.2 Boltzmann transport equation for phonon

The non-zero heat flux J can be generated by a temperature gradient of VT'. Within
the linear range, the component of thermal conductivity « is determined by the follow-

ing equation J* = —>_ k¥ (VT ). J can be obtained through the following methods
dq
= E hwv, —— 12
J 4 Jf/l ) ,1(2”)3 (12)

Among them, 4 is the phonon mode identifier, including phonon branching index
p and wave vector ¢, @, and v; are the angular frequency and group velocity of
phonon mode 4, respectively, and f, is the corresponding phonon distribution func-
tion. In the state of thermal equilibrium without thermodynamic forces, the distribu-
tion of phonons is determined by the Bose-Einstein statistical distribution function
fo(®;). When a temperature gradient of VT occurs, the distribution function f devi-
ates from f,, and the deviation can be obtained by iteratively solving the Boltzmann
transport equation. The variation of the phonon distribution function comes from
diffusion caused by VT and scattering caused by related mechanisms. When reaching
steady state, the time rate of change of the distribution function is 0; The
corresponding relationship can be expressed as [15]:

Y, _ % 7,

dt - (y- |di usion T af |smttem'ng (13)

where,

? Idi usion — _VT.UA% (14)

and ?07 |scattering depending on the relevant scattering process, analyze and solve using

perturbation theory. The phonon scattering in single crystal materials mainly comes
from phonon-phonon scattering and impurity scattering such as isotopes. In addition,
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the size of actual block samples is always limited to the extent that boundary scatter-
ing dominates at very low temperatures.

In most cases, the norm of VT is small enough that f, can be expanded to the
first-order term of VT, thatisf, =f(w;) +g,, where g, depends on VT linearly.
We can choose to express this dependence as g, = —F,VT df ,/dT . When the
scattering process is two phonons and three phonons, the linearized Boltzmann
equation is [16]:

F, = Tfl) (vg + A/l) (15)

In Eq. (15), 79 is the relaxation time of the mode A obtained from perturbation
theory, which is commonly used in relaxation time approximation (RTA). Setting all
A, to zero in Eq. (15) is equivalent to working in RTA. Therefore, the dimension of A,
with velocity is a measure of the degree to which a population of specific phonon
modes (and associated heat flux) deviates from RTA predictions. The calculation
formula for A; and 12 is

Zr v CarEwr — S Fy) + Z L ¥y — EFy) + ZF By

ﬂ/ Ja ﬂ/ /1//

(16)

Tioz (ZFM”+Z Fz/lz”“‘zrﬂﬂ’) (17)
A

2 P

We discretize the Brillouin zone (BZ) into a regular grid of N=N1 x N2 x N3 g-
points centered on I' and use the abbreviation &;; = @y /w;,. In Zi summation, the
conservation of quasi-momentum requires q" = q £+ q' + Q, which maps q” to the
first Brillouin zone through translational reciprocal-lattice vector Q. The symbols
used here are slightly different from those used by some authors [17] in previous
publications, where group velocity was not included in A;.

The quantity '3, in Eq. (17) is the scattering rate in the three-phonon process,
which can be expressed as

hx fo
rj_;q// = 4 W00y @y V/;: o 6(0)1 + @y — a)l//) (18)
_ flﬂ'f +f + 1 2
T = 0|V 8(w2 — 0y — ayp) (19)

4 wywywp

To simplify the representation, f refers to table f,(wy), and so on. I'};,,, corre-
sponds to the absorption process, where two phonons combine into one phonon,
corresponding to energy (w; + wy = w; ). The conservation of energy during absorp-
tion and emission is limited by the Dirac delta distribution in Egs. (18) and (19). In
order to calculate the value of 'y, it is necessary to provide the scattering matrix
element Vi, »» which is given by [16].

V/M’/l” = Z Z Z¢a/]:/ e// iq (]) /" _q//( (20)
K aPr 7 \/m

icuch
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these in turn depend on the normalized eigenfunctions e, ; of the three phonons

involved and on the anharmonic IFCs q)gi" = M";fﬁ ~ - In Eq. (20), i,j, and k represent
i 01 0

atomic indices, while a, 5, and y represent Cartesian coordinates. The summation
index 7 only traverses the atoms in the central unit cell, while j and k cover the entire
system. #¢ and M; represent the alpha component of the displacement from the
equilibrium position and the mass of the i-th atom, respectively. ¢4(i) is the alpha
component of the mode A eigenfunction at the i-th atom.

The above analysis process is based on particle models to calculate the diffusion
and scattering mechanisms of phonons, without involving the wave characteristics of
interface adaptation. The phonon transport mechanism in nanostructures is of great
significance for the precise customization of thermal properties. By combining pho-
non particles and wave effects through different strategies, the study aims to achieve
ultra-low or ultra-high thermal conductivity in various nanostructures. However,
phonon particles and wave effects are coupled together, so their respective contribu-
tions to phonon transport have not yet been calculated clearly. It is generally believed
that the wave effect is the main modulator that blocks phonon transport, and the
particle effect is so weak that it can be ignored, but this may not be the case in reality.

In addition, the interaction between electrons and phonons can also affect the
transport properties of phonons. The above analytical process only used the potential
energy surface of electrons when calculating the interaction force constant using
density functional perturbation theory (DFPT). The influence of electron-phonon
interaction on phonon transport will be introduced in Section 4.3.2.

2.3 Boltzmann transport equation for electron

Assuming a solid with a temperature gradient, it can be inferred that the chemical
potential at the hot end is lower than that at the cold end. Adding an electron requires
less energy, and the electron naturally migrates toward the hot end. This provides
another explanation for the thermoelectric phenomenon, where a thermal gradient
can generate voltage without a net current. Because electrons are governed by two
equilibrium forces: one is the so-called “thermal” force that pushes electrons from the
cold end to the hot end, and the other is the opposite so-called “electric” force.
Therefore, the thermoelectric phenomenon can be considered as a result of the tem-
perature dependence of chemical potential, which is itself a result of the Fermi-Dirac
distribution thermal broadening. Figure 2 depicts the semiclassical picture of the
thermoelectric effect.

The Boltzmann equation, a method historically used to calculate the transport
coefficients of bulk materials in the Drude model [13, 15, 18].

The core concept in Boltzmann transport theory is the non-equilibrium distribu-
tion function f),(r), defined as the number of electrons per unit volume near the (, k)
phase space (in fact, the time, energy band, and spin are also specified, which have
been omitted for simplicity). In the case of thermal equilibrium, where the tempera-
ture is uniform and there is no external field effect, the distribution function and
equilibrium distribution function f° agrees.

When there is an external field, the distribution function will change due to the
acceleration of electrons by the field (the wave vector distribution is no longer sym-
metrical); In addition, the distribution function may depend on location (non-
uniformity in spatial distribution, such as temperature gradients, density gradients,
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etc.), which can occur when electrons have a tendency to diffuse; The third effect that
causes changes in the distribution function is scattering—electrons interact with pho-
nons, other electrons, impurities, defects, and surfaces. Therefore, the transport pro-
cess can be attributed to the influence of external fields (electric fields, magnetic
fields, etc.), diffusion, and collision scattering on the electron distribution function,
leading to deviations from its relative Fermi-Dirac distribution, and the overall results
of these three effects should cancel each other out.
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Electron group velocity vy, as

aa)k 1 aek
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Current can be written as
J. = Jvkefk(r)dk

Energy flow can be written as

Ju = Jvkefk(r)dk

The heat flow (the amount of heat carried by electrons) is

Ty =Ju — Wy = jvk<e — B)f ()l

(21)

(22)

(23)

(24)
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Consider the near-equilibrium state (local equilibrium assumption and the time
scale of interest At satisfy 7j,cq << At < Ty ). Based on relaxation time approximation:

&y (r) fulr) ~£° 05

dr |scatterzng r

dfk(r)l _
dr Terrerad T gr oy or oT

The diffusion term caused by the temperature gradient is
0
_ ﬂ.@ck(r) =, q‘k(r) va'iVT (26)

The approximation in the above equation assumes that the influence of the tem-
perature gradient on the distribution function is mainly due to the thermal broadening
of the Fermi-Dirac distribution. Between two scattering events, electrons drift under
the influence of thermal gradients.

Similarly, the influence of the external electric field on the distribution function
can be expressed as

df(r) dk Ff(r) _ep o) o
JrY . — e — —Ee ~ . E 2
dr Beefid = gt g = g BT Rt (27)
Therefore, the linear Boltzmann equation can be written as
I A p L=
v oT VT + ev, &, E + . =0 (28)

The deviation of the local distribution function from the steady state comes from
two disturbances, which are called drift terms. As shown in Figure 3, small changes in
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Figure 3.
The distribution function in the presence of an electric field and temperature gradient (the gray line vepresents the
equilibrium distribution).
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energy will shift the distribution function, while an increase in temperature will widen
the distribution. Therefore, applying an electric field will cause electrons moving in
one direction to have greater energy than electrons moving in the opposite direction.
On the other hand, in the presence of a thermal gradient, the distribution on the cold
side is steeper, and due to the difference in distribution width at both ends of the
sample, there is a so-called “heat” that pushes electrons from the cold end to the hot
end, which has a significant impact on the physical properties of the system.

According to Egs. (22) and (28), the conductivity of the system without a thermal
gradient is

J.(VT = 0) J(vkq” — ¢ 2 aﬁ )dk (29)
There is no current in thermal equilibrium, so the first term on the right-hand side
of the Eq. (29) is integrated to zero, so the conductivity is expressed as

c=— Jer( 2(?f (30)

Similarly, in the absence of an electric field, the current density generated by the
temperature gradient is

JLE=0)= Jewi OZT VTdk (31)

The electrical conductivity generated by heat is derived as follows:

» of°
c= Jer(k)vk T ~—dk (32)

Egs. (30) and (32) clearly demonstrate the k-dependence of relaxation time. How
do these two equations tell us the relationship between conductivity generated by
electric fields and heat? How are the two related to the Fermi-Dirac distribution? How
are the two related to electron velocity and relaxation time? The latter two quantities
vary depending on the material and have strong anisotropy.

As can be seen from the above, the conductivity is always positive, while the

0
conductivity generated by heat can be positive or negative. Because % =

e~

(fo) exp( ) is always negative, ng — 5 s depends on (e — p).

Based on the above discussion, the carriers that play the main role in the two
transport processes are different, as shown in Figure 4. In the case of charge transport
(conductivity), electrons with energy exactly at the chemical potential contribute the
most to conductivity (i.e., conductivity mainly depends on the contribution of elec-
trons near the Fermi level); in the case of thermoelectric transport, these carriers do
not contribute at all to the thermal conductivity, and the entire signal is determined by
electrons with energy slightly higher or lower than the chemical potential, and the
contributions of these two parts have opposite signs.

Similar to the above discussion and utilizing the properties of the Fermi-Dirac
distribution function, the expression for heat flux can be derived as
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According to the above, the transport coefficients corresponding to Egs. (8), (9),
and (10) can be derived.

The Boltzmann equation is a product of the classical particle Newtonian
mechanics model and the quantum mechanics model of energy state transitions. If all
coherence effects are ignored and simplified, the Boltzmann equation can be
derived from the quantum transport model. The classical transport theory is
based on the Boltzmann transport theory, and the basic assumptions of Boltzmann
theory include: (i) Electrons and holes are both tiny particles; (ii) The particles are
independent of each other, without coherence, and interact with each other through
scattering; (iii) Particles can be described using Bloch theory; (iv) Scattering is a
transient behavior without temporal and spatial persistence; (v) Only consider the
scattering between two particles, without taking into account the combined effects
between multiple particles. The Boltzmann transport equation is an equation used in
the distribution function method, which is an equation satisfied by the non-
equilibrium distribution function f(k, 7,t). Solving this equation can obtain f (k, 7, ¢)
under different conditions, and then various transport parameters of electrons can
be obtained.

The Boltzmann transport equation takes into account the velocity distribution of
charge carriers and the directionality of scattering, making it relatively accurate. In
the presence of external fields such as electric fields or temperature gradients, the
Boltzmann equation can be established based on the drift changes caused by the
distribution function due to external fields such as electric fields, magnetic fields, and
temperature gradients, as well as the changes caused by scattering. Since the scatter-
ing term should be an integral of the scattering probability, the Boltaman equation is a
differential integral equation. The solution of this equation is very complex, and
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approximation methods are usually used. One commonly used approximation method
is the relaxation time approximation.

The Boltzmann equation is a high-dimensional equation with three-dimensional
wave vector space (k), three-dimensional real space (), and one-dimensional time
(t), which is difficult to solve and is commonly simulated using Monte Carlo methods.

The difference in the description of heat-carrying phonons and conducting electrons
by the Boltzmann transport equation is only reflected in the difference in statistical laws
and the dynamic forces of distribution functions deviating from the equilibrium state.
Both recover to equilibrium through scattering mechanisms, while phonons and elec-
trons always have mutual influence through the correlation of material structure and
environment. Therefore, co-modulating the transport process of both is the fundamen-
tal strategy to improve the performance of thermoelectric materials. The fourth section
of this chapter will discuss in detail the relevant modulation paradigms.

3. The current status of the optimization mechanism of thermoelectric
transport in thermoelectric materials

3.1 Strategy for enhancing Seebeck coefficient
3.1.1 Energy band engineering

Based on the quantum confinement effect of low-dimensional materials on band
structure [19, 20], the band structure of materials can be modulated by alloying or
chemically doping bulk materials (such as forming resonance energy levels and gen-
erating band convergence), thereby improving thermoelectric performance.

3.1.1.1 Resonance energy levels

Mahan and Sofo [21] believe that electronic systems with narrow energy distribu-
tions during transport can maximize thermoelectric performance. The so-called reso-
nant energy level is called the “virtual bound state” [22-24], similar to the required
delta-shaped energy level proposed by Mahan and Sofo [21]. Unlike doping in the
bandgap to form electronic energy levels, resonant dopants will generate electronic
energy levels located above the conduction band edge or below the valence band edge
as shown in Figure 5 [25], which will significantly alter the electronic density of states
of the host material. The state of a resonant energy level is characterized by the energy
of the resonant energy level (Ep) and the width of the resonant state (T').

The Bethe-Sommerfeld expansion for the Seebeck coefficient can be
expressed as [25].

2 o 1 dn(E) 1 du(E)

T
S=3 7 &0 @ "E ThE dE (34)

e
Clearly, the Seebeck coefficient depends on the density of states and the carrier scattering
mechanism. Resonance energy levels can provide additional energy states to the main
band and increase the effective band mass (), thereby increasing the density-of-states
effective mass (m ) [4], wherem] = N %,/3171;, and Ny is the band degeneracy. Addition-
ally, carrier scattering can generate a carrier filtering effect [26, 27].
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Figure 5.
Schematic view of the resonant level. Reproduced with permission from reference [25]. Copyright of The Royal
Society of Chemistry 2012.

3.1.1.2 Energy band convergence

According to the relationship between the band degeneracy and density-of-states

effective mass (m; = N%,me), enhancement in density-of-states effective mass can
also be realized by improving the band degeneracy. In principle, when there is no
band extremum or the energy difference can be ignored in multiple bands, band
degeneracy will increase. In addition, when multiple carrier pockets in the Brillouin
zone degenerate, high band degeneracy can be obtained because they are symmetri-
cally equivalent due to the symmetry of the crystal.

3.1.2 Carrier filtering effect

According to the Mott relation, the Seebeck coefficient can be expressed as [27].

0
S = jjg _k o(e) [af (8)] (35)

ec T oe

In Eq. (35), ¢ is the energy of the carrier, y is the chemical potential, o(¢) is

the differential conductivity, and f°(¢) is the Fermi distribution function.
Furthermore, as can be seen from the equation, the contribution signs of charge
carriers with energy less than the chemical potential and charge carriers with

energy greater than the chemical potential to the Seebeck coefficient are opposite. As
shown in Figure 6, low-energy electrons in n-type SiGe alloys have a negative
impact on the Seebeck coefficient (green area). Therefore, the absolute value of the
Seebeck coefficient decreases due to this negative effect [27]. Here, if preferential
scattering on low-energy carriers (i.e., carrier filtering effect) can be achieved, the
Seebeck coefficient can be improved [28]. Due to the fact that the carrier filtering
effect essentially manipulates the carrier scattering mechanism, the scattering term in
Eq. (34) indicates the enhancement of the Seebeck coefficient caused by the carrier
filtering effect.
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Figure 6.
Relationship between the energy of electrons and the normalized Seebeck distribution for heavily doped n-type SiGe
alloy. Reproduced with permission from reference [28]. Copyright of The Royal Society of Chemistry 2009.

3.2 Mobility enhancement

In the case of elastic scattering, the carrier mobility of semiconductors with simple
parabolic energy bands is [29].

et
where (7) is the average relaxation time and m* is the effective mass. In simple terms,
relaxation time can be regarded as a power function of carrier energy E, temperature
T, and effective mass m*, as shown below

txE Tm*" (37)

From Egs. (36) and (37), it can be seen that the mobility depends on the band
structure (i.e., m*) and the carrier scattering mechanism (i.e., (z)). Therefore, an
effective strategy to improve carrier mobility is to regulate the effective mass and
carrier scattering mechanism.

3.2.1 Effective mass engineering

Because the charge carriers are mainly scattered by acoustic phonons, Snyder
pointed out that the nondegenerate mobility in multi-valley conduction can be
expressed as [30].

y— 23/2ﬂ1/2h4ecl (38)
3my(myksT)> *22

where m; is the inertial effective mass, C; is the composite elastic constant, and E is
the deformation potential coefficient. Hence, higher carrier mobility requires smaller
band effective mass and inertial effective mass [30].
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3.2.2 Manipulation of carrier scattering mechanism

When acoustic phonon waves propagate in a crystal, they cause compression and
expansion of the local lattice. Therefore, it can cause disturbances in the band poten-
tial energy, leading to the scattering of charge carriers, known as acoustic phonon
scattering [31]. Due to the constant existence of acoustic phonon scattering,

It can determine the upper limit of carrier mobility. Generally speaking, acoustic
phonon scattering is one of the largest intrinsic scattering mechanisms in semiconductors,
especially at high doping levels and high temperatures. According to Eq. (38), the defor-
mation potential coefficient is a measure of the strength of electron-phonon interactions
and a key parameter for evaluating thermoelectric performance. Low deformation
potential coefficient of weak electron-phonon coupling leads to high carrier mobility [32—
34]. However, the physical source of low deformation forces in materials is still unclear.
The latest research indicates that the physical essence of low-strain materials is non-
bonding orbitals that make significant contributions to electron transport [35].

3.2.3 Selecting doping sites

Based on the rigid band approximation, it is generally believed that dopants only
change the Fermi level and carrier concentration. In the case of complete ionization of
impurities, different dopants achieve the same effect. However, experiments have
found that differences in dopants and doping sites may lead to variations in carrier
mobility at high carrier concentrations.

The dopant does not alter the band structure to maintain the effectiveness of the
rigid band approximation, which can be represented by the carrier concentration
dependence of the Seebeck coefficient. Therefore, the difference in mobility should
correspond to different measurements of scattering. Of course, there must be scattering
of charge carriers by ionized impurities that generate charge carriers. However, when
different dopants have the same valence, complete ionization, and random distribution,
the ionization impurity scattering theory equivalently treats them. Therefore, different
degrees of scattering should not be attributed to ionizing impurity scattering.

3.3 Carrier concentration optimization

The main thermoelectric parameters that determine the quality factor of thermo-
electric materials are all related to carrier concentration and therefore heavily coupled
with each other. It can be seen that the most effective strategy to improve thermo-
electric performance is to optimize the carrier concentration. From a historical per-
spective, tuning of carrier concentration has been achieved through intentional
introduction of exogenous impurities through chemical doping. In this way, the car-
rier concentration remains a constant value before bipolar conduction occurs, almost
independent of temperature. However, the optimal carrier concentration (1) is
highly dependent on temperature, so thermoelectric performance is only optimized
within a limited temperature range.

3.4 Phonon engineering

Given the relative independence of lattice thermal conductivity from other ther-
moelectric parameters, reducing lattice thermal conductivity is considered the most
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direct means of improving thermoelectric performance. The dynamic theoretical
expression for the thermal conductivity of three-dimensional materials is [36].

1 Apy <A
k(A) = N, %: gkaAlevkﬂ (39)

where v, A, C, are the phonon group velocity, phonon mean free path, and specific
heat, respectively; 1 labels a phonon band index (or branch), k refers to a point in the
first Brillouin zone (with a k-point mesh), and N}, is the number of points. The mean
free path of phonons is determined by multiple scattering mechanisms. Assuming that
different scattering mechanisms are independent of each other, the Matthiessen’s rule
can be used to estimate the phonon mean free path.

A=A (40)

The latest progress in simulating phonon transport from scratch has greatly deep-
ened our understanding of the thermal conduction mechanism of thermoelectric
materials [37]. At the same time, the relationship between lattice thermal conductivity
and material parameters was clarified. The low lattice thermal conductivity is attrib-
uted to the low sound velocity, large cell volume, long bond length (i.e., weak bond-
ing), and large Griineisen parameters (i.e., strong anharmonic).

3.4.1 Phonon-phonon scattering

The phonon-phonon interaction mechanism is that the first phonon causes peri-
odic elastic strain (through anharmonic interaction), which adjusts the elastic con-
stant of the crystal in space and time. The second phonon perceives the modulated
elastic constant and scatters it, producing a third phonon, known as the three-phonon
process [38].

3.4.1.1 Umklapp scattering

When the total momentum (K) of the phononic gas remains constant
(K1 + K2 = K3), the three-phonon collision process is a normal process (or N-process).
The phonon energy during the N process is only redistributed from the incident
phonon to the excited phonon, without generating any thermal resistance. Figure 7
(a) and (c) indicate the presence of phonon net flow between the phonon source and
phonon sink during the N process.

There is another case of three-phonon collision, which requires an additional
reciprocal lattice vector (G) to maintain total momentum conservation
(K1 + K3 = K3+ G). This collision process is called the Umklapp process (or U pro-
cess). Due to the fact that the wave vector K describing the phonon state can only be
located in the first Brillouin zone, any wave vector K generated outside the first
Brillouin zone during a collision must be moved to the first Brillouin zone by adding G
(Figure 7(d)). This leads to net phonon backscattering during the U-process,
resulting in thermal resistance (Figure 7(b)). Based on the physical mechanism of the
U-process, the lattice thermal conductivity of materials can be limited at high tem-
peratures, with a temperature dependence of ky,; ~ T .
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Figure 7.

N process (a) and U process (b) for the phonon gas. Phonon collision in a two-dimensional square lattice for (c) N
process and (d) U process. Reproduced with permission from refevence [38]. Copyright of 1976 by John Wiley ¢
Sons, Inc.

3.4.1.2 Anharmonic effect

The theory of harmonic approximation may lead to some conclusions that are not
consistent with reality: there is no thermal expansion (the equilibrium position of
atoms does not depend on temperature), the force constant and elastic constant do not
depend on temperature and pressure, the heat capacity at high temperatures is con-
stant (Dulong Petit law), the isochoric heat capacity and isobaric heat capacity are
equal (Cy = GC,), there is no interaction between phonons, the average free path and
lifetime of phonons are infinite, and the thermal conductivity of harmonic crystals
without impurities and defects is infinite; In the expansion of the potential energy of
crystal atom interactions, terms of the third power and above are called non-harmonic
terms. Many physical effects are caused by nonharmonic terms, such as vibration
softening due to a decrease in the restoring force constant and scattering between
phonons due to no longer independent vibration modes (phonons). Therefore,
increasing the nonharmonic effect can be a beneficial strategy for limiting lattice
thermal conductivity.

3.4.1.3 Acoustic and optical phonon coupling

Acoustic phonons: Low-frequency phonons formed by stimulated Brillouin
scattering during the interaction between a light field and a medium. In acoustic
mode, the crystal undergoes overall motion at a low frequency and can be
regarded as a continuous medium elastic wave. Optical phonons: In crystals, atoms or
ions vibrate around equilibrium positions, forming optical phonons. The frequency of
optical mode is close to that of electromagnetic waves, making it easy to couple
with electromagnetic fields. Acoustic phonons mainly contribute to lattice thermal
conductivity due to their high group velocity. Based on the physical nature of the two
types of phonons, significant thermal resistance can also be generated by mediating
the coupling between optical phonons and acoustic phonons through relevant
strategies.
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3.4.1.4 Rattling modes

Phonon softening is an effective method to reduce lattice thermal conductivity.
Designing lattice void structures filled with weakly bonded heavy atoms can signifi-
cantly reduce lattice thermal conductivity, known as rattling modes. Slack and
Tsoukala proposed the concept of phonon scattering for this type of rattling [39].

3.4.2 Phonon scattering by electrons

Acoustic phonon scattering is one of the important mechanisms of electron scattering.
Due to the possible interaction between electrons and phonons, electron-phonon scatter-
ing is possible. Ziman was the first to study electron-phonon scattering [18]. Charge
carriers are usually achieved through doping. As the impurity concentration increases, the
wave functions of charge carriers overlap. When the overlap reaches a certain degree, it
can be considered that the carriers are in a quasi-free state, forming an unfilled impurity
band. The carriers in the band can collide with phonons and scatter phonons [40].

3.4.3 Scattering of phonons by microstructural defects

Figure 8 [41] shows that when the microstructure of solid materials contains point
defects, dislocations, stacking faults, twin boundaries, grain boundaries, and
nanostructures, it can distort the perfect crystal structure and hinder the propagation of
phonons. The success of phonon engineering largely relies on shortening the phonon
mean free path by introducing microstructural defects [41]. Based on different lattice
environments and system temperatures, the average free path distribution of phonons
ranges from a few angstroms to several hundred nanometers. The effective scattering of
phonons of different wavelengths requires the design of defects with corresponding
characteristic sizes [42-44]. Phonon scattering based on manipulating microstructural
defects has been extensively studied and proven to be highly effective in minimizing
lattice thermal conductivity and improving thermoelectric performance.

3.4.3.1 Phonon scattering by point defects

Point defects such as dopants, alloy atoms, isotopes, vacancies, and gaps can effec-
tively scatter high-frequency phonons due to their smaller characteristic sizes. When the
phonon wavelength is greater than the size of the point defect, the point defect will
strongly scatter phonons. Without considering resonance or multiple scattering effects,
the phonon relaxation time (z) is related to the phonon frequency o [45, 46].

1
% = ¢CZCU2 (41)

Where ¢ is the fractional concentration of point defects, and ¢ is a contrast
parameter such as mass or strain.

Atomic defects contribute to perturbation energy in three ways: (a) changes in
kinetic energy due to differences in mass; (b) Potential energy generated by changes
in the elastic constants of atomic bonds; (c) Potential energy caused by an elastic
strain field that changes the elastic constants of atomic bonds [47, 48]. Callaway
[49, 50], Klemens [51], and Abeles [48, 52] reported a theoretical study on the effect
of point defects on lattice thermal conductivity.
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Figure 8.

Schematic views for (a) point defects, (b) dislocation, (c) stacking fault, (g) grain boundary, (h) twin boundary,
and (i) nanoprecipitates. The vest of panels are the corresponding TEM images for the micvostructural defect.
Reproduced with permission from reference [41]. Copyright of 2018 Materials Research Society.

3.4.3.2 Phonon scattering by grain boundaries

For infinite lattices, the thermal resistance of insulating crystals rapidly decreases
with decreasing temperature [53]. When the temperature of a given crystal with a
finite size is below its corresponding critical temperature, its phonon free path is the
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size of the crystal. Once this situation occurs, the scattering of phonons by crystal
boundaries will generate additional resistance [54]. The Casimir theory [54] provides
the diffuse reflection of phonons from sample boundaries as the primary mechanism
for achieving phonon equilibrium at very low temperatures. The relaxation time of
boundary scattering can be expressed as

(42)
where L is the average dimension of the sample.

3.4.3.3 Phonon scattering by dislocations

Dislocations are composed of dislocation lines and dislocation nuclei, and the
crystal structure near the dislocation line is a finite strain, so phonons will be scattered
when passing near the dislocation. The scattering degree of phonons by dislocation
cores is much higher than that of phonons by dislocation stress fields. Dislocations can
also move under the influence of phonons, and when dislocation oscillations occur,
phonons will be re-emitted [55]. Klemens pointed out that both the type of dislocation
and the dislocation line scatter phonons in the direction of the temperature gradient.
The relaxation time of scattered phonons from dislocation lines perpendicular to the
temperature gradient is [47].

1 b*

TD,line

In Eq. (43), C; is a constant, b is the magnitude of the Burgers vector, and a is the
lattice parameter. The relaxation time of phonon scattering by dislocation nuclei is
expressed as

2
1o Coa’w’® (%) (44)

TD,core

where C, is a constant, M is the atomic mass of the unit cell, and AM is the mass
difference.

3.4.3.4 Scattering of phonons by nanoparticles

In the synthesis process of bulk materials, nanoparticles and nanoprecipitate-
embedded structures can be obtained through synergistic modulation of processes and
components to reduce the thermal conductivity of the material. A. Shakouri provided
the relaxation of phonon scattering by nanoparticles as [56].

1 _
—=v(o; o) (45)
TNP

o; = 27R? (46)
4 (AD\*/wR\*
_ 20 (== bl
01—ER9(D><U> (47)
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Where p and R are the density and radius of nanoparticles, respectively, and D and
AD are the density of the matrix material and the density difference between
nanoparticles and matrix material, respectively.

In summary, various modulations of material microstructures can be obtained by
modulating atomic and molecular structures, creating nanostructures and multi-scale
structures in TE materials to optimize electron and phonon transport. Various modu-
lation methods can improve material properties, but the performance improvement is
limited, and all methods also lack universality. In addition, all the material perfor-
mance optimization strategies mentioned above are independently applied to phonon
and electron transport. The actual situation is that the transport of electrons and
phonons in materials is inseparable and permanently coupled. Therefore, exploring
the optimized coupling of electrons and phonons to significantly improve the perfor-
mance of thermoelectric materials may be an effective strategy and a good paradigm
to break through the upper limit of the coefficient of merit of thermoelectric
materials.

4. Physical paradigm for synergistically reducing the thermal
conductivity and improving the power factor

According to the definition of the TE quality factor, high ZT values originate from
material systems with high conductivity, a large Seebeck coefficient, and low thermal
conductivity. In the past few decades, traditional methods for optimizing TE perfor-
mance have relied on electron-phonon transport separation, electronic band engi-
neering, and phonon scattering mechanism modulation. However, even at various
optimization levels, only moderate ZT values can usually be obtained. This section
explores the physical paradigm of synergistic electro/phonon transport based on the
mechanism of electron-phonon interaction, starting from the phonon drag effect and
superconducting BCS theory.

4.1 BCS theory overview

Experimental measurements of the electromagnetic properties of superconductors
tell us that the charge of charge carriers in superconductors is twice that of electrons,
implying that electrons always pair up. Secondly, superconductors can theoretically be
effectively described by a “macroscopic wave function,” which is a characteristic of
boson systems at low temperatures. A composite particle composed of two fermions
(spin half integer) has an integer spin, while a boson has an integer spin. It seems that
a composite particle composed of two fermions is a boson. But in fact, this under-
standing is naive: the analysis under the second quantization system denies this point;
however, the paired two fermions are somewhat similar to bosons, and superconduc-
tors do indeed exhibit Cooper pair condensation (BEC) at low temperatures, similar to
boson condensation.

The measurement of the specific heat of superconductors at low temperatures tells
us that superconductivity has an energy gap—to restore the superconducting state to
normal through heating, a certain energy gap needs to be overcome, just like the
existence of an energy gap in a semiconductor/insulator; the latter is non-conductive
and does not match the conductivity of superconductors. Therefore, based on the
above situation, a mechanism is needed to change the electronic system originally
distributed to the Fermi surface at low temperatures so that some electrons pair up to
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form approximate bosons and form macroscopic condensation. At the same time,
there should be an energy gap between the condensed paired electrons and the normal
electron states to maintain this state and prevent it from being easily destroyed by
external energy such as heating.

Bardeen, Cooper, and Schrieffer, three physicists, presented their superconducting
theory: based on the interaction between electrons and phonons, they reasonably
explained the above phenomenon.

Electron-phonon interaction can lead to effective attraction between electrons.
Phonons indicate that the atomic nucleus has deviated from its equilibrium position,
and the displacement can be represented by the phonon generation/annihilation
operator:

12
@ = h it a4 J\eédR
=3 <2qu> (“5’ +“*E)e qR; (48)

Where g represents the momentum of phonons in momentum space.
The change in potential energy generated by a small deviation of the atomic
nucleus is

R;
Vi =) = (49)

The Hamiltonian of electron-phonon interaction is

Hel—ph = Vier + Vo (50)

In order to obtain an effective theory of the interaction between electrons, the path
integral/partition function of the electron field and phonon field (coupling) can be
considered, and the phonon field can be directly integrated to obtain the part where
only electrons remain; it is also possible to simply consider the scattering of electrons
and phonons—represented by Feynman diagrams (Figure 9). Just as exchanging
photons between electrons creates an effective interaction potential—Coulomb

k;+q,0, k;—q,0,

k],O'l kz,ﬂ'z

Figure 9.
Interaction of fermions via exchange of a boson.
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potential—exchanging phonons between electrons also creates an effective potential
energy.

Obtain the indirect interaction potential between electrons caused by phonons,
which in momentum space is

Vir(3.8) =l 1 2

q 2 2
e~ —¢e— _ | — |hw-
< k k+q> ( Q)

< wg, the sign of Vg (E, E) is negative, which means an

When |e- — e

k k+q
attractive force.

4.2 Phonon drag effect

Phonon drag effect refers to the fluctuation of crystal atomic density caused by the
propagation of sound waves (longitudinal waves) in a crystal, forming additional
potential field waves with the same period as the sound waves. In semiconductors,
this potential field wave manifests as a small distorted periodic potential field; in
piezoelectric semiconductors, it manifests as a large periodic piezoelectric potential
field. Sound waves are essentially long acoustic waves of lattice vibration quantized
into phonons, and the resulting potential field waves can be seen as the effect of
phonons—phonon potential field waves.

When the average free path of an electron is less than the wavelength of the
acoustic wave, the electron will be frequently scattered by phonons and captured by
the valley of the phonon potential field wave. At this point, as the sound wave valley,
electrons are dragged by the phonon potential field wave, resulting in the phonon drag
effect, as shown in Figure 10. The phonon potential field in piezoelectric semicon-
ductors has a larger amplitude, leading to a more significant traction effect. Ultrasonic
waves can also generate a larger amplitude periodic potential field, thereby enhancing
the drag effect on electrons.

The phonon drag effect causes an uneven distribution of electrons in semiconduc-
tors, where electrons are pulled forward by phonons, which inevitably leads to a greater
concentration of electrons to one side, resulting in the generation of an electromotive

Temperature gradient

attic vibratior

phonon drag

Electron

Figure 10.
Schematic diagram of phonon drag effect.
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force. When an electric field acts on electrons, causing them to accelerate, the phonon
drag effect should affect the propagation of sound waves. When the electron drift
velocity is greater than the sound wave velocity, the electron pushes the phonon poten-
tial field wave, which enhances the sound wave energy and forms the basis of the
ultrasonic amplifier. On the contrary, when the drift velocity of electrons is lower than
that of sound waves, the energy of sound waves is transferred to electrons, resulting in a
decrease in the amplitude of sound waves, that is, sound wave attenuation.

4.2.1 Non-diffusive thermoelectric transport caused by phonons (similar effects can also
occur with magnons/spin waves)

Consider testing the Seebeck coefficient: apply a temperature gradient to the solid
and measure the potential difference under an open circuit. The lattice waves gener-
ated by lattice vibrations have a certain frequency spectrum and propagate at a certain
speed in the crystal. During the propagation process, thermal energy can be carried
from the hot end to the cold end, resulting in a non-uniform distribution of phonons.
This means that the scattering rate of charge carriers traveling along the temperature
gradient is not equal to the scattering rate of charge carriers traveling in the opposite
direction, resulting in a net current in the direction of the temperature gradient.
However, the actual open circuit state cannot maintain charge flow, so the system has
to establish a finite electric field to compensate for the excess scattering experienced
by charge carriers traveling in one of the two directions. The additional electric field
generated is the contribution of phonon drag to the Seebeck coefficient, in addition to
the electron diffusion response.

Consider the Peltier test: measure the ratio of energy flow to current along the
sample without any temperature gradient. There is a net current along the sample,
which causes the scattering rates of electrons and phonons moving in each other’s
direction to be different from those in the opposite direction. As a result, the phonon
distribution is no longer balanced, ultimately producing an additional energy flow in
addition to the energy flow purely brought by electrons, which is the contribution of
phonon drag to the Peltier coefficient.

4.2.2 Phonon drag theory in semiconductors (Herring theory)

For semiconductors, phonon drag is quantitatively described from the perspective
of phonons. Herring equates the rate at which a phonon system gains crystal momen-
tum from electrons with the rate at which it loses crystal momentum through U-
processes and boundary scattering [57].

dP
pn :f"l'neE (52)

e

Here, P is the crystal momentum per unit volume, f “- is the proportion of electron
momentum loss (with a value of 1 in the absence of impurity scattering), and neE is the
force per unit volume, where E is the electric field and # is the carrier concentration.

Assuming the relaxation time of electron-phonon scattering is z,;_., we have

dP| P
P (53)
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The energy flux density j, caused by crystal momentum is
), =P’ (54)

Where 7; is the average speed of sound, so

), = 020, f " neE = Efrph,efel‘% (55)

Based on Eq. (6), the contribution of phonon drag to the Peltier coefficient is

2
ViTph—e

M, =f* e (56)

By using the Kelvin relationship, the thermoelectric potential generated by phonon
drag can be obtained as

=2
1 1. US Tph,e

S :Y—f p (57)

The Herring scene discussed above has many simplifications. Electron-phonon
coupling is viewed from the perspective of phonons, and their flow carries energy as a
simple reaction to their collision with electrons.

4.3 A new paradigm for enhancing thermoelectric quality factors

4.3.1 Discussion on the mechanism of electron-phonon intervaction for improving the
performance of thermoelectric materials

In recent decades, the improvement of thermoelectric material performance in the
scientific community has been based on the strategy of electron crystal-phonon glass.
The specific implementation strategy is mostly to design various methods to decouple
the correlation between electron and phonon transport. However, the actual perfor-
mance improvement is limited. Although some material systems are based on modu-
lation mechanisms that can greatly improve material performance, the stability of
materials during thermoelectric operation has not been fully verified.

The most concerned thermoelectric semiconductor material in the industry at
present is undoubtedly bismuth telluride polar semiconductor. Frohlich interaction is
an interaction between electrons and longitudinal optical phonons (LO phonons) in
polar semiconductor materials. This interaction generates a macroscopic electric field,
leading to long-range coupling between electrons and phonons, forming a quasiparti-
cle called a polaron. The strength of Frohlich interaction is measured by a dimension-
less Frohlich coupling constant. In polarized semiconductors, due to the coupling
between polarons and LO phonons, charge carriers transfer their initial kinetic energy
to the lattice through a highly efficient relaxation mechanism.

According to Egs. (1, 2), the thermal conductivity (open circuit), k, under zero
current conditions and the thermal conductivity (short circuit) under zero potential
gradient can be obtained as follows:

1 LyLy — LpLy
Seo=E L o
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1
Klpoo = FLZZ (59)

By using Egs. (8-10) and defining thermal inducing electric conductivity as a =

K = K(l + 0[2—T> (60)

oK

%Lu, we can obtain

Where ”i—KT is the thermoelectric figure of merit. Increasing thermal-induced elec-
tric conductivity can improve thermoelectric figure of merit (constructing an optimi-
zation strategy based on Eq. (32)). This also provides a new perspective for the design
of high-performance thermoelectric materials.

Based on BCS theory and the phonon drag effect, we can design a multi-element
thermoelectric structure material with uniformly distributed nanocrystals. However,
one should always keep in mind that the presence of nanoinclusions might adversely
affect the conducting carriers. To achieve this, we must face the following issues:

Firstly, the design of nanostructures is based on the preferential scattering of
phonons carrying heat while maintaining the integrity of the charge carrier transport
path. In order to match the band structure of carrier transport, nanoinclusions or
nanoscale defects must have only a small band edge offset relative to the band edge of
the matrix [58]. In n-type nanocomposites, the conduction band edges of the
nanoinclusions and matrix should be closely matched, with an energy difference
generally not exceeding a few kgT, to minimize electron scattering at the interface
potential barrier. Experimental and theoretical studies have shown that the interface
and boundary morphology in nanostructured materials should meet the requirement
of atomic coherence or alignment at very small angles to maintain high carrier
mobility [59].

Secondly, based on Eq. (51) in BCS theory, phonon exchange can achieve the
attractive potential energy of electrons, thereby optimizing carrier transport. The
open questions are how to modulate the electron distribution near the Fermi surface
and ensure that the energy change of electrons after exchanging phonons is less than
the corresponding phonon energy.

Thirdly, design material structures based on the phonon drag effect to achieve
efficient coupling between long wave acoustic phonons and electrons. The open
questions are how to achieve effective transfer of electron-phonon momentum and
large electron-phonon interaction relaxation time.

Fourthly, the calculation of interface phonon modes and the revelation of the
interaction mechanism between interface phonons and electrons. Nano-embedded
materials or bulk materials containing nano-inclusions inevitably contain a large
number of grain boundaries, and interface phonon modes will inevitably affect elec-
tron transport and energy exchange. A deep understanding of the interaction mecha-
nism between interface phonon modes and electrons is the basis for constructing
high-performance thermoelectric materials.

Fifthly, constructing nanostructured phononic metamaterials and exploring the
quantitative relationship between phonon fluctuations and particle effects on thermal
conductivity in phononic metamaterials. Research on the modulation mechanism of
thermal conductivity by local resonance hybridization based on phonon fluctuation,
and obtain the physical basis for synergistic regulation of phonon fluctuation and
particle transport.
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4.3.2 Electron-phonon coupling mechanism and its strategy in optimiging the properties of
thermoelectric materials

Nanostructured materials have achieved great success. The basic strategy
is to decouple the correlation between electrons and phonons and introduce
clusters or microstructures that generate multiple scattering to phonons to
reduce material thermal conductivity, but they are gradually running out of
power in further reducing thermal conductivity, and the lattice deformation
potential caused by lattice vibration always interacts with electrons. It is becoming
increasingly evident that any further benefits of ZT must now come from improve-
ments in power factor. The current research on improving power factor aims to
identify materials with good band structure characteristics, such as resonance states
and low-dimensional “class” features in bulk materials, or band structure engineering,
such as band convergence strategies. In fact, most promising TE materials have com-
plex band structures with multiple energy valleys and bands that extend throughout
the entire Brillouin zone (BZ). In summary, instead of forcibly decoupling the
electron-phonon correlation, it is more advantageous to use a new paradigm of
electron-phonon correlation to optimize the key properties of thermoelectric mate-
rials. Of course, it is computationally challenging to utilize the entire phonon and
electron dispersions for full transport calculations; thus, it is common to employ
reasonable approximations.

In periodic solids, the electron-phonon coupling effect is usually discussed in terms
of the Hamiltonian [60].

H= Hg +th +I:Ie_ph (61)

Based on the Fock space, the generation annihilation operator can be established, and
the Hamiltonian of fermions can be obtained as

I:Ie = Zgnki‘lki‘nk (62)
nk

describes noninteracting quasiparticles with crystalline momentum k, band index n,
and dispersion &y, while

- g1
Hy = ;wqy <a;yaqy + 5) (63)

is the Hamiltonian associated with noninteracting phonons with wave vector q,
mode index v, and frequency a)q,,ﬁl:k and ¢, (d;u and 4,,) are fermionic (bosonic)
creation and annihilation operators. Finally,

. 1 . . N A
He—ph = N Z gmm) (k’ q)c;rnkJqu”k (aql’ + aiqu) (64)
kyq

mnv

E

Described the first-order coupling of atomic displacement, where N, is the num-
ber of unit cells in the Born von Karman supercell, and g, (k,q) is the element of the
e-ph coupling matrix. In principle, Eq. (61) should include the so-called Debye Waller
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(DW) Hamiltonian, which gives the second-order coupling of atomic displacement
[60]. This term makes a significant contribution to the real part of self-energy (SE)
and therefore must be included when calculating quasi-particle correction and
temperature-dependent band structures. However, we will mainly focus on the imag-
inary part of e-ph SE, so the DW term will be ignored [60].

The relationship between the multibody Hamiltonian in Eq. (61) and
density functional theory (DFT) was established by using the Kohn Sham (KS) band
structure in Eq. (62) and the phonons in density functional perturbation theory
(DFPT) in Eq. (63) [60]. Finally, the e-ph matrix element, g, (k,q), is
computed using

gmny (k’ ‘]) = < l//karq |AqL/VKS|l//nk > (65)

where v, is the KS Bloch state and 4,, VXS is the first-order variation of the self-
consistent KS potential,

KS
1 4 Cka,v (q) ei'f *Ry

\2w4, e ol ve VM,

A,V = (66)

where e,,,(q) is the a-th Cartesian component of the phonon eigenvector for the
atom « in the unit cell, M, its atomic mass, R, are lattice vectors identifying the unit
cell p,and 7;, the ion position in the unit cell. Following the convention of Ref. [60],
VXS consists of contributions from the Hartree part (VH), the exchange-correlation
(XC) potential (V*°), and the bare pseudopotential term that, in turn, consists of the
local (V¥¢) and nonlocal (V*) parts. We can write Eq. (66) in terms of a lattice-
periodic function 4, VXS defined as:

Aq,,VKS _ eiqrAqDUKS (67)
where,
1 eran(q)
KS __ Ka,v KS
A0 = \/QZ); > My OxaqV (68)
and,
' oVEKS
dm,quS = Zeilq(riRP) aT (69)
J4 Ka (l‘fRP)

It is the first derivative of the KS potential (Kohn Sham single electron interaction
potential), which can be obtained by self-consistently solving the Sternheimer equa-
tion system using DFPT under a given (xa, q) perturbation [61].

According to the theoretical description of e-ph interactions mentioned above,
e-ph interactions can modulate the transport characteristics of electrons. The
electron lifetime due to the e-ph interactions is related to the inverse of the imaginary
part of the e-ph Fan-Migdal SE (energy level correction under the interaction of
electrons and phonons) [60]; the diagonal matrix elements of the SE in the KS basis
set are given by
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FM dq 5
Z((‘)’ €F, T) = ZJ Q— ‘gmnv(k’ (])}
nk m, v BZ 2°BZ (70)
% |:nqu (T) + fml<+q(8F) T) + nqv (T) +1- fmk+q(8Fa T)
® = Emktq + Wqy + 1Tl ® — Emkiq — Ogu + lﬂ

where f1,4(er, T) and ng,(T) correspond to the Fermi-Dirac and Bose-Einstein occu-
pation functions at temperature T and e is the Fermi level. For simplicity, the
temperature and Fermi level are directly considered as parameters. The integral in Eq.
(70) is performed over the q points in the BZ of volume Qpz, and 1 is a positive real
infinitesimal.

In the 7 — 0" limit, the imaginary part of the SE (Eq. (70)) is evaluated at the KS
energy given by [60].

FM
1im3{2(gnk)}ﬂ J dq 1€, (s 0)|”

107 nk BZ @
x[(ngy + finictq) 8 (€nk — Emicrq + 0qu)
+(an +1- fm1<+q)6<8nl< — €mk+q — mqV]

(71)

and corresponds to the linewidth of the electron state nk due to the scattering with
phonons. Finally, the electron lifetime 7, is inversely proportional to the linewidth of
the SE evaluated at the KS energy [62]:

1 lim J{Z:f(enk)} 72)

Tk n—0%*

Based on the relaxation time approximation of the linear Boltzmann equation, the
generalized transport coefficient can be expressed as:

dk
ng‘) = —Z J Q—BZ Vnk,aVnk,pTnk

n
ot

% (73)

X (€ — €F)
Enk

where v, , is the @ — th component of the matrix element v,,, of the electron velocity
operator. Using the commutator of the Hamiltonian with the position operator, we
can take v, as: [63].

Unk :% = <l/’nk|f] +i[ansV]|l//nk> (74)

Among them, p is the momentum operator, as done in the DFPT calculation of
the response to external electric fields [64]. The group velocity can be used to
calculate the transport lifetime within the so-called momentum relaxation time
approximation [65].

According to Eq. (70), the effective k and q points that determine the electron-
phonon interaction can be obtained as shown in Figure 11 (a) k and (b) q points for
the computation of the SE in the case of a single parabolic conduction band at the I"
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(b)

O(enk — Emk+q wqu)

Figure 11.
(a) k and (b) q points for the computation of the SE in the case of a single parabolic conduction band at the T
point.

point. (a) States represented by green dots (red crosses) are included (excluded) in
(from) the transport computation according to the input variable Ae,. (b) For initial
and final electron states k; and kg, the wave vector q = k¢ — k; requires a phonon
mode with frequency w,, = &, — ;. If this condition is not fulfilled, the q point is
ignored.

In the case of a determined composition, the thermal conductivity of a material is
mainly determined by its thermal diffusivity and essentially by its bonding state.
Based on the long-range coupling effect of electron-phonon, on the one hand, it can
reduce short-range forces to soften phonon modes, and on the other hand, it can
smooth out the lattice potential energy field that determines the electronic state and
promote electron transport, simultaneously achieving energy filtering of electrons.
Based on the hierarchical nanostructure design strategy, the electron-phonon coupling
probability that is conducive to enhancing the thermoelectric effect is selected.
Directed high-momentum electronic states are obtained by absorbing phonons, while
small-momentum electronic states are filtered by emitting phonons. In addition, the
phonon softening mechanism of the nanostructure is used to reduce the directional
thermal conductivity of phonons and the adverse scattering of diffused electrons.
Abnormal changes in the Debye-Waller factor can reflect the lattice softening phe-
nomenon. In a normal electronic system, the electron-phonon interaction weakens the
persistent current through the Debye-Waller factor, indicating that this factor can
serve as an indirect indicator of the coupling strength between electrons and lattice
vibrations. Finally, in a quantum well, an external electromagnetic field regulates the
electron-phonon interaction, further affecting the polaron correction energy, which is
also related to the correction of the Debye Waller factor.

5. Conclusion

This chapter starts from the basic theory of thermoelectricity and introduces the
thermoelectric transport equation and the Boltzmann transport equation that controls
phonon and electron transport. Subsequently, various innovative strategies for opti-
mizing thermoelectric materials in recent decades were reviewed, and the related
progress was evaluated. Finally, based on the superconducting BCS theory and pho-
non drag effect, this chapter proposes a new physical paradigm different from the
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phonon-glass-electron-crystal method. The core of the new paradigm is to shift from
decoupling the electron-phonon transport process to optimizing the electron-phonon
coupling mechanism and provides a theoretical mechanism for improving the perfor-
mance of thermoelectric materials by optimizing the electron-phonon coupling. Iden-
tified the material design concepts and challenges for implementing the new
paradigm.
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Chapter 4

High-Perfection Bulk and Film

Thermoelectrics Based on
Indium-Doped Lead Telluride

Sergey Nemov, Mark Auslender, Rony Shneck
and Zinovi Dashevsky

Abstract

Energy harvesting has been proposed as a promising method of supplying electric
power to autonomous sensor network devices and mobile electrical instruments due
to the possibility of obtaining electric power from unused environmental energy, such
as heat, light, and vibrations. It was found that micro-generators for energy harvesting
are more useful than standard electrical batteries. Lead telluride alloys are the first
materials investigated and commercialized from micro- to macro-generators with
electrical power up to a few hundred watts. However, their full potential for thermo-
electrics has only recently been revealed to be greater than commonly believed. The
maximal value of the thermoelectric figure of merit as a function of electron density is
attained only for the specific location of the Fermi level E relative to the conduction
band edge E.. A systematic study of structural, micro-structural, and thermoelectric
properties of bulk and film PbTe doped with indium is presented. Bulk samples were
prepared utilizing a Spark Plasma Sintering. The films with high energy conversion
efficiency were deposited on a polyimide substrate using a flash evaporation tech-
nique. A systematic study of the Seebeck coefficient, and electrical and thermal
conductivity of Pb;_,In,Te bulk and film samples over a wide temperature range has
been performed.

Keywords: thermoelectric semiconductor materials, thermoelectric figures of merit
(Z and ZT), lead telluride (PbTe), indium (In) and iodine (I) doping, spark plasma
sintering (SPS), flash evaporation (FE)

1. Introduction

Among different energy converters (solar cells, wind generators, and hydro-
power), thermoelectric (TE) generators are currently promising alternative energy
sources for the future [1]. Their advantage is a long lifetime, from 20 to 25 years [2].
Currently, the field of application of TE generators has expanded significantly. It was
shown that TE micro-generators for energy harvesting were more useful than electri-
cal batteries [3]. They have become realizable due to a decrease in power consumption
of electronic components due to advances in the field of electric energy storage and
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their miniaturization [4-6]. In addition, they can generate power from low-
temperature heat sources such as the human body [6-10]. Ioffe suggested a criterion
for selecting an effective TE material, who prescribes it to possess electrical conduc-
tivity like a metal and thermal conductivity like an insulator. Ioffe deserves full credit
for understanding that a “middle” class of materials; namely, semiconductors can
provide the best TE performance as TE materials [11, 12]. The maximum efficiency of
a TE generator (TEG) #,,,., can be calculated using the following expression [13]:

AT /1T @D, 1
NMmax = 7 . (1)
Ty i+ @D),, + Te/Ty

Here, T}, and T are the absolute temperatures of the hot and cold sides,
respectively, and AT is the temperature (T) difference between these sides, viz.,
AT =Ty — T,

1 (T
Tc

is the averaged dimensionless TE figure of merit. In Eq. (2), the dimensional
T-dependent figure of merit Z is given by

z=22 3)
K

where S is the Seebeck coefficient, and ¢ and « are the electrical and thermal conduc-
tivities, respectively. Eq. (3) applies to the p- and n-type TE legs of any semiconductor
TE generator, presenting the dependence of Z on T through the above carriers’
transport characteristics of the legs.

Figure 1 shows the dependences of ZT on T for various TE materials over the
range of T = 300 — 900 K [14-28]. For real applications in TEGs, along with a high
TE efficiency, the material must also have a high mechanical strength [29-31]. Today,
only two groups of TE materials are used at gas TEGs (operating T}, = 850 — 900 K
and T. = 320 — 350 K). The first group, targeted for use in a low-temperature range
of 300 — 600 K, includes solid solutions based on n- and p-type Bi,Tes; the second
group proper for operating in a mid-range of T'= 600 — 900 K involves those based
on AVBY! semiconductors such as n-type PbTe and p-type GeTe [1, 32, 33].
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Figure 1.
The dimensionless figures of merit ZT as functions of temperature for different TE semiconductors over the
temperatuve range of 300 — 9oo K: (a) n-type materials; (b) p-type materials.

86



High-Perfection Bulk and Film Thermoelectrics Based on Indium-Doped Lead Telluride
DOI: http://dx.doi.org/10.5772 /intechopen.1010931

For optimal TE materials with a high value of carrier mobility and a small value of
lattice thermal conductivity, the value of S determines the optimal value of Z, see
Eq. (3). In the simplest case—for the quasi-elastic scattering of charge carriers, for
example, on acoustic phonons and parabolic band structure, the Seebeck coefficient is
calculated by Dashevsky and Skipidarov [12] with Eq. (A1), as shown in Appendix A.
Let us remind that the parabolic conduction or valence band structure of a semicon-
ductor is, in general, a multi-valley ellipsoidal one, characterized by the components
m1, My, m3 of the effective-mass tensor along the principal axes of each ellipsoid, and
the number of ellipsoids N equal 8 for PbTe.

The Seebeck coefficient S decreases with the growth of carriers’ concentration,
and S is close to zero for metals with this concentration being of ~ 10 cm~3. At
the same time, electrical conductivity ¢ increases with the growth of the charge
carrier concentration. Therefore, the dependence of the product S% as a function of
Er has the bell-shaped form. The maximum value of S%6 is reached when Ep is close to
E. or E,. In this case, the Seebeck coefficient for n-type material varies in a narrow
range of S~ — (200 £ 20) uV /K at the electron concentration in the range of
n=5.x 10" — 1. x 10”cm 3. In well-doped TE materials, the carriers’ concentra-
tion, 7 for electrons or p for holes, is constant due to the dominant doped donor or
acceptor impurity, respectively. As shown in Ref. [12], for a semiconductor with the
above-noted parabolic band structure, the carriers’ concentration is calculated using
Eq. (A4) of Appendix A, which introduces an important notion of the density-of-
states (DOS) effective mass. According to Egs. (A1) and (A4), the chemical-potential
location that enters the reduced potential expression u* defining Z moves to the
forbidden band with increasing temperature, and, consequently, Z decreases.

This study uncovers the possibility of stabilizing the Fermi level in an optimal
position over a wide temperature range, which proves practically independent of the
concentration of doped impurity. This goal is achieved by doping indium (In) in lead
telluride (PbTe). This semiconductor is widely known for its premier TE properties
over the temperature range of 400 — 900 K [34-36]. The behavior of In in IV-VI
semiconductors was the subject of diverse scientific research [25, 37-42]. It was
established that the In impurity in PbTe has a donor character; however, despite the
high solubility of InTe in PbTe (2 — 3 mol%), the electron concentrationz at T =
300 K does not exceed the value of (3 — 5) x 10'® cm~3, a level that corresponds to a
dopant concentration of only N, = 0.03 at.%.

The main features of the effect of the In doping of PbTe on its electro-physical
properties were studied by V.I. Kaidanov [37], whose principal statements are as
follows:

i. At low temperatures, the In impurity energy level Ey, is close to EC. Besides,
its location does not depend on Ny, up to Ny, ~ 5 at.%.

ii. Each In atom in the position of a Pb-lattice site contributes to one electron,
and two allowed states to the impurity level. Therefore, the impurity level is

half-filled.

iii. In atoms in the interstitial positions are neutral and do not influence the
carrier concentration.

iv. The Fermi level Er is almost wholly determined by Eiy,, leading to the
so-called pinning of the Fermi level at low temperatures.
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Due to item (iv) above, the doping of PbTe with In sets the electron density highly
uniform over the sample of any structural form, single crystalline and polycrystalline,
both bulk and thin-film ones, which is important for the TE applications. This is the
uniqueness of such n-type doping compared to the doping by substituting Te with
halogens. These donors remain ionized at all T’s and give rise to large electron-density
fluctuations, unless In is doped.

To estimate the number of states in the In level, the experiments were made on
additional (to In) doping (co-doping) with standard donor impurity at PbTe-iodine (I)
[25, 37]. As long as the concentration of the I impurity, N is less than Ny, and the I co-
doping effect is weak. For N1 > Ny, noticeable changes in the electron concentration
emerge. Figure 2, anticipating further consideration of this phenomenon, shows sche-
matically how the extrinsic physical conditions, such as N, and Ny, + Ny (panel A), and
T (panel B), would influence the position of the impurity level and its broadening into a
narrow band, as well as these bands filling with electrons. At present, a few reviews,
which are quoted in continuation of the article, have been devoted to PbTe-based TE
materials with top ZT. However, most of them, though including PbTe as the main
component, are rather intricate compounds, which are difficult to reproducibly fabri-
cate for regular usage in industry. In contrast, In-doped PbTe, on which this review
focuses, along with high TE efficiency, has the advantage of structural and chemical
simplicity, and so the available well-reproducible synthesis routes.

Our scope encompasses single crystals and polycrystals. Section 2 overviews the
currently available theoretical concepts on the physics of doping PbTe with In, as well
as new first-principle band structure simulations of In-doped, and In and I co-doped
PbTe. Sections 3 and 4 consider the fabrication and experimental studies of the thus

Nin " A Nt Np
E > ; >
) L) (@
|
| -
= Eh' ["In
Eg— plb) = pB)
T .
(b)
p(E) Ex
Figure 2.

Effects of increased doping at helium temperatures, and temperature on the band structure of PbTe. Abscissas—
DOS, ordinates—energy. A: (a)—low N, Eg is below Ern; (b)—higher Ny, Eg attains Ey, and became pinned
and half-filled; (c)—low N1, Ep remains pinned, Ei, half-filled and broadens; (d)—higher Ny, Eg overs the In
impurity band that becomes filled. B: (a)—the same T as in A, N1, + Ny at which Er is pinned; (b)—higher

T < 300K, Ep moved above E1,; (¢) T > 300K, E. moved above the In-impurity band.
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doped bulk and thin-film n-type PbTe, respectively, and present new datasets with
tables and graphs. As concerns fabrication, subsection 3.1 recaps the Czochralski
single-crystal growth method and uncovers a new idea of the functionally graded
material (FGM) for the TE devices; subsections 3.2 and 4.1 describe the spark plasma
sintering (SPS) and flash evaporation methods and their applications with a new in-
house designed synthesis strategies for the manufacture of polycrystalline bulk and
thin-film PbTe samples, respectively, doped and co-doped with In and I. Section 5
concludes the Chapter.

2. Theoretical modeling

2.1 Effect of the In impurity on the band structure of PbTe within semi-analytic
approach

Deep and quasi-local resonant impurity states were discovered due to the
pioneering study of transport phenomena in PbTe doped with In by Rosenberg and
Wald [43] and Kaidanov [44]. As a result of extensive studies of lead, tin, and lead-tin
chalcogenides, several new physical phenomena were discovered such as the above
pinning (stabilization) of the Fermi level (chemical potential) by the impurity levels,
resonant scattering of band electrons by the impurity centers, long-term relaxation of
the non-equilibrium distribution of conduction electrons with characteristic times up
to several hours at helium (He) temperatures, and superconductivity at this tempera-
ture range with a critical point unusually high for semiconductors [40].

Currently, no fully analytical models of quasi-local resonant impurity states exist
that explain all features of the experimental data on the physical phenomena observed
in In-doped and co-doped PbTe. A contemporary approach that meets this challenge is
entirely numerical combined band structure—impurity simulations using such tech-
niques as, for example, the Korringa-Kohn-Rostoker (KKR) and density-functional
theory (DFT) jointly with coherent-potential approximation (CPA). Such an
approach has recently been invoked [42] to analyze the formation of impurity levels
and impurity bands associated with various impurities in PbTe. However, a simpli-
fied, at least semi-analytical modeling would be instructive and useful for under-
standing the physics of the phenomena in question. To this end, the clearest and most
constructive model in our opinion, which adequately explains an entire set of available
experimental data on transport phenomena at temperatures T >77 K and allows one
to predict the properties of materials upon changes in the doping composition, tem-
perature, pressure, and additional doping, is due to Kaidanov et al. [37].

Localized states with energy levels located apart from the edges of the allowed
bands are formed if the impurity potential is in short range. These deep impurity
states are strongly localized, and the effective-mass approximation cannot be applied
to describe such states. Rather, in these cases, the theory of Coster and Slater [45, 46]
is customarily used. Specific to this theory is the approximation of the impurity
potential by one localized within a one-unit cell, for which the quotient of the average
perturbation energy introduced by the impurity over the perturbation volume is large
enough. In wide-band-gap semiconductors, these impurity levels usually lie in the
band gap, when their localized electronic, say s-type, state is well separated from the
band of Bloch states. In narrow-band-gap semiconductors, such as in AVBY! at
T = 4.2 K, and some of A'BY ones, with the band gap Eg assmallas ~ 0.1 - 0.3 eV,
the deep impurity level can emerge in the allowed, either conduction or valence, band.
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A theoretical proof of the possibility of such quasi-local states, today called bound
states in continuum, is given in detail in Ref. [47]. At that rate, the energy of the

impurity state & coincides with that of the band (Bloch) states 8(%) on the equi-

energetic surface, viz., e(k) = ¢, so the impurity states fall into resonance with the

continuous band states of the same energy. For this reason, the states formed in this
way are called resonant states, which are stationary, and their hybridized wave func-
tion is a linear combination of those of the impurity and band states. The result of
solving the Schrédinger equation for the resonant state could be represented as a peak
of the electronic DOS p(¢) at the resonance energy level ¢ of a width I' as shown in
Figure 3. The necessary condition for observing these special states is that their energy
smearing should be small compared to the distance of their energy level and the edge
of the allowed band, that is, I' < ¢;. Near the impurity atom, the dominant part of the
hybridized-state wave function is spatially localized, which explains using the term
“quasi-local.”

Another view of the discussed problem suggests that the electron’s wave function
is only of the impurity nature. In this case, it is impossible to solve the Schrédinger
equations exactly; therefore, the wave function is non-stationary. Thereby, the time 7;
of electron localization at an impurity center is finite and called the lifetime. In this
picture, the electron passes into the allowed band of Bloch states without energy
losses. A finite lifetime leads to an energy uncertainty Ae = I' according to the cele-
brated uncertainty principle:

ASTl = F‘L'l ~ fl, (4)

where 2 and 7 = h/(2x) are the Planck and reduced Planck constants, respectively.
The width of the DOS peak in Figure 3 and the energy uncertainty are of the same
order of magnitude. The energetic broadening of the resonant impurity level can be
taken into account by introducing the complex energy:

pE)

Figure 3.
Schematic of conduction band DOS p(¢) in PbTe-based compounds with In dopant [42]; € and &; are the electron
and vesonant impurity-level energies, vespectively, counted from the band edge.
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The presence of the imaginary part in the energy provides a temporal attenuation of
the probability density of locating an electron on an impurity center, that is, the wave-
function amplitude squared, according to the decay equation:

i (7.¢) ‘2o< exp(—Tt/h), ©6)

where ¥, (7, t) is the corresponding wave function. Therefore, the decay time of

2
“I’i (7, t) ‘ equal /T due to Eq. (6) coincides with the lifetime 7; discussed above.

Near ¢;, the density of impurity states, superimposed on the density of propagating
carriers’ states, is fairly approximated by the Lorentz function
N; r

/)i(g) =~ 7 (8 _ gi)z T (F/z)z >

@)

where N; is the concentration of impurities forming the resonant states.

As noted above, the resonance level broadens due to the transitions of the electron
from the impurity state to the band state. The reverse process leads to the resonant
scattering of Bloch electrons. In a localized state, the electron has an initial quasi-
momentum. Then, leaving an impurity state after a time equal to the lifetime 7, it
acquires a new quasi-momentum, which differs significantly from the initial one.
Hence, the resonant impurity-level broadening and resonant scattering are two sides
of the same phenomenon, for which the scattering amplitude f due to one such
impurity is given by the following expression [49].

1 r/2

S = kemarir)’ ®)

where k is the Bloch quasi-momentum of the scattered electron and other parameters
are defined above.
The integral cross-section oy (¢) of the scattering by one impurity center is related

to the scattering amplitude by oy (¢) = 47r[f|2, with which and Eq. (8), we obtain the
Breit-Wigner-like formula:

p 4 ?
K (e — &)+ (T/2)°

)

osc(€) =

On the other hand, the inverse electron quasi-momentum relaxation time due to
scattering by all resonant impurities is given by 7.l (¢) = Niog(€)vy, where vy, is the
velocity of a band electron with the quasi-momentum k, see, for example, Ref. [48].

Combining this expression with Egs. (7) and (9), one obtains the formula
T 2(e) = Tfl'@, (10)

where p(e) = 2m*k/h” is the allowed-band DOS approximated by one with an effec-
tive mass m *, which reveals that the scattering is resonant indeed.
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Much experimental data concerning In-doped A'VBY! semiconductors are summa-
rized in Refs. [37, 49]. The clearest proof of the quasi-local resonant impurity states’
emergence in PbTe is the stabilization or pinning of the chemical potential . Due to
this effect, the electro- and thermo-physical properties as well as TE performance of
the material are not so sensitive to fluctuations in the composition, the concentration
of point defects, and the amount of introduced impurities [24] as they are in conven-
tional heavily doped compensated semiconductors. It should be noted that the pinning
effect is due to the partial filling of resonant impurity states with electrons.

Under the co-doping of PbTe with In and other electrically active impurities with a
concentration Nj, such as donors, for example, I, or acceptors, for example, sodium
(Na), there are no significant changes in the electron concentration as long as
N; £ Np,. Moreover, the co-doping experiments allowed one to conclude that the band
of resonant states contains two states per impurity level [37]. Figure 4 shows a band
diagram of the In-doped Pb;_,Sn,Te alloys [40]. For the Sn-substitute amount in the
range of 0.22 <x < 0.28, the chemical potential y is stabilized in the band gap of the
alloy. The u crosses the middle of the band gap at x = 0.26, and the n-to-p-type
electrical conductivity conversion could be observed.

2.2 Basic principles. The In-impurity effects within the DFT approach

In this subsection, we overview the effects of the In-doping on the band structure
and transport properties of PbTe in light of the DFT, which has already been well
discussed in the literature [25]. Here, the temperature effects are not considered,
so y is called, as customarily, the Fermi energy and denoted by Ef.

The DFT simulation results of DOS for doped and co-doped PbTe are displayed in
Figure 5. Figure 5(a) shows that In forms a density-of-states peak at the band gap of
PbTe, as well as a hyper-deep state at about —5 eV below the conduction band (CB)
edge [25] adopted ad hoc as a point from which all energies are counted. It is the 5s
orbitals of In that form these peaks, see Figure 5(b). The in-gap quasi-local narrow
impurity band is formed just below the CB edge and pins Ef, as seen in Figure 5(c).

N, 1 at.%

1.0 08 06 04 02 00
PbTe Pb, SnTe SnTe
X

Figure 4.

The position of the In-impurity level vs. the Pb,_.SnTe solid solutions composition. L and X are the Brillouin zone
points of band structure extrema. L locates the lowest conduction-band bottom and highest valence-band top, and
T a lower valence-band top. LE ave irveducible representations of Fm3m space group.
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This band is half-filled since E lies in the middle of it. It appears that In, doped
into PbTe, affects the band structure differently from how it does when doped into
SnTe [50].

The difference turns out to be more drastic if we compare, for example, the In and
Tl dopants in PbTe [51-53]. Among them, the latter, another III-group element, forms
a resonant energy level that submerges with the valence band. Figure 5(d) presents
the effect of In and I co-doping on the PbTe band structure. Here, one observes that
the same amounts of I and In, doped to PbTe, result in pushing Er in between the In
impurity level broadened into impurity band (IB) and CB edge due to the further
occupation of IB with additional electrons supplied by the I dopants. Furthermore, the
distance between the In-level derived IB and CB edges is much smaller for the co-
doped system than for the In-doped PbTe. A smaller gap between IB and CB will lead
to a lower T at which IB contributes to the transport properties of n-type PbTe.

The In-doping influence on electronic dispersion relations was shown using the
calculated Bloch spectral density functions (BSF) in Ref. [25]. They proved to be
useful in describing the electronic band structure of the system that contains impuri-
ties that do not follow a rigid band behavior [52-55]. Figure 6 shows the BSF of I-
doped and co-doped PbTe. In the case of only-I-doped PbTe, Er is moving deep into
the conduction band edge and a slight smearing near the band edge can be observed,
see in the left sub-figure of Figure 6 [25]. In the right sub-figure of Figure 6, it is seen
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Two-dimensional projections of the BSFs color maps of PbTeq 99910001 (left) and Pbo go9It6.001 Teo.99910.001 (right)
calculated within DFT [25]. Abscissa and ordinate show directions between high symmetry points of Brillouin zone
and distance between the cuvrent energy and Fermi level, respectively.

that In forms an additional quasi-local level with a high spectral weight at the L point
and between the L- and Z-points in the Brillouin zone.

The results presented above, especially as concerns the In and I doping and co-
doping effects, agree well with the previous DOS calculations, see Ref. [24] and refer-
ences therein, and the semi-analytical approaches discussed in the previous subsection.
Though the reported results do not include the electron-transport properties of such
doped n-PbTe, computed in the DFT framework [24], they support the experimental
findings indirectly, due to compliance with the conclusions of subsection 2.1. The DFT
simulation parameters used and some other features are detailed in Appendix B.

3. Bulk TE materials based on n-type doped PbTe
3.1 Single crystals prepared by Czochralski method

The single crystals of PbTe were grown using the Czochralski method that allows
unidirectional solidification from the melt [56]. For growth, the synthesized PbTe was
placed in a crucible, which was heated by a furnace to a temperature higher than the
melting point of the PbTe compound (T, &~ 1200 K). A PbTe seed crystal with an
(100) orientation was used to pull the crystal out of the melt. Liquid encapsulation was
used to prevent the melt’s decomposition during crystal growth. A molten boron
trioxide (B,03) layer about 1 cm thick was used for liquid encapsulation. Molten B,03
is inert to PbTe at the solidification temperature. The crystals were grown from a
PbTe melt with an excess Te (up to 1 at. %) that resulted in the formation of Pb
vacancies V3| acting as acceptors in PbTe. The T gradient at the crystallization front
and crystal pull rate ranges were 20 — 25 K/cm and 5 — 10 mm/h, respectively. To
enhance the equalization of the heat flux through the lateral surface of the crystal, the
crucible and the crystal were rotated in opposite directions with an angular velocity of
1s~%. Sufficiently rapid cooling partially quenches the non-stoichiometry defects,
largely inhibiting their contribution to p-type electrical conduction.

A fabricated 10 cm-long PbTe single-crystal ingot with a diameter of 4 cm was
demonstrated in Ref. [56]. The (100) crystal orientation was determined by the Laue
method. The back reflection of an oriented PbTe crystal unequivocally revealed the
fourfold symmetry and the absence of other reflections. The X-ray diffraction (XRD)
was used to test the phase content of the fabricated crystals. The XRD pattern of an
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The XRD pattern of a (100)-oriented PbTe crystal [54].

(100)-oriented PbTe crystal is shown in Figure 7. Only one (200) peak and its multi-
ple, (400) peak of much lesser amplitude, are seen in the XRD angular spectrum,
which indicates that the specimens are strictly single phase. Moreover, the Rietveld
refinement yields the FWHM value of 20 arcsec for the main XRD peak in Figure 7,
which evidences high crystallographic quality.

To proceed to the physical properties study, PbTe wafers of various sizes were cut
from the ingot and polished using mechanical and electrochemical methods. More
wafer preparation details are found in Ref. [57]. The dislocation patterns were
revealed by etching the well-polished surfaces of the wafers. Using the etch pits
analysis [34], which determined the dislocation densities in the range of
10° — 107 cm 2. The as-grown crystalline samples showed expected conductivity of
p-type with the holes, and hence vacancies, density of ~ 10" cm 3. As was discovered
[43, 44], doping PbTe with In leads at first to self-compensation and next to conduc-
tivity conversion from p- to n-type.

Thermally diffused doping with In was used by exposing the sample to In from a
gaseous source of InsTe3 [58]. The adopted concentration of the In dopant is in the
range of 0.1 — 4 at. % and can be varied by variation of the exposure time and
annealing temperature T, from 900 to 1000 K. The surface concentration Cs of In,
determined by energy-dispersive X-ray spectroscopy (EDXS), as a function of T, is
presented in Figure 8 [58].

The Seebeck coefficient S was measured in the direction parallel to the diffusive
penetration of In into a p-type PbTe. The S values for all crystals, in which In had
diffused, are large negative at the front of the crystal, x = 0, where x is the in-depth
distance from the sample surface in the diffusion direction. Similar measurements
were carried out in the Na-doped p-type PbTe crystals, which had no excess of Te, and
hence, no structural vacancies but, due to the presence of Na at the Pb-lattice sites,
had some initial concentration of holes, see in Figure 9.

Let C(x,t) is the concentration of In (Ny,) diffused at a distance x for a time ¢. This
concentration is given by the appropriate solution of the diffusion equation

Clx,t) = C(0) erfc (z%/ﬁ) (11)
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The dependence of Cs on T, as determined by EDXS [58].
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Figure 9.
Spatial profile of the Seebeck coefficient in crystalline Pbo goTe, o, (vight) and PbTe doped with 1 at.% of Na
(left), after diffusion of In for 16 hours at T = 700°C [58].

where the initial value is C(0) = C, erfc is the complementary error function, and D
is the In diffusion coefficient in PbTe. As seen in Figure 9, there exists a location x, at
which S zeroes, and changes the sign above it. At this point, the contribution of
electrons to S due to the presence of In at Pb-lattice sites counterbalances the TE effect
of initial holes present due to the Te excess. With S = 0 in Eq. (A1) and using
Eq. (A4), we can extract ™ at xg and calculate corresponding #, respectively. With
these data, we can estimate Ny, at the point in question, that is, C(xo,?). In turn,
knowing the latter, C, and ¢, an approximate value of D can be obtained by fitting
C(x0,2) to Eq. (11). The value of D for PbgggTe; o1 at T = 700°C is as high as
D(700°C) ~ 4.5 x 10~° cm?/s, whereas for Na-doped PbTe it is an order-of-magni-
tude smaller. Further measurements, performed at the different temperatures,
allowed revealing the activation-like dependence of D vs. T for both diffusion pro-
cesses, as shown in Figure 10, while estimating a similar activation energy of
E.~15¢€V.

The two end surfaces of n-type samples that emerged after doping the PbTe
crystals, the graded one via the In diffusion and homogeneous doping by I, were
polished and positioned between two flat surfaces. The lower surface was kept at the
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The open-circuit voltage as a function of temperature difference in doped n-type PbTe crystals described in the text.
Functionally-graded material (FGM) crystal—green; homogeneous crystal—red [58].

constant temperature T. = 320 K, and the temperature of the heated upper surface T},
was gradually increased up to 870 K. The open-circuit voltages V(AT) measured at the
varying temperature difference AT = T}, — T’ for the above samples are presented in
Figure 11. It is worth noting that the V(AT) curves for samples of the two types are
rather different. For the graded In-doping, V(AT)—green line in Figure 11—is close to
linear, and so the Seebeck coefficient S = —dAV(AT)/d(AT) extracted from this line is
close to a constant value, equal S ~# — 2504V /K over a T-range of 320 — 850 K. On the
other hand, for the homogeneous I-doping, V(AT)—red line in Figure 11—is notably
concave so that dV(AT)/d(AT) increases rather than saturates like for the green curve.

3.2 Bulk PbTe doped by In and I, prepared by SPS technology
3.2.1 Synthesis, sample preparation, and characterization

The experimental procedure of preparation and measurements of bulk polycrys-
talline PbTe samples doped by different impurities was presented in Ref. [24].
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Schematic view of Spark Plasma Sintering (SPS) apparatus.

The materials’ synthesis was performed in quartz ampules evacuated to a pressure of
10~* mbar. The ampules were thoroughly purified, which included washing in HNO3:
H,SO4 mixture and frequent cleaning with distilled water and isopropanol. Polycrys-
talline samples of Pb;_,In,Te; I, were synthesized by melting the high-purity con-
stitutive elements at a temperature of Ts~1000°C in a rocking furnace, whose
inclination can be varied in the range of +30" with a period of 15 sec to force mixing.
The ampules were taken out and quenched in water at a temperature of ~ 900°C. The
obtained ingots were crushed into fine powders by ball milling and then densified by
the SPS method, known also as pulsed electric current sintering (PECS), at T = 500°C
for 30 min in a graphite mold under stress of 60 mPa in an argon (Ar) atmosphere. A
schematic view of the SPS apparatus is presented in Figure 12. Disk-shaped samples of
a high, over 98% theoretical, density with a height of 15 mm and cross-sectional
diameter of 10 mm were thus output. Then, from each of them, 2 mm thick disks were
cut and polished for the thermal diffusivity measurements, whereas the rest was used
for the electrical and TE property measurements.

The phases and crystal structure were identified with the Bruker D8 Advance X-
ray diffractometer using a Cu K, radiation source (1 = 1.5406 A, A® =9 arcsec). The
lattice parameter extraction and other crystallographic calculations, such as Rietveld
refinement, were performed with the software GSAS-II. The structural analysis of the
samples was performed using scanning electron microscopy (SEM) with a high-
resolution SEM (HRSEM) apparatus JSM-6460LV (JEOL Ltd.). The instrument is
equipped with EDXS facility for chemical analysis.

S and 6 were measured by the SBA 458 Nemesis apparatus [24]. Measurements
were made in Ar in the temperature range from 25 to 500°C. Thermal diffusivity a was
measured with the Netzsch LFA 457 equipment [24]. The accuracy of the S and ¢
measurements was 6%, whereas that of Ry and the thermal conductivity x measure-
ment were estimated to be within 8%.
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3.2.2 Results and discussion
3.2.2.1 Powder X-ray diffraction and microstructure analyses

Figure 13 represents the powder XRD (PXRD) patterns and scatter plot of lattice
parameters of the Pb; .In,Te; I, specimens after synthesis vs. the In and I contents,
in sub-figures (a) and (b), respectively; also, in sub-figures (c¢) and (d), the figure
shows a top-view SEM image and EDXS elemental map, respectively, for the polished
surface of a representative specimen [25].

In contrast to the two-peak XRD scan for single crystals in Figure 7, each PXRD
pattern seen in Figure 13(a) shows several sharp peak characteristic of various crys-
tallographic orientations of a rock-salt FCC single crystal, which indicates the single-
phase, textured polycrystalline structure of the samples. A few independent peaks
show up in order of descending amplitudes, namely (200), (220), (222), and (420),
whereas the others are their crystallographic equivalents. Since the first peak hugely
dominates over the others, we conclude these samples have a strong (200) texture;
that is, most of their crystallites have the associated crystallographic orientation.
Rietveld refinement of the XRD spectra was applied to the XRD spectra from fresh
ingots and after thermoelectric measurements on cut samples. The FWHM, thus
assessed of, for example, the dominant (200)-peaked XRD pattern, proved only
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Figure 13.

The PXRD patterns (a) and lattice parameters scatter (b) for the Pb,_.In.Te, I, compounds obtained with SPS.
The lattice parameter for stoichiometric PbTe was taken from Ref. [59] for comparison and marked by a black
star. SEM image (c) and EDXS elemental maps (d) for the Pbq 999170001 T€o.990l0.001 Specimen.
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slightly larger than obtained for the single-crystal counterpart, which supports good
crystallinity of the grains.

The lattice parameters for all investigated samples were determined with high
accuracy due to applying LaBg as an internal standard, see Figure 13(b). The lattice
parameter of I-doped PbTe samples decreases only slightly with increasing y due to
very similar ionic radii of I and Te, equal 2.06 A and 2.07 A, respectively. With
increasing x, or x and y concurrently, the lattice parameters of In-doped PbTe or co-
doped samples, in respect, decrease more significantly because of a smaller ionic
radius of 0.94 A for In** compared to that of 1.33 A for Pb?*. The estimated lattice
parameters prove consistent with the lattice parameter value 2 = 6.4611(3) A for the
stoichiometric PbTe crystal [59]. The microstructure analyses made using the SEM
images of the type shown in Figure 13(c) discover varying degrees of darkness at the
samples’ surface due to different crystallographic orientations of the grains and show
either rare well-cured grain boundaries or no distinct ones. No pores, voids exits, or
cracks were found on the surface of all specimens. Studying the fracture surface of the
pellets after SPS indicates that the grain (crystallite) sizes vary in the range from 20 to
60 um, for In-doped, and to 200 ym for In and I co-doped samples. Figure 13(d)
shows the distribution of the constitutive elements in the characteristic co-doped
sample examined via the EDXS analysis. No demarcated regions containing detached
elements Pb, Te, In, or I were detected, which supports the conclusion of the single-
phase nature of the studied samples.

3.2.2.2 Electric, TE, and heat transport properties

Experimental investigation of the electric, TE, and heat transport properties,
that is, o, Ry, S, and k, respectively, of Pb;_,In,Te samples with x = 0; 0.0005;
0.001; 0.01 over the T-range of 300 — 800K was carried out and reported [24].
In Ref. [25], these properties for In and I co-doped PbTe, viz., Pb;_,In,Te; I, spec-
imens withx =y = 0.00035; 0.0005; 0.001 were measured. For all samples, the
Hall concentration zy and Hall mobility were determined from the Hall effect and
conductivity measurements using the well-known expressions:

nu = (eRu)"', uy = Ruo (12)

Due to accuracies of Ry and o reported above, 7y and uy; assessed using Eq. (12) will
be accurate to within 6 and 14%, respectively.

For investigated samples, Table 1 presents the transport properties measured at
room temperature along with the corresponding values of 7y and py, estimated due to
Eq. (12). Note that the values of S in Table 1 for the only I-doped PbTe specimens
agree with the previously reported results [23, 60].

The I-doping efficiency practically equals unity; that is, it amounts to nearly one
electron per I atom. For the In-doped PbTe specimens, the situation is much more
intricate, with increasing Ny, the electron concentration just slightly increases, from
4.8 x 10" to 5.1 x 10" cm~3, which confirms that In is not a regular donor [37]. The
following trend was observed when co-doping PbTe with both In and I. The electron
concentration in 0.1 at. % I-doped PbTe specimens is 1.4 x 10 cm™3. When the
PbTe specimen is co-doped with 0.1 at. % of In, the electron concentration drops to
~ 8 x 10" cm~3; thus, upon the In-doping many of band electrons become trapped at
the quasi-local In levels. The concentration of electronic states at the quasi-local levels
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Pby ,In,Te; I, S (uVIK) 6(Slem) kK (W/mK) gy (10® cm™3)  py (cm?/V-s)
x=0,y=0.00035  -1754£10.5 1020+61  2240.18 54403 1180 + 165
x =0,y = 0.001 —92455  2590+155 2.9+ 0.23 14408 1150 + 161
x =0.0005,y =0 —200+ 12 600 + 36 224018 48+03 780 + 109
x=0.00L,y =0 —191+115  660+40  22+0.18 51403 810 + 113
x =y =0.00035 —~168 + 10 800+48  24+0.19 6.6+ 0.4 760 + 106
x =y =0.0005 —156+9 1290+77  2.0+0.16 7.5+ 0.45 1070 + 150
x =y =0.001 —~155+9 1150 £ 69 2.5+ 0.20 7.6+ 0.46 940 + 132
Table 1.

The Seebeck coefficient, transport properties, Hall concentration, and mobility at T = 300 K of Pb,_.In.Te, I,
specimens fabricated by SPS [25].

is much smaller than that at the CB; therefore, the latter embeds the majority of doped
electrons.

It can qualitatively be deduced that for 0.1 at. % I and 0.1 at. % In co-doped
PbTe, the distance between the quasi-local level and the CB bottom is ~ 25 meV. In
this case, the Hall coefficient Ry within a model of two bands, one of which is the CB
and the other an impurity band (IB) emerging from broadening the In levels, is the
weighted average value of the Hall coefficients of these bands [61]:

Oc

Ry = RH,c( )2 + Ry, (%)2,0 = 0c + 0. (13)

o
Here, Ry and o, are the Hall coefficient and conductivity of electrons in the CB,
whereas Ry ; and o; are their IB counterparts. In our case, 6; < o, 50 (o¢/ a)z ~1and
(6i/ 0)2 < 1. Thus, the first term in Eq. (13) dominates the right-hand side, that is,

Ry ~ Ry, unless Ry ; /Ry > (6/61)2, which seems highly improbable.

Figure 14 presents the coefficient S vs. electron concentration, known as the
Pisarenko plot, at T'= 300 K for various samples specified in the figure. The experi-
mental data are plotted together with the results of calculations for the single parabolic
band (SPB) model and experimental data for the I-doped PbTe specimens from Refs.
[23, 60]. The SPB model calculations are done for the electron effective mass of
m* = 0.27 mg, where mg is the free-electron mass, which is close to the DOS effective
mass of ~ 0.24 m reported for the stoichiometric PbTe [34] and assuming that
the electron-momentum relaxation time z(E) as a function of the electron energy
E follows the simplified power law

T(E)“Eﬂfoﬁ (14)

where 1 is the so-called scattering parameter.

Usually, 4 = 0 represents acoustical-phonon scattering, and A = 0.5 evidently
results in an energy-independent relaxation time 7(E) = 7o, typical of electron scat-
tering by neutral impurities. For n-type PbTe, the choices of these two ‘s are the most
sensible, though acoustical-phonon scattering is considered to be dominant [34, 62].
In some theoretical studies [34, 63], longitudinal optical (LO)-phonon scattering was
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Figure 14.

The Seebeck coefficient as a function of the electron concentration for the Pb,_In.Te, I, specimens. The lines
indicate theoretical predictions by the SPB model with m = m™ /mq, and two X’s as shown in the legend, and the
symbols present selected experimental data [25].

found to be a dominating mechanism at low electron concentrations ng <10%®cm=3.

Two above scattering parameters were used to analyze S within the SPB approxima-
tion, and consistency was found between its results and available experimental data
for the single- and co-doped PbTe samples [25]. This confirms that practically no
effective mass change occurs upon the In-doping, in contrast, for example, to the case
of Tl-doped PbTe [53]. Therefore, solved In does not essentially modify CB in PbTe,
yet forming the quasi-local level broadened when merging into the Bloch-states con-
tinuum at low T. As T rises the distance between the level and the CB bottom
shortens, the latter proves above the former at T'>300 K, as sketched in Figure 2B.

Figure 15 shows the temperature dependences of S and ¢ in the sub-figures (a) and
(b), respectively, for the n-type Pb;_,In,Te; I, samples of seven compositions
shown in the figures’ legends. As was described above, the In atoms in PbTe form
quasi-local impurity states [37], see also in Figure 2. In addition to the In-doping, the
co-doping with I donates extra electrons, which can occupy empty states, in both the
CB and IB. The three S(T) curves in Figure 15 (a) for x = y confirm this suggestion.
These samples’ S(T') dependences are not typical of narrow band-gap semiconductors
with bipolar conduction, which were also observed for only In- and I-doped PbTe
samples. Hence, for co-doped PbTe samples, the intrinsic conduction range is effec-
tively avoided due to a source of electrons provided by fully occupied quasi-local In-
impurity states. On the other hand, Figure 15 (b) shows that for samples doped only
with I and only with In and having close values of S(300 K) coefficient, so similar
carrier concentration, the values of 6(300 K) are also close. Therefore, we can suggest
that the values of electron mobility uy; for these samples are also similar [23, 60].

The heat transport is determined by the total thermal conductivity . For a semi-
conductor at the range of one type of carriers (in this case, electrons), it consists of
two components: the lattice thermal-conductivity xj,; and electronic one k¢ due to the
phonons and band electrons transport, respectively [34]:

K = Klat + Kel- (15)

For PbTe at temperature T' = 300 K, ki, ~# 2 W/mK [34], which is relatively high in
comparison with low-temperature TE materials based on Bi,Te; [12]. For doped PbTe
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Figure 15.

Temperature dependences of the Seebeck coefficient (a) and electrical conductivity (b) for the Pb, .In.Te, I,
specimens with the dopant fractions shown in the corresponding legends [25].
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The thermal conductivities as a function of tempevatuve for the Pb,_.In.Te,_,I, specimens: (a)—the measured

total k(T); (b)—the lattice contribution ki, (T) extracted as described in the text. The In and I fractions are shown
in the sub-figures legends [25].

with electrical conductivity o ~ 103 Q@ 'em ™1, the electronic thermal-conductivity at
the same T equals k¢ ~ 0.4W/mK, which is five times smaller than k.. For this case,
lattice contribution «j,; practically dominates the TE figure of merit as follows:

Klat

Z (16)

Figure 16 presents the measured temperature dependence «(T) and extracted one
k1t (T') in sub-figures (a) and (b), respectively, for the Pby_,In,Te;_,I, specimens with
the dopants fractions shown in the legends to the corresponding sub-figures. It is
worth noting that the last five samples noted in Figure 16(a) coincide with those in
Figure 16(b), and that the extracted values of k,¢(300 K) for all inquired samples are
similar to those for stoichiometric PbTe equal ~ 2W/mK [34]. The «(T) curves shown
in Figure 16(a) decrease over most of the investigated temperature range of 300 —
780 K indicating a quasi-metallic behavior. However, at T > 650 K they demonstrate
either saturation or weak bending up. A slight effect of the intrinsic carriers is

103



Advanced Thermoelectric Materials — Theory, Development, and Applications

observed in samples with lower carrier concentrations. The lowest value of x observed
at T = 780 K equals 0.95 W/mK, typical for I-doped PbTe samples [25]. Theoretically,
the lattice thermal conductivity «j,; is defined by [34]

Klat = 1va, (17)
3
where cy is the specific heat at constant volume, and v is the propagation velocity of
elementary wave excitations of lattice vibrations—phonons.
The values of k1,(T') shown in Figure 16(b) were extracted by subtracting the ones
of k¢ (T) from the measured data on «x(T) shown in Figure 16(a) as follows

kat(T) = k(T) — ka1 (T). (18)

In turn, the values of k. (T) were calculated using the celebrated Wiedemann-Franz
law:

ke(T) = Lo(T)T, (19)

where L is the Lorenz number. According to Refs. [5, 34], L can be calculated with
Eq. (A2) presented in Appendix A for a general A. Due to Eq. (A2), L depends on the
physical parameters of the semiconductor under consideration via the reduced chem-
ical potential 4 *, defined in Appendix A, so L is not a constant unless y* is such. Given
the parameter 4 that emerges in Eq. (14), the dependence 4 * (T) can be extracted by
fitting the experimental data on S(T) to Eq. (A1).

3.2.2.3 TE efficiency

Figure 17 presents the power factor (PF) S?¢ and dimensionless figure of merit ZT as
functions of temperature, in sub-figures (a) and (b), respectively, for Pb; ,In,Te; 1,
specimens with the same compositions for both sub-figures as shown in their legends.
As seen in Figure 17(a), the co-doped specimen with x =y = 0.0005 presents the
maximal PF of $%6 ~ 32 Wem ™ 'K~2 at T = 300 K, and shows its decrease to about

16 Wem 'K 2 at T = 780 K [25]. The enhancement in PF for the three co-doped

40 1.4
(a) Pb, JIn Te I, (b)
351 —O—x=0,y=0.00035 12+
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Figure 17.

PF—(a) and ZT—(b) as functions of temperature for the Pb,_.In,Te,_,I, specimens. The same solved In and 1
fractions are shown in the sub-figures legends [25].
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The chart-graph of (ZT),, vs. T—(a) and graph of nvs. AT at fixed T. = 300 K—(b) for Pb,_In,Te, ,I,. The
comparison charts of (ZT),,—(c) and n—and (d) at AT = 480 K for several high TE-performance n-type PbTe-
based compounds.

specimens with x = y as compared to only In- or I-doped specimens is caused by a high
value of S with a simultaneous increase in ¢ over the entire temperature range of

300 — 780 K. Figure 17(b) shows that the maximum value of ZT reached is

(ZT) pax ® 1.25 at T = 725 K for sample with x = y = 0.001, which is the high value
reported for n-type PbTe [25]. However, due to Eq. (1), to achieve the maximal value of
TE efficiency 7 for energy applications, a high value of ZT over the operation tempera-
ture range is necessary. The estimation of the integral average (ZT'),,, which emerges in
Eq. (1), was done due to Eq. (2) by numerically calculating the areas under the ZT vs. T
curves shown in Figure 17(b) and dividing the results by AT.

The results of the above-outlined (ZT),, calculations for the specimens in question
over the T range from 300 to 780 K are presented in Figure 18(a). As seen, the high
value of (ZT),, up to ~ 1.05 for eventual AT = 480 K is achieved with the co-doped
sample, which at present is the highest one reported for single-composition n-leg TE
element [25], as shown in Figure 18(c). The 7 for the TE element consisting of n- and
p-type legs has been estimated and compared with the literature data as shown in
Figure 18(b) and (d). The calculation was carried out, assuming the same TE prop-
erties of the p-legs attached to each n-type leg. It was shown that the p-type leg made
from a Ge;_,Pb,Te specimen has the TE properties over 300 — 780 K temperature
range close to those of n-type Pb; ,In,Te; I, leg [64]. Also, # was calculated as a
function of varying temperature difference AT for the specimens doped only with I or
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In, and co-doped with In and I. High TE efficiency up to 5 ~ 14.2% for the above AT =
480 K was achieved for the specimens co-doped with In and I [25, 65-70].

4. In-doped polycrystalline PbTe films on polyimide

In this section, we describe using the flash evaporation (FE) method, which is a
specialized technology within the wider category of physical vapor deposition tech-
niques. For the preparation of Bi;Te3-based specimens, and doped PbTe thin films on
various substrates, using FE method was put forward and forged by the Dashevsky
group [70].

4.1 Experimental arrangements

The schematic view of the setup for the film preparation by the above-noted
method is presented in Figure 19. The FE method allows one to repeat in the synthe-
sized PbTe film the same composition of evaporated PbTe powder with small dopant
amounts in the 0.1 — 3 at.% range. These are In or I, for the n-type specimens, and Na
for the p-type ones. In this chapter, we report the In-doped PbTe films evaporated on
a thinnest, 12 + 2 ym thick, polyimide substrate. More thick polyimide substrates up
to 100 ym thickness were also investigated to study and optimize the deposition and
thermal processing regimes thoroughly. Such a sandwich, that is, the PbTe film
deposited on a thin polyimide film, can be used for the fabrication of a flexible-film
TE module (FFTEM) in micro-TEGs [6-8].

We also practiced the PbTe deposition on both sides of the polyimide layer to boost
the TE efficiency. The benefits of the polyimide material are low thermal conductivity
of ~ 3.5 x 10 *Wem 'K ! and flexibility [71]. Also, polyimide is a fully amorphous
polymer, which does not require lattice matching, while excellently complying with
PbTe regarding the thermal expansion.

Vacuum

Figure 19.
The schematic view of the flash evaporation setup. 1—quartz crucible, 2—crucible heater, 3—heat shield,
4—substrate, 5—substrate heater, 6—guide, 7—powder vessel, 8—vacuum chamber [70].
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The substrate temperatures T's held during the film preparation ranged from 100 K
to 573 K, which started with cooling the substrate by liquid nitrogen and gradually
proceeded to heating it above room temperature. The film deposition rate upon FE,
controlled by a piezo-sensor, was maintained at ~ 1.5 nm/s. This rapid evaporation/
deposition process ensures a high film uniformity. The film’s thickness was assessed by
the predefined deposition time, while double-checking by direct measurements using a
micro-interferometer MII-4 with an accuracy of 0.1 ym. For the chosen polyimide
substrate, the thickness scalability for evaporated films sustains up to 4 pm and then
stops. For thicker polyimide, the deposition can achieve thicknesses up to 6 ym at most.

A batch of films with In contents of x = 0.01,0.02,0.03, and the thicknesses of
1,2,3,4 ym each, were obtained. A part of the batch was removed from the evapora-
tion chamber, and the remained samples were annealed at T, = 673 — 723 K for 0.5 h
in a pure Ar atmosphere at pressure P = 0.9 atm.

The method of XRD structural analysis, developed specifically for the PbTe films
[72], was employed. The scanning electron microscopy (SEM) images were taken with
a Quanta 200 environmental high-resolution scanning electron microscope (HRSEM)
equipped with an energy-dispersive X-ray spectroscopy (EDXS) facility. An AFM
apparatus, Autoprobe CP (Park Systems Inc.), was employed to study the morphology
and topography of the films’ surfaces.

For the investigation of the TE and transport properties, that is, S, ¢, and Ry, of the
thin films under consideration over a wide temperature range of 100 — 500 K, a
unique measurement setup has been developed and used [72].

The measurement of Ry was carried out in permanent magnetic fields up to 2T in
two directions of the electrical and magnetic fields, and the final results are averaged
over the recorded ones for these measurements. These measurements were performed
with an 8% accuracy. The measurement accuracy of T was 0.1 — 0.2 K and of the
magnetic field +-3%. The uncertainty of the S and 6 measurements was £6% for each.

Heat transfer through the films was measured using the method of dynamic lat-
tices [73]. The accuracy of thermal diffusivity @ measurements was £10%. Schematics
of the appropriate measurement setup can be found in Ref. [72]. With the « data, the
total thermal conductivity « is calculated according to the well-known equation:

K = apcp. (20)

Here p is the single-crystal density, and cp is the heat capacity at constant pressure,
which was calculated with the Dulong-Petit (intermediate- and high-temperature)
limit. Hence, the calculated x accuracy can safely be taken as 10 %.

4.2 Results and discussion
4.2.1 Structural properties

Figure 20 shows the XRD spectra of the as-grown films with x = 0.01, fabricated
at different Ts shown in the figure caption. Like PbTe single crystal, the films tend to
grow mostly in the (001) or (111) directions and equivalent to them, while the former
is yet preferable to the latter due to lower surface energy. That the films at all T have
a strong (200) texture with small admixture of the equivalent (220) one that notably
decreases with increasing T, as is seen from the curves’ evolution in Figure 20. Upon
that increase, the additional XRD peaks corresponding to other growth planes almost
completely disappear, whereas the main one sustains its several orders of magnitude
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Figure 20.
The XRD spectra of an as-grown 1 um thick Pbe.goIne oo Te film vs. the substrate tempevature Ts. The numbers

near the vight ovdinate marking the curves relate to the following Ts: 1—373 K; 2—423 K; 3—473 K; 4—523 K
The main peaks are Rietveld-vefined.

dominance. These data evidence a good crystallinity of the grains, which improves by
preheating the substrate. Also, no XRD peaks corresponding to the foreign phases
were found, which indicate that the films are single phase.

Figure 21 presents the results of structural and surface morphology examination
for a Pbg g9Ing o1 Te film. Its sub-figures (a) and (b) show a HRSEM close top-view

— 1 um 1 um
3.0kV X20.000 3.0kV  X10,000

Figure 21.

Top close-view HRSEM image—(a) and AFM 3D image—(b) of an as-deposited 1um thick Pbo goIno 0, Te film.
Post-annealing top-view HRSEM image of the same film—(c) and cross-sectional/3D view HRSEM image of a
4um thick film with the same composition—(d).
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image and AFM 3D image of the as-grown film with a thickness of 1+ 0.1 um,
respectively, whereas the sub-figures (c) and (d) show the top-view and cross-
sectional HRSEM images of two annealed samples of the same composition and
thicknesses 1+ 0.1 and 4 £ 0.1 um, respectively, as specified in the figure caption.
Figure 21(a) uncovers the grain structure of the as-deposited film with the grain-
boundary (GB) exits. The film’s surface shows no cracks or pores, while the GBs’ exit
fingerprint lines on the surface occupy a negligible area. The averaged lateral grain
size in this film is 180 + 30 nm and scales about proportionally with the film thick-
ness up to the limit of film growth scalability noted above. AFM scan in Figure 21(b)
shows a detailed film-surface morphology over 5 x 5 ym area and allows for estimat-
ing the RMS surface roughness of ~ 25 nm. Figure 21(c) and (d) evidences that the
annealing facilitates closer packing of the crystallites in the film, which smooths the
GBs fingerprints on the surface. On the other hand, Figure 21(a) and (d) shows that
the films have a columnar grain structure altogether, which tightens after annealing.

4.2.2 Transport and TE properties

Figure 22 demonstrates the T dependences of Ry, S, and ¢ in the range of tem-
peratures from 10 to 400 K for the prepared Pb;_,In,Te films with x = 1, 2, and
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Figure 22.

The Hall coefficient—(a); Seebeck coefficient—(b); and electrical conductivity—(c) as functions of temperature
for the annealed Pb,_.In,Te films: x = 0.01—1; x = 0.02—2; X = 0.03—3; and PbTeq 99910001 film—4; the
films’ thickness is 2 pm.
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Pb; ;In,Te; I, S(VIK) 6 (Q'em) ¥ (WmK) xi (W/mK) Z x10% (K1) Reference

x=0.01,y =0° —350 +21 80+5 1.5+ 0.15 1.4 0.90 This work
x=0.02,y =07 —400 +24 40+2 14+01 1.4 0.80 This work
x=0.03,y =0° —440 +26 20£1 1.3+0.1 13 0.75 This work
x =0,y =0.0001" —330+20 100 £6 1.8+0.2 17 0.60 [72]
x=0.00L,y =0 -205+12  600+36 22402 1.9 1.10 [24]
x=y= 0.001° —-155+9 1100 + 66 25+0.25 2.0 1.05 [25]

“Polycrystalline-film samples.
bPolycrystalline-bulk samples.

Table 2.
The Seebeck coefficient, electrical and thermal conductivities, and TE figure of merit of the n-type
Pb,_ In.Te, I, polycrystalline-film and polycrystalline-bulk (SPS) specimens at T = 300 K.

3 at. %. The figure also includes the reference curves for a PbTe( 99910 001 film of the
same thickness. For all the films, Figure 22(a) shows Ry < 0 over the entire temper-
ature range, which confirms the electronic (n-type) conductivity. The electron Hall
concentration ny for the prepared Pb;_,In,Te films was determined from measured
Ry using Eq. (12). For all the films up to heavily doped Pbg ¢7Ing 93Te one, the ny does
not exceeded 5 x 10 cm 3. As seen in Figure 22(a), the non-monotonic temperature
dependence of Ry is observed in the In-doped PbTe films, which differs from that for
the film doped with the I impurity that is a regular donor in PbTe [72].

Assuming that experimental ny may substitute # in Eq. (A4), and adopting the SPB
model with the electron effective mass m, ~ 0.27 m, suitable for bulk PbTe crystal,
this equation can be solved for 4 *, and so the Fermi-level energy Er be extracted. It
turns out that the thus estimated Er lies 0.06 — 0.08 eV above E. at T = 80 K. As the
temperature increases, Er rapidly decreases, crossing the conduction band bottom in
the T' = 250 — 350 K range.

The Seebeck coefficient S of the studied n-type films is also negative over the 80 —
400 K temperature range, see Figure 22(b), which is typical of semiconductors with the
n-type conductivity. The value of S for Pbg ¢7Ing ¢3Te film achieves the value on a level of
S~ — 4504V /K at 300K. Figure 22(c) presents the temperature dependence electrical
conductivity o(T). However, the behavior of ¢(T) differs from the temperature depen-
dence of the Seebeck coefficient S(T). An increase in the In dopant content in PbTe leads
to a strong decrease in ¢ over the entire range of operation temperatures. Such an unusual
behavior can be explained by a strong decrease in the electron drift mobility, represented
by experimental uy, given by Eq. (12), with the growth of In concentration Ni,.

Table 2 summarizes the TE, electric, and thermal properties, such as Seebeck
coefficient S, electrical conductivity ¢, and thermal conductivity «, in respect, and TE
figure of merit Z as well, at T = 300 K of the n-type polycrystalline PbTe;_,In, Te
films with a thickness of 1+ 0.1 ym deposited on the thin polyimide substrate. The
same parameters for n-type Pb;_.In,Te; I, bulk (SPS) polycrystal samples are also
shown there for comparison. Note that the value of parameter Z(300 K) estimated for
the polycrystalline Pbg g9Ing o1 Te film with the electron concentration n = 3 x
10" cm~3 is similar to, though a bit smaller, than that for the bulk polycrystal
Pbg.999Ing.001Te, cf. the lines 1 and 5 in the column Z of Table 2.

The lattice thermal conductivity «j,; column in Table 2 was calculated according to
Egs. (15), (19), and (A2). A significant decrease in the value of kj,; for polycrystalline
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Pb;_,In,Te films in comparison with that for bulk polycrystalline samples [24, 25]
may be due to the scattering of long-wavelength phonons on the grain boundaries [5].

4.2.3 Scattering of electrons in the polycrystalline n-Pb1_.InyTe films

As shown in sub-subsection 4.2.2, in the polycrystalline n-Pb;_,In,Te films depos-
ited on the polyimide substrate, a significant decrease in the conductivity, seen in
Figure 22(c), which results in the strong y;; decrease over the entire operating tem-
perature range, since Ry, and hence ny, variation is very weak. This may be due to an
additional electron scattering on the grain boundaries. The increase of |S| with
increasing T in the Pb;_,In,Te films, seen in Figure 22(b), points at a larger scattering
parameter 4, see Eq. (14) as compared to one specific for the scattering on the acoustic
phonons (1 = 0), dominant in bulk Pb;_,In, Te single crystals, as seen in Section 3.
Such a difference is due to some extra electron-scattering mechanism inherent to the
poly-crystallinity, and this effect was discovered for the nanocrystalline PbTe films
[72,74-76].

When 4 is not known in advance, the parameter ¢ * can be extracted from Eq. (A4)
replacing # by ny, which was ad hoc measured for the Pb;_,In,Te films over the 200 —
300 K temperature range. With the thus acquired p* data, by trial-and-error fitting
the S data, measured at the same temperatures, to Eq. (A1), the parameter 1 was
extracted to be in the range of 1.5 — 2. A possible interpretation of this result is as
follows. At the grain boundaries in the polycrystalline Pby_,In,Te films, some energy
barriers for electrons emerge. This is sketched in Figure 23, which presents the
speculated energy-band diagram for the films in question. Such barriers allow fast
electrons, that is, those with E > ¢V, to pass through while delaying slow electrons
E <eVp. Recently, a detailed semi-phenomenological explanation of the observed
decrease of o, and hence, uy; with increasing temperature, based on a quantitative
separation of electron scattering on the grain boundaries, have been proposed [77].

Figure 23.

Suggested energy band diagram for the polycrystalline Pb,_,InTe films near a boundary of two grains. It depicts
the bands’ edges in the adjacent grains (1), flat inside the grains and bent up towards their boundary due to the
energy barrier eVg built up in the grain-boundary interlayer (2). The other notations were defined previously in
the text.
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4.3 Other miscellaneous properties

Closing this section, we briefly touch on a few properties that are aside from the
main focus of the present study but may be important for use in flexible devices. First,
these films withstand well the thermal cycling without hysteresis on the scale of
temperature variations allowed in the annealing process. Second, these nanocrystal-
line films have much larger mechanical strength than their brittle bulk poly- and
single-crystal counterparts. In our experience, many of these films at our disposal
have beyond 20 years longevity with preserving their physical properties. Finally, the
adhesion of the polyimide layers to SiO, is good, with a peel strength of 50 g/mm for
a 12um thick layer, and increases proportionally with the increase in the thickness.
This property may be useful for merging the thin PbTe film coolers with microelec-
tronics chips.

5. Conclusions
5.1 Brief summary

In this study, experimental and theoretical investigations on thermoelectrics of
PbTe-based compounds are presented. With this, we state a complete reproducibility
of all results of our measurements to within specific experimental errors. This chapter
contributes to a series of investigations for a long period until nowadays related to the
progress of advanced bulk and film PbTe TE materials over a wide operating temper-
ature range. The main results of this research can be briefly summarized as follows.

1. Fundamental knowledge of the In level behavior in PbTe is reported. The
electronic structure calculations confirm the formation of the In quasi-local level
broadened into a narrow impurity band (IB) close to the conduction band edge.
The power factor (PF) enhancement for co-doped PbTe samples was explained
by the favorable chemical potential position provided by charge carriers released
from the IB.

2.Significant success is achieved in increasing the TE efficiency  over a wide
temperature range of 500 — 850 K in In and I co-doped single- and poly-crystals
of PbTe. The maximum value of the dimensionless TE figure of merit reaches the
value of (ZT)max ~125atT =723K for Pb0‘9991n0_001Te0_99910'001 samples. The
temperature-averaged dimensionless TE figure of merit at the temperature
difference of AT = 475K for this compound (ZT),, =~ 1.05 is among the best
reported values. For a TE-element, including the proposed n-PbTe leg and a p-
type leg with the same TE properties, a value of # has been assessed. An
extremely high 5 of up to ~ 14.2% for the above AT is achieved for the
co-doped PbTe-based specimens with the concentration of impurities of
0.05— 0.1 at. %.

3.The TE figure of merit Z for the Pbg g9Ing o1 Te films on a thin flexible
polyimide substrate reaches the value Z ~ 0.90 x 1073 K~! at 300 K, which is
comparable to Z of the In-doped bulk poly- and single-crystalline n-PbTe.
Such a Z for these thin films opens new horizons for the fabrication of compact
micro-TEGs.
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5.2 Bulk and thin-film polycrystalline In-doped PbTe: Which is better for
thermoelectrics?

The answer to the question in the subsection title is ambiguous and depends on the
specific TE device, in which one of these two materials is to be applied. Since their
figures of merit are close, seen in Table 2, thin-film In-doped PbTe is preferable for
use in compact, lightweight, and wearable/flexible TE devices. On the contrary, since
Z of the SPS fabricated n-type doped PbTe is yet, though not much, larger than Z of
the FE deposited In-doped PbTe film, using the former is beneficial for TE systems,
for which the main target is high power yield.

Let us emphasize that PbTe-based semiconductors with n-type conductivity have
unbeatable TE performance over the mid-T range of 500 — 900 K, from both (ZT)
and (ZT),, viewpoints. PbTe-based TEGs have been used in NASA spacecraft mis-
sions for the last decade [34].

max

5.3 Recent publications and future directions

In the past 5 years, a huge number of studies devoted to PbTe-based thermoelectrics,
and updating the physical vapor deposition of n-type doped polycrystalline films
targeted to both thermoelectrics and infrared photonic detectors. In this connection, we
recommend solid review papers [78-80]. In our opinion, the future directions will be
with the technology benchmark improvements of the TE devices.
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A. Appendices
Appendix A: Formulas from semiconductors theory

The equations displayed below are valid for the general parabolic band structure
and an arbitrary quasi-elastic electron scattering parameter A (4 = 0 for scattering by
acoustic phonons), introduced in the main text.

The Seebeck coefficient S, and the Lorenz number L that emerges in Eq. (19), are
calculated by

Fy(u*) D

S= :Llr—B' [2F“1(”*) - ]
4

where signs — and + refer to n- and p-type materials, respectively, and

(ks 2[3Fau®)  [2Faw*)]’
L= (= - . (22)
e Fy(u*) Fyp*)
In Egs. (A1) and (A2), kp is the Boltzmann constant, ¢ < 0 is the electron
charge; u* = F(Ex — u)/(kgT) is the reduced chemical potential, in which
E, = E. is the conduction-band bottom, E_ = E, is the valence-band top, y is the

chemical potential (Fermi energy Er in the degenerate case), and F,(x) are the Fermi
integrals:

00 ya
Folx)=| ————dy, 2
(x) L 1+ exp(y —x) b (23)
Within the same band-structure model, the carriers’ concentration equals
2m ksT)”
norp:4ﬂ%ﬂ/z(ﬂ*). 24)

Above, mj is the DOS effective mass, defined by m; = N% 3(m1mzrn3)1/ 3 where the
mass parameters and N are defined in the main text.

Appendix B: DFT simulation details and other perspectives

The electronic structure of PbTe doped with In and I was computed using the KKR
method and CPA to model chemical disorder, which was implemented via the Munich
SPR-KKR package [81]. The focus was on impurity-induced changes near the con-
duction band edge, which are relevant to the observed transport properties. Hence,
the comparison with the known band structure of extrinsically undoped, highest-
stoichiometry PbTe [34] was not performed.

Calculations employed the experimental lattice constant of a = 6.46 A. A dense k-
points grid in the irreducible Brillouin zone was applied, namely, with 4000 points for
self-consistency, and 107 points for calculating the DOS and BSF to ensure accuracy
near the band edge and at low impurity concentrations, down to 0.1%. The exchange-
correlation (XC) effects were described via local density approximation (LDA) with
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the XC potential quantitative parameterization due to Vosko, Wilk, and Nusair [82].
Fully relativistic, full-potential calculations were performed with an angular momen-
tum cut-off of /;n,x = 3. The self-consistency cycle relied on tight convergence criteria
of 10> Ry accuracy for both total energy and E, with the latter determined using the
Lloyd formula [83].

The paper [24] reported investigation of the band structure, transport and TE
properties, such as o, k, and S, respectively, of n-type polycrystalline Pb;_,In,Te
samples series synthesized by SPS technique, over the entire temperature range of
298 — 773 K.

Abbreviations

TE thermoelectric

TEG TE generator

SPS spark plasma sintering

FE flash evaporation

CB conduction band

IB impurity band

DOS density of states

SPB simple parabolic band

BSF Bloch spectral density function
XRD X-ray diffraction

FWHM full width at half maximum
PXRD powder XRD

SEM scanning electron microscope(y)
HRSEM high-resolution SEM

PF power factor
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Chapter 5

Nanofluidic Thermoelectric
Materials

Di Wang, Xin Peng and Yahui Xue

Abstract

Thermoelectric transducers have attracted significant attention owing to their
immense potential in energy harvesting and biomimetic applications, such as waste heat
recovery and the design of advanced thermal sensors. Although traditional thermoelectric
semiconductors exhibit excellent thermoelectric performance at room temperature, their
toxicity and rarity limit their practical applications. In recent years, with the emergence of
advanced materials such as graphene, MXenes, and COFs, inspirations have been pro-
vided by biological thermosensitive ion channels to construct nanofluidic thermoelectric
systems using these materials as fundamental building blocks, aiming to achieve efficient
thermoelectric conversion. However, the thermoelectric coefficient of current nanofluidic
membranes is only 1.27 mV/K in very dilute solution, much lower than that obtained by
biological ion channels, that is, 5.8 mV/K. In this chapter, a detailed analysis of nanofluidic
thermoelectric materials is conducted from the perspective of theoretical background,
development, and applications. It is revealed that the synthetic effects of hydrodynamic
slip and surface charge at the channel wall contribute significantly to the enhancement of
thermoelectric properties. Furthermore, to design nanofluidic materials with better ther-
moelectric transducing performance, future strategies may involve integrating various
external stimuli, such as pH control, electro-gating, or novel surface treatments, to
advance their use in energy harvesting and biomimetic thermal sensors.

Keywords: nanofluidic thermoelectric materials, biomimetic ion channels, confined
ion transport, energy recovery, biomimetic thermal sensors

1. Introduction

The thermoelectric effect has significant potential applications in low-grade heat
energy recovery and the design of biomimetic thermosensitive sensors. In human
industrial and societal activities, large amounts of heat are emitted, and efficiently
recovering this heat represents a new approach to addressing the energy crisis. While
traditional thermoelectric semiconductors exhibit relatively considerable thermoelec-
tric performance at room temperature, their toxicity and rarity limit their practical
applications [1]. In recent years, micro-nanoscale systems based on two-dimensional
materials have been shown to enable efficient energy recovery. As a result, an
increasing number of researchers are focusing on ion thermoelectric in micro-nano
channels, aiming to improve energy recovery efficiency and reduce energy consump-
tion in the recycling of waste heat.
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The fundamental principle of ion thermoelectric in nanofluidic thermoelectric
systems is as follows: under the influence of a temperature gradient, cations
and anions undergo transport across the channel (Figure 1). The surface charge
on the channel walls causes different diffusion rates for the cations and anions, leading
to an imbalance in their numbers at both ends of the nanofluidic channel, which
ultimately generates a potential difference. However, the mechanisms behind the
generation of transmembrane potential differences under a temperature gradient in
nanofluid systems with varying ion selectivities are complex and still require further
exploration.

Moreover, intelligent life relies on biological ion channels to sensitively perceive
changes in external temperature. In nature, the ability of animals to sense temperature
is crucial. Sensory nerve endings in the body depolarize through gated ion transport
channels, allowing them to transmit electrical signals from the periphery to the central
nervous system. This process enables temperature sensation and prompts quick
responses to extreme cold or hot objects [2, 3]. Inspired by this, nanofluidic thermo-
electric systems also offer new perspectives for the development and design of bio-
mimetic thermosensitive sensors.

To date, the Seebeck coefficient has been used to evaluate the performance of
thermoelectric materials. The Seebeck coefficient (or thermoelectric potential coeffi-
cient) is defined as the voltage generated per unit temperature difference. Specifically,
it describes the relationship between the voltage induced in a material under a tem-
perature gradient, serving as an indicator of the thermoelectric conversion capability
of the material. However, the Seebeck coefficient of thermoelectric systems through
artificial ion-selective nanofluidic channels under temperature gradients is only
1.27 mV/K [4], which is significantly lower than the thermoelectric coefficient of
natural biological nanofluidic channels at 5.8 mV/K [5]. This indicates that designing
highly thermosensitive artificial nanofluidic channels and achieving efficient thermo-
electric conversion remains a challenge. In this chapter, the theoretical foundations,
developments, and applications of nanofluidic thermoelectric materials will be
discussed, providing a valuable reference for further research on nanofluidic thermo-
electric systems.

Figure 1.

Schematic diagram of nanofluidic thermoelectric system in confined space. Blue represents the low-temperature
region, while ved indicates the high-temperature vegion. Ions ave transported under a thermal gradient (AT),
resulting in the generation of electrical potential.
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2. Theoretical background

The study of nanofluidic thermoelectric systems offers significant insights for
efficiently recovering low-grade thermal energy and for the development and design
of biomimetic thermal sensors. However, the thermoelectric conversion efficiency
using water electrolytes in nanofluid channels still falls short compared to the perfor-
mance of traditional thermoelectric semiconductors [6]. In addition, the ion transport
driven by a thermal gradient differs significantly in bulk solutions from that in con-
fined channels (Figure 2). In bulk solutions, charge separation is established due to
the differing diffusivity of cations and anions, leading to the generation of electric
potential. In confined spaces, the ion transport is additionally influenced by the charge
density and slip length at the channel wall surface, making the underlying mechanism
more comprehensive. Therefore, investigating and discussing the thermoelectric
mechanisms of nanofluids is crucial for enhancing the performance of these systems.
This section will briefly introduce the fundamental theory of power generation in
nanofluid systems under thermal gradients, specifically focusing on the basic princi-
ples of ion and fluid transport driven by thermal gradients.

2.1 The Soret effect in the bulk electrolyte

When a thermal gradient field is applied to bulk solution, ions, molecules,
suspended particles, or droplets drift toward either the cold or the warm side. The
drift velocity (u) is proportional to the magnitude of the thermal gradient (VT), that
is [7],

u =—DrVT. 1)

where Dr is thermal diffusion coefficient (thermophoretic mobility), representing the
relationship between heat and particle motion, and T is temperature. The Soret effect,
also known as the thermal diffusion effect, refers to the differential diffusion of
components within a mixture under the influence of a temperature gradient, leading
to their spatial redistribution. Specifically, for the positive Soret effect, the particles
tend to diffuse from the high-temperature region to the low-temperature region. The
negative Soret effect will cause the particles to diffuse from the low-temperature
region to the high-temperature region. Under the action of the Soret effect, the ion

+ @ e
cation anion surface charge

bulk solution confined spaces

Figure 2.
Ion transport driven by a thermal gradient in bulk solution (left) and confined space (right).
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migration forms a concentration gradient (Vc), and the asymmetric charge distribu-
tion due to the different electrophoretic mobility of cations and anions result in the
formation of a thermoelectric field (Et). In a static state, for any individual ion, the
various driving forces, including the concentration gradient, thermal field, and ther-
moelectric field, achieve a state of mutual equilibrium.

For a binary electrolyte solution, the ion flux (Ji) of positive (i = ‘+’) or negative
(i = %) ions induced by the concentration gradient, thermal field, and thermoelectric
field can be obtained using the Nernst-Planck equation [8],

v
J. =Dy Ver +coSraVT —co 225 Er )
ksT

In the equation, D; represents the diffusion coefficient, ci is the ion concentration in
the solution, St;(= D1/Dj;) is the intrinsic Soret coefficient, vi denotes the ion valence,
e is the elementary charge, and kg stands for the Boltzmann constant, and Er = —VVry
with Vr as the thermoelectric voltage. The Soret coefficient (St;) is related to the
ionic heat of transport (Q,") by

Q

Spi= .
T e T?

(3)

Here, Q;" primarily originates from the entropy of hydration for specific ions and
has typical values in the order of kJ/mol [9]. Thus, the equivalent Seebeck coefficient
in a bulk solution is obtained as [8].

Se,bk - % 5 (4)
with S, px defined by Er/VT. Given Q;" ~kJ/mol, the generated thermoelectric volt-
age per Kelvin in a bulk electrolyte, that is, S, py, lies in the scale of around 0.1 mV/K,
which is significantly lower than the performance of conventional thermoelectric
semiconductors. It indicates that the very low thermoelectric voltage generated by ion
transport in bulk electrolyte solutions is insufficient for direct thermoelectric energy
harvesting. Therefore, it is intriguing to see whether it is possible to enhance thermal
energy conversion efficiency by using aqueous electrolyte in a physically confined
space.

2.2 Thermoelectric response of liquid electrolyte in physical confinement

The assumption of ion distribution neutrality applies only to bulk electrolytes. In
physically constrained micro/nanoscale channels, the presence of surface charge
causes ions to redistribute within the channel, forming an electric double layer (EDL).
When the EDL is thin and non-overlapping, the potential (¢) in the EDL field decays
from the wall value to the bulk value (as shown in Figure 3).

A series of calculations leads to the equivalent Seeback coefficient in the physical
confinement [8],

Se,cf = SQ + Sz/) (5)

Where,
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hermal gradient

Figure 3.
Schematics of EDL in a slit channel and thermoelectric field generation by a thermal gradient.
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with S s = Er/(dT/dx), { = ev{/(ksT) and k = xH /2. Here,Sq refers to the thermo-
electric contribution resulting from Soret-type thermophoretic ion motion under
physical confinement. If the ionic heat transport for both positive and negative ions is
the same, Sq disappears, as the Seebeck coefficient becomes zero. { represents the zeta
potential, which is the potential at the slipping plane of the wall, while k" is the
Debye length. In Eq. (7), S, represents the confinement-dominated thermoelectric
effect. The Debye length (k) defines the thickness of the double layer. When « ' is
much larger than half the channel height (H/2), that is, when kH — 0, S,, approaches
¢/T, indicating an enhancement of thermoelectric generation by increasing the sur-
face zeta potential. Conversely, when the EDL thickness is much smaller than the
channel height, that is, k<H — o0, S,, vanishes, similar to the case of bulk solutions.

In this case, the slit height is set to H = 20nm, and the surface zeta potential is {
=100mV. The electrolyte used is KCI, with the heat of ionic transport difference
between potassium and chloride ions given as AQ = Q] — Q* ~2kJ/mol. The com-
parison of Sq and S,, reveals that, at low concentrations where the Debye length is
large, the contribution from Soret-type thermophoretic motion is negligible, and the
thermoelectric effect induced by confinement dominates. In contrast, at high concen-
trations where the Debye length is small, the confinement effect tends to diminish.
While the thermophoretic and nanoconfined thermoelectric effects contribute addi-
tively, the total equivalent Seebeck coefficient in confined nanochannels generally
stays around 0.4 mV/K, even when the zeta potential is as large as { = 100mV. It is
important to note that the overlap of the double layers within the slit alters the electric
field distribution, but this effect does not significantly influence the total Seebeck
coefficient magnitude [8].
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In conclusion, the thermoelectric effects in confined spaces without convection
have been modeled using the Debye-Hiickel approximation. The results demonstrate
that, when the double layer thickness is comparable to or greater than the channel
height, the thermoelectric effect is primarily governed by confinement. Nevertheless,
the equivalent Seebeck coefficient in confined nanochannels is still considerably lower
than that observed in traditional thermoelectric semiconductors. It is essential to note
that this model assumes no advection within the channels, which applies to channels
with smooth solid walls. The next section will address the topic of thermally induced
osmotic transport in confined spaces.

2.3 Thermo-osmotic flow in confined space

The confinement of liquid within nanochannels modifies its specific enthalpy. In
an isothermal system, when a pressure gradient (Vp) drives liquid flow in confined
nanochannels, it generates a “heat flux,” which subsequently creates a thermal gradi-
ent along the channel. Conversely, when a thermal gradient (VT) is applied across the
nanochannels, it induces liquid flow, a phenomenon known as thermo-osmosis. This
coupling effect is described by Onsager’ linear nonequilibrium thermodynamics
[10, 11].

Us P P —Vp
= VT (8)
h Pn Pnl |~

where u is hydrodynamic velocity, f}, is heat transfer flux, and g (i, j = 1, 2) is the
phenomenological coefficient. Here, f1; characterizes the isothermal flow driven by a
pressure gradient, f,, denotes heat conduction at Vp = 0, and according to the
Onsager’s reciprocity relations, f1, = 21, which represents the thermos-osmosis coef-
ficient. The following is intended to obtain the expression for f;,.

According to calculations, the presence of a slippery boundary magnifies the
thermos-osmotic response by [11].

i =P (1 +b/2) 9)
Where,
0
J dz(z — 2,)0h(2)

PR - (10)
J dzoh(z)

Zs

The length scale, 4, characterizes the thickness of the interfacial liquid layer, where
the enthalpy of the liquid is modified by the interaction with the nanochannel walls.
This interfacial thickness is usually on the scale of a few molecules, and it can sub-
stantially improve the thermos-osmotic coupling coefficient, particularly on surfaces
with ultra-low friction, such as graphite, where the slip length can extend to several
tens of nanometers. Experimental studies on bare glass and Pluronic-coated substrates
have observed thermos-osmotic coefficients ranging from f;, ~ 107 m%/s to
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10~° m?/s [12]. Both theoretical analysis and molecular dynamics simulations demon-
strate that the slip length at the liquid-solid interface is crucial for enhanced thermal-
osmotic flow in confined nanofluidic channels. When the friction at the liquid-solid
interface is minimal, the thermos-osmotic coefficient can increase by several orders of
magnitude [11]. This suggests that thermos-osmotic flow in nanochannels with par-
tially slippery walls should be considered in the analysis of thermoelectric coupling, as
discussed in the following section.

2.4 Thermo-electric response with hydrodynamic slip

The thermos-osmotic coupling analysis above demonstrates that a temperature
gradient applied across confined channels can induce substantial liquid flow, particu-
larly when the channel walls exhibit ultra-low liquid friction. Therefore, liquid advec-
tion within these channels must be taken into account when analyzing the
thermoelectric response, in contrast to the analysis in Section 2.2, where advection
was not considered.

According to a series of calculations, the equivalent Seeback coefficient in slits with
hydrodynamic slip boundary conditions, defined by S, = —VV/VT withj. = 0, is
expressed by [13].

ATE

oT (11)

e,hs =

where ag is the thermoelectric coupling coefficient, and o is electrical conductivity,
consisting of bulk (opy) and surface conductivity (og,f), of which the latter is
dominated if kH < < 1. And it is found for surface conductivity-dominated channels
that [13].

Sune —6h x A x (e/n) ' (12)

Osurf

Here, 6h refers to the excess enthalpy density, while 4 denotes the thickness of the
solid-liquid interaction layer. The { potential is influenced by both the surface charge
density and the boundary slip length. In summary, the above derivation suggests a
direct correlation between the equivalent Seebeck coefficient and the { potential.
Molecular dynamic simulations further confirm that simultaneously maximizing sur-
face charge density and boundary slip length can significantly enhance the thermo-
electric coupling [13]. It is important to note that the distribution of surface charges
on highly slippery solid surfaces must be uniform. Any heterogeneity in the charge
distribution can reduce the slip effect, which, in turn, diminishes the thermoelectric
coupling.

2.5 The effect of Gibbs free energy on ions under a temperature gradient
During ion transport in confined nanochannels, the presence of a temperature
gradient leads to changes in the Gibbs free energy (dG) within the system. Therefore,
the change in dG caused by the temperature gradient is as follows [14],
dG = —SdT + Vdp + > wdn; (13)
i=1
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where G represents the Gibbs free energy, S denotes entropy, T'is temperature, V is
volume, and p is pressure. y; and #; refer to the chemical potential and mole number of
species i, respectively. In regions of high temperature, the entropy effect of the system is
typically stronger, especially in confined spaces where the freedom of particle motion is
restricted, leading to a higher entropy increase in the high-temperature regions. Ions
generally tend to move toward regions of higher entropy, as the entropy increase in high-
temperature areas helps reduce the Gibbs free energy of the system. This is particularly
true in confined spaces such as nanochannels, where ion motion is significantly
influenced by geometric and surface effects. As a result, the Gibbs free energy decreases
with increasing temperature, while in regions where the temperature remains unchanged,
the Gibbs free energy of the electrolyte remains constant. From a thermodynamic per-
spective, the system tends to reach a state of minimal free energy. Since Gibbs free energy
determines the system’s stability and direction of evolution, noticeable material diffusion
can occur under the driving force of changes in Gibbs free energy.

In conclusion, hydrodynamic slip contributes to an enhancement in thermos-
osmotic coupling, leading to considerable convection flow within confined slits. This
flow drives ion fluxes in response to a temperature gradient, thereby enhancing the
thermoelectric coupling effect. The thermoelectric coefficient can be derived using
Onsager’s linear nonequilibrium thermodynamics. A scaling analysis of the equivalent
Seebeck coefficient reveals that enhancing the thermoelectric coupling effect can be
achieved by simultaneously increasing both the surface charge density and the slip
length. Additionally, the variation of Gibbs free energy under a temperature gradient
also plays a crucial role in ion transport. The following section will explore the latest
developments and applications of nanofluidic thermoelectric systems.

3. Development of nanofluidic thermoelectric materials

The discovery of the Seebeck effect in 1821 provided an important theoretical
foundation for the conversion of thermal energy into electrical energy. Since then, due
to the advantages of thermoelectric systems—such as adjustable device size, absence
of additional mechanical motion, lack of acoustic or electronic noise, precise temper-
ature control, fast response, and high reliability—extensive research has been
conducted on thermoelectric systems [15].

3.1 Nanofluidic thermal transport

With the discovery of two-dimensional materials such as graphene, nanofluidic
thermoelectric systems have gradually come into the spotlight of researchers. Initially
inspired by biological ion channels, researchers focused on constructing two-
dimensional confined nanofluidic channels, leading to in-depth studies on the elec-
trodynamics of ions within these nanofluidic channels [16-18]. Under the influence of
an electric field or concentration gradient, ions undergo directional transport in con-
fined nanofluidic channels with surface potentials, a phenomenon known as electro-
osmosis or diffusion osmosis, respectively. Moreover, fluid transport driven by
pressure fields can carry ions along the charged surfaces of the channels, generating a
flow of electric current.

It was only in recent years that the impact of temperature gradients on ions and
fluids in confined spaces have begun to attract the attention of researchers. Dejakin
and Sidorenkov were the first to study thermodiffusion in porous glass, where fluid
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flow is driven by a thermal gradient [19]. This phenomenon contrasts with the ion
transport driven by pressure gradients, as fluid flow driven by pressure gradients
arises from the excess enthalpy of the liquid near the channel walls, leading to the
formation of heat flux through nanofluidic channels. Dejakin applied the diffusion-
osmosis reciprocity theorem to predict thermodiffusion and the thermodiffusion slip
velocity, demonstrating the existence of thermodiffusion in porous media and
confirming the thermodiffusion slip effect through molecular dynamics simulations
[10]. Brégere et al. [12] were the first to conduct micro-scale observations of velocity
fields induced by thermodiffusion, where the reduction of friction at solid-liquid
interfaces was shown to enhance the thermodiffusion response, such as at the inter-
face between graphene and water [11].

Power generation in conductors under a thermal gradient is commonly referred to
as the Soret effect [7]. In liquid electrolytes, the asymmetric thermophoretic motion of
positive and negative ions leads to the accumulation of an electric field, which is the
result of the Soret effect. Under physical constraints, the presence of surface charge at
the wall-liquid interface allows the generation of electrical energy through the thermal
gradient, even without the need for different thermophoretic mobilities of cations and
anions. This effect holds promise for enhancing thermoelectric conversion efficiency
through high-selectivity membranes. However, the Seebeck coefficient measured
experimentally in nanofluidic channels using water electrolytes remains much lower
than that of traditional thermoelectric semiconductors.

To enhance the thermoelectric performance of nanofluidic thermoelectric systems,
researchers have been continuously exploring various approaches. Experimental and
theoretical analyses have revealed that the surface charge density of nanofluidic channels
and the slip length at the interface between the channel and the fluid-solid boundary are
critical factors for improving thermoelectric performance [13]. Therefore, it is essential to
design nanofluidic thermoelectric channels with ultra-high surface charge density and
exceptionally low friction. Specifically, artificial ion channels with naturally high surface
potentials, such as COFs-based nanofluidic channels, can be developed. Additionally,
external stimuli such as pH control, voltage gating, and surface modification with func-
tional groups can be applied to regulate the surface potential of nanofluidic channels. On
the other hand, to achieve ultra-low friction in nanofluidic channels, materials with
smoother surfaces, such as graphene and carbon nanotubes, can be employed to construct
ion channels. Thus, integrating these optimization strategies for nanofluidic thermoelec-
tric channels presents a promising new avenue for future research. For example, Xue et al.
constructed a graphene-based, gate-controlled confined ion channel with thermoelectric
response. This design not only achieved an ultra-high channel surface charge density but
also utilized the slip phenomenon at the fluid-channel wall interface in the graphene
channel, resulting in a Seebeck coefficient of 12.7 mV/K for the thermally responsive ion
channel. This exceeds the thermoelectric performance of biological thermal TRP ion
channels, offering new insights for the collection of low-grade waste heat and the devel-
opment and design of biomimetic thermal sensors [20].

3.2 Nanofluidic thermoelectric materials

To enhance the thermoelectric response performance in nanofluidic thermoelectric
systems, scholars have conducted extensive exploration from the perspective of both
the material properties and structural design of nanofluidic thermoelectric materials.
Currently, various two-dimensional materials, such as graphene, carbon nanotubes
(CNTs), transition metal carbides and nitrides (MXenes), mental organic frameworks
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(MOFs), and covalent organic frameworks (COFs), have been widely applied in the
field of nanofluidic thermoelectric materials (Figure 4). By designing ion channels
with distinct physicochemical characteristics for thermal response, the ion transport
performance is improved, thereby boosting the thermoelectric response of nanofluid
systems. For example, Sun et al. designed a nanofluid membrane based on covalent
organic frameworks (COFs) [4]. Utilizing the ultra-high surface charge density and
high in-plane porosity of the COF ion channels, they significantly enhanced the ion
transport performance in the nanofluidic thermoelectric system, achieving a Seebeck
coefficient of 1.27 mV/K. The constructed COFs-based nanofluidic thermoelectric
channels can intelligently monitor temperature changes and express these changes as
a continuous potential difference, providing insights for the design of biomimetic
sensors. In the same year, Su et al. designed a thermosensitive ion channel with an
asymmetric structure [14]. They explored the performance of the designed biomi-
metic thermosensitive ion channel under two conditions—presence and absence of an
ion concentration gradient. The heterogeneous channel induced a highly sensitive
thermoelectric response under small temperature gradients, with a sensitivity of
0.71 mV/K, which is comparable to natural thermosensation systems.

To enhance thermal energy utilization efficiency and expand the application sce-
narios of nanofluidic thermoelectric systems, the range of nanofluidic thermoelectric
materials has become increasingly diverse. Researchers have gradually explored solar-
thermal-electric energy conversion, leading to the widespread use of photothermal
materials like MXenes and MOFs in nanofluidic thermoelectric systems. For example,
Husam N. Alshareef and colleagues developed MXene-based nanofluid channels with

Sa

Graphene

Figure 4.
Nanofluidic thermoelectric materials.
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excellent photothermal conversion properties [21]. Under light irradiation, the tem-
perature of MXenes rapidly increases, forming a temperature gradient that promotes
ion transport and enables photothermal-electric conversion. The Seebeck coefficient
of the constructed nanofluidic thermoelectric system reached 1 mV/K.

To further improve the thermoelectric enhancement driven by light in nanofluidic
thermoelectric systems, some researchers have constructed asymmetric nanofluid
channels using materials with varying photothermal properties. This approach aims to
increase the temperature gradient caused by light-induced thermal fields, thereby
facilitating rapid ion transport and achieving efficient thermoelectric energy conver-
sion. For instance, Wang and colleagues designed heterogeneous photothermal-
electric nanofluid materials based on MXenes and vermiculite [22]. The MXenes
exhibited localized surface plasmon resonance (LSPR) effects, providing excellent
photothermal conversion, while vermiculite, with its phonon scattering on its internal
ordered interfaces, offered a low thermal conductivity. Under light irradiation, these
heterogeneous nanofluid materials created a substantial temperature gradient, leading
to superior photothermal-electric conversion performance.

Additionally, to further enhance the energy conversion efficiency of nanofluidic
thermoelectric materials, researchers have even developed nanofluid materials that
exhibit both photovoltaic and thermoelectric properties, offering a new platform for
advancing nanofluidic thermoelectrics. For example, Wang et al. developed two-
dimensional heterostructure nanofluid materials based on MXenes and g-C3Ny,
achieving the coupling of photo-electric and photothermal-electric effects, which
enabled highly efficient light-responsive ion transport [23]. Under sunlight irradia-
tion, the band structure of the channel units facilitated effective separation of photo-
excited charge carriers within the hetero-structured channels, forming a built-in elec-
tric field that enhanced selective ion transport. Meanwhile, the photothermal conver-
sion properties of the MXenes units generated a simultaneous temperature gradient
within the nanofluid channels, further promoting ion transport.

To date, the exploration of nanofluidic thermoelectric materials is ongoing. Devel-
oping nanofluidic thermoelectric materials with high surface charge density and slip
behavior remains a key challenge, as supported by the aforementioned theoretical
findings. Additionally, broadening the application scenarios for nanofluidic thermo-
electric materials is another crucial direction for advancing this field. For instance,
introducing external stimuli such as light, pH, pressure, and electric control into
nanofluidic thermoelectric systems offers exciting opportunities to enhance perfor-
mance and enable new functionalities. In the next part, the focus will be on detailing
the specific applications of nanofluidic thermoelectric materials, showcasing their
potential in various fields and the innovations driving their development.

4. Applications

Nanofluidic thermoelectric systems hold immense potential for applications in
energy recovery and biomimetics. For instance, they can be used in the recovery of
waste heat, as well as in the design and development of biomimetic thermal sensors.

4.1 Energy recovery

With the gradual depletion of fossil fuels, the urgency for energy transition has
become increasingly apparent, prompting humanity to explore renewable energy

133



Advanced Thermoelectric Materials — Theory, Development, and Applications

sources [24]. In recent years, the recovery and utilization of low-grade waste heat
have attracted widespread attention. Low-grade heat sources typically refer to heat
sources with temperatures around 200°C, which are generated in large quantities
during industrial production processes and the operation of various electronic devices.
Efficiently recovering and utilizing this waste heat represent a new approach to
addressing the energy crisis. Currently, researchers have explored a range of materials
and approaches to harness waste heat and convert it into electrical energy, including
the use of thermoelectric semiconductors, ionic liquid gels, ion thermoelectric batte-
ries, and thermally driven osmotic engines, among others [25]. However, the imple-
mentation of these methods remains limited by the rarity and toxicity of materials or
the efficiency of energy conversion. There is an urgent need for cleaner and more
cost-effective thermoelectric technologies for waste heat recovery.

Nanofluidic thermoelectric systems have garnered widespread attention in the
field of waste heat recovery due to their excellent thermoelectric conversion effi-
ciency, ultra-fast thermoelectric response, and simple fabrication processes. By
constructing nanofluidic channels with superior ion selectivity, ion transport driven
by temperature fields can be achieved, thereby converting thermal energy into elec-
trical energy. For example, Sun et al. designed a covalent organic framework (COF)
nanofluid membrane, which efficiently converts thermal energy into electrical
energy, achieving a power density of 5.70 W/m? under a 50 K temperature
gradient [26].

Additionally, introducing solar energy into nanofluidic thermoelectric systems
creates a “light-heat-electric” energy conversion process, enabling efficient recovery
of both solar energy and ionic energy. For example, Wen et al. proposed a bio-inspired
ion pump utilizing MXenes with photothermal properties [27]. In this system, light
irradiation generates a temperature gradient, which directs ion transport under the
influence of the thermal field, achieving the functionality of a biological ion
pump. Similarly, Xia et al. designed a Solar Thermoelectric Nanofluidic Device
(STEND) to harness solar thermal energy [28]. They deposited a 3-dimensional gold
nanostructure as a broadband plasmonic absorption layer on one side of an anodized
aluminum oxide (AAO) membrane. This layer effectively converts light into heat
through surface plasmon resonance (SPR). The resulting localized heat creates a
significant temperature gradient in the nanofluidic channel, driving ionic charge
separation and generating a thermoelectric potential across the membrane, enabling
efficient energy recovery.

Moreover, temperature fields generated by light irradiation in nanofluidic ther-
moelectric systems can also promote the efficient recovery of salinity gradient energy.
For instance, Wang et al. developed MOFs-based nanofluidic channels with
photothermal-electric response [29]. Under the simultaneous presence of temperature
and salinity gradients induced by light irradiation, they achieved a power density
of 16.64 W/m?, significantly enhancing the efficiency of salinity gradient energy
recovery.

4.2 Biomimetic thermal sensors

In nature, the ability of organisms to detect changes in environmental temperature
is essential for regulating vital physiological functions. In mammals, thermal signals
are transduced into electrochemical signals via thermosensitive transient receptor
potential (TRP) ion channels, and these ion channels are then transformed into action
potentials by thermoreceptor nerve cells, such as the sensation of pain. Inspired by
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this biological mechanism, researchers have been dedicated to developing biomimetic
thermal sensors. For instance, Sun et al. reported a biomimetic thermal sensor based
on covalent organic frameworks (COFs), which can intelligently monitor temperature
changes and express them as continuous potential differences [4]. This provides new
insights for the development of biomimetic thermal sensors.

Furthermore, to enhance the biocompatibility of nanofluidic thermoelectric sys-
tems, some researchers have employed ion gels as thermoelectric materials. For
example, Pan et al. developed an ion gel that is both thermosensitive and pressure-
sensitive [30]. They designed a temperature-pressure decoupled ion sensor, mimick-
ing the function of biomimetic skin, to capture both thermal and pressure stimuli.

In a short summary, nanofluidic thermoelectric materials have seen widespread
application in energy recovery and the development of biomimetic thermal sensors.
However, significant challenges remain, such as the complexity of material fabrication
and the thermoelectric conversion performance, which still falls short of the efficiency
seen in biological thermoelectric systems. There is still a long way to go before
nanofluidic thermoelectric systems can achieve real-world practical applications.
Continued research and innovation are essential to overcoming these hurdles and
advancing the field.

5. Conclusion

Nanofluidic thermoelectric materials show considerable promise for applications
in the recovery of low-grade heat and the development of biomimetic thermosensitive
sensors, although research in this field is still in its early stages. In bulk electrolytes,
the thermal gradient drives the Soret-type thermophoretic movement of cations and
anions, which creates an electric field due to the differences in ion thermal transport
properties. However, the resulting Seebeck coefficient is generally low, around
0.1 mV/K. In confined nanochannels, the thermoelectric effect induced by confine-
ment dominates over the Soret effect, assuming the absence of convection flow.
Nonetheless, the overall Seebeck coefficient remains relatively low. In this chapter, to
improve the thermoelectric conversion efficiency of nanofluid systems, a detailed
overview of the theoretical aspects, developments, and applications of nanofluidic
thermoelectric systems is provided.

The results indicate that convective flow of the liquid in nanofluidic channels with
partial slip boundary conditions is highly significant and must be considered in ther-
moelectric conversion analyses. Molecular dynamics simulations demonstrate that
both high slip length and surface charge density contribute to a significant enhance-
ment in the thermoelectric coupling coefficient. However, achieving such surfaces in
nanofluidic channels is quite challenging, which is a major reason why the tempera-
ture sensitivity remains around 1 mV/K. Additionally, the uneven distribution of
charges deteriorates the slip boundary conditions. Therefore, a uniform distribution of
surface charges is necessary to achieve consistent low liquid friction, which would
further enhance the thermoelectric performance of nanofluid systems.

With the development of nanofluidic thermoelectric materials, they are now
widely applied in areas such as energy recovery and biomimetic thermal sensor
design. This chapter provides a comprehensive review, offering new ideas and
insights into the field of nanofluidic thermoelectrics, aiming to further promote the
advancement of this field.
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Chapter 6

Flexible Thermoelectric Films
and Devices

Xiang Li and Yao Lu

Abstract

Recently, the market for portable, flexible, and wearable electronics has seen
explosive growth, paralleled by the burgeoning Internet of Things (IoTs), which
encompasses numerous node sensors. The reliance on traditional batteries to power
these electronics and IoT node sensors not only poses environmental concerns but
also significantly raises costs. Consequently, the self-powering of electronics and
IoT sensors has become a necessity. Flexible thermoelectric generators (f-TEGs),
assembled with flexible thermoelectric films (f-TEFs), offer a promising solution
by continuously harnessing heat energy (such as body heat and sunlight) to power
these devices. Consequently, f-TEFs have garnered increasing attention over the past
decade, with remarkable breakthroughs occurring in the last several years. In this
chapter, we review the recently reported f-TEFs, which could be categorized into
freestanding films and films on flexible substrates. Strategies are proposed to improve
the thermoelectric (TE) performance of these films. Additionally, we discuss the
recent advancements in f-TEFs and illustrate how they can be integrated into genera-
tor designs that capitalize on their mechanical and TE properties. Furthermore, we
analyze and delve into the challenges and existing problems in the study of f-TEFs and
f-TEGs and provide comprehensive design guidelines pertaining to the TE properties
and flexibility of the {-TEFs.

Keywords: flexible, thermoelectric, flexible devices, composite film, f-TEs

1. Introduction

Wearables and Internet of Things (IoT) markets have witnessed an explosive growth
in the last decades [1]. The amount of IoT sensors has already surpassed the human
population by multiple folds [2]. Wearable electronics, particularly those inspired by
skin, serve as cornerstone components for personalized healthcare in the IoT ecosystem
[3, 4]. However, the majority of these devices still rely on batteries with finite lifespans,
necessitating frequent charging or replacement [5, 6]. This not only elevates operational
costs but also contributes to environmental pollution. Furthermore, the limited lifespan
of these batteries hinders their further deployment [7, 8]. Consequently, the development
of self-powered flexible electronics and sensors that harness energy from the human
body is imperative. Thermoelectric generators (TEGs), capable of converting low-grade
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waste heat into electricity, offer a practical and feasible solution [9, 10]. TEGs offer several
advantages, including the absence of moving parts or fluids, high reliability, and silence
in operation. When a TEG is directly attached to the skin, heat naturally flowing from

the human body and the TEG could create a voltage through the Seebeck effect based on
the thermal gradient between the environment and skin. Then, the electricity produced
could be stored in batteries or supercapacitors for subsequent usage, ensuring continuous
running of the device [11, 12].

The efficiency of a thermoelectric (TE) generator depends on the figure of merit
(ZT), defined as ZT = S?6T/k, where S is the Seebeck coefficient, o is the electrical
conductivity, k is the thermal conductivity, and T is the absolute temperature. It is
evident that the efficiency increases with a higher ZT value. Therefore, to achieve
a high-efficiency TEG, we must first identify TE materials with a high ZT. This is
challenging because S, 6, and « are intricately linked to the carrier concentration (n).
S represents the average entropy carried by each charge carrier, which decreases as n
increases. For metals or semiconductors, S can be calculated by the following formula:

2
8n’k? )3
5= S8 |
3eh? o (3nj @

Here, m" denotes the effective mass of the carriers, while kg represents the
Boltzmann constant and h represents Planck constant. ¢ is proportionate to the n
and carrier mobility (pt), given by the relationship 6 = nep. x primarily consists of
phonon thermal conductivity (k) and electronic thermal conductivity (k.), where
K. is in proportion to ¢ based on the Wiedemann-Franz Law (k. = LoT), albeit this
relationship does not hold for organic materials. Consequently, decoupling these three
variables and achieving a high ZT is exceedingly challenging.

Traditional TE materials are primarily inorganics. Numerous tactics such as
nanotechnology [13], energy band engineering [14], and defect engineering [15] have
increasingly been employed to enhance their TE performance. Consequently, some
inorganics, such as PbTe [16] and SnSe [17], have demonstrated ZT values exceeding
2. However, nearly all inorganic TE materials are rigid and inflexible, making them
unsuitable for wearable platforms. Therefore, one of the primary challenges in devel-
oping f-TEGs with high efficiency is to identify f-TEFs with excellent TE properties.

Conducting polymers (CPs), such as poly(3,4-ethylenedioxythiophene) (PEDOT)
[18-20], polyaniline (PANI) [21, 22], and polypyrrole (PPy) [23, 24], exhibit remark-
able bendability, lightweight, and low « [25, 26]. Consequently, in the past decade,
research on flexible TE materials has predominantly focused on CPs and their
composites with inorganic TE materials. This focus aims to leverage the low thermal
conductivity and excellent flexibility of CPs, while also benefiting from the high PF
of inorganics [27, 28].

Recently, insulating polymers (IPs) typically including polyvinylidene fluoride
(PVDF) [29], epoxy resin [30], polylactic acid (PLA) [31, 32], and polyvinyl pyr-
rolidone (PVP) [33] have been selected as matrices for f-TEFs. Additionally, carbon
materials, such as fullerene [34], carbon nanotube (CNT) [35-37], and graphene
[38], as well as carbon material-based composites [39-42], have garnered signifi-
cant attention due to their impressive o, flexibility, and light-weight. Nevertheless,
inorganic alloys are most widely researched because of the superior TE performance.
Consequently, inorganics-based f-TEGs have garnered more attention, and recently,
notable advancements have been achieved (see Figure1).
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Figure 1.
Some representative works about f-TEFs in the last decades [43—62]. “I” denotes freestanding f-TEF; “II” denotes
f-TEF on substrate.

The traditional method for preparing films involves utilizing rigid substrates, as
these facilitate the achievement of films with superior TE performance compared to
films grown on flexible substrates. However, the unbendability of these substrates
inherently limits the flexibility of the resultant films. Consequently, researchers have
increasingly focused on developing films on flexible substrates.

Another significant challenge in the development of f-TEGs lies in their rational
design, which includes optimizing the size of {-TEGs’ legs, ensuring adequate con-
tacts, thermal interfaces, and packaging methods. This aspect of research relatively
lagging behind compared to the study of f-TEFs [63, 64]. Currently, the develop-
ment of f-TEGs is still at the proof-of-principle demonstration stage [65]. Based
on their operation mode, f-TEGs are categorized into two types. The first type is
prepared by connecting p- and n-type inorganic TE bricks electrically over a flexible
substrate with patterned electrical contacts. Here, the temperature difference across
the bricks is perpendicular to the substrate [66-68]. The second type is created by
either directly fabricating TE legs onto a flexible substrate or by cutting strips from
films, assembling them, and adhering them onto the substrate. In both cases, the TE
legs harness electricity from the thermal gradient that exists in the in-plane direc-
tion of the strips [69-74]. The first form of f-TEGs always lack sufficient flexibility.
This chapter will focus solely on the latter form, which is lightweight and highly
flexible.

The approximate voltage (Vyoitage) produced by a TEG can be expressed as:

\Y

voltage

=N(S, -S, )AT )

where S, and S, represent the Seebeck coefficients of the p-type and n-type semi-
conductors, respectively, and N denotes the number of p-n thermocouples [75-79].
UZ

P ) UI B Rex + Rin (3)

When the external load resistance (R.y) is equal to the internal resistance of the
device (R;,), the output power reaches its peak value [80, 81]. The maximum power
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density (Pgensity) is calculated by dividing the generated power by both the cross-
sectional area (A) and the total number of legs (N)), as outlined in the following
equation:

Prw (Ni-S-AT) 5wt S*o

max

P L= = =
CSYTNCAT N -A 4.N, 4l

AT @)

where w, d, and 1, respectively, denote the width, thickness, and length of the
legs. The varying temperature differences and lengths employed in different applica-
tions necessitate the introduction of normalized power density, Pgensity*l/ AT?, which
facilitates comparisons of the devices’ output performance [82, 83].

In this chapter, we initiate with a systematic review of {-TEFs, which are
categorized into two types: (i) free-standing f-TEFs and (ii) f-TEFs on substrates
(see Figure 2). Considering that the output density of existing devices fails to
meet practical power supply requirements, this chapter attempts to address the
issue from two perspectives: materials and device design, aiming to pave a route
for future researchers. To be more specific, this chapter is structured around two
primary parts. Firstly, we comprehensively examine free-standing f-TEFs by ana-
lyzing various material systems. Secondly, we classify {-TEFs on substrates based

Top-down approach

CcP
Free-standing f-TEFs CNTs and graphene
Bottom-up approach
Carbon/polymer hybrid materials
Others

Nylon substrates
Vacuum-assisted filtration PVDF substrates
PTFE substrates
Polyimide
Polyethylene terephthalate
Polyethylene naphthalate
Vapor deposition Mica
F-TEFs based on substrates Cellulose
Carbon materials

Polyacrylonitrile

Polyimide
Printing -<
Cellulose

Polyimide
Coating Polyethylene terephthalate

Poly-p-phenylene terephthamide

Figure 2.
The mind map of this chapter.
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on the diverse flexible substrates utilized. Lastly, we highlight the main challenges
in the study of f-TEFs and propose feasible solutions.

2. Freestanding film

Freestanding films could be prepared using top-down or bottom-up approaches.
The top-down method involves creating large-scale templates and subsequently
reducing their lateral dimensions to the nanoscale. This method has the advantage of
being able to produce high-quality, high-performance materials, but it is also limited
by the availability of material systems and its expensive, energy-intensive prepara-
tion process. Bottom-up method involves constructing multifunctional nano-sized
materials through the self-assembly of atoms or molecules. This technique relies
on the chemical reaction of precursors under specific reaction conditions, offering
advantages such as low cost, simplicity of operation, and suitability for industrializa-
tion. However, it also has drawbacks, including poor controllability, the need for
post-treatment, and low product quality due to poor crystallinity.

2.1 Top-down approach

The “top-down” approach to obtain inorganic f-TEFs entails the fabrication of
bulks through traditional melting or annealing techniques, subsequently slicing them
into thinner sections. Some progress have been made in this field (see Figure 3) [78].

In 2018, zone melting process was adopted by Shi et al. [79] to synthesize a range
of Te/Se-doped Ag,S-based TE materials, followed by spark plasma sintering. These
bulk materials were then sliced into thin sections, which exhibited favorable mechani-
cal properties. Notably, the ZT value reached 0.44 for Ag,S, sSeq 45Teg o5 at RT and
0.63 for AgySosTeg, at 450 K. Later on, Lu et al. [60] utilized the similar process to
prepare p- and n-type Bi,Te;-based flexible films, achieving elastic bending (with
only a 9% decrease in o after 1000 bending tests at a 4 mm bending radius) due to the
staggered-layered structure, while minimizing the degradation of carrier transport
along the temperature difference, reaching high PF values of 4200 (p-type) and

In-plane flexible device (2019)
Cross-plane flexible device (2022)
Inorganic fabrics (2023)

Top-
down Strategy Staggered-layer structure (2023)
method

Intrinsic plastic inorganic materials (2019)

Antisite defects engineering (2024)

2D vdW crystal, e.g., InSe, SnSe, MoS,, etc. (2020-2022)
L — Work-hardening behvior, e.g., Ag,S (2023)
Siliver halogenides, e.g., AgCl, AgBr (2023)

Figure 3.
Brief summary of plastic inorganic TE materials.
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4600 (n-type) pW/mK? at RT, respectively. Very recently, Deng et al. [80] discovered
that, in brittle bismuth telluride-based materials, the induction of high-density and
diversified microstructures through modulation of antisite defects achieved a trans-
formation from brittleness to plasticity. This enhancement elevated the ZT at RT to
approximately 1.0, which is comparable to that of traditional brittle thermoelectric
materials.

Despite the advancements, significant challenges persist within this emerging
field, primarily encompassing an inadequate comprehensive grasp of the deformation
mechanism, hurdles in synergistically adjusting both TE performance and deform-
ability, as well as a scarcity of technological breakthroughs in both processing this
novel class of TE materials and their seamless integration into devices.

2.2 Bottom-up approach

The bottom-up methodology entails constructing structures one atom or one
molecule at a time, utilizing covalent or supramolecular interactions, analogous to
the process of building a house one brick after another. This method can be realized
through several approaches:

1. Initially, a precursor solution is either drop-cast or spin-coated onto a substrate,
followed by peeling the resulting film. The contact angle determines the ease of
preparing the film, i.e., the greater the angle of the solution droplet on the sub-
strate, the more likely it is to detach the formed film [81].

2. Using the pressure difference between the two ends of the filter membrane
via vacuum-assisted filtration, solid particles in the liquid are retained on
the membrane and self-assembled to form a thin film, which is subsequently
peeled off [82].

3. A self-supporting CP film or carbon-based substrate, upon which the TE inor-
ganic is deposited through deposition process, such as electrodeposition [83].

4.Bacterial action in a petri dish could facilitate the in situ formation of composite
films with bacteria cellulose as a matrix [84].

5.Interfacial polymerization method could be utilized to prepare a freestanding
film at the liquid-liquid or liquid-air interface.

6. After mixing various materials using the centrifugal force generated by high-
speed centrifugation, a film could be formed on the substrate material and then
peeled off [85].

Below, we provide a detailed review of the progress of related self-supporting
films, categorized by material systems.

2.2.1CP

Since the late 1970s, when doped polyacetylene was first discovered, CPs have
garnered significant interest as a crucial polymer. Typically, CPs behave as semi-
conductors and exhibit electronic conductivity once doped with appropriate dopant
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materials and their high 6 combining with excellent plasticity makes it attractive as
TE matrices. PEDOT is one of the most extensively studied CPs in terms of excel-
lent 6 and stability. But the insolubility pose challenges for processing. To date, the
mainstream method is to utilize poly(styrenesulfonate) (PSS) to decorate PEDOT.
To mitigate the insulating effect of PSS, pure PEDOT film could be prepared as
template [86, 87]. Apart from PSS, other dopants, like tosylate (Tos), are also used

to improve the water-solubility of PEDOT [18, 41, 88]. For instance, Bubnova et al.
[89] employed Tos to dope PEDOT (not in the form of a flexible film) to adjust its
oxidation level, achieving a room-temperature ZT value of 0.25 with a high S of

220 pV K. Subsequently, significant research has been conducted on post-treatment
and doping of PEDOT. Post-treatment is often utilized to adjust the conformation
and oxidation state of PEDOT, typically involving treated by polar solvents such

as H,SOy, ethylene glycol, or through heat treatment. The other route designed

by Fan et al. [90] to significantly improve the S involved creating a heterogeneous
structure inside PEDOT:PSS via introducing ionic liquids (not a flexible film), which
caused ion accumulation that scattered charge carriers with low energy, thereby
significantly enhancing the S while 6 almost remaining constant, leading to a PF up
to 754 W m™! K. Figure 4 depicts the comparison of ¢ and S in PEDOT:PSS films
doped by various agents.

2.2.2 CNTs and graphene

Up to now, numerous studies have focused on preparing CNT bucky papers with
a thickness commonly between 50 to 200 pm, subsequently applying post-treatment

Tos FA DMSO TL

S— T -+
Tos 220
H,SO JNaOH oA 1
153

E
SeHE e
A

omemar A e ;';5{‘ %:’:s
o e
NonlW 7142 Do

1000 2000 3000 4000 5000 0 100 200 300 400 500
Electrical conductivity (S cm™) Seebeck coefficient (Vv K"l

Figure 4.

Comparison of ¢ and S in PEDOT:PSS with different treatments, where the column filled with slashes represents
the flexible film and solid column vepresents inflexible film. These data have been sourced from refs [91-98].
Image reproduced with permission from Ref. [72] published by Elsevier.
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to enhance their inherently low TE properties. For example, An et al. [99] subjected
spun CNT bucky paper to post-treatment combining heat treatment and doping
with benzyl viologen, achieving a PF of approximately 3103 pyW m™" K™*at RT.
Interestingly, polyetherimide was found to transfer the CNT from p-type to n-type
[100]. Meanwhile, the TE properties of graphene could be also improved by post-
processing techniques. For instance, Li et al. [46] reduced graphene oxide film at
high temperatures, resulting in a film that exhibited a peak PF of 5450 pW m™' K™
at 1120 K and remained to have excellent thermal stability, making it suitable for
applications at extremely high temperatures.

2.2.3 Carbon/polymer hybrid materials

Due to their extensive n-conjugated structure and substantial specific surface
areas, carbon nanoparticles could significantly enhance effective interfacial inter-
actions with polymers. And, the high k of these nanoparticles can be modulated
through encapsulation or connection with polymers, and p could also be substantially
elevated. Researchers have endeavored to develop carbon nanoparticles/polymer
f-TEFs [36, 38, 40, 42, 101, 102]. For example, Wu et al. [103] drop-casted SWCNTs
dispersion onto the as-prepared PANI film, which facilitated to transfer the CP from
a coiled state to a tensile state to form a highly ordered PANTI interface, and thereby a
high 6 ~4000 S cm ™" was achieved.

2.2.4 Others

Given the intrinsic low S of polymers and carbon materials, incorporating inor-
ganic TE elements as fillers into these matrices has increasingly become a prevalent
approach to fabricate freestanding f-TEFs. The rationale behind this approach
includes the following: (i) the relative high PF in inorganics, (ii) an improvement
in the S through the energy-filtering effect, and (iii) a reduction in k resulted from
phonon scattering upon the interfaces.

However, achieving a robust combination between organic and inorganic materi-
als presents a significant challenge due to their vastly different chemical properties.
Therefore, the preparation of organic-inorganic hybrid f-TEFs with high TE perfor-
mance is a critical concern.

In situ composite approach, involving the direct synthesis of reinforcing phases
within the matrix, has been proved to be an effective method. For example, Wang
etal. [43] employed polystyrene nanospheres as template to in situ crystallize Bi,Te;
nanoarrays, followed by deposited PEDOT upon the arrays to create a hybrid {-TEFs.
The energy filtering effect and the strong acoustic mismatch between PEDOT and
Bi,Te; was considered to improve the ZT value to 0.58 at RT. Similarly, Jin et al. [47]
utilized CNT as a template to deposited Bi-Te atoms, and the in situ crystalization
on CNT contributes to the high orientation and low angle grain boundaries of Bi,Te;
nanocrystals, resulting in an excellent ZT value of ~0.89 at RT. Recently, Xu et al. [104]
employed a wet-chemical method to create a flexible PVDF/Ta,SiTe, film. The dimen-
sionality/morphology matching strategy was proposed to guide the Ta,SiTe, whiskers
seamlessly interfaced with the polymer, resulting in a PF of 576 pyW m™" K at RT.

Two-dimensional materials like Bi,Te; and transition metal dichalcogenides have
attracted attention for their unique in-plane electronic properties and large surface areas.
Weak van der Waals interactions enable easy exfoliation into nanosheets (NSs) for com-
posite processing. For instance, Du et al. [105] used lithium-ion intercalation to exfoliate
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Bi, Te;-based alloys, mixing them with PEDOT:PSS to form freestanding f-TEFs. Similar
approaches were applied to SnSe-based/PANI films [106, 107] and MoS,/CNTs films
[108]. Apart from physical (e.g., mechanical or liquid-phase exfoliation using solvents
with matching surface tension [109, 110]), chemical exfoliation approach is also effective.
For example, Dun et al. [111] intercalated Cu into Bi;Se; nanoplatelets, dispersing them in
PVDEF to create a freestanding f-TEF with a ZT of 0.1 near RT.

Intercalation is also effective for tuning carrier transport. Wan et al. [112] inter-
calated organic molecules into TiS, layers, selectively removing some during heat
treatment to reduce n, enhancing PF to 904 pW m™' K™* at RT. Organic layers in the
interspace lowered k, achieving an ZT of ~0.33 at 413 K. Overall, reducing polymer
content while maintaining flexibility enhances TE performance.

3. Flexible film based on substrate
3.1 Vacuum-assisted filtration

Vacuum filtration is a commonly used method for preparing thin films, featur-
ing simple operation and low cost. Its main principle involves depositing material
molecules onto the substrate surface through vacuum adsorption technology, thereby
forming a nanoscale thin film. This method boasts advantages such as producing
thin films with high purity, high density, high compactness, and strong adhesion.
Thanks to their high chemical stability, nylon-based, PVDF-based, and PTFE-based
filter membranes are widely used in thin film preparation processes. In the following
sections, we will review the relevant works in detail, one by one.

3.1.1 Nylon membrane

Cai’s group [113] was the first to utilize nylon membranes as substrates for prepar-
ing TE films using vacuum-assisted filtration. They successfully integrated SWCNTs
as fillers into a highly conductive PEDOT:PSS to create p-type TE films with an
optimal PF of 83.9 pyW m ! K2 Further, they [114] introduced Te nanorods with a
high S [115] into this system and significantly improved the PF to 104 pyW m™ K> at
RT. Similarly, PEDOT/SWCNT {-TEFs were also reported by Fan et al. [116], with a PF
doubled compared with the previous work [114].

It is well-known that inorganic TE materials exhibit superior TE performance.
Therefore, it is desirable to combine the high TE properties of inorganic materials
with the excellent flexibility of organic substrates. Cai’s group [48] developed a novel
method to achieve this goal, that is, firstly preparing Ag,Se NWs and then utilizing
vacuum filtration to form the film on a nylon membrane combining with post hot-
pressing treatment at 573 K and 1 MPa for 30 min. And finally, they obtained a porous
Ag,Se film on nylon with a PF of 9874 pW m™' K™* and a ZT of approximately 0.6 at
RT, accompanied with excellent flexiblity (Figure 5a-d). To enhance the PF of the
Ag,Se film, they [53] tried to raise the synthesis temperature or incorporate IPs, like
PVP [55], into the system, and the resulted PF was successfully increased by an order
of magnitude, up to ~1910 pW m™" K> at 300 K (Figure 5e-h).

On the other hand, Lu et al. [51] successfully incorporated Cu* into the synthesis
of Ag,Se nanowires to improve the TE performance via the energy filtering effect (as
illustrated in Figure 5i), thereby achieving an impressive PF of approximately 1593
pWm ™ K Further, Lu et al. [50] introduced PEDOT:PSS in situ during the growth
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( ag Schematic of Ag,Se/nylon film. (b) PF vs. temperature plot for the film. (c) HRSTEM image showing seamless
Ag,Se-nylon integration. (d) HAADF image of Ag,Se-nylon heterointerface, EDS mapping, and elemental
images for Ag, Se, C, N, and O (Ref. [48], Springer Nature). (e) TEM cross-sectional image of the film showing
pores and grains (A-G). (f) Enlarged view of (e) red square. (g) Zoomed view of (e) green square with PVP-
coated Ag,Se grains. (h) HRTEM of (g) white square (Ref. [55], Elsevier). (i) Band diagram for Ag/Ag,Se,
CuAgSe/Ag,Se, and Ag/CuAgSe interfaces (Ref. [50], RSC). (j) Diagram of phonon scattering in PEDOT/
CuAgSe/Ag2Se film (Ref. [51], Elsevier).

of Ag,Se/CuAgSe Nws to reduce the thermal conductivity. And the composite film
exhibited a remarkable PF of approximately 1603 W m™' K™%, corresponding to a ZT
value within the range of 0.6 to 1.05 at 300 K due to the hierarchical microstructure
defects inside (as illustrated in Figure 5j). Generally, the methodology outlined above
could also be adapted to other TE components, like Ag/Ag,Te/PVP films [33] and
PEDOT:PSS/Cu,Se films [66].

Concurrent with above work [48], Zeng et al. [117] also reported the fabrication
of an Ag,Te film on a nylon filter membrane through vacuum filtration, followed
with mechanical-thermal welding. This hybrid film exhibited an impressive PF of
approximately 315.1 yW m™' K™* around 400 K. Leveraging this film, a TE sensor was
developed, boasting a swift response time of only 1.05 seconds—faster than many
similar documented sensors [118-121].

The aforementioned studies underscore the potential of nylon membranes as
exceptional substrates for hosting inorganic TE films or inorganic/polymer hybrid
films. By integrating vacuum filtration with subsequent heat treatment, these films
can achieve superior TE performance while maintaining exceptional flexibility.

3.1.2 PVDF membrane

PVDF filter membrane possesses high chemical stability, excellent mechanical
strength, and heat resistance. Thanks to the porous structure of PVDF enabling
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the removal of excess PSS during the filtration process, a range of composite
films, based on PEDOT:PSS, has been successfully fabricated onto PVDF sub-
strates. For instance, Jiang et al. [122] employed a physical mixing method to
create a PEDOT:PSS/SiC NWs composite film, which exhibited an enhanced S

of 20.9 pV K™ due to an energy-filtering effect. Notably, after treatment with
H,S0, to eliminate non-conductive PSS, o skyrocketed to 3113 S cm), result-

ing in an optimized PF of 128.3 yW m™ K* at RT. See et al. [123] synthesized a
PEDOT:PSS-coated Te nanorod composite film on a quartz substrate. Also, Novak
et al. [124] prepared graphene on a PVDF membrane and the film showed a PF of
673 W m' K2 (RT).

In addition to these two filter membranes, PTFE membranes can serve as effec-
tive substrates. While PTFE membranes may not offer the same level of flexibility of
these two membranes, their temperature tolerance, which is at least 320°C, surpasses
that of other filter papers. Therefore, for applications requiring higher temperature
treatment (>400°C), such as with Bi,Te;, PTFE membranes would be a more suitable
choice.

3.2 Vapor deposition

Vapor deposition is a well-established technique for depositing films onto sub-
strates, encompassing both chemical and physical vapor deposition. This process
typically necessitates high temperatures, making it imperative that the substrate
maintains stability under such conditions.

3.2.1 Polyimide (PI)

Zhu et al. [125] deposited Bi,;Te;-based alloy films on PI substrates via magnetron
sputtering, followed by annealing at 573 K, achieving PFs of 769 and 400 pW m™" K™
for p- and n-type films, respectively. RF magnetron sputtering was later used
to deposit Te/Bi,Te; on PI, with annealing at 673 K enhancing crystallinity and
raising PF to 1145 yW m™ K2 [126]. Nuthongkum et al. [127] optimized PF to
1200 pW m™ K2 at 195°C by adjusting sputtering pressure. Further increases in
pressure yielded PFs of ~2170 pW m™ K™ for Bi;Te; and 1750 pW m™" K for Sb,Te;
[128]. Improvements were attributed to reduced grain size, diminished gaps, and
preferential orientation.

Similarly, Shen et al. [129] found enhanced crystallization and reduced porosity
at 4 Pa, achieving a PF of ~518 pyW m™" K* for Sb,Te;. Khumtong et al. [130] reported
that lower pressure improved grain size and crystallinity, while higher pressure
enhanced film formation, achieving a PF of 1060 pW m™ K*at 1 Pa.

Jitthamapirom et al. [131] compared DC and RF sputtering, with DC achiev-
ing a PF of ~3500 pW m™" K™* at 558 K, significantly outperforming RF sputtering.
Additional strategies, such as preventing element re-evaporation [132], doping [133,
134], and substrate selection [135], further enhanced TE performance.

Beyond Bi-Te alloys, Zn-Sb films have gained attention due to their non-toxic
composition. Fan’s group [136, 137] incorporated Ti into Zn-Sb alloys using multi-
step sputtering, reducing defects and achieving a PF of ~3590 pW m™" K> at
250°C. Toko et al. [138] applied this technique to Ge-based films, achieving a PF of
190 pW m™' K. Transparent TE films with ZT ~0.29 were also developed using Cul
or Ga-doped ZnO on PI substrates [139].
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3.2.2 Polyethylene terephthalate (PET)

PET stands as another exceptional polymer substrate for the fabrication of fully
transparent films. Yang and his team [140], for instance, employed reactive sputter-
ing at room temperature to deposit y-Cul films on both PET and glass substrates. The
film that deposited on the glass substrate showed a ZT of approximately 0.21 at RT,
which surpassed the performance of other transparent materials during that period.
Furthermore, it was observed that compressive stress enhanced o, whereas tensile
stress led to a reduction in 6. This phenomenon can be attributed to changes in the
compactness of the grains. Notably, a P of 8.2 nW at a thermal gradient of 11 K was
generated through a transparent f-TEGs with a single leg.

Additionally, Seo and colleagues [141] designed removable f-TEGs by depositing
Bi,;Te; and Cu electrodes directly onto a PET substrate using RF and DC magnetron
sputtering techniques, respectively. The device, which comprises 16 modules, is
then encapsulated with a cellulose film. These {-TEGs can generate a power density
of approximately 42 pyW cm™ at a thermal gradient of 14 K, and this performance
remains consistent even when the device is bent. Furthermore, its high-resolution
sensing capabilities for temperature less than 0.19 K and velocity less than 0.03 cm s
underscore its significant application prospect in the field of sensors.

3.2.3 Polyethylene naphthalate (PEN)

PEN film also emerges as an excellent substrate with great transparency and flex-
ibility. As an example, Umeda and his team [142] designed f-TEGs by depositing an
amorphous indium-gallium-zinc-oxide thin film onto a PEN substrate via magnetron
sputtering technique. The f-TEGs features two legs connected in series through Au/
Mo electrodes and Cu pads. An output voltage of ~6.7 mV and an output power of
about 0.12 nW at a thermal gradient of 53 K could be obtained.

3.2.4 Mica

Ca3Co40y is a non-toxic p-type TE material. Eklund’s group [143] grew
Ca;3Co40y films on mica substrates via multi-step sputtering, achieving a PF of
~1180 pW m ™ K™* at 573 K. The films remained intact under tensile or compressive
stress (r = 14 mm). Later, they deposited Zng ¢9Gag 010 films on flexible mica using
CVD, achieving a PF of ~100 pW m™ K at RT [144].

Recently, Zhong et al. [145] used one-step CVD to deposit polycrystalline SnSe on
fluorphlogopite mica, obtaining highly oriented SnSe (400) films with a ZT of 0.15 at
550 K. A single-leg f-TEG produced 17 mV at a 50.5 K thermal gradient, and devices
with varying units were designed for diverse applications.

3.2.5 Cellulose

Because of the biosafety and exceptional adaptability of cellulose, the TE textile-
based generator which could maintain direct contact with human body garners
significant focus. This innovative concept was recently proposed in a pioneering
study [146]. Motivated by Kato’s research [147], which reported the self-assembly of
a porous structure, Jin and his team [44] utilized an unbalanced magnetron sputter-
ing technique to prepare Bi,Te; onto cellulose fiber (CF) paper. The strong scattering
effect significantly enhanced S while reducing k, resulting in a ZT of approximately
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0.38 at 473 K. Notably, the Bi,Tes/CF film exhibited superior flexibility compared to
the Bi,Te;/PI film. Furthermore, the researchers fabricated a novel TE device where
one end of the strip was clamped with an alligator clip and the other end was held by
fingers (as illustrated in Figure 5n-o0). This generator, which featured 12 units of p-n
legs, showed a stable voltage of 0.14 V with a thermal gradient of 50 K. Similar work
was also reported by Rojas and his team [148]. The atomic layer deposition technique
was employed by Karttunen and colleagues [149] to create ZnO-based films on cotton
textile substrates. Among these, the (A1;O3)50(Zng 96Alg 010) 600 film exhibited the PF
of 137 pW m™ K> at 300 K, with great flexibility.

3.2.6 Carbon matevials

Till now, graphene is the most common carbon materials used as substrates for
deposition due to its smaller lattice mismatch with TE materials [150]. It could greatly
reduce residual stress during deposition process and prevents deformation, includ-
ing wrinkling and warping. For instance, Lee and his team [151] deposited n-type
(Bi,Tes) and p-type (Sb,Te;) films onto graphene using plasma-enhanced CVD.

The deposited films exhibited excellent PFs at RT of 3520 pW m ™ K™* (n-type) and
3590 pW m™' K™ (p-type) due to its high orientation along the (00 1) plane.

3.2.7 Polyacrylonitrile (PAN)

PAN is a polymer compound obtained by free radical polymerization of acrylo-
nitrile. It possesses good resistance to chemical reagents, especially inorganic acids,
bleaching powder, hydrogen peroxide, and general organic reagents. For instance,
Lee and his colleagues [152] were the first to utilize an electrospinning method to
create highly orientated PAN sheets, followed by depositing Bi;Te; and Sb,Te; onto
these as-prepared PAN substrates to obtain a nanofiber structure. The resulting film
demonstrated remarkable flexibility and exceptional tensile strength, with minimal
changes in electrical resistance during stretching up to approximately 10.5% strain.
These twist yarns were then fabricated into f-TEGs, with an output power density of
8.56 W m ™ at a thermal gradient of 200 K.

3.3 Printing

Thanks to its streamlined processing steps, minimized material waste, low costs,
and straightforward, printing technology has become exceptionally appealing and
has advanced to enable the patterning of a diverse array of electronic materials onto
various substrates. It mainly involves dispenser printing, screen printing, inkjet print-
ing and 3D printing. The former two printing methods are widely used due to their
convenience, are the most prevalent printing processes; however, they frequently lack
precision and controllability. The latter two approaches address these deficiencies,
albeit with relatively costly equipment.

3.3.1PI

Zhang’s research group has published several studies on the preparation
of TE films using printing processes [54, 153-156]. Some of these studies
focused on rigid substrates [154], while others were conducted on PI substrates.
For example, in one study, they [153] first synthesized Bi,;Te, gSe, , through
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microwave-stimulated wet-chemical synthesis and then use screen printing tech-
nique to prepare it on a PI, followed by thermal treatment at 703 K to remove the
surfactant and enhance film density. The high density (up to 85% relative density)
and phonon scattering caused by nanoscale grains and pores resulted in a ZT value
of 0.43 at 448 K. Later on, they tried to use different printing method to prepare
Bi-Te alloys on PI substrate, like 3D conformal aerosol jet printing [156]. However,
it seems that printing technique has little effect on TE performance while the
processing technology of Bi-Te alloy raw materials and post-sintering process has
more impact on the resulted film [54].

Additionally, Hou et al. [157] employed brush-printing to deposit Big sSb; sTes/
epoxy flexible films on a PI, with a hot-pressing treatment. Thanks to the prefer-
ential orientation of (000 1), the film showed an impressive PF of approximately
840 pW m ™' K™* at RT, with excellent flexibility. When the current was set at
60 mA, an f-TEG with eight elements generated a thermal gradient of 6.2 K, sur-
passing previously reported Bi,Tes;-based cooling devices [158-160]. Similar work
was also reported in Chen et al. [161]. Most recently, Du et al. [162] fabricated
several types of chalcogenide nanowires based-inks and then utilized ink printing
method to prepared Ag,Te-based f-TEFs on glass fiber, which exhibited a PF of
493.8 pW m ™" K™* at 400 K, and the resulted f-TEGs showed a maximum power
density of 0.9 yW cm ™ K™%

3.3.2 Cellulose

Ferhat et al. [163] utilized inkjet printing to prepare a TiS,-based component
on a flexible paper substrate, with a post heat-treatment at a temperature range
of 383-388 K. By optimizing the hexylammonium content, a maximum PF of
210 pW m™ K™* could be obtained. fTEGs with 7 units could generate a power density
of 17.6 pW cm ™ at a thermal gradient of 20 K.

More recently, Zhao et al. [164] developed TE ink containing Bi,Te; and
bacterial cellulose nanofibers, enhanced with an alkyl ketene dimer emulsion to
improve adhesion and water resistance. The resulted honeycomb-like generator
with 96 pair of p-n legs could generate a V,itage of 70.5 mV and a maximum P of
596 nW at a thermal gradient of 55 K. In Ref. [165], untreated paper served as the
substrate for p-type (Bi,Seq 3Te,7) and n-type (Big sSb; sTe;) legs, fabricated via
modified dispenser printing to form a f-TEG. With ten legs, the f-TEG produced
8 mV and 10 nW of power under a 35 K thermal gradient. Similar work was also
reported in Shin et al. [166].

When considering printing techniques for TE materials, the following sugges-
tions are offered: (a) When preparing the slurry, it is advisable to select a binder
with a lower melting point and gasification temperature, to ensure its positive role in
recrystallization annealing and minimize residual binder during heat treatment. (b)
The ink’s contact angle should be greater than 40° but less than 90° to ensure accurate
pattern reproduction during the printing process. (c) For substrates with a rough
surface, such as glass fiber, a pre-coating of a polymer like chitosan may be necessary
to facilitate proper ink adhesion and pattern formation.

3.4 Coating

Coating is also a convenient technique utilized for forming films, encompassing
spin coating, roll coating, drop casting, spray coating, and dip coating (Figure 6).

152



Flexible Thermoelectric Films and Devices
DOI: http://dx.doi.org/10.5772/intechopen.1009300

Brop-casting Spin-coating

Roll coating Spray-coating

Dip-coating Blade-coating

Figure 6.
The classification of coating technology.

3.4.1PI

Takashiri’s team [167] synthesized hexagonal Bi,Te; nanoplates via solvothermal
method and drop-cast them onto a PI substrate. After refining thermal anneal-
ing, they [168] achieved a maximum PF of ~350 pW m™" K~? at RT. They then
applied the same method to prepare n-type Bi,(Se,Te; )3 films, reaching a PF of
~410 pW m™ K at RT for Bi,(Seg 75Teq 25)3.

In addition to inorganics, numerous works have tried to drop-cast CPs on PI sub-
strates. For example, Bharti et al. [169] drop-cast PEDOT:PSS-based solutions onto PI
substrates, followed by annealing. A full-organic f-TEGs with 30 legs generated an U
of approximately 17.6 mV and an P of approximately 207 nW at a thermal gradient of
80 K.

Bulk Cu,Se also exhibits excellent TE performance [170]. Consequently, Lin
etal. [171] prepared Cu,Se-based ink and then deposited onto a flexible PI substrate
through spin coating, with a post-annealing at a temperature around 573-773 K.

The resulted film exhibited a PF of approximately 460 pW m™" K™* at 664 K, which
represents the highest value reported for Cu,Se-based f-TEFs.

3.4.2 PET

Layer-by-layer self-assembly is a process by which composite membranes are
constructed through alternating deposition of specific polymers, quantum dots,
nanoparticles, biomolecules, and other substances, under the action of complemen-
tary interactions such as electrostatic interaction, hydrogen bonding, coordination
bonding, and covalent bonding. Cho’s group utilized this approach to fabricate
organic TE films on PET substrates using dip-coating. They [172] successfully pre-
pared a multiple-layered CP-carbon composite (PANi/graphene-PEDOT:PSS/PANi/
DWCNT-PEDOT:PSS) film on a PET substrate. The composite film exhibited a PF of
~2710 pW m™ ' K2 at RT.

Tian et al. [173] used NMP to exfoliate TiS, powder into nanosheets, intercalated
hexylamine to form a hybrid superlattice film, and dip-coated it onto a UV-treated
PET substrate, achieving a PF of ~210 pW m™ K2 at RT. Choi et al. [174] synthesized
SnSe nanosheets via hydrothermal synthesis, drop-casting them onto a PET substrate.
The film showed an out-of-plane S of ~1250 pV K™'), much higher than SnSe single
crystals (809 pV K™), likely due to carrier filtering, despite alow 6 of 2.4 Scm™.
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3.4.3 Poly-p-phenylene tevephthamide (PPTA)

Jang et al. [175] employed the mechanical alloying technique to synthesize BiSbTe
alloy particles and subsequently incorporated nanofiber cellulose as a binder to for-
mulate a mixed paste. This paste was then drop-cast onto chitosan-precoated PPTA,
followed by cold pressing (Figure 7e). By refining the composition, a sample con-
taining Bi 46Sby 34Tes, after pressing treatment, showed a peak PF of approximately
611 yW m™ ' K at RT.

Apart from the aforementioned substrates, other materials, such as glass fiber,
have been utilized for coating purposes. The coating technique is advantageous in
terms of convenience, speed, and environmentally friendly method. However, the TE
performance of the resulting films typically remains modest.

4. Challenge and prospective
4.1TE property measurement
4.1.1 Electrical conductivity

Electrical conductivity, a well-established property that might initially seem
redundant to mention, presents unique challenges when measured in TE films,
beyond those encountered in bulks. Conventionally, the four-probe method is
employed to test 6 of films, necessitating an accurate determination of film thick-
ness. For freestanding TE films, thickness measurement is straightforward; however,
for films deposited on substrates, this task becomes more intricate, particularly if
the substrate has an uneven surface or a porous structure, like glass fiber, which can
significantly impact the film’s thickness.

To address this issue, enhancing the substrate’s surface smoothness, such as
through pre-coating with chitosan, can be beneficial [175]. Furthermore, ensuring
uniform film deposition, for instance, by using a homogeneously dispersed precur-
sor solution during vacuum filtration, is crucial. Selecting an appropriate method
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for thickness measurement is also vital. Observing the sample’s cross-section under
scanning electron microscopy (SEM) is a common and intuitive approach, where
preparing a clear cross-section is pivotal. Brittle fracture of samples in liquid nitrogen
is a standard technique for obtaining such cross-sections. However, when cellulose-
based materials, like nylon, serve as substrates, even this method may fail to produce
a clean break. In such cases, employing a knife-assisted liquid nitrogen brittle fracture
method, as detailed in the supporting information of refs. [50, 53], can be helpful.

Lastly, to enhance measurement accuracy, it is advisable to observe as wide a field
as possible under SEM, measure numerous points, and average the data.

4.1.2 In-plane thermal conductivity

Measuring the in-plane k of a film remains a significant challenge to this day. Three
primary methods have been reported for this purpose [180]. The first involves using
the LINSEIS TFA apparatus that operates based on the 3w-method. Nevertheless, this
approach necessitates depositing the film on a specialized substrate, thereby limiting
its broad applicability. The second method employs a suspended microdevice that con-
sists of two adjacent SiN, membranes. Each membrane is adorned with a serpentine
platinum resistance thermometer, accompanied by two electrodes and six supporting
beams, enabling the conduction of four-probe measurements of TE properties [181].
While sophisticated, this method also presents its own set of challenges. The third
method employs the Laser-Flash technique to measure in-plane thermal diffusivity
(D). By combining this with the film’s density (p) and specific heat capacity at con-
stant pressure (Cp), the thermal conductivity (k) can be calculated using the equation:
Kk = pCpD. Details of this calculation are provided in the supporting information of
reference [53]. However, a limitation of this method is that it requires a relatively large
film size. For freestanding f-TEFs, this method can directly yield the in-plane thermal
conductivity. The fourth method is called transient electro-thermal (TET) technique,
which is an approach with high accuracy to measure the thermal diffusivity of various
solid materials. In a typical TET measurement, the sample is suspended between two
electrodes, where the electrodes also serve as heat sink during the thermal transport
characterization and this method was proved to be accurate by the measurement of
some freestanding films [60]. Yet, for {-TEFs deposited on substrates, the measured
in-plane thermal conductivity inevitably includes contributions from the substrate,
posing a challenge in isolating the thermal conductivity of the TE film itself.

4.1.3 Seebeck coefficient

While measuring the Seebeck coefficient may seem straightforward, it is crucial
to remember that this coefficient is determined by the slope of the linear relationship
between the thermal electromotive force and the temperature difference (ranging
from approximately 2-5 K) between the two ends of a film. Given that the value of
ZT is in proportional to the square of the S, any inaccuracies in measuring S can pose
significant issues, particularly for materials with low S, like CP and carbon materials.

42 fTEGs

Currently, the research on f-TEGs is still in the nascent stages of principle demon-
stration, lagging significantly behind the advancements made in the field of f-TEFs.
Hence, it is imperative to intensify efforts in studying f-TEGs.
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In the case of f-TEGs, the legs are constructed from thin films, distinguishing
them vastly from devices made of bulk TE materials. For identical materials and TE
leg lengths, the resistance of thin films is several hundred times greater than that
of bulk materials. Furthermore, the electrical power generated by f-TEGs typically
falls within the micro-watt range, necessitating amplification via a chip equipped
with DC/DC amplification and capacitor storage for practical use. Consequently, if
the Ry, of f-TEGs is excessively high, the V drop across the f-TEGs will be substantial,
resulting in an insufficient voltage supplied to the chip, thereby hindering power
generation or even preventing the chip from triggering. To address this, researchers
should endeavor to produce thicker TE films and select material systems with higher
electrical conductivity.

To minimize contact resistance, the ends of each leg should be sputtered with
electrodes, such as gold. It is worth noting that silver electrodes, while commonly
used, are prone to aging in air at room temperature. Therefore, if silver electrodes are
utilized, the device must be adequately packaged to prevent degradation.

4.3 Summary

To sum up, we have provided an in-depth examination of f-TEFs, focusing on two
distinct aspects: freestanding f-TEFs and substrate-based f-TEFs, and based on our
review, we propose the following outlooks:

1.In case of freestanding TE films, the integration of room-temperature metal-like
plasticity with adjustable bandgaps and high carrier mobility to create plastic
inorganic semiconductors remains a promising direction for future exploration.
For instance, utilizing anti-situ defects to transform brittle materials into plastic
materials has been proven to be an effective strategy. Meanwhile, it is essential
to explore more cost-effective methods for slicing bulk materials into films,
as this is crucial for future large-scale production. In terms of {-TEFs based on
substrates, post-treatment often significantly affects the TE performance of thin
films, while the physical properties of the substrate often constrain the overall
post-treatment process of the samples. For instance, in the post-treatment of
certain thin films, higher heat treatment temperatures can significantly enhance
film performance, necessitating substrates with higher melting points. Conse-
quently, substrates with specific properties, such as high-temperature-resistant
PDMS or highly flexible PPTA, deserve greater attention (see Table1).

2.As shown in Eq. 4, the PF of f-TEFs is directly proportional to the maximum
power density of f-TEGs. Consequently, achieving superior output performance
in f-TEGs requires a higher PF.

Figure 7a presents typical data on PF, along with corresponding ¢ and S values,
for fTEFs reported in various literature sources. As observed in Figure 7a, high
PF values are generally achieved when ¢ exceeds 1000 S/cm, and the value of S
varies between 100 and 250 pV/K.

3.Early research on TE generators primarily focused on applications in power
generation through temperature difference. In recent years, TE devices have also
been explored in various other fields, such as temperature sensors [225], fire
alarms [226], and gesture recognition [227]. Furthermore, TE conversion tech-
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nology, based on the Peltier effect of semiconductor materials, enables localized
heat transport and active cooling in confined spaces. With features like miniatur-
ization, fast response, and ease of integration, it has been tested for applications
such as chip cooling [228]. Future research on TE devices could place greater
emphasis on these emerging applications.

4. Considering that the f TEGs designed are intended for applications near RT, it is
advisable to opt for materials that exhibit high TE performance around RT, such
as Ag,Se and Bi,Tes, as the target material for the inorganic component. Mean-
while, the currently reported high-performance f-TEGs are concentrated within
these two material systems (Figure 7b). Also, more room-temperature TE mate-
rials should be given attention, such as Mg,Sb;-based materials.

5.Inorganic materials generally outperform organic ones in TE properties, mak-
ing it essential to maximize their content in organic/inorganic composite films.
However, the chemical disparity between components complicates achieving
seamless interfaces. In situ synthesis of core/shell nanostructures and hybrid
films offers a promising solution [50, 55].

We hope that this chapter provides valuable guidance for the preparation of high-
performance f-TEFs, processing strategies, and f-TEGs design, ultimately contribut-
ing to the advancement and practical application of {-TEGs.
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Chapter7

High-Temperature Ceramic
Thermoelectric Generators:
Potential Challenges and
Future Prospects in Automotive
Applications

Uday M. Basheer Al-Naib

Abstract

High-temperature thermoelectric generators (TEGs) have emerged as a key
technology for improving fuel efficiency by recovering waste heat from automotive
exhaust systems. While half-Heusler alloys are commonly used due to their excellent
thermoelectric properties and mechanical stability, their susceptibility to oxidation
and high production costs pose challenges for long-term application. In contrast,
ceramic-based thermoelectric materials, including cobalt oxides, perovskites, and
doped zinc oxides, offer superior high-temperature stability, oxidation resistance,
and environmental compatibility. This chapter explores the potential of ceramic
thermoelectric materials as viable replacements for half-Heusler alloys in automotive
TEGs, assessing their performance, stability, fabrication challenges, and integra-
tion strategies. Furthermore, it highlights recent research advancements, material
enhancements, and future prospects for optimizing ceramic-based TEG efficiency in
automotive applications.

Keywords: thermoelectric generators, ceramic thermoelectric materials, automotive
waste heat recovery, cobalt oxides, perovskites, high-temperature stability

1. Introduction

The growing demand for fuel efficiency and the transition toward sustainable
energy solutions have intensified interest in waste heat recovery technologies,
particularly in the transportation sector. The automotive industry is among the
largest energy consumers, with approximately 60-70% of fuel energy lost as waste
heat through exhaust and cooling systems [1]. According to the U.S. Department
of Energy, nearly 60% of the energy generated by internal combustion engines is
dissipated as waste heat, underscoring the urgent need for effective recovery strate-
gies [2]. Thermoelectric generators (TEGs) present a promising solution by directly
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converting waste heat into electricity via the Seebeck effect, thereby improving
overall fuel efficiency and reducing carbon emissions [3].

Traditionally, thermoelectric generators (TEGs) for automotive exhaust heat recovery
have relied on Bi-Te-based materials and half-Heusler (HH) alloys due to their relatively
high thermoelectric performance and mechanical robustness. Studies indicate that
HH alloys can achieve figure of merit (ZT) values ranging from 1.0 to 1.5 at elevated
temperatures, making them viable candidates for energy conversion applications [4].
However, these materials face significant challenges in high-temperature environments,
primarily due to oxidation and thermal degradation. Additionally, the reliance on rare
and expensive elements, such as hafnium and titanium, further limits their scalability
for large-scale automotive applications [5]. Overcoming these limitations necessitates the
development of advanced thermoelectric materials that offer enhanced stability, cost-
effectiveness, and improved efficiency for practical deployment in the automotive sector.

Thermoelectric materials are categorized based on their operating temperature
ranges, material composition, and environmental impact. While conventional
thermoelectric materials such as Pb-Te and Bi-Te have been widely used, concerns
over their toxicity and scarcity have driven research toward alternative materials such
as silicides and oxides, which offer higher thermal stability and lower environmental
impact. A classification of thermoelectric materials, highlighting their respective
temperature ranges and sustainability considerations, is presented in Figure 1.

0 100 200 300 4-0t 500 600 700 st 900 1000 1100 1200 (*C)

Solid Oxide Fuel Cell
Solid Oxide Fuel Cells ,
Waste Heat
Automobiles (gasoline, diesel)
Boilers, incinerators, steel furnaces, IGCC
J

Bi-Te J Co-Sb J

E Toxic, Rare
w Elements

SrTi0y, NaCo;0,, CayCo, 04

YAy

Figure 1.
Classification of thermoelectric materials based on operating temperature range, material composition, and
environmental impact, highlighting their relevance for waste heat recovery applications [6].
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Ceramic-based thermoelectric materials, such as perovskite oxides and layered
cobaltites, present a promising alternative due to their superior thermal stability and
oxidation resistance, making them well suited for high-temperature TEG applica-
tions [7]. Unlike traditional metal-based thermoelectric materials, ceramics exhibit
inherently lower thermal conductivity, which helps maintain a high-temperature
gradient across the thermoelectric module, thereby improving conversion efficiency
[8]. Moreover, ceramics demonstrate excellent chemical stability in oxidative envi-
ronments and do not require complex protective coatings, further enhancing their
viability for long-term automotive applications.

Recent advances in nanostructuring and doping strategies have significantly
enhanced the performance of ceramic thermoelectric materials, improving their
electrical conductivity while maintaining high Seebeck coefficients [9]. For example,
studies on strontium titanate (SrTiO;)-based thermoelectric materials have dem-
onstrated promising improvements in thermoelectric properties through carrier
concentration optimization and grain boundary engineering [10]. Similarly, layered
cobaltites, such as Ca;Co40s, have garnered considerable attention due to their inher-
ently high Seebeck coefficients and excellent high-temperature stability, making them
strong candidates for automotive and industrial waste heat recovery applications [11].
These advancements highlight the potential of ceramic thermoelectric materials as
efficient and durable alternatives to conventional thermoelectric materials for high-
temperature energy conversion [9].

Beyond material innovations, advancements in manufacturing techniques
have accelerated the potential commercialization of ceramic TEGs. Spark plasma
sintering (SPS), for instance, has been employed to fabricate dense, highly efficient
thermoelectric ceramics with enhanced mechanical strength [12]. Additionally, the
development of flexible ceramic thermoelectric films has opened new possibilities
for lightweight and adaptable TEG modules [13]. However, integrating ceramic TEGs
into automotive exhaust systems presents several challenges, including mechanical
brittleness, thermal expansion mismatches, and high fabrication costs. To address
these issues, hybrid thermoelectric modules that combine ceramic materials with
metallic thermoelectrics have been proposed as a strategy to optimize both perfor-
mance and durability [14]. Furthermore, advanced interface engineering techniques,
such as functionally graded materials and composite architectures, are being explored
to improve mechanical reliability and thermal compatibility [15].

In addition to half-Heusler alloys and oxide ceramics, other families of thermo-
electric materials, such as skutterudites, clathrates, and silicides, have also garnered
attention for high-temperature automotive applications due to their relatively high
ZT values and tunable electronic properties. For instance, filled skutterudites exhibit
low thermal conductivity and decent thermoelectric efficiency at intermediate to
high temperatures, making them suitable for automotive waste heat recovery systems
[5, 16]. These materials complement the ongoing efforts to identify thermoelectrics
that combine thermal stability, mechanical robustness, and cost-effectiveness.
Several comprehensive reviews have addressed the performance and challenges of
skutterudites and related TE compounds in vehicular contexts [17].

This chapter explores the potential of ceramic thermoelectric materials in auto-
motive applications, emphasizing recent advancements, existing challenges, and
future research directions. Emerging fabrication techniques, including spark plasma
sintering and nanostructuring strategies, are examined for their role in optimizing
ceramic thermoelectric performance and facilitating integration within exhaust waste
heat recovery systems. While thermoelectric generators (TEGs) provide a promising
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approach for converting waste heat into electricity, traditional metallic thermoelectric
materials, such as half-Heusler (HH) alloys, have historically been the preferred
choice for high-temperature automotive applications due to their high figure of merit
(ZT) and mechanical robustness. However, their long-term stability is often compro-

mised by oxidation, and their reliance on rare and expensive elements limits large-
scale adoption. Given these constraints, ceramic thermoelectric materials present a
compelling alternative due to their superior thermal stability, oxidation resistance,
and potential for long-term durability in harsh automotive environments.

2. Comparison of Half-Heusler and ceramic-based thermoelectric

materials

Oxide-based thermoelectric compounds, such as Ca3C04Q0s, SrTiOs, and ZnO,
have attracted significant attention due to their exceptional high-temperature stabil-
ity and oxidation resistance, making them well suited for harsh environments like
automotive exhaust systems [18, 19]. Unlike traditional metal-based thermoelectric
materials, ceramic thermoelectrics exhibit inherent chemical stability and do not
require protective coatings, ensuring long-term durability under extreme thermal
conditions. However, despite these advantages, ceramic thermoelectric materials
generally exhibit lower thermoelectric efficiency compared to half-Heusler (HH)
compounds. This limitation primarily stems from their lower electrical conductiv-
ity and relatively higher thermal conductivity, which reduces their overall figure of
merit (ZT). While advancements in nanostructuring, doping strategies, and grain
.boundary engineering have led to performance improvements, ceramics remain less

Property Half-Heusler alloys Ceramic thermoelectric materials
Operating Typically operate efficiently between Function effectively at higher temperatures,
temperature 673-1073 K [20]. often exceeding 800 K, and can withstand

operation in air [21].

Figure of merit
(ZT)

Achieve ZT values around 1; optimized
compositions can reach up to 1.5 [20].

Typically, exhibit lower ZT values, ranging
from 0.2 to 0.8; rare cases reach ~1.2 [22].

Thermal stability High thermal stability, retaining Excellent thermal stability, remaining stable
performance up to their temperature up to and beyond 1000 K [24].
(~1073 K) [20, 23].
Oxidation Moderate resistance; require protective Naturally resistant to oxidation, allowing
resistance coatings to prevent oxidation in air [25]. direct operation in air without additional
protection [11].
Mechanical Generally possess good mechanical strength ~ Tend to be brittle and prone to mechanical
conductivity and lower brittleness compared to oxides failure under stress [27].
[26].
Electrical High electrical conductivity due to Lower electrical conductivity, which can
conductivity metallic nature, enhancing thermoelectric limit thermoelectric efficiency [28].
performance [28].
Material Moderate cost: Hf-based compositions are Made from abundant and cost-effective

abundance and
cost

expensive, while Zr/Ti-based alternatives
are more cost-effective [29].

elements, offering a more economical
solution [5].

Table 1.

Comparison between half-Heusler and ceramic thermoelectric materials.
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efficient in direct energy conversion applications [18]. Nevertheless, their abundance,
cost-effectiveness, and ability to operate at ultra-high temperatures (above 1000 K)
make them promising candidates for applications where oxidation resistance and
long-term durability are critical. A comparative analysis of half-Heusler and ceramic
thermoelectric materials is presented in Table 1.

While ceramic-based thermoelectric materials, such as Ca3C0409 and SrTiO;
offer advantages like thermal stability and abundance, their performance is often
constrained by low electrical conductivity and thermoelectric efficiency (ZT values
typically below 1). Although isolated studies have reported ZT values exceeding 1 for
certain nanostructured oxides, these results have not been widely reproduced and
thus should be interpreted cautiously. Similarly, while oxides exhibit good thermal
and chemical stability, their oxygen content can vary under high-temperature
oxidative conditions, leading to changes in carrier concentration and degradation
of thermoelectric properties [8]. Half-Heusler (HH) alloys, on the other hand, can
tolerate oxidative atmospheres at moderate temperatures (~300°C) without protec-
tive coatings, although oxidation becomes significant at higher temperatures (>500-
600°C) [5]. These nuances are critical when evaluating the real-world applicability of
both classes of materials in automotive thermoelectric generators [17].

3. Ceramic thermoelectric materials: Properties and performance

Thermoelectric materials convert waste heat into electricity through the Seebeck effect,
where a temperature gradient (AT) generates a voltage (AV) according to the relation:

AV =S.AT )

where S is the Seebeck coefficient (V/K). Ceramics have emerged as promising
candidates for high-temperature applications due to their stability and environmental
benefits. Compared to traditional half-Heusler alloys, ceramic thermoelectrics, such
as cobalt oxides, perovskites, and zinc oxides, offer enhanced oxidation resistance and
mechanical strength, albeit at the expense of lower electrical conductivity.

The performance of thermoelectric materials is often quantified using the dimen-
sionless figure of merit (Z7T), defined as

_ ST
K

zZT

()

where S is the Seebeck coefficient (V/K), ¢ is electrical conductivity (S/m), T is
absolute temperature (K), and « is thermal conductivity (W/m.’K).

Recent advancements in ceramic thermoelectric materials have concentrated on
enhancing the dimensionless figure of merit (ZT) through strategies such as carrier
concentration optimization, grain boundary engineering, and nanostructuring to
reduce thermal conductivity. Experimental investigations have demonstrated that
Ca3Co,404-based cobaltites typically achieve ZT values up to approximately 0.14 at
973 K. For instance, a study reported a ZT of 0.14 at 973 K for pure Ca3Co0404 samples.
However, certain nanostructured or doped Ca3Co404 samples have demonstrated
higher ZT values, with some reports indicating values up to 2.7 at 900 [30]. In
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contrast, heavily Nb-doped SrTiO; perovskites have exhibited ZT values of approxi-
mately 0.37 at 1000 K, as evidenced by a 20% Nb-doped SrTiO, epitaxial film [31].

Another key parameter used to evaluate thermoelectric efficiency is the power
factor (PF), which is given by

PF=S’c 3)

where S is the Seebeck coefficient (V/K) and ¢ is the electrical conductivity (S/m).

Figure 2 illustrates the basic working principle of a high-temperature ceramic
thermoelectric generator. The performance of these devices heavily depends on the
thermoelectric properties of ceramic materials, including the Seebeck coefficient,
electrical conductivity, and thermal conductivity. The use of high-temperature
ceramic materials, such as perovskites and oxides, enables stable performance under
extreme operating conditions. The effectiveness of heat dissipation, shown by the
heat sink, is also crucial for maintaining a high-temperature gradient across the
thermoelectric legs, thereby enhancing power output and efficiency.

Aluminum-doped ZnO materials have demonstrated a power factor of approxi-
mately 15 x 10~* W-m ™K~ at 1273 K, with a dimensionless figure of merit (ZT) of
0.30 [33], making them promising candidates for hybrid thermoelectric devices.
However, further research is required to enhance the electrical transport properties of
ceramics while simultaneously reducing thermal conductivity. This can be achieved
through defect engineering, multilayer structures, and composite material strategies.
Table 2 summarizes the key properties of commonly studied ceramic thermoelec-
tric materials, including their Seebeck coefficient, electrical conductivity, thermal
conductivity, and ZT values, which are critical for optimizing their performance in
energy conversion applications. The thermoelectric performance of these materials is
heavily influenced by their crystal structure, which governs charge carrier mobility
and phonon-scattering behavior. For instance, layered cobalt oxides, such as NaCo,04

Figure 2.
Schematic of a high-temperature ceramic thermoelectric generator (TEG). The device consists of p-type and
n-type ceramic-based semiconductor legs, which are connected electrically in series and thermally in parvallel [32].
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and Ca3Co,40q, exhibit moderate electrical conductivity coupled with high Seebeck
coefficients, making them strong candidates for high-temperature thermoelectric
applications. Meanwhile, SrTiO;, a perovskite oxide, benefits from doping-induced
conductivity enhancements, while ZnO and Bi,Sr,C0,04 have been explored for their
high thermal stability and reasonable ZT values.

3.1 Cobaltite-based thermoelectric materials

Cobalt oxides, particularly Ca;Co40s, are widely recognized as promising p-type
thermoelectric ceramics due to their layered structure and high Seebeck coefficient.
These materials exhibit exceptional thermal and chemical stability at temperatures
exceeding 800°C, making them well suited for harsh environments such as automo-
tive applications. Studies have reported that Ca;Co4Oq-based ceramics can achieve a
power factor of approximately 514 pW/m-K” at 920 K [38]. One of the key advantages
of cobaltites is their ability to maintain high thermoelectric performance under
extreme temperature gradients, which is crucial for applications like automotive
exhaust systems. However, their relatively low electrical conductivity compared to
metallic thermoelectrics necessitates the use of doping and nanostructuring strategies
to enhance performance.

To address this limitation, researchers have explored various dopant elements,
such as sodium (Na) and tungsten (W), to improve charge carrier concentration and
optimize electronic transport properties. For instance, dual doping with Naand W
in Ca3Co40y has been shown to increase the power factor to 271 pW/ m-K?at 1000 K
(727°C) [39]. The influence of different dopants on cobaltite-based thermoelectric
materials is summarized in Table 3, highlighting how element substitution affects
the Seebeck coefficient, electrical conductivity, thermal conductivity, and figure of
merit (ZT).

Advancements in fabrication techniques, such as spark plasma sintering (SPS)
and sol-gel processing, have significantly improved the densification and grain
boundary engineering of cobaltite materials, thereby enhancing their thermoelectric

Basematerial ~ Dopant Seebeck Electrical Thermal Figure of References
coefficient conductivity conductivity  merit (ZT)
(pV/K) (S/cm) (W/m-K)
Ca3Co0409 Na Increased Decreased Decreased Improved [40]
Ca3Co409 Bi Slightly Increased Decreased Improved [41]
decreased
Ca3C0409 Ag Increased Increased Slightly Improved [40, 42, 43]
decreased
Na,CoO, High Na Increased Decreased - Improved [44]
Bi,S1,C0,09 Ca Slightly Slightly Decreased Improved [45]
increased decreased
Bi,S1,C0,09 Ba Unchanged Decreased - Improved [46]
Ca3Co0409 Fe Increased Increased Decreased Improved [47]
Ca3Co409 W.Na Increased Increased Decreased Improved [39]
Table 3.

Effect of doping on cobaltite-based thermoelectric materials.
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performance [48]. These methods enable precise control over microstructural
features, which are essential for optimizing the thermoelectric properties of
Ca3Co409-based ceramics. The integration of these materials into thermoelectric
modules has demonstrated promising results in laboratory-scale prototypes. However,
further research is needed to address long-term durability and develop cost-effective
manufacturing techniques for large-scale automotive applications. Ca;Co409 ceram-
ics exhibit exceptional thermal and chemical stability at temperatures exceeding
800°C, making them well suited for harsh automotive environments. However,

their relatively low electrical conductivity compared to metallic thermoelectrics
necessitates further optimization through doping and nanostructuring approaches.
Overall, Ca3Co0404-based ceramics offer excellent thermal stability and promising
thermoelectric properties for high-temperature applications. Nevertheless, continued
advancements in material optimization and processing techniques are crucial to fully
unlocking their potential for practical deployment in thermoelectric energy conver-
sion systems.

3.2 Perovskite-based thermoelectric materials

Perovskite-based oxides, particularly SrTiO; doped with Nb or La, have emerged
as promising n-type thermoelectric materials due to their tunable electronic struc-
ture, high-temperature stability, and mechanical resilience. Undoped SrTiOj; exhibits
a high Seebeck coefficient (~300-400 pV/K at elevated temperatures), attributed
to the high effective mass of Ti 3d conduction electrons. However, Nb or La doping
significantly enhances its electrical conductivity, albeit at the expense of a reduced
Seebeck coefficient. One of the primary limitations of SrTiO; is its inherently high
lattice thermal conductivity (~11-12 W/m-K at room temperature, decreasing to
~5 W/m-K at 1000 K), which restricts its overall thermoelectric efficiency [49, 50]. To
mitigate this, various nanoengineering strategies, including grain boundary modifi-
cations, defect engineering, and element substitution, have been explored to reduce
thermal conductivity while maintaining or enhancing electrical properties [51, 52].

Recent advancements in nanostructuring and heterostructure engineering have
demonstrated that incorporating oxygen vacancies, grain refinement, and nanoinclu-
sions can effectively enhance carrier mobility and lower lattice thermal conductivity,
thereby improving overall thermoelectric performance. For instance, co-doping
SrTiO; with Nb and La, combined with controlled nanostructuring, has achieved ZT
values of ~0.6 at high temperatures (>800°C to 1000 K). This improvement is attrib-
uted to optimized charge carrier concentration, enhanced phonon scattering at grain
boundaries, and defect-induced reductions in thermal conductivity [52, 53]. The
effects of these nanoengineering strategies on SrTiO; thermoelectric performance
are summarized in Table 4, highlighting their influence on the Seebeck coefficient,
electrical conductivity, and thermal conductivity. To enable a more meaningful
comparison with other thermoelectric materials presented earlier (Table 2), Table 4
has been updated to include typical quantitative values derived from experimental
studies. These values illustrate the measurable impact of each strategy on key thermo
electric properties and demonstrate the extent to which performance improvements,
particularly in the figure of merit (ZT), can be achieved through nanostructuring,
doping, and composite engineering of SrTiOs;-based ceramics.

Advanced composite materials, such as graphite-included Nb-doped SrTiO;, have
demonstrated even higher ZT values (~1.4 at ~1050 K), underscoring the potential of
multi-scale engineering approaches for enhancing thermoelectric performance [53].
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Strategy Effecton Effecton Effecton Overall References
Seebeck electrical thermal impact on
coefficient conductivity conductivity zT

Nano structuring Slightly Increased Reduced Improved [31]
decreased

Grain boundary Increased Slightly increased ~ Reduced Improved [54]

engineering

Oxygen vacancy Increased Increased Slightly reduced Improved [53]

incorporation

Ruddlesden- Unchanged Unchanged Significantly Strongly [55]

Popper (RP) phase reduced improved

inclusion

SrTiOs-graphite Slightly Strongly Strongly reduced ~ Greatly [56]

composites decreased increased improved

Table 4.

Effect of nanoengineering strategies on SrTiO; thermoelectric properties.

Additionally, layered perovskite structures, particularly Ruddlesden-Popper (RP)
phases (e.g., Sr;TiOy4), have emerged as promising candidates for further reducing
thermal conductivity. These structures act as natural superlattices, where alternat-
ing perovskite and rock-salt layers serve as phonon-scattering interfaces, effectively
minimizing lattice thermal conductivity while preserving electrical transport prop-
erties. Studies have shown that integrating RP phases within SrTiO; matrices can
significantly suppress thermal conductivity, leading to enhanced ZT values [55, 57].
The incorporation of RP phases and heterostructure designs represents a viable strat-
egy for developing high-performance thermoelectric materials suitable for energy
harvesting in automotive and industrial applications [58].

3.3 Zinc oxide-based thermoelectric materials

Zinc oxide (ZnO)-based ceramics, when doped with elements such as aluminum
(Al), indium (In), or gallium (Ga), exhibit notable n-type thermoelectric properties.
These materials are highly valued for their high mechanical strength, thermal stabil-
ity, and cost-effectiveness, making them suitable for large-scale applications. The
wide bandgap of ZnO (~3.3 eV) ensures stable performance at elevated temperatures
with minimal degradation. Research has primarily focused on doping strategies to
enhance the electrical conductivity and Seebeck coefficient of ZnO-based materi-
als. For instance, Al-doped ZnO (AZO) has demonstrated power factors up to 0.44
at 1000 K [59]. Similarly, Ga- and In-doped ZnO have exhibited improved charge
carrier mobility and reduced lattice thermal conductivity due to enhanced phonon
scattering [60].

Mitigating the inherently high thermal conductivity of ZnO (~40 W/m-K at room
temperature), various nanostructuring techniques have been employed, including
grain boundary engineering, defect modulation, and the incorporation of secondary
phases (e.g., ZnS or Bi,O;). These strategies effectively suppress lattice vibrations,
thereby enhancing overall thermoelectric performance [60]. Moreover, ZnO-based
thermoelectric generator (TEG) modules have demonstrated strong potential for
practical exhaust heat recovery applications. Studies indicate that integrating ZnO-
based thermoelectric legs into automotive exhaust systems can achieve power outputs
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of 500-750 W under temperature gradients of several hundred degrees Celsius [60].
However, challenges such as long-term stability, interface engineering, and fabrica-
tion scalability must be addressed to enable the commercial viability of ZnO-based
TEGs for automotive applications.

ZnO-based thermoelectric materials exhibit significant potential for high-temper-
ature applications. To further enhance their efficiency, ongoing research is needed to
optimize carrier transport properties and thermal management strategies. Doping
ZnO ceramics with Al, In, or Ga has been shown to improve n-type thermoelectric
behavior, while their intrinsic mechanical strength and cost-effectiveness make them
promising for large-scale deployment. However, like perovskites, ZnO’s high thermal
conductivity remains a challenge that must be addressed through nanostructur-
ing and composite approaches. For example, Al-doped ZnO nanocomposites have
demonstrated significant reductions in thermal conductivity, attributed to enhanced
phonon scattering, Al-induced grain refinement, and the formation of ZnAlL,O,
nanoprecipitates [61].

4. Challenges in implementing ceramic TEGs for automotive applications

The implementation of ceramic thermoelectric generators (TEGs) in automotive
applications presents several critical challenges, despite their inherent advantages,
such as high-temperature stability and oxidation resistance. Overcoming these
challenges is essential for the large-scale adoption of ceramic TEGs in efficient waste
heat recovery systems for vehicles. One of the primary limitations of ceramic thermo-
electric materials is their relatively low electrical conductivity compared to metallic
thermoelectric materials like half-Heuslers. This deficiency significantly reduces
their power factor, thereby limiting overall efficiency. To address this issue, various
strategies have been explored. Doping with transition metals or rare-earth elements
has been extensively studied to enhance carrier concentration and improve electrical
transport properties. Research has shown that doping perovskite oxides with elements
such as Nb, Ta, and La significantly increases charge carrier density and electrical
conductivity [62-64].

Another effective approach involves defect engineering and grain boundary modifi-
cations to optimize charge carrier mobility. For instance, oxygen vacancy engineering in
SrTiO; and Ca3Co,404 ceramics has been shown to enhance charge carrier concentration
while minimizing scattering effects, leading to improved thermoelectric performance
[65]. Additionally, nanostructuring and heterostructure engineering have been explored
to create electron-conducting pathways while maintaining low thermal conductivity.
Studies on nano-grained ZnO and composite thermoelectric materials have reported
increased electrical conductivity and enhanced thermoelectric efficiency [66].

Furthermore, research on multi-phase ceramic composites incorporating metallic
nanoparticles has shown promising results in enhancing charge transport while preserv-
ing oxidation resistance [67]. Although these methods have led to moderate improve-
ments, further advancements are needed to develop cost-effective and scalable solutions
that can significantly enhance the electrical conductivity of ceramic thermoelectric
materials. Addressing these challenges will be instrumental in making ceramic TEGs
viable for real-world automotive applications. The selection of ceramic thermoelectric
materials depends on their stability, efficiency, and application-specific requirements.
Table 5 summarizes the performance of different ceramic thermoelectric materials in
key applications, including waste heat recovery and automotive exhaust heat recovery.
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Application Preferred Key performance Temperature References
material criteria range (°C)

Waste heat recovery in NaCo,0y, High ZT, stability 600-1000 [13]
industry Ca3Co0409
Thermoelectric SrTiOs, ZnO High power factor 500-800 [12]
generators (TEGs)
Space power systems Bi,Sr,C0,09 Thermal stability 600-900 [68]
Automotive exhaust NaCo,04, ZnO High Seebeck 500-900 [69]
heat recovery durability
Sensors and small-scale SrTiO;, ZnO Low thermal 400-800 [69]
devices conductivity

Tables.

Application-specific performance of ceramic thermoelectric materials.

4.1 Thermal conductivity optimization in ceramic thermoelectric

Ceramic thermoelectric materials exhibit exceptional thermal stability, making
them well suited for high-temperature applications. However, their relatively high
lattice thermal conductivity reduces efficiency by facilitating excessive heat dissipa-
tion rather than maintaining a strong temperature gradient. To address this challenge,
researchers have focused on reducing thermal conductivity while preserving electri-
cal performance. One effective strategy involves incorporating secondary phases or
nanoinclusions, such as Bi,O; and rare-earth oxides, which enhance phonon scattering
and lower lattice thermal conductivity without significantly impairing electrical trans-
port [18, 70]. Similarly, defect and vacancy engineering, particularly oxygen vacancy
introduction in perovskite-based materials, disrupts phonon propagation while
improving charge carrier mobility, offering a balance between thermal and electrical
optimization [71, 72]. For example, high-entropy doping in PbSe-based thermoelec-
trics has been reported to create lattice distortions, intensifying phonon scattering and
reducing thermal conductivity while maintaining high charge carrier mobility.

Another approach to thermal conductivity reduction involves layered and com-
posite material strategies, where ceramics are embedded within polymer or metal
matrices to tailor thermal properties while preserving structural integrity. Hybrid
ceramic-polymer composites, for example, optimize phonon scattering at the
ceramic-polymer interface, leading to enhanced thermoelectric efficiency [12, 73].
Additionally, nanostructuring techniques, such as grain boundary engineering and
superlattice structures, have demonstrated significant thermal conductivity reduc-
tions by increasing phonon-scattering sites while preserving electron transport.
Studies on SrTiO; thin films confirm that reducing grain size and increasing inter-
face density can drastically lower thermal conductivity, thereby improving overall
thermoelectric performance [74, 75]. Superlattice structures, such as alternating lay-
ers of Nb-doped and undoped SrTiO;, have been shown to enhance electron mobility
while significantly reducing thermal conductivity due to strong phonon scattering at
the interfaces.

Recent advancements in nanostructuring and hierarchical architecture have
further refined thermal conductivity control in ceramic thermoelectrics. Techniques,
such as spark plasma sintering and high-energy ball milling, have been success-
fully used to fabricate nanostructured ceramics with optimized phonon-electron
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interactions, enabling lower thermal conductivity without compromising electrical
properties [72]. By creating fine-grained microstructures and introducing nanoscale
precipitates, these processing techniques enhance phonon scattering, thereby improv-
ing thermoelectric performance.

As computational modeling and machine learning continue to advance, they are
expected to accelerate the discovery of novel thermoelectric materials with finely
tuned thermal transport characteristics. Future research will likely focus on integrat-
ing these strategies with emerging manufacturing technologies to further enhance
efficiency and expand the applicability of ceramic thermoelectric generators for
sustainable energy solutions.

4.2 Manufacturing challenges and scalability

Manufacturing high-performance ceramic thermoelectric generators (TEGs) at
a commercial scale remains a significant challenge due to the complexities of mate-
rial processing and system integration. One of the primary obstacles is the high-
temperature sintering requirements, which leads to increased energy consumption
and higher production costs. To mitigate this, advanced sintering techniques, such
as spark plasma sintering (SPS) and microwave sintering, have been explored to
enhance grain boundary control and reduce processing temperatures, thereby
improving both efficiency and material performance [48]. Additionally, ensuring
mechanical and thermal stability under cyclic thermal loads is crucial for automo-
tive TEGs, where rapid temperature fluctuations are common. Research efforts are
focused on developing thermal shock-resistant ceramic composites and flexible
thermoelectric modules to enhance reliability and durability in harsh environ-
ments [76, 77].

Another major challenge in the large-scale adoption of ceramic TEGs is the cost-
effectiveness of raw materials and fabrication methods. The economic feasibility of
these systems depends on utilizing earth-abundant, low-cost materials while main-
taining high thermoelectric performance. Recent studies have investigated alternative
compositions using widely available elements to reduce costs without compromising
efficiency [76]. Additionally, scalability is critical for ensuring uniform nanostruc-
tures over large areas, which is essential for reproducible and high-efficiency TEG
modules. Researchers are developing scalable fabrication methods that allow for
precise control over material nanostructures, ensuring performance consistency in
commercial applications [78].

Integrating ceramic TEGs with automotive exhaust systems presents additional
engineering challenges, particularly in maintaining robust thermal and mechani-
cal contact between the thermoelectric elements and the heat source. Innovations
in heat exchanger designs are being explored to optimize heat transfer efficiency
from exhaust gases to TEGs, thereby improving overall system performance [79].
Furthermore, ensuring long-term reliability and resistance to material degradation
is essential, as high-temperature applications demand stable electrical and thermal
performance over extended operational periods. Recent advancements in coating
technologies and encapsulation methods aim to extend the lifespan and durability
of ceramic thermoelectric materials, minimizing performance loss due to oxidation
and thermal fatigue [12]. Addressing these challenges through material innovations,
advanced processing techniques, and system-level integration is critical for enabling
the widespread adoption of ceramic TEGs in next-generation automotive waste heat
recovery systems.
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5. Future prospects and research directions

The future of ceramic thermoelectric generators (TEGs) in automotive applica-
tions appears highly promising, driven by advancements in material engineering,
manufacturing techniques, and system-level integration. One of the key research
areas is enhancing electrical conductivity, as charge carrier transport remains a sig-
nificant challenge in ceramic thermoelectrics. Advanced doping strategies, including
the incorporation of rare-earth elements (e.g., La, Ce, and Yb) and transition metals
(e.g., Ni and Co), have demonstrated potential in optimizing carrier concentration
and mobility, thereby improving power factors [80]. Additionally, defect engineering
approaches, such as manipulating oxygen vacancies and grain boundary modifica-
tions, can further enhance electrical conductivity. These improvements could signifi-
cantly increase the efficiency of ceramic-based TEGs, making them more viable for
automotive waste heat recovery [76].

Another critical research direction is reducing thermal conductivity to enhance
the thermoelectric figure of merit (ZT). Nanostructuring techniques, such as hierar-
chical architectures, superlattice engineering, and grain boundary engineering, have
been shown to suppress lattice thermal conductivity while maintaining high electri-
cal transport properties [81]. In particular, the introduction of multi-scale phonon-
scattering mechanisms through engineered nanostructures has led to significant
performance improvements in oxide-based thermoelectrics [18]. Furthermore,
hybrid and composite approaches that integrate ceramic thermoelectrics with
metallic or polymeric materials offer synergistic benefits, optimizing both electrical
and thermal transport properties [82]. These strategies collectively contribute to
the development of more efficient and durable thermoelectric modules for vehicle
exhaust energy harvesting.

Scalability and long-term durability remain key challenges in the commercializa-
tion of ceramic TEGs. Cost-effective manufacturing techniques, such as spark plasma
sintering (SPS), sol-gel synthesis, and chemical vapor deposition (CVD), are being
explored to enable large-scale production while maintaining high material perfor-
mance [83]. Additionally, integrating ceramic TEGs into automotive exhaust systems
requires advancements in module design, heat exchanger integration, and thermal
cycling stability [17]. The development of protective coatings, oxidation-resistant
interfaces, and self-healing materials will be essential for ensuring long-term opera-
tional stability, particularly in high-temperature environments [79]. Future research
should focus on dynamic power management and hybrid energy harvesting solutions
to maximize the practical applicability of ceramic TEGs in next-generation energy-
efficient vehicles.

6. Conclusions

Ceramic thermoelectric materials present a promising alternative to half-Heusler
alloys for high-temperature automotive applications, offering excellent oxidation
resistance, mechanical durability, and cost-effectiveness. Materials such as cobalt
oxides, perovskites, and doped zinc oxides exhibit superior thermal stability and
environmental compatibility, making them strong candidates for thermoelectric
waste heat recovery in vehicles. However, challenges, such as low electrical conductiv-
ity, high thermal conductivity, and complex fabrication processes, must be addressed
to achieve competitive performance. Advanced strategies, including doping,
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nanostructuring, and composite engineering, have shown potential for optimizing
thermoelectric properties, but further research is needed to enhance efficiency to
levels comparable to half-Heusler materials. Additionally, scalable and cost-effective
manufacturing techniques, such as spark plasma sintering and solution-based synthe-
sis, will be essential for large-scale production. Successful integration into automotive
exhaust systems also requires improvements in thermal cycling durability, mechanical
robustness, and system-level design optimization. Future advancements in hybrid
material design and novel fabrication techniques will be instrumental in overcom-

ing current limitations. With sustained interdisciplinary research and technological
innovations, ceramic-based thermoelectric generators have the potential to signifi-
cantly enhance vehicle fuel efficiency, reduce greenhouse gas emissions, and support
sustainable energy utilization in the automotive industry.
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Recent Advances in Thermoelectric
Materials for Biomedical
Applications: Energy Harvesting
and Wearables
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Abstract

Recent advances in thermoelectric materials are transforming biomedicine, par-
ticularly for energy harvesting and wearables. This chapter reviews thermoelectric
generators (TEGs) utilizing the Seebeck effect to convert body heat into electricity,
powering self-sufficient medical devices like implants and monitors. Performance met-
rics, including thermoelectric figures of merit (ZT) and power factors, are detailed,
highlighting materials such as bismuth telluride (Bi,Te;) and carbon nanotube com-
posites achieving ZT values over 1.0 at room temperature. The chapter covers: (1)
novel nanocomposites, exploring nanostructured materials for enhanced efficiency;
(2) low-temperature thermoelectrics, focusing on materials such as magnesium silicide
(MgSi) and organic polymers for wearables; and (3) future challenges, addressing
scalability, biocompatibility, and biomedical integration. Key innovations include
flexible organic polymers and hybrid nanocomposites, showing ZT values up to 0.8
and power factors exceeding 500 uW/mK’, ideal for monitoring and therapies. Despite
progress, challenges remain in achieving high ZT, material stability, and scalable
production. Future efforts emphasize biocompatible materials, robust designs, and
seamless integration. Thermoelectric materials can revolutionize personalized health-
care, enabling energy-autonomous devices and reducing reliance on conventional
power. This review highlights the synergy between material innovation and medical
technology for next-generation applications.

Keywords: thermoelectric materials, biomedicine, energy harvesting, nanostructured
materials, wearable devices
1. Introduction

Thermoelectric materials convert temperature differences into electrical potential

differences, a principle that has garnered significant attention in recent years due to
their potential applications in biomedicine [1]. The ability to harvest waste heat from
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the human body and convert it into usable electrical energy presents exciting possi-
bilities for powering medical devices. This review synthesizes recent advancements in
thermoelectric materials, focusing on their applications in biomedical fields, includ-
ing wearable technology and energy harvesting systems [2].

Recent studies have demonstrated the feasibility of using thermoelectric genera-
tors (TEGs) to harvest energy from the human body [2, 3]. For instance, Kim et al. [4]
developed a wearable thermoelectric generator that effectively captures body heat,
generating sufficient power to operate low-energy medical devices such as pacemak-
ers and neurostimulators [4]. This aligns with findings by Remes and Havlik, who
emphasized the suitability of TEGs for powering small, portable devices by generat-
ing an electrical potential difference from a temperature drop [5]. The integration of
TEGs into wearable technology not only provides a sustainable energy source but also
enhances the functionality of medical devices by enabling real-time monitoring of
physiological parameters.

The advancement of materials science has led to the exploration of various
thermoelectric materials that exhibit improved performance characteristics. Li et al.
highlighted the development of multifunctional wearable thermoelectrics that can
manage personal thermal environments while effectively utilizing body heat [6].

This is complemented by the work of Zhao and You, who discussed the potential

of shoe-embedded piezoelectric energy harvesters, which can be integrated with
thermoelectric systems to enhance energy generation from human motion and

heat [7]. The combination of these technologies could lead to more efficient energy
harvesting systems that cater to the demands of modern biomedical applications.
Nanostructured thermoelectric materials, such as bismuth telluride (Bi,Te;) and
silver selenide (Ag,Se), have shown remarkable improvements in thermoelectric
performance. For example, Bi,Te; exhibits a ZT value of ~1.0 at room temperature,
while nanostructured Ag,Se has achieved ZT values of up to 1.2 due to its low thermal
conductivity (~0.5 W/mK) and high power factor (~20 pW/cmK?) [8-10].

These materials are particularly suitable for biomedical applications due to their
high efficiency and flexibility.

Su et al. noted that methods such as micromachining and the use of nanowires can
significantly improve the efficiency of thermoelectric materials, although challenges
remain in mass production [11]. Doping strategies, such as introducing copper into
telluride matrices, have been shown to enhance thermoelectric properties by increas-
ing the power factor, a key parameter for efficiency. Furthermore, Hrickova’s research
on ductile doped Ag,S materials revealed comparable power factor values to other
thermoelectric materials, suggesting that doping strategies could enhance the ther-
moelectric properties of existing materials [12]. The exploration of these advanced
materials is crucial for developing efficient and flexible thermoelectric devices suit-
able for biomedical applications.

The design of thermoelectric devices also plays a critical role in their effectiveness.
For example, Kim et al. developed a hybrid generator that integrates thermoelectric
and pyroelectric components, allowing for improved energy harvesting from body
heat [13]. This innovative approach demonstrates the potential for creating multi-
functional devices that can adapt to varying physiological activities. Additionally, the
work by He et al. on stretchable and breathable thermoelectric fabrics highlights the
importance of material flexibility and comfort in wearable applications, ensuring that
devices can be worn continuously without discomfort [14].

The advancements in thermoelectric materials and their applications in biomedicine
present a promising frontier for energy harvesting technologies. The ability to convert
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body heat into electrical energy not only supports the development of self-powered
medical devices but also enhances the functionality of wearable technologies. Continued
research into new materials, innovative device designs, and integration strategies will be
essential for realizing the full potential of thermoelectric systems in healthcare.

2. Recent advances in thermoelectric materials
2.1 Thermoelectric principles and applications

Thermoelectric energy harvesting relies on the Seebeck effect, where a voltage
is generated in response to a temperature gradient [15-17]. This phenomenon is

fundamental to the operation of thermoelectric materials, which can convert thermal
energy into electrical energy (Figure1).

~Heat Source
‘Metalic
N & Interconnect
typ - P-type
semiconductor
semiconductor
Heat 7
transfer

Figure 1.

Sc%ematic representation of thermoelectric material principles in biomedical applications. This diagram
illustrates the fundamental principles of thermoelectric materials, highlighting how they convert thermal energy
into electrical enevgy and vice versa. In the context of biomedical applications, such matevials can be utilized

for innovative solutions such as wearable thermoelectric devices for monitoring body temperature, powering
biosensors, and enabling efficient thermal management in medical implants. The arrows indicate the flow of heat
and electricity, demonstrating the potential for these materials to harness body heat for energy generation or to
regulate temperature in healthcare settings [18—20].
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The efficiency of this conversion is characterized by the dimensionless figure of
merit (ZT), which is influenced by the material’s electrical conductivity, Seebeck
coefficient, and thermal conductivity. The ability to harness waste heat from the
human body through this mechanism opens up numerous possibilities for biomedical
applications. TEGs have shown significant potential in powering implantable medical
devices. For example, Kim et al. demonstrated that a wearable TEG could generate
up to 40 pW/cm” from body heat, sufficient to power low-energy medical implants
such as pacemakers [21]. This reduces the need for battery replacements and associ-
ated surgical interventions, enhancing patient quality of life. Additionally, wearable
sensors utilizing thermoelectric materials can provide continuous monitoring of vital
signs, such as body temperature and heart rate, by harvesting energy from the body’s
heat [22].

As noted by Patidar [22, 23] the potential applications of thermoelectric materials
in biomedicine are vast, ranging from powering implanted devices to wearable sen-
sors that monitor physiological parameters. The integration of thermoelectric genera-
tors (TEGs) into medical devices can facilitate self-sustaining systems that do not
require external power sources, thereby enhancing the functionality and reliability
of these devices. For instance, TEGs can be used to power pacemakers, neurostimu-
lators, and other implantable devices, significantly reducing the need for battery
replacements and associated surgical interventions.

Moreover, the development of wearable sensors that utilize thermoelectric materi-
als can provide continuous monitoring of vital signs, such as body temperature, heart
rate, and other physiological parameters. These sensors can be designed to operate
autonomously, harvesting energy from the body’s heat to power their functions. This
capability is particularly beneficial for chronic disease management, where real-time
monitoring is crucial for timely interventions.

Research has shown that materials such as bismuth telluride and its alloys exhibit
high thermoelectric performance, making them suitable candidates for medical
applications [8]. Additionally, the exploration of flexible and biocompatible thermo-
electric materials has paved the way for the development of comfortable and effective
wearable devices [9].

The principles of thermoelectric energy harvesting, particularly the Seebeck
effect, provide a foundation for innovative applications in biomedicine. The ability
to convert body heat into electrical energy not only supports the development of
self-powered medical devices but also enhances the functionality of wearable health
monitoring systems. As research continues to advance in this field, the integration of
thermoelectric materials into biomedical applications will likely lead to significant
improvements in patient care and health monitoring.

2.2 Promising materials for thermoelectric applications

Bismuth telluride (Bi,Tes) is one of the most widely studied thermoelectric materi-
als due to its high efficiency at room temperature, with ZT values ranging from 0.8 to
1.2 depending on doping and nanostructuring [8, 24]. Its high power factor (~50 pW/
cmK?) and low thermal conductivity (~1.5 W/mK) make it ideal for low-temperature
applications such as wearable devices and sensors [25, 26].

Cai et al. [3] highlight promising materials for thermoelectric applications,
including bismuth telluride and various nanostructured composites. The versatility of
bismuth telluride is further enhanced when it is used in nanostructured forms, which
can significantly improve its thermoelectric properties.
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Nanostructuring, which involves reducing the material’s thermal conductivity
while maintaining electrical conductivity, has been shown to enhance its performance
[27, 28]. The reduction in thermal conductivity is crucial because it allows for a
greater temperature gradient across the thermoelectric material, which is essential for
maximizing the Seebeck effect.

Doping strategies, such as the introduction of copper into telluride matrices,
further improve thermoelectric properties by increasing the power factor [29]. The
research by Lal [29] and Jia et al. [16] on electrodeposited Cu-doped telluride films
illustrates how doping can further enhance the thermoelectric properties of materials
like bismuth telluride. The introduction of copper into telluride matrices has been
shown to increase the power factor, a key parameter that reflects the efficiency of
thermoelectric materials. This aligns with the findings of Kadel et al. [30], who also
noted that nanostructuring can induce significant enhancements in thermoelectric
efficiency, by increasing the power factor, through quantum confinement effects [31].

Silver selenide (Ag,Se) has also emerged as a promising material for biomedical
applications due to its flexibility and high thermoelectric performance. Recent studies
have reported ZT values of up to 1.2 for Ag,Se, with a power factor of ~20 pW/cmK*
and thermal conductivity as low as 0.5 W/mK [9, 32]. These properties make it suit-
able for flexible and wearable thermoelectric devices.

The advancements in nanostructured thermoelectric materials are not limited to
bismuth telluride. Other promising materials include rare-earth silicides and carbon
nanotube composites, which offer unique advantages such as improved flexibility and
mechanical properties, essential for developing wearable thermoelectric devices [9,
33]. The integration of these advanced materials into practical applications is crucial
for the future of thermoelectric technology, particularly in the biomedical field where
flexible, efficient energy harvesting solutions are needed [15].

The ability to manipulate thermal and electrical properties through nanostructur-
ing and doping strategies is critical for enhancing the efficiency of thermoelectric
devices [3]. The discovery or design of novel thermoelectric materials with a high
figure of merit is the key to improving the efficiency and competitiveness of thermo-
electric generators. Novel thermoelectric materials can be obtained by using advanced
techniques such as band structure engineering, nanostructuring, doping, alloying, or
heterostructure to manipulate the electronic and phononic behavior of the materi-
als. Novel thermoelectric materials can also be obtained by exploring new classes of
materials, such as organic, hybrid, or topological materials, that may exhibit uncon-
ventional or enhanced thermoelectric effects [17].

The development of advanced thermoelectric modules with improved per-
formance and reliability is another important aspect of thermoelectric generator
research and development. Advanced thermoelectric modules can be achieved by
using novel thermoelectric materials with high figures of merit or by using novel
module architectures or configurations that can increase power output or reduce
thermal losses. Advanced thermoelectric modules can also be achieved by using novel
fabrication methods or techniques that can reduce the cost or increase the quality of
the modules [1].

The innovation of thermoelectric systems with novel designs and applications
is a promising direction for thermoelectric generator research and development.
Innovative thermoelectric systems can be achieved by using novel heat sources or
heat sinks that can provide high or stable temperature differences or by using novel
integration schemes or strategies that can optimize the system’ performance or
functionality. Innovative thermoelectric systems can also be achieved by exploring
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new application domains or scenarios that can benefit from the advantages of ther-
moelectric generators [15].

As research continues to evolve in this area, the potential for these materials to
contribute to sustainable energy solutions and innovative biomedical applications
becomes increasingly apparent.

2.3 Novel nanocomposites

Nanocomposites leverage the unique properties of nanoscale materials to optimize
thermoelectric efficiency, which is critical for applications such as thermoelectric
generators and coolers in medical devices [34]. The design of nanocomposites often
involves the incorporation of various nanostructured materials, such as carbon
nanotubes (CNTs), transition metal dichalcogenides (TMDs), and metallic nanopar-
ticles, into a polymer or ceramic matrix. For instance, single-walled carbon nanotubes
(SWCNTSs) are known for their exceptional electrical and thermal conductivity,
mechanical strength, and flexibility, making them ideal candidates for enhancing the
thermoelectric properties of composites [35]. By integrating SWCNTs into polymer
matrices, researchers have achieved significant improvements in electrical conductiv-
ity while maintaining low thermal conductivity, which is essential for high thermo-
electric performance [35]. For example, single-walled carbon nanotubes (SWCNTs)
exhibit exceptional electrical conductivity (~10* S/cm) and low thermal conductivity
(~0.1 W/mK), making them ideal for enhancing the thermoelectric properties of
composites [35, 36]. When integrated into polymer matrices such as PEDOT:PSS,
SWCNTs have demonstrated ZT values of up to 0.4, with a power factor of ~200 pW/
mK?, making them highly effective for biomedical sensors [37, 38].

Transition metal dichalcogenides (TMDs), such as MoS, and WS,, have also
garnered attention due to their tunable electronic properties and high surface area.

The engineering of TMD nanosheets at the atomic scale allows for the creation of
heterostructures that can exhibit enhanced thermoelectric performance [39]. Doping
TMDs with different elements can further optimize their thermoelectric properties,
leading to materials with improved Seebeck coefficients and reduced thermal conduc-
tivity [39]. Concretely, doping TMDs with elements like copper or nickel can further
optimize their thermoelectric properties, achieving ZT values of up to 0.6 and power
factors of ~15 pW/cmK? [39]. These materials are particularly promising for hybrid
nanocomposites, where their combination with metallic nanoparticles or polymers
can lead to synergistic enhancements in thermoelectric performance [40].

The effectiveness of SWCNT-PEDOT:PSS composites in biomedical sensors has
been well-documented [37]. Additionally, their flexibility and biocompatibility allow
for seamless integration into biomedical platforms, such as biosensors and drug
delivery systems [41].

The development of hybrid nanocomposites that combine different types of
nanomaterials has shown promise in achieving synergistic effects that enhance ther-
moelectric performance. For example, the combination of metallic nanoparticles with
TMDs can lead to improved charge transport properties and enhanced thermoelectric
efficiency. This hybrid approach allows for the fine-tuning of the electronic and
thermal properties of the composite, making them suitable for specific biomedical
applications, such as targeted drug delivery systems that utilize thermoelectric effects
for localized heating [40].

The integration of additive manufacturing techniques in the fabrication of nano-
composites has enabled the precise control of material composition and structure at the
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nanoscale. This approach allows for the creation of complex geometries and tailored
microstructures that can optimize thermoelectric performance. For instance, 3D print-
ing techniques can be employed to fabricate nanocomposite structures with specific
porosity and alignment, enhancing their thermoelectric properties [42]. Additionally,
the use of advanced characterization techniques, such as scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), facilitates the detailed analysis of
the microstructure and its correlation with thermoelectric performance [42].

The unique properties of novel nanocomposites make them particularly attractive
for biomedical applications. Their ability to convert waste heat into electrical energy
can be harnessed in wearable medical devices, providing a sustainable power source
for sensors and monitoring devices. Furthermore, the localized heating capabilities of
thermoelectric nanocomposites can be utilized in hyperthermia treatment for cancer,
where controlled heating can enhance the efficacy of chemotherapy [40]. The versa-
tility of these materials also extends to their use in biosensors, where their enhanced
thermoelectric properties can improve sensitivity and response times [40]. In conclu-
sion, the development of novel nanocomposites represents a significant advancement
in the field of thermoelectric materials for biomedicine. By leveraging the unique
properties of nanoscale materials and employing innovative fabrication techniques,
researchers are paving the way for the next-generation of thermoelectric devices that
can meet the demands of modern biomedical applications. Recent advancements in
thermoelectric nanocomposites have highlighted the potential of combining carbon
nanotubes (CNTs) with conductive polymers for biomedical applications. Gléria
etal. [43] reported that these composites exhibit enhanced thermoelectric proper-
ties, making them particularly suitable for biomedical devices due to their flexibility,
biocompatibility, and ability to efficiently convert temperature gradients into electri-
cal potential. The incorporation of CNTs into polymer matrices not only improves
electrical conductivity but also maintains the mechanical integrity required for vari-
ous biomedical applications, such as wearable sensors and implantable devices [44].

Furthermore, Yin et al. [37] demonstrated the promising thermoelectric perfor-
mance of single-walled carbon nanotube (SWCNT) and poly(3,4-ethylenedioxy-
thiophene) (PEDOT):PSS coated tellurium nanorod composites. This combination
showed significant potential for energy harvesting in wearable devices, which is cru-
cial for powering biomedical sensors and monitoring systems. The unique properties
of these nanocomposites, including their lightweight nature and high conductivity,
facilitate their integration into flexible electronic systems, enhancing the functional-
ity of wearable health monitoring devices [41].

The biocompatibility of CNTs has been a focal point in their application within
the biomedical field. Research indicates that functionalized CNTs can be effectively
used in various biomedical applications, including drug delivery systems, biosensors,
and tissue engineering scaffolds [45]. The ability to tailor the surface properties of
CNTs through functionalization further enhances their compatibility with biological
systems, allowing for improved interaction with cells and tissues [46].

2.4 Low-temperature thermoelectric generators

Low-temperature thermoelectric generators (TEGs) have gained significant
attention in recent years due to their potential applications in biomedical fields,
particularly for energy harvesting from body heat and other low-grade thermal
sources. These devices exploit the Seebeck effect, which generates electrical voltage
drop from a temperature difference across thermoelectric materials. The development

205



Advanced Thermoelectric Materials — Theory, Development, and Applications

of efficient low-temperature TEGs is crucial for powering wearable medical devices,
sensors, and other portable electronic systems that require sustainable energy
sources. Table 1 illustrates the diversity of thermoelectric materials suitable for low-
temperature applications.

The dimensionless figure of merit (ZT) is a critical parameter that quantifies the
efficiency of a thermoelectric material. A higher ZT value indicates better thermo-
electric performance. Bismuth telluride (Bi,Tes;) exhibits the highest ZT values among
the listed materials, making it a top choice for applications requiring high efficiency.
Magnesium silicide (Mg,Si) shows moderate ZT values of 0.7-1.0, while carbon
nanotube composites and organic thermoelectric materials have lower ZT values of
0.1-0.4 and 0.1-0.5, respectively. This limits their efficiency in high-performance
thermoelectric applications.

The power factor, defined as the product of the square of the Seebeck coefficient
and electrical conductivity, is a crucial metric for evaluating the performance of ther-
moelectric materials. Bismuth telluride leads with a power factor of 40-50 pW/m-K?,
indicating its superior ability to convert temperature gradients into electrical energy.
Carbon nanotube composites exhibit a higher power factor of 100-500 pW/m-K?,
owing to their excellent electrical conductivity, while magnesium silicide shows a
moderate power factor of 20-30 pW/m-K* Organic thermoelectric materials have the
lowest power factor, ranging from 10 to 100 pW/m-K?, reflecting their lower effi-
ciency in energy conversion.

Thermal conductivity is a measure of a material’s ability to conduct heat. Lower
thermal conductivity is desirable in thermoelectric materials as it helps maintain a
temperature gradient, enhancing the thermoelectric effect. Bismuth telluride has a
low thermal conductivity of 1.5-2.0 W/m-K, which contributes to its high ZT value.
Magnesium silicide has a higher thermal conductivity of 3.0-5.0 W/m-K, which
may limit its efficiency. Organic thermoelectric materials exhibit the lowest thermal
conductivity of 0.1-0.5 W/m-K, making them suitable for applications where flex-
ibility and lightweight properties are prioritized. Carbon nanotube composites have
a thermal conductivity range of 0.2-1.5 W/m-K, depending on the alignment and
composition of the composite.

Bismuth telluride remains the benchmark material for low-temperature applica-
tions due to its high Seebeck coefficient (~200 pV/K) and low thermal conductivity
(~1.5 W/mK) [25]. However, researchers are exploring alternative materials, such as
magnesium silicide (Mg,Si), which offers a balance of performance and cost-effec-
tiveness, with ZT values of ~0.7 and power factors of ~10 pW/emK? [50].

Organic thermoelectric materials, such as conducting metallopolymers, have
shown promise for low-temperature TEG applications due to their lightweight, flex-
ibility, and ease of processing. Recent advancements in carbon-based materials have
demonstrated ZT values of up to 0.3 and power factors of ~50 pW/mK?, making them
ideal for flexible and wearable devices [53]. Organic thermoelectric materials, such as
conducting metallopolymers, have shown promise for low-temperature TEG applica-
tions due to their lightweight, flexibility, and ease of processing [53]. These materials
can be integrated into flexible substrates, making them ideal for wearable devices that
require conformability and comfort [53].

The design of low-temperature TEGs involves optimizing the thermoelectric
figure of merit (ZT), which is a dimensionless quantity that indicates the efficiency
of a thermoelectric material. Strategies for enhancing ZT include reducing thermal
conductivity while maintaining or increasing electrical conductivity. Techniques
such as nanostructuring, alloying, and the incorporation of fillers into polymer
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matrices have been employed to achieve these goals [56, 57]. Additionally, the use of
segmented TEG designs, where different materials are used for the hot and cold sides,
can improve overall efficiency [58].

Challenge Description Material comparisons Future direction ~ References
Efficiencyand  LowZT Bi,Tes: ZT Value: ~1.0-1.2 at room Focus on novel [25, 62]
performance values limit temperature. materials and
thermoelectric ~ Power Factor: ~40-50 pW/m-K. composites to
efficiency, Thermal Conductivity: ~1.5-2.0 W/m-K.  enhance ZT
especially [8, 48]
at low Ag,Se: ZT Value: ~1.2 at room
temperatures temperature. Power Factor: ~20 pW/m-K*
(not pW/em-K?) Thermal Conductivity:
~0.5-0.6 W/m-K. [9, 60].
Organic materials (e.g., PEDOT:PSS):
ZT Value: ~0.1-0.4 (depending on
doping and processing).Power Factor:
~10-100 pW/m-K? (not pW/cm-K?).
Thermal Conductivity: ~0.1-0.3 W/m-K
[53, 61].
Material Degradation Bi, Te;: is known to degrade in physiological ~ Develop robust [66, 67]
stability and and mechanical  conditions due to oxidation and chemical hybrid materials
reliability reliability reactions with bodily fluids. Studies with improved
issues hinder have shown that exposure to moisture stability
long-term and elevated temperatures canlead toa
performance reduction in thermoelectric performance
over time. Degrades by ~20% in ZT after
30 days in physiological conditions [62, 63].
Ag,Se: can release silver ions in
physiological environments, which
may cause cytotoxicity. Encapsulation
with biocompatible polymers like PLA
has been shown to reduce ion leaching
and improve the material’s stability and
biocompatibility. [8, 64].
PEDOT:PSS: is highly sensitive to
moisture, which can degrade its electrical
and thermoelectric properties. Hybrid
composites, such as those incorporating
carbon nanotubes or inorganic fillers,
have been shown to enhance stability and
reduce moisture sensitivity [65, 66].
Scalabilityand ~ Traditional Bi, Tes: is one of the most efficient Explore 3D [71,72]
manufacturing  methods may thermoelectric materials at room printing
not support temperature, but tellurium is a rare and additive
the production  and expensive element, which limits its manufacturing
of complex widespread use [68, 69]. techniques
nanostructures  Mg,Si: is an environmentally friendly and

cost-effective thermoelectric material
with moderate performance, ZT ~0.7,
power factor ~ 100 pW/m-K? [50, 70].
CNT-PEDOT:PSS: Carbon nanotube
(CNT) composites with PEDOT:PSS
have been demonstrated as scalable and
flexible thermoelectric materials, suitable
for wearable applications

[55]. Scalable via 3D printing, ZT ~0.4,
power factor ~200 pW/mK? [37].
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Challenge Description Material comparisons Future direction ~ References
Integration Need for Bi,Tey: Used in implantable glucose Research on [73,74]
with compatibility sensors with 6-month stability [59]. integrating
biomedical with existing Ag,Se: Requires encapsulation to prevent  thermoelectric
systems medical silver ion toxicity [8]. materials into
technologies CNT-PEDOT:PSS: Biocompatible, biomedical
and bio- suitable for wearable sensors [37]. platforms
compatibility
Environmental  Reliance on Bi, Tes: Both tellurium scarcity and the Prioritize [69, 78]
and economic  rare or toxic potential toxicity of bismuth limit the development
considerations  elementsraises  widespread use of Bi,Tes, especially in of abundant,
sustainability biomedical applications [48, 69]. nontoxic
concerns PbTe: is a high-performance materials
thermoelectric material, but its use is
restricted due to the toxicity of lead,
which poses environmental and health
risks [75].
Abandoned due to lead toxicity despite
high ZT (~1.5) [76].
Mg,Si and CNT composites: are
considered environmentally friendly and
sustainable alternatives to traditional
thermoelectric materials like Bi,Te; and
PbTe [70].
Abundant, nontoxic, and sustainable
alternatives [50, 77].
Table 2.

Summary of challenges and future directions in thermoelectric materials for biomedicine.

Wearable devices that monitor vital signs can be powered by the heat gener-
ated by the body, reducing the need for external power sources or batteries [59].
Furthermore, TEGs can be integrated into implantable devices, providing a continu-
ous power supply for sensors and drug delivery systems [59]. The ability to convert
body heat into electrical energy not only enhances the functionality of these devices
but also contributes to their sustainability and user convenience.

2.5 Challenges and future directions

The field of thermoelectric materials for biomedicine is rapidly evolving, yet
several challenges remain that must be addressed to fully realize their potential in
practical applications. Table 2 discusses the key challenges faced in the develop-
ment of thermoelectric materials and outlines future directions for research and
innovation.

2.5.1 Efficiency and performance

Achieving high thermoelectric efficiency, characterized by the dimensionless
figure of merit (ZT), remains a primary challenge. For example, while Bi,Te; exhibits
ZT values of ~1.0 at room temperature, organic thermoelectric materials typically
achieve ZT values below 0.5, limiting their efficiency [79]. Future research should
focus on novel materials and composites that can enhance ZT through strategies such
as band engineering, nanostructuring, and the incorporation of dopants [80].
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2.5.2 Material stability and reliability

Material stability and scalability are also critical challenges. The stability of
thermoelectric materials under operating conditions is crucial for their long-term
performance, especially in biomedical applications where devices may be subjected to
varying temperatures and environmental conditions. Recent studies have highlighted
the degradation of thermoelectric materials in biological environments, particularly
those containing toxic elements like lead. For instance, research by Culebras et al.
indicates that materials such as Bi,Te;, while effective, pose significant toxicity risks,
necessitating the exploration of safer alternatives [81]. Furthermore, the mechanical
reliability of these materials is paramount; studies have shown that under long-term
fatigue loading, thermoelectric properties can degrade, leading to reduced efficiency
and potential device failure [82]. Research into more robust materials, including
hybrid composites that combine the advantages of organic and inorganic compo-
nents, is essential for improving stability. Many thermoelectric materials, particularly
organic and polymer-based systems, face challenges related to degradation and
mechanical reliability [83]. Research into more robust materials, including hybrid
composites that combine the advantages of organic and inorganic components, is
essential for improving stability [83].

The long-term stability of thermoelectric materials in biological environments
is a critical concern. For instance, bismuth telluride (Bi,Tes;), while highly effi-
cient, has been shown to degrade in physiological conditions over time, leading
to a loss of performance. A study by Gao et al. demonstrated that Bi,Te;-based
devices experienced a 20% reduction in ZT after 30 days of exposure to simulated
body fluids, highlighting the need for protective coatings or encapsulation strate-
gies [62]. Similarly, organic thermoelectric materials, such as PEDOT:PSS, face
challenges related to moisture absorption and mechanical degradation under
prolonged use [83].

To address these issues, researchers are exploring hybrid materials that combine
the stability of inorganic components with the flexibility of organic polymers. For
example, a recent study by Xin et al. developed a Bi,Te;-PEDOT:PSS composite
that exhibited improved stability, with only a 10% reduction in ZT after 60 days in
physiological conditions [66]. These findings underscore the importance of material
hybridization in enhancing long-term reliability.

2.5.3 Scalability and manufacturing

The fabrication of thermoelectric materials and devices at scale poses significant
challenges. Traditional manufacturing techniques may not be suitable for producing
complex nanostructures or composites required for advanced thermoelectric applica-
tions. Innovative manufacturing methods, such as 3D printing and additive manufac-
turing, offer promising avenues for creating flexible and customizable thermoelectric
devices [84]. Continued exploration of these techniques will be vital for the commer-
cialization of thermoelectric technologies.

2.5.4 Integration with biomedical systems

For thermoelectric materials to be effectively utilized in biomedical applica-
tions, they must be compatible with existing technologies and systems. This
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includes ensuring biocompatibility and the ability to integrate with sensors, drug
delivery systems, and other medical devices [85]. A notable case study involves the
integration of thermoelectric materials into implantable glucose sensors. A 2023
study by Nozariasbmarz et al. demonstrated that a Bi,Te;-based thermoelectric
generator could power a glucose sensor for up to 6 months without significant
performance degradation, showcasing the potential for long-term biomedical
applications [59].

However, challenges remain in ensuring the biocompatibility of thermoelectric
materials. For example, silver selenide (Ag,Se), while highly efficient, has raised
concerns due to the potential release of toxic silver ions in biological environments.

A study by Wei et al. investigated the cytotoxicity of Ag,Se and found that encap-
sulation with biocompatible polymers, such as polylactic acid (PLA), significantly
reduced silver ion leaching and improved biocompatibility [8]. Future research
should focus on developing thermoelectric materials that can seamlessly integrate
into biomedical platforms while maintaining their thermoelectric performance. Case
studies, such as the integration of PEDOT-based thermoelectric materials in wearable
devices, have shown promising results in terms of both performance and biocompat-

ibility [86].
2.5.5 Environmental and economic considerations

The sustainability of thermoelectric materials is an increasingly important consid-
eration. Many conventional thermoelectric materials rely on rare or toxic elements,
which can pose environmental and economic challenges [76]. For instance, tellurium,
a key component of Bi,Te;, is a rare element with limited global reserves, raising
concerns about the scalability of tellurium-based thermoelectrics [69]. Similarly, the
use of lead-based materials, such as PbTe, has been largely abandoned due to toxicity
concerns, despite their high thermoelectric performance.

To address these issues, researchers are exploring alternative materials, such
as magnesium silicide (Mg,Si) and carbon-based composites, which are abundant
and nontoxic. A 2021 study by Choudhary et al. demonstrated that Mg,Si-based
composites achieved ZT values of ~0.7, with a power factor of ~10 pW/cmK?,
making them a viable alternative for sustainable thermoelectric applications [50].
Additionally, carbon nanotube (CNT) composites have shown promise due to their
high electrical conductivity and low toxicity. A 2022 study by Yin et al. reported
that CNT-PEDOT:PSS composites exhibited ZT values of up to 0.4, with excellent
biocompatibility, making them suitable for wearable medical devices [37]. The
development of abundant, nontoxic materials, such as carbon-based thermoelec-
tric composites, is essential for creating sustainable thermoelectric technologies
[77]. Research should prioritize the exploration of environmentally friendly
materials and processes. For example, Zevalkink et al. have identified Ca;AlSb; as
a promising nontoxic alternative for thermoelectric applications, demonstrating
its potential for waste heat recovery without the associated toxicity of traditional
materials [87].

2.5.6 Future research priovities

Future research should prioritize the development of materials that combine
high thermoelectric performance with long-term stability and biocompatibility. For
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example, the use of advanced encapsulation techniques, such as atomic layer deposi-
tion (ALD), could improve the durability of thermoelectric materials in biological
environments. Additionally, the exploration of novel materials, such as topologi-

cal insulators and organic-inorganic hybrids, could lead to breakthroughs in both
efficiency and sustainability.

Real-world validation through clinical trials and long-term studies will be essential
to demonstrate the feasibility of thermoelectric materials in biomedical applications.
For instance, a 2024 pilot study by Gao et al. evaluated the performance of a wear-
able thermoelectric device in monitoring patients with chronic conditions, showing
promising results in terms of energy harvesting and device longevity [62]. Such
studies provide valuable insights into the practical challenges and opportunities for
thermoelectric materials in healthcare.

3. Conclusion

This chapter has elucidated the transformative potential of advanced thermo-
electric materials in biomedical applications, driven by critical performance metrics
such as thermoelectric figures of merit (ZT) and power factors. Materials like
nanostructured bismuth telluride (Bi,Te;) and silver selenide (Ag,Se) achieve ZT
values exceeding 1.2 at room temperature, with Bi,Te; demonstrating power factors
of ~50 pW/cmK” and Ag,Se exhibiting ultralow thermal conductivity (~0.5 W/
mK). Flexible carbon nanotube (CNT)-polymer composites, such as SWCNT-
PEDOT:PSS, further showcase ZT values of ~0.4 and power factors up to 500 pW/
mK?, enabling seamless integration into wearable biosensors and energy-autono-
mous health monitors. Hybrid nanocomposites, including doped transition metal
dichalcogenides (TMDs), have reached ZT values of ~0.6, while organic thermo-
electric polymers achieve ZT ~0.8, underscoring their viability for low-temperature,
implantable systems.

Despite these advances, challenges persist in balancing efficiency with material
stability and scalability. For instance, Bi,Te; degrades by ~20% in ZT after 30 days
in physiological conditions, and Ag,Se requires encapsulation to mitigate silver ion
toxicity. Scalable manufacturing techniques, such as 3D printing, have enabled CNT
composites to achieve ZT ~0.4 and power factors of ~200 pW/mK?, yet cost-effective
alternatives like magnesium silicide (Mg,Si, ZT ~0.7-1.0) remain critical for sustain-
able deployment.

Near-term research must prioritize optimizing biocompatibility and stability—for
example, hybrid Bi,Te;-PEDOT:PSS composites show only 10% ZT loss over 60 days
in simulated body fluids. Long-term efforts should focus on advancing nontoxic
materials (e.g., Mg,Si, CNT-organic hybrids) and scalable fabrication methods to
bridge laboratory innovations with clinical applications. The integration of thermo-
electric systems into implantable glucose sensors (6-month stability) and wearable
monitors highlights their potential, provided material toxicity and thermal manage-
ment challenges are resolved.

By addressing these priorities through interdisciplinary collaboration, thermoelec-
tric materials can revolutionize personalized healthcare, enabling energy-efficient,
self-powered devices that enhance patient outcomes while reducing reliance on con-
ventional power sources. This synergy between material innovation and biomedical
engineering promises to unlock next-generation technologies for real-time monitor-
ing, targeted therapies, and sustainable medical solutions.
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