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Preface

Due to the increasing demands for and attraction towards alternative and green 
power generation, thermoelectric (TE) technology is considered to be a promising 
option for its inherent merits and advantages over other alternative technologies. 
Thermoelectrics is the direct conversion of thermal energy (heat) due to temperature 
differences into electrical energy using the solid-state Seebeck effect in semiconduc-
tors to attempt to mitigate the worldwide energy crisis and reduce air pollution and 
greenhouse gas (GHG) emissions. The key distinct advantages of using thermoelec-
tric power generators (TEGs) include their compactness and safety, their flexibility 
as power sources and convenience for remote applications, and their eco-friendliness. 
They can also operate at high temperatures, are very reliable, and have no mechani-
cal moving parts and therefore are noise-free in operation with few maintenance 
requirements. The major shortcoming of TEGs are their relatively low conversion and 
thermal efficiency. This has been a major cause for restricting their use in electrical 
power generation to certain specialized fields. However, ongoing substantial improve-
ments in TE materials engineering, system optimization, and novel manufacturing 
technologies with recent advances in nanotechnology and machine learning/artificial 
intelligence (AI) have renewed the significance of TEGs. The design and fabrication 
of novel TE materials are challenging because they require co-optimization of com-
plex properties to efficiently convert thermal energy to electricity. 

This book, New Materials and Devices for Thermoelectric Power Generation, includes 
contributions from several leading researchers and experts worldwide. The topics 
addressed in this book are wide-ranging, from fundamentals and modeling of TE 
devices, new TE materials, and nanofluids for TE applications to recent strategies for 
improving TE devices and systems and using machine learning and computational 
chemistry to discover new TE materials. The book is a useful resource and adds to the 
existing knowledge of TE power generation applications.  

I would like to sincerely thank all chapter authors for their efforts and the quality of 
their contributions. I would also like to thank Publishing Process Manager Ms. Zrinka 
Tomicic at IntechOpen for her excellent efforts in managing the publication process of 
this book. 

Dr. Basel I. Ismail, P.Eng.
Associate Professors and Chair,

Department of Mechanical and Mechatronics Engineering,
Lakehead University

Thunder Bay, Ontario, Canada
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Chapter 1

Fundamental Aspects and
Advances in Thermoelectric
Materials for Power Generation:
A Numerical Simulation Case Study
Basel I. Abed Ismail and Jehad H. Ismail Abed

Abstract

Power generation using thermoelectric generator technology is becoming increas-
ingly attractive solution due to the ongoing substantial improvements in material
engineering, system optimization, and novel manufacturing technologies with recent
advances in nanotechnology. The design and fabrication of novel thermoelectric
materials is challenging because they require co-optimization of complex properties to
efficiently convert thermal energy to electricity in what is known as the Seebeck effect.
Computational chemistry and machine learning offer a solution toward finding opti-
mal thermoelectric semiconductor alloys with higher figure of merit values. In this
chapter, fundamental aspects and advances in thermoelectric materials for power
generation are presented and discussed. A thorough modeling and numerical simula-
tion for a case study of a TEG device application are also presented and discussed in
this chapter.

Keywords: thermoelectric power generation, novel thermoelectric material, figure of
merit, nanomaterial, clean power technology, computational chemistry, machine
learning, artificial intelligence, Seebeck effect

1. Introduction

Due to the increasing demands and attractions toward the use of alternative and
green power generation, thermoelectric (TE) technology is considered to be promis-
ing one for its inherent merits and advantages over other alternative technologies.
Thermoelectrics is the direct conversion of thermal energy (heat) due to temperature
difference into electrical energy using solid-state Seebeck effect in semiconductors
that would contribute to mitigating the worldwide energy crisis, and reduce air pol-
lution and GHG emissions. The key distinct merits of using thermoelectric power
generator (TEGs): they are compact and safe devices; they are flexible power sources
and convenient for remote applications; they are eco-friendly; they are capable of
operating at high temperatures; they are very reliable; they have no mechanical
moving parts and therefore noise-free in operation with significantly less maintenance
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requirements [1]. The major shortcoming of the thermoelectric power generator
(TEG) is its relatively low conversion and thermal efficiency. This has been a major
cause in restricting their use in electrical power generation to certain specialized
fields. However, the ongoing substantial improvements in TE material engineering,
system optimization, and novel manufacturing technologies with recent advances in
nanotechnology and machine learning/artificial intelligence (AI) bring TEG to a dif-
ferent level of renewed significance. Over the past couple of decades, TEG applica-
tions included industrial instruments, medical and aerospace, military, and
applications for mobile and remote power supply [2–4]. More recently, industrial
applications involving TEG technology are becoming more attractive, especially if the
waste heat associated with these applications is dissipated to the environment and
available at no cost, which could be used as heat source for operating TEG and
producing power at larger amounts possible [2]. In these applications, large quantities
of waste heat energy are discharged into the earth’s environment much of it at tem-
peratures which are typically too low to recover using conventional electrical power
generators. In general, the cost of a TEG mainly consists of the device cost and
operating cost. Ismail and Ahmed [1] and Ismail [5] presented various interesting
waste-heat industrial related applications where TEGs were successfully used. Luo
et al. [6] presented recent advances in modeling and simulation of thermoelectric
power generation. They performed a comprehensive review of theoretical models
with a specific focus on the different modeling approaches and different application
scenarios. In particular, the basic principles of theoretical models of the TEG were
presented in their paper, including the thermal resistance model, thermal-electric
numerical model, and analogy model. They also reviewed in detail the theoretical
models of the TEG system, including the thermal resistance-based analytical model,
computational fluid dynamics models, and fluid-thermal-electric multiphysics field
coupled numerical model. In their work, the methods to improve the accuracy of
theoretical models were also discussed.

In this chapter, some fundamental and material related aspects of TEG are intro-
duced and discussed. A thorough modeling and numerical simulation for a case study
of a TEG device application are also presented and discussed in this chapter.

2. Evolution of thermoelectric materials: from nanostructures
to wearable applications

Over the past couple of decades, there has been extensive research carried out
related to advances in thermoelectric materials for various applications. In general,
effective TE materials should have a low thermal conductivity but a high electrical
conductivity. Most widely used TE semiconductor materials are based on Bismuth
Telluride (Bi2Te3), Lead Telluride (PbTe), and Si-Ge alloys. The large amount of
research in thermoelectric materials has focused on optimizing the nanostructure of
the thermoelectric materials to specifically improve the thermoelectric properties
(e.g., increasing the Seebeck coefficient and reducing the thermal conductivity) of the
TEG device. For example, Weiling and Shantung [7] reported that because the elec-
trical conductivity and thermal conductivity correlate with the charge carriers, new
methods of material synthesis must be applied to conciliate the contradiction between
high electrical conductivity and low thermal conductivity. Research has been focused
mainly on improving the material’s figure-of-merit ZT, and thus the TE conversion
and thermal efficiencies, by reducing the lattice thermal conductivity [8]. Riffat and
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Ma [2] and Weiling and Shantung [7] reported that thermoelectric materials, such as
Lead Telluride PbTe and Bismuth Telluride Bi2Te3, have a ZT value of approximately
1.0 (at 500–700 K for PbTe and at room temperature for Bi2Te3). However, at a higher
ZT values (somewhere between 2.0 and 3.0), TEG would become competitive with
other power generation systems (e.g., solar power, nuclear power, wind power, fuel
cell power generation systems). Very recently, Cui et al. [9] reported that AgSbSe2
(Antimony-Silver-Selenium-based alloy) has a structure similar to PbTe (Lead-
Tellurium-based alloy) but does not contain toxic element Pb or expensive element
Te. In addition, this new alternative TE alloy has both high Seebeck coefficient and
inherently low thermal conductivity, which makes it a promising candidate for
medium-temperature TE power generation. Most recently, Zulkepli et al. [10] pro-
vided an overview of the key challenges in optimizing ZT values according to their TE
physical properties including the state-of-the-art of the advanced approaches in ZT
optimization more particularly for TE materials at low-temperature operating
applications.

Moreover, it is desirable to fabricate TE modules which can conform easily to a
heat source surface which would improve the thermal contact to heat sources of
arbitrary geometry. Therefore, recent research has also been focused on developing
novel flexible- and cylindrical-based shapes of TEG devices. For example, Yadav et al.
[11] proposed and demonstrated the use of flexible and cost-effective TEG based on
thin film thermoelectric on flexible fiber substrates. Min and Rowe [12] have also
recently developed a novel tube-shape thermoelectric module for power generation.
Most recently, Soleimani et al. [13] reported that wearable TEG devices are becoming
attractive power supply for relatively low-power electronic devices. They indicated
from their research that to maximize the higher power output from these devices, the
focus should be on improving TE material, such as using promising electrically con-
ductive and flexible hybrid organic and inorganic TE material, and the configuration
and arrangement of thermoelements in the TEG device. In these applications, the
thermal energy sources of the human body are used to power these wearable devices.
Soleimani et al. [13] provided extensive research of recent studies on wearable TEG
devices. Most recently, Zhu et al. [14] indicated the challenges and outlooks toward
future development of wearable TEG devices and their potential applications. Lemine
et al. [15] reported a comprehensive review research highlighting the promising and
future-generation TEG devices based on thin film technologies with highly flexible,
transparent, non-toxic, plentiful, and light-density p-type Copper Iodide (Cul) thin
films. Sanin-Villa [16] reported that research involving carbon nanotubes/polyaniline
composite films has found promising results due to its low thermal conductivity.

3. Accelerating the discovery of TE materials using computational
chemistry and machine learning

The design of novel thermoelectric materials is challenging because they require
co-optimization of complex properties to efficiently convert thermal energy to elec-
tricity in what is known as the Seebeck effect. As stated previously, a TE material should
possess high electric conductivity to allow sufficient movement of electrons while
simultaneously having low thermal conductivity to prevent heat transfer or loss. This
fine balance between thermal and electrical conductivity is captured in the dimen-
sionless ZT, which is calculated using the Seeback coefficient, internal electric
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resistivity, and thermal conductivity of the TE material. Optimizing ZT typically
requires tuning the electronic structure and various properties of the material making
the design process complicated. Additionally, the quest to identify TE materials with
desired properties is amplified by the sheer size of the chemical space. For a long time,
discovery of TE materials has been led by Edisonian methods of experimental error-
and-trial that have been employed to navigate the chemical space making material
exploration slow and expensive. However, lately, alternative paradigms such large-
scale computations have been widely adopted to accelerate the process and move
beyond serendipitous discovery. Many of the research studies in this area have
focused on high-throughput density functional theory (DFT) calculations to compute
desired properties from a myriad selection of input atomic structures. The materials
are then ranked based on their computed target property such as ZT or the power
factor and the most promising candidates are sent for experimental testing. While this
approach has shown significant speed ups in guiding material design, the heavy
computational cost associated with DFT still limits discovery. Due to how large and
diverse the search space for optimal material selection is, recently, this issue has been
tackled by utilizing machine learning models. The models could learn from large DFT-
curated or experimental datasets enabling access to uncharted chemical spaces while
requiring only a fraction of the computational cost. Gorai et al. [17] reported that the
DFT method offers an efficient and feasible route of calculating material properties
replacing explicit atomic quantum calculations without significantly compromising
accuracy. It works by estimating the electronic density ρ(r) of the multiple electrons
in the atomic structure instead of calculating the individual wave functions of elec-
trons. This becomes increasingly important as the number of electrons and the com-
plexity of the electron-electron interactions increase in large systems. DFT captures
the effect of electron-electron interactions on the energy of the system using
exchange-correlation functionals. The energy of the system could be obtained by
solving Kohn-Sham’s equation shown below:

E ρ rð Þð Þ ¼
X
j

Ej þ Exc ρ rð Þð Þ �
ð
dr vxc rð Þρ rð Þ � 1

2

ð
drdr0

ρ rð Þρ rð Þ0
∣r� r0∣

(1)

where Ej is the energy of Kohn-Sham orbitals, Exc is the exchange-correlation
functional, and vxc is the exchange-correlation potential = δExc ρ rð Þð Þ

δρ rð Þ . The equation is
solved by starting with an initial guess for the charge density and then iteratively
calculating the energy and updating the value of the charge density through a self-
consistent scheme until convergence is achieved. The component that is most crucial
to accuracy in this equation is exchange-correlation functionals. These functionals
factor in for the exchange and correlation energies of the electron interactions.
While their energy values make up a small portion of the total energy of the
system, careful choice of functionals is a key to predict the electronic structure and
properties of different classes of materials with sufficient accuracy for experimental
verification.

Local density approximation (LDA) is one of the simplest functionals that were
implemented for DFT calculations. It neglects spatial variations of the electron density
across the system and only considers local correlation effects by treating charge
density as a uniform gas of electrons, which offers a reasonable accuracy for some
applications [18]. To incorporate non-local correlations, generalized gradient approx-
imation (GGA) improves on LDA by considering not only the electron density at a
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given point but also considers the gradient of the electron density across the space.
This provides a more accurate model accounting for electron density variations that
are important in many systems. There has been a growing interest in developing more
accurate functionals such as hybrid functionals and machine learning (ML)-based
functionals capture complex correlations beyond the scope of LDA and GGA [19].
One of the most popular functionals used for screening of thermoelectric materials
using DFT is PBE-GGA [20] and van der Waals-corrected functionals DFT-D2 [21].
However, despite selecting a suitable functionals, there are still inherit challenges that
stem from the nature of DFT calculations, which do not account for temperature
effects. Additionally, the lack of standardization of functionals prevents the direct
comparison and transfer of results in the literature. This in turn widens the gap
between computational predictions and experimental validations. Choubisa et al. [22]
addressed both issues listed above regarding computational cost and accuracy of pre-
dictions by utilizing an error-correction learning (ECL) based on a neural network to
model the error correction function from experimental data. This approach is
implemented in two basic steps: (1) The model learns from prior experimental or
computational datasets and then (2) it utilizes new experiments to provide feedback
and refine the model to improve its accuracy. The second step allows the model to
implicitly account for disparities in synthesis methods, material morphology, and
defects, which vary from one lab setting to another and are normally not captured by
DFT calculations. This improved model is then used to screen the material space,
particularly Materials Project [23], a large open computational dataset of materials,
with the purpose of discovering new promising chemistries. The authors focused their
search on low-temperature thermoelectric materials <300°C. Notably, a new chemi-
cal family based on PbSe:SnSb (lead selenide:tin antimony) of thermoelectric mate-
rials was identified using this approach. The best composition exhibited double the
power factor of a standard PbSe (lead selenide). This study encourages the develop-
ment of new hybrid strategies guided by computational and experimental results, as
well as machine learning models to shorten the cycle of developing thermoelectric
materials.

4. The principle of a thermoelectric generator (TEG)

Figure 1 shows how a thermoelectric generator (TEG) works. A temperature
difference is established between two junctions, namely, the hot junction and the cold
junction, of two dissimilar materials made of metals or semiconductors. Due to this
temperature difference, a voltage is generated using the Seebeck effect. This effect is
fundamentally used in applications of thermocouples for temperature measurements.
TEG devices can operate as electrical power generators using this effect. In a basic
TEG thermocouple, heat transfers at a rate _QH from the heat source maintained at a
high temperature TH to the hot junction. It then transfers through the thermoelectric
materials A and B and reaches the cold junction maintained at a low temperature TH

where heat is rejected at the heat sink at a rate _QL. The heat transferring at the hot
junction causes an electric current to flow in the circuit based on Seebeck effect and an
electrical power is produced when an electric load is connected to this circuit. This
constitutes a thermodynamic heat engine with a power cycle established. The
electrons (charge carriers) serve as the working fluid. The power output _We is the
difference between _QH and _QLbased on the first law of thermodynamics.
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Figure 2 shows a schematic diagram of a simple TEG device with its arrangement
of components [1]. The TEG device is composed of two ceramic plates (substrates)
that serve as a foundation, providing mechanical integrity, and electrical insulation for
n-type (heavily doped to create excess electrons) and p-type (heavily doped to create
excess holes) semiconductor thermoelements. In TE materials, electrons and holes
operate as both charge carriers and energy carriers. There are very few modules
designed and fabricated without ceramic plates. Removing the ceramic plates from the

Figure 1.
A schematic diagram showing the principle of a TEG.

Figure 2.
A schematic diagram showing arrangement of a basic TEG device.
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modules would eliminate the thermal resistance associated with them but might lead
to mechanical fragility of the module. The ceramic plates are commonly made from
alumina, but when large lateral heat transfer is required, materials with higher ther-
mal conductivity (e.g., beryllia and aluminum nitride) are desired. The semiconductor
thermoelements (e.g., silicon-germanium, lead-telluride-based alloys) that are
sandwiched between the ceramic plates are connected thermally in parallel and elec-
trically in series to form a thermoelectric device (module). More than one pair of
semiconductors are normally assembled together to form a thermoelectric module and
within the module a pair of thermoelements is called a thermocouple.

The junctions connecting the thermoelements between the hot and cold plates are
interconnected using highly conducting metal (e.g., copper) strips as shown in
Figure 2. The power output for most of the commercially available TEGs ranges from
microwatts to multi-kilowatts [2] (Rowe, 1999).

5. Modelling and numerical simulation: case study of the performance of a
TEG device

In Figure 1, the heat transfer at the hot junction, _QH includes three terms, given by
[24]:

_QH ¼ _QSE þ _QJH þ _QCON (2)

where _QSE is heat flow due to Seebeck effect, given by

_QSE ¼ α TH I (3)

_QJH is the irreversible heat flow due to Joule heating effect that is generated as the
electric current flows in the wire. There are two elements (legs) of the TEGmodule, so
this heat on each leg accounts for one-half of Jule heating, given by [24]:

_QJH ¼ � 1
2
I2R (4)

_QCON is heat flow associated with conduction heat transfer, given by

_QCON ¼ K TH � TLð Þ (5)

Substituting Eqs. (3)–(5) in Eq. (2), yields

_QH ¼ α TH I � 1
2
I2Rþ K TH � TLð Þ (6)

In Eq. (6), α is the Seebeck coefficient, R is the internal electrical resistance, and K
is the total thermal conductance of the thermoelements, given by

R ¼ ρ L
A

(7)

R ¼ Rp þ Rn (8)
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K ¼ k A
L

(9)

K ¼ Kp þ Kn (10)

where A, L, k and ρ are the cross-sectional area, length, thermal conductivity, and
electrical resistivity’ of the n-type and p-type thermoelements, respectively. The
Seebeck coefficient α for the TE device can be rewritten in terms of the average values
of Seebeck coefficients for the dissimilar n-type and p-type thermoelements as [24]

α ¼ αp � αn (11)

The performance of thermoelectric materials can be expressed by figure of merit,
Z, given by

Z ¼ α2=KR (12)

The relationship of K and R with properties of the thermoelements is given by

K R ¼ kpρp
� �1=2

þ knρnð Þ1=2
� �2

(13)

Maximizing Z means that K R should be minimized. The minimum K R necessi-
tates that

Ln

An
¼ Lp

Ap

ffiffiffiffiffiffiffiffiffi
knρp
kpρn

s
(14)

The power generated at the electrical load _We can be determined using,

_We ¼ I2 RL (15)

where RL is the load electrical resistance. The thermal efficiency of a TEG device
(treated as a thermodynamic heat engine), ηth, is defined as

ηth ¼
_We

_QH
(16)

Eq. (16) can be rewritten using Eqs. (6) and (15) as

ηth ¼
I2 RL

α TH I þ 1
2 I

2Rþ K TH � TLð Þ (17)

Using the first law of thermodynamics of the closed system, the heat transfer at the
low-temperature side (cold junction), _QL can be written as

_QL ¼ _QH � _We (18)

In Figure 1, the potential difference (or voltage V) is proportional to the temper-
ature difference ΔT, given by

8
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V ¼ αΔT (19)

where,

ΔT ¼ TH � TL (20)

Eq. (19) can also be written in terms of the open circuit voltage, Voc,

Voc ¼ αΔT (21)

Also, Voc is given by

Voc ¼ I Rþ RLð Þ (22)

Equating Eqs. (21) and (22) and solving for the electric current, yield

I ¼ αΔT
Rþ RLÞ
� (23)

For a thermodynamic heat engine, the maximum thermal efficiency is limited by
the second law of thermodynamics given by Carnot efficiency:

ηCAR ¼ 1� TL

TH
(24)

Introducing the dimensionless parameters, θ, ξ, and β given by

θ ¼ RL=R (25)

ξ ¼ ZT (26)

β ¼ TL=TH (27)

ηCAR ¼ 1� β (28)

where the average temperature, T, of the TE device is given by

T ¼ TH þ TL

2
(29)

Substituting Eq. (23) into Eq. (17) with Eqs. (12), (24)-(26), yields

ηth ¼ ηCAR
θ

1þθð Þ2
Z TH

þ 1þ θð Þ � ηCAR
2

� �
2
4

3
5 (30)

The product Z TH in Eq. (30) can be written in terms of the dimensionless param-
eters ξ, and β, as

Z TH ¼ 2 ξ
1þ βð Þ (31)

Substituting Eqs. (27) and (31) into Eq. (30), gives the thermal efficiency of the TE
device in terms of dimensionless parameters, θ, ξ, and β, as

9
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ηth ¼
θ ηCAR

1þ θð Þ � ηCAR
2

� �þ 1
2ξ 1þ θð Þ2 1þ βð Þ (32)

Normally, in designing and operating TEGs for various power generation applica-
tions, it would be very useful to maximize their performance. To determine the
maximum power generation and conversion efficiency of the TEG module, the fol-
lowing set of equations is developed.

The maximum efficiency of the TE device can be determined using

dηth
dθ

¼ 0 (33)

Which leads to

θmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ξð Þ

p
(34)

Using Eq. (34) in Eq. (32), yields

ηth,max ¼ ηCAR
θmax � 1
θmax þ β

� �
(35)

Substituting Eq. (23) in Eq. (15) and using Eq. (26), gives

_We ¼ θ
αΔT
θþ 1

� �2

(36)

The maximum power output of the TE device can be determined using

d _We

dθ
¼ 0 (37)

This leads to the condition of maximum power of the TEG device,

θ ¼ 1 (38)

That is, RL ¼ R.
In this case, we have

_We,max ¼ I2mpR (39)

Imp ¼ αΔT
2R

(40)

Eq. (39) can then be rewritten as

_We,max ¼ 1
R

αΔT
2

� �2

(41)

Also, the maximum power output can be expressed in terms of

_We,max ¼ Imp Vmp (42)

10
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where,

Vmp ¼ αΔT
2

(43)

The maximum current can be determined by setting RL ¼ 0 in Eq. (23), as

Imax ¼ αΔT
R

(44)

The maximum voltage is the open circuit voltage, using Eq (21) (or Eq. (22))

Vmax ¼ αΔT (45)

The maximum power efficiency is given by

ηmp ¼ ηCAR
1

4
ZTH

� ηCAR
2 þ 2

" #
(46)

For a TE device with λ multicouple n-type and p-type thermoelements in a TEG
device, we have

_QH
� �

λ ¼ λ _QH (47)

_We
� �

λ ¼ λ _We (48)

Vð Þλ ¼ λ V (49)

Kð Þλ ¼ λ K (50)

Rð Þλ ¼ λ R (51)

RLð Þλ ¼ λ RL (52)

Ið Þλ ¼ I (53)

ηthð Þλ ¼ ηth (54)

Numerical simulations: case study
A TEG module is to be designed with its performance analytically and numerically

evaluated to deliver a total electrical power of 1 kW using a waste heat source from hot
exhaust gas at 811 K produced from an IC engine. The cold heat is rejected at a
temperature of 436 K. The design specifications, material properties, and thermal
conditions of the p-type and n-type of the PbTe thermoelements of the TEG device are
summarized in Table 1. For this practical case study, it is required to:

A.Determine the maximum thermal efficiency, the efficiency at maximum power
output, the number of thermocouples required for the TEG device, and other
performance parameters.

B. Perform numerical simulations to determine the effect of lowering the cold
temperature (heat sink temperature) on the key performance parameters of the
TEG device.
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TEG device performance parameters were calculated using MS Excel program. The
numerical results are shown in Table 2. For this case, 593 thermocouples are required
to construct the TEG device to deliver 1 kW of electrical power. The maximum
thermal efficiency and the efficiency at maximum power output of the TEG device
were found to be 13.1% and 12.5%, respectively.

The numerical simulations were carried out using the simple computer program
and the numerical results are shown in Table 3. It is interesting to see the detrimental
effect of lowering the heat sink temperature of the TEG device on the various effi-
ciency values of the device. Also, the number of multi-thermocouple required in
constructing the TEG device decreased significantly with decreasing the heat sink
temperature of the device. For example, by operating the device at the cold tempera-
ture of room temperature of 25°C, there are 317 thermocouples (i.e., λ ¼ 317) required
in constructing the device as opposed to 593 thermocouples when operating the TEG
device at 163°C, as can be determined using Eq. (48). The difference of 276 reflects a
significant drop in the required material for designing and building this device which
would then significantly reduce the cost of the device and its maintenance cost
requirements. The efficiency at the maximum power output of the TEG device
increased from 12.5% to 17.5% (i.e., by 5% increase) only by means of lowering the
heat sink temperature to room temperature. It should be noted that lowering the cold
heat sink operating temperature TL would increase the potential temperature differ-
ence (driving force for TEG device) ΔT at a fixed heat source temperature TH, as can
be seen in Eq. (20). This in turn would result in increasing the maximum power
output of the TEG device (see Eq. (41)) per thermocouple. Ultimately, this would
result in lowering the number of thermocouples (i.e., thermoelements λ) required to
form the TEG device, as can be seen in Eq. (48), for a given total power output
requirement in an application where TEG device is used. One another useful operation

Design specifications

Lp 8 mm

Ln 8 mm

An 0.6 cm2

TE material properties: Lead Telluride (PbTe)

kn 0.0140 W/cm K

kp 0.0120 W/cm K

ρn 0.00101 Ω cm

ρp 0.00095 Ω cm

αn �170 � 10�6 V/K

αp 190 � 10�6 V/K

Thermal conditions

TL 436 K

TH 811 K

Table 1.
Design specifications, material properties, and thermal conditions for the TEG device.
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metric is the size of the TEG device. As the number of thermocouples is decreased, the
volume and weight of the device would decrease. This will make the TEG device more
compact and cost-effective.

Parameter Value Equation # used

α 360 � 10�6 V/K Eq. (11)

β 0.538 Eq. (27)

e 0.629 cm2 Eq. (14)

R 0.002555 Ω Eqs. (7) and (8)

K R 5.0927 � 10�5 ΩW/K Eq. (13)

Z 0.002545 K�1 Eq. (12)

T 623 K Eq. (29)

ξ 1.586 Eq. (26)

θmax 1.6081 Eq. (34)

RL 0.004109 Ω Eq. (25)

θ 1.6082 Eq. (25)

ηCAR 0.462 Eq. (28)

ηth,max 0.1309 Eq. (35)

Z TH 2.0624 Eq. (31)

I 20.26 A Eq. (23)

_We 1.6866 W Eq. (15)

ηth 0.1309 Eq. (30)

_QH 12.8846 W Eq. (16)

_QL 11.1980 W Eq. (18)

αΔT 0.135 V

Imax 52.84 A Eq. (44)

Vmax 0.135 V Eq. (45)

Imp 26.42 A Eq. (40)

Vmp 0.0675 V Eq. (43)

_We,max 1.7833 W Eq. (42)

ηmp 0.1246 Eq. (46)

_We
� �

λ
1000 W Given

λ 593 thermocouples Eq. (48)

_QH
� �

λ
7641 W Eq. (47)

_QL
� �

λ
6641 W Eq. (18)

Table 2.
Calculations of the TEG performance parameters.
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6. Conclusion

In this chapter, some fundamental and material related aspects of thermoelectric
materials are introduced and discussed. A thorough modeling and numerical simula-
tion for a hypothetical case of a TEG device are also presented and discussed in this
chapter. The numerical simulation was carried out for a hypothetical practical case of
a TEG made of PbTe semiconductors alloy. It was found that the heat sink cold
temperature has a detrimental effect on the thermal and conversion efficiencies of the
TEG device. More particularly, the efficiency at the maximum power output of the
TEG device increased from 12.5% to 17.5% (i.e., by 5% increase) only by means of
lowering the heat sink temperature to room temperature. In addition, the cost of the
TEG device and its maintenance cost requirements were significantly reduced by
lowering the operating cold temperature of the device for this case study.

Acronyms

DFT density function theory
GHG greenhouse gases
GGA generalized gradient approximation
LDA local density approximation
ML machine learning
TE thermoelectric
TEG thermoelectric generator

TL (°C) 163 150 125 100 75 50 25 (room temp)

ηCAR (%) 46.2 47.8 50.9 54.0 57.1 60.2 63.3

ηth,max (%) 13.1 13.6 14.5 15.4 16.3 17.3 18.2

ηmp (%) 12.5 12.9 13.8 14.7 15.6 16.5 17.5

λ 593 554 489 435 389 350 317

Table 3.
Numerical simulation results (case study—heat source exhaust gas temperature TH = 538°C).
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Chapter 2

Thermoelectric Generators: 
Design, Operation, and 
Applications
Baljit Singh Bhathal Singh

Abstract

This chapter offers a comprehensive analysis of thermoelectric generators (TEGs), 
with a particular emphasis on their many designs, construction methods, and opera-
tional processes, all aimed at achieving optimal conversion of thermal energy into elec-
trical energy. This chapter extensively examines the fundamental principles that control 
thermoelectric generators (TEGs), providing a complete examination of their respective 
merits and drawbacks in comparison with conventional energy conversion techniques. 
This study thoroughly investigates the key elements that have a significant impact on the 
performance of thermoelectric generators (TEGs), including the temperature gradient, 
heat source temperature, and load resistance. Moreover, the chapter explores the diverse 
range of thermoelectric materials employed in these generators and their significant 
qualities that directly affect the efficiency and power output of the devices. TEGs have 
been widely examined in terms of their practical applications, which include waste 
heat recovery, space exploration, and remote power generation. This chapter provides 
a comprehensive analysis of the obstacles and prospects associated with the incorpora-
tion of thermoelectric generators (TEGs) into renewable energy systems. Additionally, 
it evaluates the feasibility of scaling up TEG manufacturing to meet growing energy 
demands, with a specific focus on promoting sustainable energy solutions.

Keywords: heat energy, efficiency, power, thermoelectric, Seebeck

1. Introduction

1.1 Thermoelectric generating systems: History and importance

TEGs are solid-state devices that use the thermoelectric effect to transform 
thermal energy into electrical power [1]. The Seebeck effect, which happens when 
a temperature gradient is introduced across incompatible semiconductor materials, 
provides the basis for this phenomenon. Waste heat recovery and portable power 
production are only two of the many areas where TEGs have found recent success.

TEGs are useful because they can be used to recover heat otherwise lost in a vari-
ety of manufacturing and electricity-producing operations [2]. Exhaust gases from 
vehicles and industrial machinery are two common examples of waste heat sources 
that escape into the environment and cause damage. In order to improve energy 
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efficiency and decrease emissions of greenhouse gases, TEGs present a possible 
alternative by capturing and converting this waste heat into usable electrical energy.

As solid-state devices with no moving parts, TEGs provide great dependability, 
compact size, and adaptability to a wide range of operating situations [3]. They are 
perfect for out-of-the-way places because of their quiet operation, low need for 
upkeep, and lengthy service life.

1.2 Aims of this chapter

The purpose of this chapter is to furnish readers with a thorough comprehension of 
thermoelectric generators (TEGs) through an examination of their structure, func-
tioning, and wide-ranging uses. The primary objectives of this chapter are to provide a 
comprehensive understanding of the operational principles of thermoelectric genera-
tors (TEGs), with a specific emphasis on the Seebeck effect and thermoelectric effects. 
Furthermore, the chapter explores the diverse thermoelectric materials employed in 
thermoelectric generators (TEGs) and their corresponding features. Another impor-
tant feature that is explored in this study is the exploration of the parameters that 
influence the performance and efficiency of TEGs. These aspects include tempera-
ture gradients, material characteristics, and device design. In addition, the chapter 
provides an extensive discussion of various design considerations and optimisation 
methodologies aimed at improving the performance of thermoelectric generators 
(TEGs). This chapter presents a thorough examination of the various uses of thermo-
electric generators (TEGs), including waste heat recovery, portable power generation, 
and remote sensing. In conclusion, the chapter discusses the present obstacles and 
possible prospects within the sector, placing particular attention on developments in 
materials, device engineering, and system integration. The primary objective of this 
chapter is to enhance the comprehension of thermoelectric generators as a viable and 
effective technology for energy conversion with a focus on sustainability.

2. Operations principles of thermoelectric generator operation

2.1 The generation of electricity from thermal energy

The Seebeck phenomenon, in which a temperature difference between two dis-
similar materials causes a voltage potential difference, is the basis for thermoelectric 
generators’ operation [4]. A TEG module is made up of a series or parallel connection 
of many thermocouples, each of which is made up of p-type and n-type semiconduc-
tors with opposite charge carriers.

A temperature gradient is created throughout the module when one end of the 
thermocouple is placed in contact with a heat source (hot side), and the other end 
is placed in contact with a heat sink (cold side). The voltage potential difference 
between the hot and cold ends of each thermocouple is directly proportional to the 
temperature gradient between them. The stored voltage can be used to power elec-
tronics or used later.

2.2 How it stacks up against other energy conversion techniques

There are benefits and drawbacks to using thermoelectric generators instead of 
more traditional energy conversion technologies.
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• TEGs’ unique features excel in applications where low-power generation or waste 
heat recovery is critical despite their lower conversion efficiency than conven-
tional power generation methods [5].

• Scalability: TEGs’ adaptability extends to a wide range of applications, from tiny 
devices to power sensors to massive installations to recycle heat from factories’ waste.

• Because they are solid-state devices with no moving components, emit no green-
house gases, and run quietly, TEGs have a negligible effect on the environment.

• TEGs can function in a wide temperature range, making them adaptable for use in 
a variety of waste heat capture applications. However, they are extremely sensitive 
to the temperature gradient, with larger differentials improving performance.

2.3 The pros and cons of using thermoelectric power plants

Thermoelectric generator advantages include:

• Waste Heat Recovery: TEGs offer a practical approach to reusing the heat that 
would otherwise be wasted in several contexts, including manufacturing, power 
generation, and transportation [4].

• Portability and dependability: thanks to its small size, low weight, and lack 
of moving components, TEGs can be taken to areas that do not have access to 
regular power sources.

• TEGs are ideal for applications where accessibility and maintenance are difficult 
because of their long operational lifespan and low maintenance needs, both of 
which stem from their solid-state construction.

Thermoelectric generators have several drawbacks.

• The current efficiency of TEGs in converting energy is lower than that of more 
conventional approaches. Researchers are working to overcome this barrier by 
improving thermoelectric materials and optimising device design.

• The effectiveness of TEGs declines at higher temperatures, which can restrict 
their use in high-temperature situations, and they function best within certain 
temperature ranges.

• TEG performance is highly dependent on thermoelectric materials, which can be 
both costly and scarce. To encourage wider deployment of TEGs, researchers are 
looking for cost-effective and efficient materials.

3. Factors affecting thermoelectric generator performance

The performance of a thermoelectric generator (TEG) can be influenced by a 
multitude of factors. The enhancement of a thermoelectric generator’s performance and 
power generation capabilities can be achieved through the optimisation of these aspects.
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3.1 The influence of temperature gradient

The temperature gradient is the term used to describe the disparity in temperature  
between the hot and cold sides of a thermoelectric generator. There exists a direct 
 association between the temperature gradient and the power output of a thermo-
electric generator (TEG). Increased power generation is achieved through a larger 
temperature differential existing between the hot and cold sides of the thermoelectric 
generator (TEG). Heat transfer can occur from the region with a higher temperature 
to the region with a lower temperature, and the thermoelectric generator (TEG) has 
the capability to convert this heat flux into electrical energy. The Thermoelectric 
Generator (TEG) has the potential to generate a higher amount of electrical power as 
a result of an increased heat flow resulting from a larger temperature differential. The 
increase in temperature across the thermoelectric generators (TEGs) leads to a corre-
sponding increase in the maximum power output [6]. The voltage output of a ther-
moelectric generator (TEG) is influenced by the temperature gradient. The operation 
of a thermoelectric generator (TEG) relies on the Seebeck effect, which generates an 
electric potential across the TEG in the presence of a temperature gradient. A larger 
temperature gradient results in an increased voltage output. The TEG has the poten-
tial to generate a higher amount of electrical power as a result of an increased heat 
flow resulting from a larger temperature differential [7].

3.2 The impact of heat source temperature on a system

The performance of a thermoelectric generator (TEG) is significantly impacted 
by a key parameter known as the temperature of the heat source. The temperature of 
the heat source significantly affects the power generation capability of a thermoelec-
tric generator (TEG). The power generation of a thermoelectric generator (TEG) is 
directly influenced by the temperature gradient between its hot and cold sides. An 
elevated heat source temperature leads to an augmented temperature gradient, hence 
yielding a greater temperature disparity and an increased power output. Consequently, 
elevating the temperature of the heat source has the potential to enhance the power 
output of the thermoelectric generator (TEG). Based on the results obtained, it can be 
concluded that the utilisation of high input energy, coupled with a heat collector pos-
sessing a high absorptivity and low emissivity, yields advantageous outcomes in terms 
of generating a thermoelectric generator with superior performance [8].

3.3 The impact of load resistance

The load resistance plays a critical role in determining the power output and 
 efficiency of a thermoelectric generator (TEG) system. The voltage and current pro-
duced by the thermoelectric generator (TEG) are contingent upon the load resistance. 
Ohm’s eq. (V = I R) establishes a direct relationship between the voltage across the load 
resistance, the current flowing through it, and the value of the load resistance itself. 
The adjustment of voltage and current levels to align with the specific requirements 
of an application can be achieved through the selection of different load resistance 
values. The study aims to ascertain the optimal electrical load resistance that maxi-
mises thermoelectric generation in a liquid-to-liquid generator. The findings provide 
insights into the thermoelectric characteristics of the generator when the electrical 
load resistance is progressively increased [9]. The power output is inversely affected by 
the sum of the internal resistance and the load resistance.



23

Thermoelectric Generators: Design, Operation, and Applications
DOI: http://dx.doi.org/10.5772/intechopen.1002722

4. Thermoelectric materials for generators

Thermoelectric generators (TEGs) employ thermoelectric materials to convert 
waste heat into electrical power. These materials possess distinct attributes that enable 
them to generate electricity via the Seebeck effect, wherein a voltage differential 
arises from a temperature gradient across the material.

4.1 There exist various classifications of thermoelectric materials

Bismuth telluride (Bi2Te3) is the thermoelectric material most employed for 
applications at room temperature. The high thermoelectric figure of merit (ZT) 
within the range of 1–1.5 contributes to its effectiveness in power generation. The 
performance of the material can be enhanced through the process of alloying with 
chemicals such as antimony (Sb). Commercially accessible thermoelectric generators 
(TEGs) that utilise Bi2Te3 semiconductors are the most cost-effective options [10]. 
Lead telluride (PbTe) has favourable thermoelectric properties when subjected to 
elevated temperatures. Due to its low thermal conductivity and significant Seebeck 
coefficient, this material exhibits potential for use in high-temperature applications. 
The performance of the material can be improved with the addition of alloying 
elements such as antimony (Sb) or selenium (Se) [11]. Skutterudites have exhibited 
promising thermoelectric properties, particularly at elevated temperature conditions. 
Illustrative instances encompass CoSb3 and filled skutterudites, such as (Co, Fe)
Sb3 with incorporated guest atoms. The high ZT values exhibited by these materials 
can be attributed to their intricate crystal structure and unique electrical properties. 
Silicides that exhibit excellent thermoelectric performance at elevated temperatures 
encompass Mg2Si and Ca3Co4O9. The crystals possess unique properties pertaining 
to both their crystalline structure and electrical characteristics, which contribute to 
their high efficiency in converting energy [12]. TiNiSn and ZrNiSn are two exemplary 
instances of half-Heusler compounds that have exhibited considerable potential as 
thermoelectric materials, specifically in the context of high-temperature implementa-
tions. The thermoelectric performance of these materials is attributed to their notable 
electrical conductivity and moderate heat conductivity (Table 1).

Operating Temperature, °C Type Materials Maximum ZT

< 150 P Bio0.5Sb1.5Te3 1.4

n Bi2Se0.3Te2.7 1.0

p,n Bi2Te3 0.8

150–500 P Zn4Sb3 —

p,n PbTe 0.7–0.8

P TeAgGeSb 1.2

500–700 P CeFe4Sb2 1.1

ti CoSb3 0.8

700–900 p,n SiGe 0.6–1.0

p LaTe 0.4

Table 1. 
TEG materials and its performance [11].
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4.2 Properties influencing efficiency and output power

The measurement of the voltage generated by a material in response to a 
 temperature gradient is commonly conducted using the Seebeck coefficient, which is 
also known as thermopower. An increase in the Seebeck coefficient results in a higher 
voltage output, hence offering potential benefits in enhancing the power output of 
the thermoelectric generator (TEG). The electrical conductivity of a thermoelectric 
material also exerts an influence on the flow of electric current via the thermoelec-
tric generator (TEG). Enhanced electrical conduction and diminished electrical 
resistance are facilitated by heightened electrical conductivity, hence resulting in 
augmented power generation. The findings suggest that the utilisation of a solar 
thermoelectric generator featuring a well-thought-out thermal design can effectively 
optimise the advantageous characteristics of thermoelectric materials and substan-
tially improve the efficiency of power generation [13]. In addition, a thermoelectric 
material’s heat-transfer efficiency is reliant on its thermal conductivity. To enhance 
the thermoelectric efficiency and sustain a larger temperature gradient across the 
thermoelectric generator (TEG), it is imperative for thermoelectric materials to 
possess a diminished thermal conductivity. Utilising materials with restricted thermal 
conductivity prevents excessive heat transfer, hence facilitating a higher temperature 
gradient for power generation. Finally, it is worth noting that the figure of merit 
(ZT), a dimensionless parameter, encompasses the Seebeck coefficient, electrical 
conductivity, and thermal conductivity of a given material. A high ZT value serves 
as an indicator of strong thermoelectric performance. In thermoelectric genera-
tors (TEGs), materials that possess higher figures of merit (ZT values) generally 
exhibit enhanced efficiency and power generation capabilities. Tetrahedrites have 
the capability to generate a thermoelectric figure of merit (ZT) close to 1 at ambient 
temperature. However, recent advancements in the field have led to the synthesis 
and thermoelectric characterisation of a wide range of sulphide compounds, which 
exhibit remarkably high ZT values [12].

4.3 Advances in material research and development

Advancements in material research and development are contributing to the 
enhancement of thermoelectric generators (TEGs) in terms of their efficiency, 
power production, and cost-effectiveness. Researchers are currently doing extensive 
investigations into novel compounds that exhibit enhanced thermoelectric proper-
ties. This encompasses the processes of synthesising and evaluating novel chemicals, 
exploring alternative material categories, and enhancing existing materials through 
alloying, doping, and nanostructuring methodologies. There is a growing interest 
in the advancement of thermoelectric materials capable of operating at elevated 
temperatures, specifically over 600°C. The exceptional thermoelectric efficiency 
and high-temperature stability of these materials enhance the range of potential 
applications for TEGs. Subsequently, by employing nanostructuring methodologies, 
it becomes possible to modify the microstructure of thermoelectric materials at the 
nanoscale in order to enhance their performance. The reduction in grain size and the 
incorporation of nano-sized features can lead to a decrease in thermal conductivity 
while maintaining or even enhancing electrical conductivity. This leads to an aug-
mentation in power generation and enhancement in thermoelectric efficiency. The 
concurrent objectives of decreasing heat conductivity and enhancing power factor 
in nanostructuring design methods have the potential to facilitate the advancement 
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of nanostructured thermoelectric materials in future generations [14]. Furthermore, 
the advancement of contemporary manufacturing techniques has facilitated the 
production of intricate and highly efficient thermoelectric structures. Moreover, 
the implementation of material and geometrical optimisation techniques has the 
potential to enhance the thermoelectric generator’s efficacy in augmenting the overall 
power generation of the system [15]. The advancement in thermoelectric module 
development is facilitated by techniques such as spark plasma sintering, additive 
manufacturing, and solution-based processing, which enable precise manipulation of 
material characteristics, hence enhancing performance. Finally, computer modelling 
and simulation approaches play a crucial role in facilitating the advancement and cre-
ation of novel thermoelectric materials. These approaches are employed to enhance 
the composition, structure, and doping levels of materials in order to optimise their 
thermoelectric performance. They aid in the discovery of potential candidates that 
possess desirable thermoelectric properties.

5. Design, construction, and operation of thermoelectric generators

5.1 System design considerations

When developing a thermoelectric generator (TEG), it is imperative to consider 
several critical variables. The choice of a heat source is contingent upon various fac-
tors, including the accessibility of surplus heat and the specific demands of the given 
application. Typical sources of heat encompass motor exhaust emissions, industrial 
furnaces, and concentrated solar power systems that harness solar energy. The pres-
ence of a substantial temperature differential is a crucial need for the functioning 
of the system [16]. The power output potential of a thermoelectric generator (TEG) 
is directly proportional to the magnitude of the temperature gradient between its 
heated and cold surfaces. The selection of the thermoelectric material is an additional 
critical determinant. The choice of materials is dictated by their thermoelectric 
characteristics, including the Seebeck coefficient, electrical conductivity, and ther-
mal conductivity. Bismuth telluride (Bi2Te3) and its alloys are frequently employed 
as thermoelectric materials, alongside lead telluride (PbTe) and silicon-germanium 
(SiGe) alloys. The overall power output and system effectiveness are influenced by 
the configuration of the modules, which encompasses factors such as the number and 
layout of thermoelectric modules. Heat exchangers play a crucial role in facilitating 
efficient heat transfer between the heat source and thermoelectric generators (TEGs). 
These structures are specifically engineered to optimise the extent of contact with the 
surrounding surface area and are constructed using thermally conductive materials 
such as copper or aluminium.

5.2 Structural components and assembly

A thermoelectric generator comprises several essential components. 
Thermoelectric modules consist of a series of connection of thermoelectric devices. 
The composition of these elements involves the use of p-type and n-type thermoelec-
tric materials that are placed between ceramic substrates [17]. The substrates serve 
the purpose of providing both electrical insulation and mechanical support, with the 
additional function of limiting heat transfer between the surfaces that are heated and 
those that are cool. The transport of heat from the heat source to the thermoelectric 
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generator (TEG) is facilitated through the utilisation of heat exchangers. Heat transfer 
devices are commonly constructed with a substantial surface area in order to optimise 
the efficiency of heat transfer. These devices can assume various shapes, such as 
finned heat sinks, plate heat exchangers, and tube and shell arrangements. Adequate 
insulation is necessary in order to minimise heat dissipation from the thermoelectric 
generator (TEG) system, hence ensuring a larger temperature gradient for improved 
efficiency. Ceramic fibre, fibreglass, and aerogel represent insulation materials 
characterised by a diminished capacity for thermal conduction. The transmission of 
power from the thermoelectric generator (TEG) to the external load necessitates the 
utilisation of electrical connections. In order to minimise power losses, it is imperative 
that these connections have a low resistance. In general, metallic interconnects are 
commonly employed to facilitate the establishment of electrical connectivity between 
thermoelectric modules and external loads or power management systems.

5.3 Operation and control mechanisms

A variety of control systems are utilised in order to effectively manage the 
 operation of a thermoelectric generator. Maintaining a consistent temperature differ-
ential across the thermoelectric generator (TEG) is crucial for effective temperature 
regulation [18]. The achievement of this outcome is facilitated by insulation, optimi-
sation of heat exchange, and temperature monitoring devices. Control tactics, such 
as the implementation of feedback control circuits, can be effectively employed to 
manage the transfer of heat and uphold optimal operating conditions. Incorporation 
of power management systems within the TEG design enables the regulation of 
electrical output. These systems ensure compatibility with load or energy storage 
devices, encompassing voltage regulators, converters, and energy storage systems like 
batteries or capacitors. There are various approaches that can be employed to enhance 
the overall efficiency of the thermoelectric generator (TEG) system. These include 
optimising the thermoelectric materials, designing efficient heat exchangers, and 
integrating the TEG system with other energy conversion technologies. The proper 
functioning of the TEG necessitates the continuous monitoring of crucial operational 
variables, including temperature, voltage, and current. Monitoring systems typically 
comprise many components, including temperature sensors, voltage and current 
sensors, and control algorithms. Routine maintenance protocols, such as the washing 
of heat exchangers and conducting inspections, are necessary.

6. Applications of thermoelectric generators

Thermoelectric generators (TEGs) have diverse applications across various fields, 
offering efficient and sustainable energy solutions. This essay explores three promi-
nent applications of TEGs: waste heat recovery and industrial applications, space 
exploration and satellite power, and remote power generation in off-grid locations.

6.1 Waste heat recovery and industrial applications

Thermoelectric generators (TEGs) play a vital role in the efficient use of residual 
heat, particularly within the context of industrial operations. A significant amount 
of residual heat is generated by several industries, such as manufacturing, electricity 
generation, and transportation. Thermoelectric generators (TEGs) have the capability 
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to be integrated into exhaust systems or heat sources with the purpose of converting 
surplus heat into power that may be effectively utilised. Thermoelectric generators 
(TEGs) have the potential to be integrated into vehicle exhaust systems in order to 
harness the waste heat generated by the engine within the automotive sector [19]. 
The utilisation of this electrical energy has the potential to operate supplementary 
systems, leading to a reduction in the consumption of petroleum and an improvement 
in overall energy efficiency. Thermoelectric generators (TEGs) are also employed 
in several industrial applications, including metal casting and glass manufacture, to 
effectively harness and convert waste heat into electrical energy. The application of 
this strategy not only yields a reduction in energy consumption and greenhouse gas 
emissions but also offers significant cost benefits to enterprises.

6.2 Space exploration and satellite power

The utilisation of thermoelectric generators (TEGs) has been a critical  component 
in the realm of space exploration missions and satellite operations, serving as a primary 
source of energy. Thermoelectric generators (TEGs) offer a dependable alternative 
in extraterrestrial environments, where traditional means of power generation may 
prove impractical. Radioisotope thermoelectric generators (RTGs) employ the process 
of radioactive decay, specifically using isotopes such as plutonium-238, to generate 
thermal energy and subsequently convert it into electrical power. The utilisation of 
Radioisotope Thermoelectric Generators (RTGs) in tandem with Thermoelectric 
Generators (TEGs) has facilitated the advancement of deep space expeditions, exempli-
fied by the Voyager spacecraft. These missions persistently function and communicate 
valuable information from the furthest regions of our solar system [20]. Thermoelectric 
generators (TEGs) are employed in satellite applications to effectively convert surplus 
thermal energy generated by onboard systems into electrical power. This technology 
enhances the duration of satellite missions and diminishes the need for conventional 
battery power, hence ensuring uninterrupted operation of satellites in outer space.

6.3 Remote power generation in off-grid locations

Thermoelectric generators (TEGs) are a feasible solution for the generation of 
electrical power in distant regions without grid connectivity and facing limited access 
to electricity. Oftentimes, rural villages, remote research stations, and locations 
affected by disasters face challenges in accessing a reliable electrical infrastructure. 
Thermoelectric generators (TEGs) have the capability to produce electrical energy 
by harnessing heat sources that are easily accessible, including biomass burners, 
solar thermal collectors, and geothermal systems. The integration of thermoelectric 
generators (TEGs) with biomass burners has been found to offer multiple benefits in 
rural areas. These benefits include the provision of illumination, charging capabili-
ties for small devices, and power supply for low-power appliances [6]. Solar thermal 
collectors and thermoelectric generators (TEGs) work in tandem to harness the ample 
solar energy available and convert it into electrical power. Similarly, thermoelectric 
generators (TEGs) have the capability to harness the thermal energy derived from 
geothermal systems located in locations with geothermal activity. TEG systems dem-
onstrate a notable capacity for operation with little maintenance demands, thereby 
offering off-grid communities a viable and sustainable means of power generation. 
This, in turn, contributes to an improved quality of life for these people and facilitates 
the emergence of economic prospects [21].
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7.  Integration of thermoelectric generators into renewable energy  
systems

Thermoelectric generators (TEGs) can play a valuable role in the integration of 
renewable energy systems by converting waste heat into usable electrical power. They 
are solid-state devices that utilise the Seebeck effect to generate electricity when there 
is a temperature gradient across the device.

7.1 Challenge and opportunities

The incorporation of thermoelectric generators (TEGs) into renewable energy 
systems poses a range of obstacles and opportunities. The initial obstacles encoun-
tered pertain to efficiency. One of the primary obstacles encountered in the field of 
thermoelectric generators (TEGs) pertains to their comparatively lower efficiency 
in relation to alternative power generation technologies. At present, thermoelectric 
generators (TEGs) have a lower conversion efficiency compared to conventional 
technologies such as solar panels or wind turbines. Enhancing the efficacy of ther-
moelectric materials and devices is of paramount importance in order to optimise 
energy conversion and enhance the competitiveness of thermoelectric generators 
(TEGs) [22].

One of the potential advantages linked to the incorporation of thermoelectric 
generators (TEGs) into renewable energy systems is the recovery of waste heat. 
Thermoelectric generators (TEGs) present a distinctive prospect for the retrieval of 
waste heat from diverse origins and its subsequent conversion into practical electrical 
energy. The implementation of waste heat recovery has the capacity to enhance the 
overall energy efficiency of renewable energy systems, hence mitigating energy wast-
age and promoting sustainability.

7.2 Synergies with solar and wind energy

Thermoelectric generators (TEGs) have the potential to establish beneficial 
relationships with solar and wind energy systems, thereby augmenting their col-
lective efficiency and performance. This academic text explores the potential of 
integrating thermoelectric generators (TEGs) with solar and wind energy systems in 
hybrid systems. It examines the ways in which TEGs can complement and integrate 
with these renewable energy sources. Thermoelectric generators (TEGs) have the 
potential to be effectively incorporated into hybrid systems that synergistically 
combine renewable energy sources such as solar or wind power with waste heat 
recovery. Solar panels and wind turbines can generate power through the utilisation 
of renewable energy sources. However, it is important to note that these systems also 
generate surplus heat. The integration of thermoelectric generators (TEGs) into these 
systems enables the capture and conversion of waste heat into supplementary electri-
cal energy, thereby augmenting the overall energy production and enhancing system 
efficiency [23]. Through the strategic utilisation of the complementary attributes of 
thermoelectric generators (TEGs), solar energy systems, and wind energy systems, 
the generation of renewable energy can be enhanced in terms of efficiency, reliability, 
and sustainability. The integration of these systems holds the potential to optimise 
energy generation, minimise wastage, and make a significant contribution towards a 
more environmentally sustainable future.
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7.3 Hybrid systems and energy management

Hybrid energy systems, characterised by the integration of various renewable 
energy sources alongside potentially conventional sources, can derive advantages 
from the implementation of efficient energy management solutions. The optimisation 
of operation and performance of hybrid systems is heavily reliant on effective energy 
management. The contribution of energy management to the success of hybrid sys-
tems will now be discussed. One of the contributions is the optimisation of resources. 
The practise of energy management in hybrid systems entails the strategic allocation 
and optimisation of various energy sources, taking into consideration issues such as 
their availability, cost, and environmental impact [24]. Through the examination of 
real-time data and projections, energy management systems possess the capability to 
ascertain the optimal amalgamation of energy sources in order to satisfy the system’s 
demand, while concurrently minimising expenses and maximising the utilisation of 
renewable energy resources.

8.  Future perspectives and expansion of thermoelectric generator 
production

The future perspectives and expansion of thermoelectric generator (TEG) 
 production hold significant potential as advancements continue to be made in materi-
als, manufacturing processes, and system integration.

8.1 Research and development trends

The field of thermoelectric generators (TEGs) is experiencing ongoing 
 advancements in research and development (R&D), motivated by the objective 
of enhancing efficiency, cost-effectiveness, and scalability. One of the prominent 
research and development trends observed in the thermoelectric generator (TEG) 
business is the use of innovative materials. Scientists are currently engaged in the 
investigation of novel materials and the enhancement of pre-existing ones in order 
to optimise the performance of thermoelectric generators (TEGs). This encompasses 
the advancement of thermoelectric materials exhibiting enhanced thermoelectric 
properties, including elevated ZT values, reduced thermal conductivity, and height-
ened stability. Researchers are now investigating several material synthesis processes, 
including nanostructuring, doping, and composite production, in order to enhance 
the thermoelectric capabilities. The research and development trends are propelling 
innovation and expanding the limits of thermoelectric generator (TEG) technology. 
Researchers are actively engaged in overcoming obstacles and investigating novel 
opportunities to fully harness the capabilities of thermoelectric generators (TEGs) 
across diverse domains. These efforts are crucial in advancing the progress of sustain-
able and high-performance energy systems.

8.2 Emerging technologies and innovations

The advancements in thermoelectric generators (TEGs) are significantly 
 influencing the trajectory of this technology, presenting novel prospects and appli-
cations. The following discourse highlights several noteworthy new technologies 



New Materials and Devices for Thermoelectric Power Generation

30

and advances within the thermoelectric generator (TEG) business. Flexible and 
wearable thermoelectric generators (TEGs) are a promising and rising technological 
advancement. The advancement of flexible and wearable thermoelectric generators 
(TEGs) has facilitated the incorporation of thermoelectric technology into several 
applications, including wearable electronics, smart clothing, and flexible gadgets. 
Furthermore, the utilisation of nanostructured and thin-film thermoelectric genera-
tors (TEGs) is also worth considering. Nanostructured and thin-film thermoelectric 
generators (TEGs) utilise advanced nanoscale engineering methodologies to improve 
their thermoelectric efficiency. Scholars are currently investigating the production of 
nanostructured thermoelectric materials, including nanowires, nanotubes, and thin 
films, with the aim of enhancing energy conversion efficiency. These technological 
improvements present the possibility of achieving elevated power densities, enhanced 
flexibility, and seamless integration with many other electronic equipment [25].

8.3 Scaling up production and commercialisation

The process of expanding manufacturing and facilitating commercialisation plays 
a pivotal role in the progression and extensive acceptance of thermoelectric genera-
tors (TEGs). The focus of scaling up the production and commercialisation of TEG 
is in the optimisation of manufacturing processes. Efficiently optimising manufac-
turing processes is necessary in order to facilitate the expansion of thermoelectric 
generator (TEG) output. This entails the enhancement of material synthesis, device 
manufacturing, and module assembly processes in order to enhance production effi-
ciency and mitigate costs. The implementation of automation, quality control mea-
sures, and standardisation in the manufacturing process has the potential to enhance 
consistency and reliability, leading to a reduction in production time and expenses.

The process of expanding thermoelectric generator (TEG) production and bring-
ing it into the commercial market necessitates a comprehensive strategy that spans 
various aspects. These include optimising manufacturing processes, reducing costs, 
ensuring quality control, doing market analysis, obtaining necessary certifications, 
implementing pilot projects, developing appropriate business models, and educat-
ing potential customers. By carefully addressing these elements, TEG technologies 
have the potential to penetrate wider markets, attain cost competitiveness, and make 
significant contributions towards the transition to a more sustainable energy future.

9. Conclusion

9.1 Summary of key points discussed

Thermoelectric generators, known for their advantageous characteristics such 
as simplicity, reliability, and environmental sustainability [26], offer a feasible 
alternative for converting thermal energy into electrical energy. The advancements 
in thermoelectric materials, comprehension of operational principles, variables 
affecting performance, and other related factors have facilitated the development of 
efficient generator designs. The versatility and potential impact of these generators 
are exemplified through their application in waste heat recovery, space exploration, 
and off-grid power generation. The integration of thermoelectric generators into 
renewable energy systems has the potential to contribute to a more sustainable energy 
mix. This approach also has opportunities for synergistic effects with solar and wind 
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energy sources [27]. Future research and development endeavours should prioritise 
the exploration of advanced technologies, the improvement of material properties, 
and the expansion of production capabilities. These efforts aim to fully exploit the 
potential of thermoelectric generators and expedite their integration into various 
industrial sectors. Thermoelectric generators possess the capacity to make a substan-
tial contribution towards meeting energy requirements while concurrently mitigating 
environmental impact through continued advancements.

9.2 Implications for sustainable energy solutions

The study of thermoelectricity holds significant implications for the development 
of sustainable energy solutions. Thermoelectric materials possess the capacity to 
substantially enhance energy efficiency across diverse domains, including industrial 
operations, automobile mechanisms, and power generation, through the retrieval 
and conversion of waste heat into usable electrical energy [28]. By reducing the 
release of greenhouse gases, this approach not only mitigates energy inefficiency but 
also fosters ecological sustainability. The utilisation of abundant waste heat sources, 
such as those found in industrial processes and power plants, to generate localised 
electricity is facilitated through the implementation of waste heat recovery systems 
employing thermoelectric devices. The utilisation of a decentralised method in this 
context serves to mitigate transmission losses and bolster the resilience of energy 
systems. Furthermore, thermoelectric technologies are utilised in distant and off-grid 
regions, offering a dependable source of electricity in situations when traditional 
power infrastructure is constrained. The integration of thermoelectric solutions with 
other renewable energy sources, such as solar and wind, has the potential to improve 
the stability and dependability of renewable energy networks [29]. The consequences 
underscore the capacity of thermoelectric research to propel the development of 
sustainable energy systems and foster a more effective and ecologically conscious 
approach to power generation.

9.3 Prospects and recommendations for further research

The exploration of potential avenues for future thermoelectric research and the 
formulation of suggestions hold significant potential for the advancement of sus-
tainable energy solutions. The investigation of developing thermoelectric materials 
with enhanced performance, reliability, and efficiency is a critical field of research. 
In order to enhance the thermoelectric properties and overall efficiency, further 
research should be conducted to explore novel material compositions, nanostruc-
turing techniques, and enhanced manufacturing procedures [30]. A thorough 
investigation is also necessary for the optimisation of thermoelectric devices and 
systems, encompassing the advancement of efficient heat exchangers and techniques 
for thermal management and integration. In order to explore novel opportunities 
and gain a deeper understanding of the fundamental principles governing thermo-
electric phenomena, it is necessary to conduct research in the field of physics and 
thermodynamics. In the realm of thermoelectric research, it is advisable for future 
investigations to prioritise the advancement of thermoelectric materials and tech-
nologies. This emphasis is crucial in order to augment energy efficiency, optimise 
power generation, and facilitate sustainable energy harvesting for Internet of Things 
(IoT) sensor applications. By doing so, these efforts will not only contribute to energy 
conservation but also align with the objectives of achieving carbon neutrality and 
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zero emissions [31]. In order to facilitate the progress of thermoelectric research, 
it is imperative to establish collaborative relationships among experts from several 
disciplines, including material science, physics, engineering, and computer science. 
Furthermore, it is imperative to do research on the usability, cost, and environmental 
impact of thermoelectric technologies in order to facilitate their widespread and 
pragmatic implementation. The domain of thermoelectric research has the potential 
to unlock the complete capacity of waste heat recovery and facilitate the development 
of efficient and sustainable energy solutions through the exploration of these specific 
research avenues.
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which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Chapter 3

Using Machine Learning
Techniques to Discover Novel
Thermoelectric Materials
Ebrar Yildirim and Övgü Ceyda Yelgel

Abstract

Thermoelectric materials can be utilized to build devices that convert waste heat to
power or vice versa. In the literature, the best-known thermoelectrics, however, are
based on rare, costly or even hazardous materials, limiting their general usage. New
types of effective thermoelectric materials are thus required to enable worldwide
deployment. Although theoretical models of transport characteristics can aid in the
creation of novel thermoelectrics, they are currently too computationally costly to be
used simply for high-throughput screening of all conceivable candidates in the wide
chemical space. Machine learning (ML) has been viewed as a promising technique to
aid materials design/discovery because of its quick inference time. In this book chap-
ter, we provide the whole workflow for machine learning applications to the identifi-
cation of novel thermoelectric materials, predicting electrical and thermal transport
properties and optimizing processes for materials and structures using cutting-edge
ML methods.

Keywords: thermoelectric materials, machine learning, thermoelectric efficiency,
electrical and thermal transport, thermoelectric figure of merit, rapid materials
discovery

1. Introduction

The largest factor in what occurred to alternative energy sources was the rise in
global energy consumption, which has now elevated to the status of a major societal
issue. Thermoelectric (TE) technologies, with their ability to convert energy, will be
crucial for the development of renewable resources in the near future. More than 60%
of the released energy is lost as waste heat, so thermoelectric materials used for
reducing or recovering waste heat are the most indispensable materials as an alterna-
tive energy source [1–3]. TE materials: according to the scientific phenomena known
as the “Seebeck Effect,” “Peltier Effect” and “Thomson Effect,” either the electric
potential causes the temperature difference, or the temperature difference causes the
electric potential. Although the TE effect is not zero in any material, it is too low to be
useful in the vast majority of materials. The TE effect ensures that almost absent or
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rarely used heat energy is used as efficiently as possible. The thermoelectric effect has
several benefits, such as being reliable, scalable, quiet, portable and ecologically ben-
eficial. There are a variety of applications for thermoelectric materials, including
refrigeration, waste heat recovery, energy conversion systems, infrared sensors, space
missions, and research [1–3].

The thermoelectric efficiency coefficient “ZT” a dimensionless value, indicates the
performance of TE materials:

ZT ¼ S2σ
κtotal

T (1)

where S is the Seebeck coefficient; T is the temperature and κtotal ¼ κph þ κc þ κbp
is the total thermal conductivity. Total thermal conductivity consists of three compo-
nents: phonon doping κph

� �
, carrier doping (electron or hole) (κc) and bipolar doping

(electron-hole pair) (κbp) [4]. Materials with high electrical conductivity and Seebeck
coefficient and low overall thermal conductivity should be selected to have high TE
performance and efficiency. Since these three physical quantities are related to phys-
ical laws (Boltzmann transport equation S � σ; Wiedemann-Franz law σ – κcÞ, mate-
rials with these properties are very rare. Because of this, it is also rather difficult to
determine these thermoelectric characteristics experimentally or theoretically.

The efficiency limit required for the widespread use of thermoelectric systems is to
reach the ZT > 1 value, and thus, 10% conversion efficiency is achieved [5]. To
address the current bottleneck of TE technology, rapid research and discovery of new
TE materials with desired performance are required. Finding the best-performing
thermoelectric material for various thermoelectric module layouts is the major prob-
lem, much like discovering many other energy technology potentials (such as solar
panels, solid-state batteries and catalysts). Materials analysis and design have grown
in popularity in recent times, with an emphasis on statistical modeling, development
and the discovery of new materials with specific properties. Thanks to ab initio
methods, the computation of material attribute bonds has been successful since the
1970s. It is possible to perform large-scale computations with the available computing
power of supercomputer clusters. However, despite their enormous computational
power, these processes still require hundreds or thousands of core years. Therefore,
artificial intelligence (AI) technology appears to be one of the most promising and
extremely important approaches in the discovery and design of next-generation
materials. The data-driven approach phase of AI technology is when it learns from
previous information to create prediction functions. In order to assist in the discovery,
design and optimization of novel materials at this stage, data-driven techniques
employ material knowledge from experimental data or high-throughput simulations.
TE properties (S, σ, κtotal and ZT) can be accurately predicted using artificial intelli-
gence techniques. The combination of big data and machine learning algorithms will
be able to explore the potential of existing research data at the highest level and
develop the necessary methods for the emergence of next-generation TE materials.
Unfortunately, the number of studies on machine learning methods focusing on next-
generation TE material discovery in the literature is quite limited so far. It should also
be noted that although artificial intelligence techniques are more effective than
experiments and theoretical computational methods, they severely constrain the cre-
ation and growth of reliable predictive models due to a lack of data and skewed data.
In addition to that materials science includes various data categories such as organic
materials, metal, semiconductor materials, etc. [6]. Unlike AI-powered fields such as
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image or natural language processing, the outputs of materials science cannot be easily
obtained and verified which makes it difficult to obtain valuable datasets [7–9].
Material innovations played an important role in the science and technology revolu-
tion. Consideration should be given to AI technology as one of the most promising and
important strategies for the development of educational programmes and the next
generation of educational institutions. Data-driven approach habits resulting from
grasping the predictive perspective by learning from existing features are now the
dominant artificial intelligence technologies. Data-driven techniques leverage mate-
rials knowledge from experimental data or high-throughput calculations to aid mate-
rial procurement, design and optimization [10]. Even if they are more effective than
experiments and theoretical methods, AI still has a long way to go. One of the most
significant barriers to improving materials science using AI technologies is a lack of
data. The construction and development of sophisticated prediction models using AI
are severely hampered by inefficient, skewed data. AI approaches may reliably antic-
ipate the TE characteristics utilized in the dimensionless thermoelectric value of merit
(such as electrical conductivity, thermal conductivity, and/or Seebeck coefficient)
[11–13]. Furthermore, few studies have been conducted to identify representative TE
material descriptors and AI models for predicting TE properties [10].

Thanks to the endless contribution of the TE foundation, the enormous observa-
tion obtained together with the research data makes it possible to reach the data-
driven approach. The development of AI approaches has tremendously aided in the
better utilization of these resources. The combination of big data and machine learn-
ing algorithms will be capable of exploring the full potential of existing research data
and developing the procedures required for the creation of next-generation TE mate-
rials. Data-driven methods and dominant artificial intelligence technologies are in the
data-driven approach stage. It is widely used in materials science to learn from
existing data, predict mechanical properties and responses, develop predictive func-
tions, scan materials and facilitate design. Materials information from experimental
data or high-output calculations is used in data-driven methodologies to improve
materials discovery, design and optimization. TE properties such as electrical conduc-
tivity, thermal conductivity and Seebeck coefficients, which are also used in dimen-
sionless thermoelectric value coefficients, can be reliably predicted using artificial
intelligence approaches. On the other hand, the amount of machine learning tech-
niques research focusing solely on TE materials is relatively limited. In addition,
several studies have been conducted to identify representative TE material descriptors
and AI models to predict TE properties [14–16].

The purpose of this review article is to provide a comprehensive overview of the
most effective strategies for predicting properties and optimizing processes for mate-
rials and structures using cutting-edge ML methods and machine learning-driven
optimization approaches in materials science with a focus on thermoelectric materials
to make a presentation. Our paper begins with the thermoelectric material data-
generating approach and then moves on to the use of machine learning models and a
review of the literature. We believe that our paper’s breadth is meant to be useful to
both academia and industry as a reference for reaching thermoelectric materials
research and advances. Figure 1 shows the logistic structure of our article. In the first
half of our article, we will discuss how a thermoelectric database can be generated
from theoretical calculations or practical observations to describe new materials using
machine learning approaches. In the second part of our article, machine learning
model evaluation methods in TE materials and different machine learning techniques
will be explained respectively, and which training model from machine learning
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methods will help to discover new materials with higher accuracy will be presented
with a comparative discussion. The studies that have been done in the literature so far
will be listed in detail in the last part of our paper.

2. Thermoelectric database generation

Machine learning-based approaches use materials knowledge from experimental
data or high-throughput theoretical calculations to aid in new thermoelectric materials
discovery, design and optimization. We can give these database sources and their
explanations as follows.

2.1 From experimental characterizations

To learn models, machine learning needs a database of previously acquired knowl-
edge. The materials database has to be marked with the appropriate TE attributes for
machine learning-guided TE materials discovery to work. The TE efficiency domi-
nates three combinatorial material properties: Seebeck coefficient, electrical conduc-
tivity and thermal conductivity. Because of the influence of these three combinatorial
factors on each other, maximizing these three parameters is the most difficult chal-
lenge in TE materials. Thus, these three combinatorial parameters are the most popu-
lar tags for the TE machine-learning computer model. Phonon and electron

Figure 1.
The proposed workflow of this chapter. The first step is learning from theoretical calculations or experimental
results thus thermoelectric database can be created. The second step is machine learning model training and
choosing the best suitable algorithms to make highly accurate predictions. The third step presents the discovery of
new thermoelectric materials.
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distribution are considered as the labels of choice from the controls, band structure,
band gap and phonon distribution of TE materials. The creation of a machine
learning-based material discovery tool requires access to vast volumes of data where
the learning process can provide accurate correlations between input and output pairs.
The most typical application of these TE labels for various materials is characteriza-
tion. Tools for generating fundamental TE materials include machine learning models
for the results of TE-related processes from diverse materials research fields. The
UCSB database is one of the most extensive TE materials databases [17, 18]. The UCSB
database includes various component TE properties for more than 1000 different
users, abstracting information from more than 100 publications. As shown in
Figure 2, the UCSB database combined with appropriate visualization tools can
provide users with an efficient approach to developing new TE materials from
experimental characterizations.

2.2 From theoretical calculations

The first-principles computation of atomic-scale materials is another method for
obtaining TE data for materials, in addition to TE data through experimental charac-
terization. When compared to the experimental characterization database, the theo-
retical calculation results have a standardization value, which implies that the TE
efficiency results will not be influenced by equipment, human or measurement error.
The Seebeck coefficient, carrier thermal conductivity, phonon thermal conductivity
and electrical conductivity can be computed using the Boltzmann transport equation.

Figure 2.
A snapshot of the UCSB website and a look at its contents.
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The first-principle calculations equation is capable of producing trustworthy and
accurate TE data, but it is computationally costly. As a result, it is challenging to fulfill
the need for a huge amount of data for machine learning using first-principle compu-
tation. High-throughput first-principle computing was developed to tackle this
dilemma [19]. The computational cost can be greatly decreased in high-throughput
first-principle research with some accuracy loss [20–22]. High-throughput first-
principle calculations can save results to massive material databases for later use, such
as quick material scanning. As shown in Figure 3, the JARVIS-DFT database contains
TE performance data of approximately 36,000 three-dimensional and 900 two-
dimensional materials from density functional theory calculations (DFT). Along with
the electronic thermal conductivity, electrical conductivity and Seebeck coefficient,
the JARVIS-DFT cage also improves thermal conductivity. To create a machine learn-
ing classification model for prescreening materials with good TE characteristics, this
data is also utilized. Additionally, Table 1 shows a selection of a publicly available list
of datasets of thermoelectric characteristics that may be utilized for machine learning.

3. Machine learning (ML)

ML terminology and all related definitions will be explained in this section and will
help the readers better understand and become familiar with the various machine
learning categories. As depicted in Figure 4, ML models are classified into three types:
supervised, unsupervised, semi-supervised, and reinforcement learning (RL). Input
and output variables, sometimes referred to as independent and dependent variables,
are included in the training dataset for supervised learning. We may envision a dataset
in the field of materials science that includes both chemical and physical attributes.
Structures are the independent variables, whereas material attributes are the depen-
dent variables. The machine learning algorithm is programmed to learn the function
that represents the connection between independent and dependent variables.

Figure 3.
A snapshot of the JARVIS-DFT website and summary of its contents.
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3.1 Supervised learning

The use of labeled datasets to train algorithms for reliable data classification or
result prediction characterizes supervised learning. The structure of process steps in
supervised learning is shown in Figure 5.

Dataset Year References Data source Compounds Features

Wang et al. 2011 [23] Theory 2585 PF, m*

Carrete et al. 2014 [24] Theory 450 κph

TE Design Lab. 2016 [25, 26] Theory 2701 κph, μ, m ∗
D

Ricci et al. 2017 [27, 28] Theory 47,737 σ, S, κC

Xi et al. 2018 [8] Theory 161 PF

Chen et al. 2019 [29] Experiment 100 κph

Starrydata2 2019 [30, 31] Experiment 434 σ, S, κtotal

Priya et al. 2021 [32, 33] Experiment 585 λi

Jaafreh et al. 2021 [34] Theory 119 κph

Miyazaki et al. 2021 [35] Theory 143 κph

MIP–3d 2021 [36, 37] Theory 4400 σ, S

Tranås et al. 2022 [38] Theory 122 κph

Here, the physical properties are indexed as follows: PF is the power factor, m* is the carrier effective mass, κph is the
phonon thermal conductivity, μ is the carrier mobility, m ∗

D is the density of states effective mass, S is the Seebeck
coefficient, κc is the carrier thermal conductivity, κtotal is the total thermal conductivity, and λi is the ionic conductivity.

Table 1.
A list of publicly available datasets of thermoelectric properties that can be used for machine learning is presented.

Figure 4.
Schematic representation of machine learning algorithms. The hierarchy of several machine learning algorithms,
including supervised, unsupervised and reinforcement learning methods.
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3.1.1 Regression

Most of the work on the use of machine learning models in the TE material field
has been done with regression. Regression models are models that consistently give
consistent values when input is given. The link between a single or several quantita-
tive or categorical independent variables and categorical quantitative dependent vari-
ables is represented by regression models. To determine the Seebeck coefficient,
electrical conductivity, thermal conductivity, etc., in the study of TE materials,
researchers need well-organized and well-chosen material characteristics. It uses
sophisticated regression frameworks to forecast desirable material characteristics such
regression models may be roughly categorized into two groups: deep learning models,
which primarily rely on neural network theories, and classical statistical learning
models, which are typically based on classical statistical learning theories. Support
vector regression, tree-based models, Gaussian processes, and linear regression are the
statistical learning techniques that are most frequently utilized in research that already
exist to predict the characteristics of TE materials.

3.1.2 Linear regression/multiple regression (LR/MR)

The linear modeling of a scalar response’s connection with one or more explanatory
variables, also referred to as the dependent and independent variables, is known as
linear/multiple regression [39]. Simple linear regression refers to a scenario where
there is only one variable, while multiple linear regression refers to a situation when
there are numerous variables. This varies from the phrase “multivariate linear regres-
sion,” which predicts numerous linked dependent variables rather than a single scalar
variable. The assumption of a linear regression model is that the regression function
will be linear in terms of the input variables X1,… ,X2, which may be descriptors of the
input material. The fundamental linear regression model corresponds to this [39],

f xð Þ ¼ β0 þ
Xp

j¼1

Xjβj: (2)

In this case, β0 stands for the learned bias term and βj for the learned weight
corresponding to Xj. Between the input independent variables and the output

Figure 5.
Supervised learning workflow.
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dependent variable, linear models presuppose a linear connection or a good approxi-
mation of a linear relationship. In this paradigm, the input variables might be the
original quantitative or categorical values, such as material descriptors or transforma-
tions of the original values, like log, square root, polynomials or other transforma-
tions. The parameters in Eq. (2) are estimated with ordinary least squares (OLS)
minimizing the squared error shown as [39],

min
β

XN
i¼1

yi � f xið Þ� �2 (3)

where N is the number of samples in the training set, xi, i. for example, is the
feature vector, and yi, i. is the sample’s actual value. Minimizing Eq. (2) to estimate
parameters is equivalent to solving a normal equation as [39]

β̂ ¼ XTX�1� �
XTy (4)

where X is the feature matrix and Y is the actual target vector. While the basic
form of linear regression is simple and useful in many scenarios, it can lead to
overspread if the learning for some variables is too large to be the consumer, but if the
training observes the observations but not the unseen thought. Contraction strategies
can be employed to alleviate the model’s significant variability. The most commonly
used regularizations are ridge editing and Lasso editing. Both ridge and Lasso regres-
sion limit the size of the parameters for oversteer prevention entering the OLS, the
penalty terms controlled by the amount λ [39].

In ridge regression, the model encourages small parameter size using the L2 norm,
while in Lasso regression, the model encourages a value of 0 using the L1 norm. When
the feature matrix is invertible, it is possible to estimate the parameters in each of the
three models by solving linear systems. A different approach is to use gradient-based
optimization methods like stochastic gradient descent to minimize f xð Þ regardless of
whether the feature matrix is reversible as [39]

min
β

XN
i¼1

yi � f xið Þ� �2 þ λ
XN
i¼1

β2j (5)

min
β

XN
i¼1

yi � f xið Þ� �2 þ λ
XN
i¼1

βj: (6)

Material descriptors and their transformations can be handled as input indepen-
dent variables and desired material qualities as output dependent variables when
linear regression models are applied to TE materials. In order to evaluate the power
factors of sintered powders, Wang et al. used a linear regression analysis [23]. They
found that the power factor was strongly correlated with the electronic band gap and
carrier effective mass. Utilizing PCA-transformed features, Reokeghem et al. [40]
used the linear regression model to calculate the force constants of semiconductor
oxides and fluorides with cubic perovskite structures at various temperatures. To
calculate the elastic bulk and shear modulus of polycrystalline materials, De Jong et al.
built a polynomial feature basis using composition and structural descriptors and used
Lasso regression with gradient boosting [41]. The trained model was also utilized to
scan very hard materials. Miller et al. looked at the use of the linear regression model,
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along with other techniques, to forecast the carrier concentration range of semicon-
ductors that resemble diamonds [42]. Given the composition of ionic radii, Li et al.
utilized Kernel Ridge Regression to predict the dissociation energy and verified
the training model using the formability of actual perovskites [43]. The regression
model’s success demonstrated that the experimental engineering of stable
perovskites might be guided by machine learning techniques when applied to
DFT-computed data. Iwasaki et al. [44] calculated thermal power using quadratic
polynomial lasso regression and elastic mesh. When introducing machine learning
methods to a particular regression problem for the first time, researchers should take
into account linear regression models since they are straightforward and simple to
comprehend. However, only a few cases allow for the validity of the assumption
that there is a linear relationship between the input features and the output target. For
TE materials with complex nonlinear interactions between input descriptors and
material properties, models that can capture nonlinearity should be taken into
consideration.

3.1.3 Classification

3.1.3.1 Support vector machine (SVM)

Support vector networks and support vector machines (SVMs) are supervised
learning models for data prediction. As a non-distributed binary output classifier,
SVM training technology develops a model that redistributes one of the two categories
in accordance with prior institutions [45]. In order to increase the separation between
the two groups, DVM carefully maps training samples to points. New birds are
calculated and mapped to the same region based on which home the inhabitants are
from. By incorporating them into high-dimensional feature areas that they enter,
DVMs employ the use method to build non-persistent environments. The same theory
as SVM underlies Support Vector Regression (SVR), a regression method. When data
is in an unlabelled format, supervised learning rights are available. Therefore, it
incorporates an unsupervised learning method where fresh data is mapped and data is
organically sorted into categories. Support vector clustering algorithms classify
unlabelled data by using support vector statistics of animal motions from SVM. It is
one of the clustering jobs for industrial computers that is most frequently
employed [45].

3.1.3.2 Decision trees (DT)

Decision trees, also known as tree-based models, are not parametric and as a result,
this method is employed in supervised learning for both classification and regression.
A decision-making tool called DT makes use of a tree-based representation of options
and possible consequences [46]. By nesting the data on certain property values
depending on specified parameters, they may capture nonlinear correlations between
the predictive and target variables. The goal of each split is to generate more homog-
enous datasets in which the target values are more comparable to each other than they
were before the split. Decision trees perform a search that covers the entire dataset,
find the feature and the split value, then observe each distinct value of each feature,
and perform the task of dividing the data into two subsets. As a result, total errors are
minimized. Thus, the conditions used for data splitting are determined by the poten-
tial homogeneity of the target values. Decisions are made in the leaves of the
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algorithm as the data is divided into nodes. In classification trees, the decision variable
is categorical [47]. Due to this mechanism, tree models can be used to determine the
importance of a feature, as the most effective feature will be the one to split the data
first. One of the biggest problems decision trees have is overfitting. A single tree tends
to overfit the training set (it is sensitive to changes in the training sets), leading to
over-learning on previously unknown data. To address this problem, ensemble
methods such as random forests [48] and gradient-enhancing trees [49] can be
used. There are several advantages to using linear and non-parametric tree-based
regression models. First, tree-based models provide great interpretability since deci-
sions are made in a certain sequence based on features and their values. Second, tree-
based models can handle both categorical and continuous input characteristics intui-
tively, with no data preprocessing required. Lastly, while automatically reflecting the
significance of input characteristics, tree-based models can capture the complex
nonlinear relationships that exist between input-output pairings. In order to estimate
TE material qualities from material descriptions, tree-based models are frequently
utilized.

Carret et al. used random forest regression to predict the lattice thermal conduc-
tivity for semi-Heusler compounds based on chemical, compound, and particular
thermal conductivity information in some of the decision tree investigations in mate-
rials discovery [24]. The learned regression model was used to examine the thermo-
dynamic stability as well. According to Gautois et al., they trained a random forest
model to estimate the Seebeck coefficient, thermal conductivity, electrical resistance,
and band gap using data from the periodic table [50]. Additionally, the developed
model successfully suggested a unique molecule from the real chemical space that
could be tested experimentally, demonstrating the potential of employing machine
learning techniques to guide materials discovery and design.

Furmanchuk et al. [51] utilized the random forest to quickly anticipate the prop-
erties of materials that were experimentally synthesized and to determine the Seebeck
coefficient of crystalline materials. Miller et al. employed the random forest in addi-
tion to the linear model to calculate the repeatability and range of carrier concentra-
tions for semiconductors that resemble diamonds [52]. For this objective, the random
forest did not, however, perform better than the linear model. In order to estimate the
interface thermal resistance between two materials using well-selected physical,
chemical and material attribute descriptors, Wu et al. employed LSBoost’s regression
tree assemblages [52]. With all descriptors, the ensemble model’s coefficient of deter-
mination (R2) was 0.919, while with just feature descriptors and thickness, it was
0.907. Iwasaki et al. employed a decision tree regression model in addition to an elastic
mesh and quadratic polynomial Lasso regression inside a linear model framework to
estimate thermopower [53]. The model assisted in investigating the underlying phys-
ics of the spin-driven TE phenomenon and in developing materials that exhibited
these effects. The ability of the random forest regression model to forecast the success
rate (ZT) of hot extruded CuxBi2Te2.85 + ySe0.15 TE materials was studied by Wang
et al. [53].

3.1.4 Deep learning

Deep learning (DL) approaches are based on neural network theories, which vary
from traditional machine learning techniques in that processes can be represented by
linked neurons [54]. Artificial neural networks (ANNs) are suitable estimators for
every function, according to the universal approximation theorem [55]. Multiple
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connected layers of neurons might solve the intractability issue while retaining per-
formance instead of having a high number of neurons in a single layer to capture
complicated mapping within the data. Deep learning techniques may learn many
layers of representations of the original input data, which are created by nonlinear
modules modifying the representation one level at a time [56]. Deep learning tech-
niques can also capture complex mappings. The capacity for representation learning
permits the use of the most unprocessed material and does not need extensive feature
engineering or selection. The feed-forward fully connected neural networks (FCNN)
are mostly employed in the application of TE materials. Despite having advantages
over traditional machine learning models, deep learning is sometimes over-
parameterized and hence needs a lot of data to be able to acquire a good mapping
that generalizes effectively. Due to data scarcity and data sparsity, this imposes a
significant limitation when using deep learning algorithms to predict material
attributes. In addition, the lack of a pre-defined model shape and the complicated
hierarchy of layers and neuron activation make deep learning models difficult to
explain.

3.1.4.1 Neural networks (NN)

The design and operation of biological neural networks served as the inspiration
for the machine learning technique known as neural networks. They are made up of
layers of linked nodes that process incoming data and generate output. To recognize
pictures, comprehend spoken language and forecast time series, among many other
tasks, neural networks are utilized [57–59]. As learning advances, the weights of
connections, which are referred to as edges, alter. By using different layers, different
adjustments to inputs are carried out. A known input, a known output, and
probability-weighted associations that are recorded in the network’s data structure are
used to train ANNs. To train a neural network, one uses the error, which is the
discrepancy between the processed output of the network and the desired output.
According to a learning rule and error value, the network’s weighted associations are
updated. When a certain number of modifications yield outcomes that are somewhat
near to the expected outcomes, training may be considered complete. A wider family
of machine learning algorithms built on representational learning and neural networks
includes DL. When extracting higher-level characteristics from raw data using several
layers, DL is a form of machine learning methodology that is more accurate than other
machine learning techniques. Examples of DL methods include deep neural networks
(DNNs), convolutional neural networks (CNN), recurrent neural networks (RNN),
ANN, and convolutional neural networks (RNN). Hidden layers allow data to go from
the input layer to the output layer. Despite the fact that DL approaches are more
accurate and effective than other machine learning techniques, they still need a lot of
data and are computationally costly because of the numerous parameters that must be
optimized during training.

3.2 Unsupervised learning

Unlabelled datasets are analyzed and clustered using machine learning techniques
in unsupervised learning. Without requiring human participation, these algorithms
identify occult patterns or data clusters. In Figure 6, the structure of process steps in
unsupervised learning is shown.
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3.2.1 Principal component analysis (PCA)

A typical linear dimension reduction approach used to extract significant informa-
tion from various datasets, converting the input features to a new coordinate to
minimize the number of features while keeping the majority of the original informa-
tion [60]. It provides a roadmap on how we can reduce complex datasets to a smaller
size to reveal a simplified structure. Because of its simplicity, it is a fundamental
analysis used in data analysis and other domains. To produce the principle compo-
nents whose data captures as much variation as feasible, linear combinations of the
original attributes are used.

A certain way is followed to establish the basis. The first fundamental explanation
is the linear approximation of the original features with the greatest variability among
all possible combinations. Linear operations of the original features that contain the
most variability among the remaining components are considered second. The other
component continues by seeing this rule. Therefore, the basic configuration of a
dataset can provide the best-going approaches. PCA execution procedures are listed
below.

• Data are standardized.

• Construct a covariance matrix for self-division.

• Extract the eigenvalues of the eigenvectors of the covariance matrix to determine
the basis determinations.

• It is tried not to be accepted as the optimum main.

In TE material machine learning studies, PCA has been applied in most applica-
tions to reduce the input dimensions during model creation [40]. If we give an
example of applications where PCA is used. In their study of estimating force con-
stants, Roekeghem et al. used PCA to transform the original descriptors and selected
the top 10 principal components as regression model input [40]. Wagner and

Figure 6.
Unsupervised learning workflow.
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Rondinelli [61] employed PCA to convert strongly correlated mode characteristics and
the first three principal components in conjunction with decision trees to forecast
high-temperature perovskites.

3.3 Reinforcement learning

Reinforcement learning is a machine learning training method based on rewarding
desired behaviors and/or punishing undesired ones, as displayed in Figure 7. In
general, a reinforcement learning agent can perceive and interpret its environment,
take actions and learn through trial and error.

3.3.1 Gradient boosting (GB)

A class of supervised machine learning techniques known as gradient boosting
employs a group of weak learners to produce a strong learner. The approach works by
gradually introducing weak learners into the group, each of whom corrects the mis-
takes of the one before them. Decision trees are frequently used as weak learners, and
a gradient descent technique is used to train the ensemble. As a result, the model is
more precise than any of the individual subpar students. XGBoost, LightGBM, and
CatBoost are a few well-known gradient-boosting algorithms [62]. Compared to other
machine learning methods like random forests and support vector machines, gradient
boosting approaches often offer superior accuracy. This is so that the algorithm may
gradually increase its accuracy by learning from the errors of earlier, less accurate
learners.

3.3.2 Feature learning

It is crucial to use appropriate descriptors that provide sufficient details for the
associated attributes if one wants to forecast material properties effectively and pre-
cisely. It is unclear how to pick the appropriate descriptors from the vast array

Figure 7.
Reinforcement learning workflow.
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available to characterize the nature of materials. Additionally, in order to prevent
overfitting and ensure that they generalize adequately to new, unknown data,
machine learning algorithms often require a substantially higher number of samples
than the number of characteristics or identifiers. To address this issue, efforts have
been made to choose descriptors that are instructive or to transform the descriptors
into a feature set with a reduced dimension while retaining the original data. These
two strategies are called feature engineering and feature selection, respectively [63].
Without domain knowledge, descriptors can be derived or mixed based on compe-
tence in data-driven feature selection and engineering. Instead, supervised or
unsupervised methods can be used to do feature selection and engineering. Currently,
Pearson correlation, principal component analysis, and automated encoders are the
most widely used techniques for data-driven feature selection and engineering for TE
materials.

The foundation for the effective use of machine learning algorithms in the design
and discovery of TE materials is the search, identification and selection of relevant,
dominating material descriptors or features with enough numerical weight to enable
precise model predictions. It is common to refer to feature fingerprints or identifiers
as the collection of arguments that must be provided into a certain model. A strong
awareness of hidden relationships between input and desired output as well as domain
expertise, are frequently required for feature selection. Problems emerge when
important material identifiers are missing from the original dataset or when feature
engineering of particular inputs is not possible in order to numerically express these
descriptors. The choice of features should be made so that the influence of each
individual input variable on the final dependent target output is significant but not
always clear. In other words, one’s intuition, skill or subject knowledge plays a major
role in successfully finding and choosing relevant qualities. The use of intuition in
feature engineering is optional. First, it may result in fresh perspectives or, at its
finest, the identification of the physics’ fundamental rules. In the latter, it may result
in the inclusion of elements that are irrelevant, which is generally discouraged because
they do not significantly affect the prediction made by the model as a whole. Thus,
choosing properties must first be guided by physical principles that have been dem-
onstrated to apply specifically to the structure-property correlations of the materials
being considered. The design and discovery of data-driven TE materials continue
despite significant advancements in the development of thermoelectric materials
databases due to the lack of diverse datasets containing essential material descriptors,
materials synthesis parameters and sufficiently large experimental data volumes.

3.3.3 Pearson correlation

The linear relationship between two random variables is denoted by the Pearson
correlation or Pearson correlation coefficient. It is defined as follows [64]

ρX,Y ¼ cov X, Yð Þ
σXσY

(7)

where cov represents the covariance of random variables X and Y and σX, σ?
represents the standard deviation of random variables. In the field of machine learn-
ing, the Pearson correlation is frequently used for feature selection. A positive value
close to 1 indicates that two variables are closely linearly connected, and one can be
left out of a machine learning model to save computing costs. Furthermore, the ability
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of the descriptors to predict the goal linearity may be demonstrated by obtaining the
Pearson correlation coefficient between material descriptors and desired qualities. A
significant Pearson correlation coefficient was found between the power factor and
both the electronic bandgap and carrier effective mass in Ref. [64], which used linear
regression to determine the material power factor.

3.3.4 Auto encoders

Autoencoders are frequently used to transform the initial feature vectors into a
lower dimensional vector known as a hidden vector, serving the same goal as PCA as
an unsupervised learning technique. In order to recover high-level representations of
the original characteristics, autoencoders train neural networks with identically sized
input and output layers. To reduce the inaccuracy of the network output to its input,
an autoencoder is trained. The benefit of autoencoders is their capacity for nonlinear
transformation of the original feature vectors.

4. Literature review: machine learning techniques on thermoelectric
materials

ML-based technologies are becoming more and more crucial in the field of TE
materials due to the abundance of data from high-throughput investigations. For
example, researchers use machine learning to uncover new TE materials [65] and
estimate TE parameters such as band gap [66, 67], thermal conductivity [68], and
Seebeck coefficient [69]. In the field of TE materials, most of the works mainly focus
on improving the accuracy of predictive models [65]. High-frequency nonlinear
models have been shown to outperform linear models [70–72]. However, most
nonlinear machine learning algorithms are often treated as black boxes as they are too
complex and inexplicable to humans, hindering the widespread adoption of machine
learning. In this section, we would like to present a comprehensive overview of the
research in the thermoelectric field of machine learning, together with referencing the
important works previously reported in the literature. In recent years, ML has spurred
widespread application in the field of materials and chemical sciences, attributed to
the rapid development of artificial intelligence technology, especially machine learn-
ing methods, its high efficiency and informativeness [21, 22, 73, 74]. Materials using
ML have been reported for numerous studies on thermoelectricity.

4.1 Machine learning studies focus on electrical transport properties

In the literature adopting high-throughput first-principle calculations offers the
largest computational database of handling properties of approximately 48,000
materials [27, 54, 75–79]. In these studies, the band structure of materials is computed
using Boltzmann transport theory to determine TE-related parameters such as elec-
tronic conductivity, electronic thermal conductivity and Seebeck coefficient. Also,
most of the data is saved on the Material Project website, as given in Figure 8,
including its database entries.

This database also covers the transport properties of materials at various constant
doping carrier concentrations, Fermi energies and temperatures. It has been proven
by further research that these calculation results have a fair agreement with the
experimentally measured maximum Seebeck coefficient. This reliable and abundant
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database is a valuable resource for machine learning-based TE material exploration
techniques [80, 81]. TE features obtained from both experimental characterizations
and/or theoretical calculations are crucial data sources for the machine learning pro-
cess to discover new efficient TE materials. The developed machine learning model is
a powerful tool for stoichiometry and nanostructure optimization for TE materials.

In the literature, machine learning techniques are used in the calculation and/or
estimation of thermoelectric power factor that includes two crucial electrical transport
properties: the Seebeck coefficient and electrical conductivity. Some popular ways for
improving PF are band engineering [9, 82], modulation doping [6, 66, 67] and altering
the effective mass of the energy band [83]. Doping is a well-known method for
improving material TE characteristics, and following this method could lead to the
discovery of new and efficient TE materials [84–87]. We can list a few important
studies from the literature as follows;Wang et al. adopted a machine-learning technique
to optimize the Cu content in Cu-doped Bi2Te2.85Se0.15 [88]. The experimentally mea-
sured ZT with variable Cu content was used as a label for an ANN. The resulting model
with a correlation coefficient of 0.99 shows excellent accuracy. Also, Hou et al. used the
machine learning-based framework to discover the suitable Al/Si ratio in Al2Fe3Si3 for
TE applications [89]. To develop the model, the experimentally determined power
factor for the unsynthesized materials predicted by the machine learning model was
used, and the optimummaterial ratio increases the power factor by approximately 40%.

The ideal internal stress for TE materials was also determined using machine
learning techniques. The link between XRD (X-ray diffraction) and the Seebeck
coefficient of materials was discovered by Saaki et al. using machine learning [90].
Ideal stresses of 3–4% and 1–2% along the a and c axes, respectively, are predicted by
the trained model to significantly increase the Seebeck coefficient.

The thermal conductivity of a material based on chemical elements is an important
property for the Seebeck coefficient estimation at all temperatures, according to
Furmanchuk et al.’s proposed ML solution, which can predict the Seebeck coefficients
of crystalline materials in the temperature range of 300–1000 K [69]. In addition to

Figure 8.
A snapshot of the Materials Project website and summary of its database contents.
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the importance of the attribute, certain ML models may explicitly offer equations for
compound attributes and identifiers. The discovered approach may be used to discern
between positive and negative correlations between all descriptors and targets by
examining the coefficients of the formulae.

Power factor, band gap and charge carrier effective mass have been shown to
positively correlate by Wang et al. using high-throughput ab initio calculations and
regression analysis [23]. They discovered that atoms per unit cell with many different
materials typically had a high power factor.

The Seebeck coefficient, electrical conductivity, thermal conductivity, and band
gap are used to determine the TE potential of a material in a web-based recommen-
dation engine developed by Oliynyk et al. [19]. With no structural input on more than
400,000 possible combinations of elements, our Heusler discovery engine surpasses
competing methods by quickly and precisely predicting the occurrence of Heusler vs.
non-Heusler compounds. The model has a 0.94 actual positive rate.

Due to its great precision and speed, applications of ML in thermoelectric materials
are being researched more and more. By producing attributes from the chemical
formula that was proven by experiment, Iwasaki et al. published the ML model, which
sped up the discovery of new candidate materials [91]. Descriptors for training the ML
model were automatically produced from the composition using a composition-based
feature vector (CBFV) in yet another study for the spin-driven thermoelectric effect
device [92]. The findings demonstrated the significance of certain parameters for
thermopower, including atomic weight, spin and orbital angular momentum. Wang
et al. also used ML to study the CuxBi2Te2.85 + ySe0.15 system [53]. Principal component
analysis (PCA) and a regression technique were used to study the relationship
between microstructure and thermoelectric qualities. It was also shown that ML can
build experimental setups to obtain a high ZT value in addition to forecasting the
features of novel materials.

An effective method for determining the Al2Fe3Si3 thermoelectric compound’s
ideal chemical composition was described by Hou et al. [20]. The Bayesian Optimiza-
tion (BO) algorithm allows for successful application of machine learning to the
experiment. When compared to the sample with an initial Al/Si ratio of 0.9, the power
factor may be increased by roughly 40%. The framework of this study, according to
the authors, might also be used for Al2Fe3Si3 that has been exogenously doped.

The most typical method for enhancing ZT is to exogenously introduce certain
elements to the BiCuSeO structure in order to lower thermal conductivity, raise
carrier concentration and enhance electrical transport characteristics. With so many
chemicals on the market, however, painstaking testing is required. As a result, using
ML to direct the effective doping of BiCuSeO may be a smart approach to finding a
solution [93–95].

Iwasaki et al. used supervised ML models to establish key physical parameters
controlling the spin-driven thermoelectric effect and proposed a new material that
shows promising results [44]. They established the fundamental physical parameters
governing spin-driven thermoelectric (STE) materials using machine learning model-
ing. Their real material synthesis, which was guided by the models, resulted in the
discovery of a novel STE material with a thermopower order of magnitude greater
than that of the current generation of STE devices.

In 2016, Fan et al. proposed a mathematical model to calculate the optimal length and
cross-sectional area of the thermoelectric generator (TEG) to maximize the power out-
put. They found that the maximum power was obtained from the TEG at the optimum
length-to-sectional area ratio under convective thermal boundary conditions [96].

54

New Materials and Devices for Thermoelectric Power Generation



In another TEG study done byWu et al., they used a local optimization method to
maximize the efficiency of a segmented TEG by adjusting the thermoelement cross-
sectional area and the thickness of the segment; thereby, the total yield from TEG was
23.72% [97]. In the work of Ferreira-Teixeira and Pereira’s thermocouples (TCs), made
up of a p and an n-type leg, and thermoelectric devices with various geometries are
numerically modeled using the COMSOL Multiphysics programme to find an optimized
geometry. They reported that the optimal ratio between thermoelectric height and width
should be 5 � 10�3 [98]. They also stated that the optimal height ratio between the Cu
contacts and the thermoelectric foot height was 40. The impacts of structural factors and
thermodynamic boundary conditions on the output performance were examined in the
pattern of identical p-n segmentation ratios by Ma et al. [99]. They reported that longer
thermoelectric elements and greater heat transfer coefficients increase the ideal percent-
age of medium-temperature material (CoSb3), whereas the cross-section area has no
effect. The second pattern then examined the power improvement capability in light of
the differences in the properties of p-type and n-type materials. Comparing the maxi-
mum output power to the segmented model’s initial value, there has been an improve-
ment of about 13.8%. Last but not least, the use of the best-segmented ratio design in a
thermoelectric generator system showed improved performance and boosted output
power by 6.8%. Kim et al. estimated the performance of a TEG running on a diesel engine
using ANNs implemented using Python code [100]. Validation studies found a 3.49%
difference between the output power of the experimental and predicted TEG.Wang
et al. presented a fast and accurate DL model to predict the performance of TEGs [101].
The proposed deep learning model improved the power output of TEG by 182%. Kishore
et al. provided ANNmodels that can predict TEG performance and found that two
hidden layer ANNs with six neurons in each layer were most efficient in predicting the
performance of TEG [102]. The optimum ANNmodel estimated the power and effi-
ciency of the TEG with an accuracy of�0.1 W and �0.2%, respectively, in under 26.4
microseconds per data point compared to the 6 minutes required by traditional finite
element simulations. Input parameters are leg length, leg cross-sectional area and exter-
nal resistance. They also explained that increasing the number of neurons per layer above
gold does not improve the prediction accuracy of the ANN.

In the study by Zhu et al., a DL technique is used to forward simulate the maxi-
mum power output and efficiency of a thermoelectric generator as well as its use in
generator design and optimization [103] after being trained on a dataset made up of
5000 3-D finite element method-based simulations, artificial neural networks with
five layers and 400 neurons per layer displayed extraordinarily high prediction accu-
racy of over 98%. Furthermore, they might function under situations of continuous
heat flux and temperature difference while taking into consideration thermoelectric
phenomena such as contact electrical resistance and surface heat transfer.

Ang et al. predicted a TEG’s energy output in its operational environment using an
ANN model [104]. A multilayer perceptron (MLP) was trained in a supervised manner
and evaluated on the dataset created using a verified finite volume approach to forecast
the energy generated. Their model could also conduct reverse ANN to predict the input
value when given an output value, in addition to forecasting the output values.

4.2 Machine learning studies focus on thermal transport properties

To make TE energy an economically feasible alternative for waste heat recovery,
TE materials with ZT > 1 are necessary. The construction of phonon glass-electron
crystal structures that enable the separation of electron and phonon transport
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characteristics has been the main experimental emphasis in the investigation of oxide
TE materials [105]. The development of thermoelectric oxides has mostly been
focused on techniques that enhance the hierarchical scattering of phonons. The most
popular method for starting hierarchical phonon scattering has been the use of
sintering additives [106–108]. The literature study makes it abundantly evident that
the class of materials found for TE applications has so far been relatively constrained
and that our knowledge of the electronic and phonon transport of crystalline alloys is
quite constrained [109]. On the other hand, quick advancements in materials infor-
matics have aided researchers in finding novel, promising classes of materials and
establishing links between design factors and thermoelectric characteristics [65].
Large lattice parameters, a wide band gap, and a high effective hole mass are essential
characteristics for nanoparticle semi-Heusler compounds to have a high TE efficiency,
according to high-throughput material modeling and ML approaches. For more
experimental research, new semiconductors with extremely low κph values have been
suggested [24]. In essence, there have been a lot of theoretical and empirical attempts
over the past few decades to evaluate the κph of various systems. A mapping between
the input properties (such as the atomic mass, phonon frequency, and unit cell vol-
ume) and the target property κph may be produced using ML using this data. In
contrast to first-principles calculations and MD simulations, the data-driven ML
models enable high-throughput evaluation of κph, which has outstanding predictive
potential for systems inside and outside the training set.

Juneja et al. performed high-throughput ab initio calculations on 195 binary, ter-
nary, and quaternary molecules in the dataset [110]. Calculations were made to
determine the lattice thermal conductivity κph values, which range over three orders
of magnitude, for 120 dynamically stable non-metallic compounds. 11 ultrahigh and 15
ultralow κph materials are found among them. According to an investigation of the
created property map for this dataset, κph strongly depends on four basic descriptors:
average atomic mass, maximum phonon frequency, integrated Grüneisen parameter
up to 3 THz, and unit cell volume. An ML model based on Gaussian process regression
was created using these descriptors. The model’s exceptionally low root mean square
error of 0.21 predicted log-scaled κph.

Zhang and Ling suggested including a rough estimate of the target feature using
low-quality models as a way to improve the accuracy of ML models applied to small
datasets. By including the empirical abundance model values of κph as descriptors in
the ML model, they achieved high accuracy in estimating κph [111]. The link between
the degree of freedom (DoF) of the model and the accuracy of prediction was revealed
by their investigation as a significant occurrence when the model is trained using
limited accessible materials data. The emergence of the precision-DoF relationship,
which resulted from the statistical bias-variance tradeoff, limits the accuracy of pre-
diction in unknowable domains. They also suggested employing the crude estimating
of property in the feature space as a way to increase accuracy without increasing DoF.
The incorporation of crude estimate significantly increased the predicted accuracy of
ML models in three case studies, illuminating the applicability of the suggested
method for building precise ML models from sparse materials data.

Chen et al. developed an ML-based model and employed sophisticated general
property engineering technology in conjunction with the Gaussian process regression
technique to estimate the phonon contribution value of inorganic materials [112].
Using a benchmark data set of around 100 inorganic materials that have been exper-
imentally characterized, they developed an ML-based model to quickly and correctly
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discover inorganic materials. Along with the Gaussian process regression approach,
they applied sophisticated and ubiquitous feature engineering techniques.

Juneja et al. combined ML with high-throughput computation to create regression
models to predict κph of inorganic compounds. They also used the maximum phonon
frequency and the integrated Grüneisen parameter as descriptors to construct ML
models to estimate κph [113, 114]. Both ML models used complex derived features as
descriptors in their ML models to predict κph, which limited their use in the early
stages of material selection and design. ML models based on characteristic material
properties should be used effectively in the discovery of new materials and shorten
the design cycle time.

Jaafreh et al. performed high-throughput ab initio calculations on 195 binary,
ternary, and quaternary molecules in the dataset [34]. Calculations are made to
determine the lattice thermal conductivity κph values, which range over three orders
of magnitude, for 120 dynamically stable non-metallic compounds. 11 ultrahigh and 15
ultralow l materials are found among them. According to an investigation of the
created property map for this dataset, κph strongly depends on four basic descriptors:
average atomic mass, maximum phonon frequency, integrated Grüneisen parameter
up to 3 THz, and unit cell volume. An ML model based on Gaussian process regression
was created using these descriptors. The model’s exceptionally low root mean square
error of 0.21 predicts log-scaled κph.

The optimization of random multilayer structures (RMLs) is vital for achieving
ultralow thermal conductivity, which is critical for a wide range of applications
including thermoelectric materials. Chakraborty et al. found some critical criteria for
assessing disorder in RML layer thicknesses [115]. Classical molecular dynamics sim-
ulations of hypothetical Lennard-Jones RMLs supported our ability to associate these
disorder characteristics with thermal conductivity. Furthermore, they demonstrated
that these metrics may be used as features in physics-based machine-learning
models to predict the lattice thermal conductivity of RMLs with greater accuracy and
efficiency.

Half-Heusler compounds were utilized as prototype examples by Liu et al. to show
how a compressed-sensing approach may be applied to quickly and accurately assess
lattice thermal conductivity, as realized by a physically interpretable descriptor [116].
Seventy-five half- and 15 full-Heusler compounds’ thermal conductivities were
predicted using the descriptor, and the results show good agreement with explicit
first-principles findings. The descriptor was further improved by supplying only the
fundamental characteristics of the constituent atoms, which helped hasten the search
for materials with the proper thermal conductivity.

The heat conductivity of two-dimensional materials such as graphene may be
easily controlled by inserting holes, the density and distribution of which are crucial
characteristics. To investigate the link between hole distribution and thermal conduc-
tivity decrease in monolayer graphene, Wan et al. used an inverse design process
based on machine learning [117]. According to their method, the best distribution for
reducing thermal conductivity in porous graphene is one in which holes are randomly
distributed transverse to the direction of heat flow yet exhibit some periodicity along
the direction of heat flow.

Carbon honeycombs (CHCs) and boron nitride honeycombs (BNHCs) have been
revealed to have identical molecular architectures but distinct thermal characteristics.
Thus, hybrid carbon-boron nitride honeycombs (C-BNHCs) with adjustable thermal
conductivity may be created by correctly patching together CHCs and BNHCs. Du
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et al. used the ML approach in conjunction with molecular dynamics simulations to
examine the thermal transport property of C-BNHCs, as well as to design C-BNHC
structures for specified thermal conductivity [118]. In the inverse design of C-BNHCs
with any given thermal conductivity, their ML-based technique demonstrated
remarkable accuracy and efficiency.

Zhu et al. estimated the thermal conductivity of all known inorganic materials in
the Inorganic Crystal Structure Database using a combination of graph neural net-
works and random forest techniques, then charted the structural chemistry into
extended van-Arkel triangles [119]. Using the newly constructed map and their theo-
retical tool, we identify rare-earth chalcogenides as promising possibilities, with ZT
values more than 1.0.

Ju et al. demonstrated that when lower-order feature qualities present in
big data are appropriately selected and applied to transfer learning, large data
may supplement small data for accurate predictions [120]. A neural network was
used to directly connect the crystal information and thermal conductivity by
transferring descriptors obtained from a pre-trained model for the feature
property. Successful transfer learning demonstrated extrapolative prediction abilities
and revealed descriptors for lattice anharmonicity. The resultant model was used to
screen over 60,000 chemicals for unique crystals that might be used as diamond
substitutes.

In order to detect unexpected lattice thermal conductivity κph enhancement in
aperiodic superlattices versus periodic superlattices, Chowdhury and Ruan demon-
strated a general-purpose adaptive ML-accelerated search process [121]. This process
has implications for the thermal management of multilayer-based electronic devices.
They employed molecular dynamics simulations to calculate κph with great precision,
as well as a convolutional neural network (CNN) to forecast κph for a large number of
structures. They repeatedly discovered aperiodic superlattices (SLs) with structural
properties leading to locally improved heat transport and used them as extra training
data for the CNN to enable accurate prediction for the target unknown SLs. Because of
the existence of closely spaced surfaces, the detected structures displayed higher
coherent phonon transport.

5. Summary and future perspectives

Thermoelectric materials are particularly beneficial in a variety of applications due
to their non-toxic, low-cost, earth-plentiful, low-density and ecologically acceptable
properties. To address today’s energy issues, research on efficient thermoelectric
materials is becoming more and more important. The development of highly efficient
thermoelectric materials has advanced significantly over the past few decades in both
theoretical and practical investigations. Recent developments in nanotechnology, in
particular, have introduced approaches that hold promise for improving the thermo-
electric efficiency of basic systems. Although tremendous progress has been achieved
in the literature, the scientific community is still concentrating its efforts on the
discovery of a new generation of thermoelectric materials with the highest efficiency
and applicability to everyday life. Therefore, the most important current goal in the
thermoelectric research area is to find new and innovative thermoelectric material
systems.
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The purpose of this chapter was to discuss current advances in machine learning-
assisted thermoelectric material discovery. Training from the correlation between
thermoelectricity and material transport properties, machine learning might provide
an advantageous thermoelectric material discovery tool for new chemical composi-
tion, nano-structural design, stoichiometry optimization and other applications. This
newly acquired data might be used to extend the thermoelectric database and increase
the training performance of the machine learning model. For further investigation,
the active learning technique is advised. The given working framework may be relied
on when using AI-guided data-driven methodologies for thermoelectric material dis-
covery. Since the majority of pertinent studies focused only on using machine learning
technologies to discover and create materials with excellent thermoelectricity, it is
suggested that additional benefits, such as non-toxicity and earth-abundance, be
taken into account as the additional output of the thermoelectric discovery tool.
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Chapter 4

Organic Thermoelectric Materials
Sikander Azam and Muhammad Farzik Ijaz

Abstract

This book chapter provides a comprehensive overview of organic thermoelectric 
materials and their potential applications. Organic materials have recently emerged 
as promising candidates for thermoelectric devices due to their unique combination 
of electrical conductivity and thermal properties. The chapter begins by discussing 
the fundamental principles and mechanisms underlying the thermoelectric effect 
in organic materials, including the Seebeck coefficient, electrical conductivity, and 
thermal conductivity. It further explores various strategies employed to enhance the 
thermoelectric performance of organic materials, such as molecular design, doping, 
and nanostructuring. Additionally, the chapter highlights recent advancements in 
the synthesis and characterization of organic thermoelectric materials, including 
polymer-based systems, small organic molecules, and hybrid organic-inorganic 
composites. The discussion also extends to the evaluation techniques and metrics used 
to assess the thermoelectric efficiency of organic materials. Furthermore, the chapter 
sheds light on the challenges and opportunities in the field, such as stability, scal-
ability, and cost-effectiveness, along with potential applications in energy harvesting, 
waste heat recovery, and wearable electronics. Overall, this book chapter aims to 
provide a comprehensive understanding of organic thermoelectric materials and their 
significant role in advancing thermoelectric technology.

Keywords: organic thermoelectric materials, thermoelectric effect, electrical 
conductivity, thermal conductivity, energy harvesting

1. Introduction

Thermoelectric materials have been gaining considerable attention in the field 
of energy conversion due to their ability to directly convert waste heat into useful 
electrical energy. They are materials that exhibit the thermoelectric effect, which is 
the generation of a voltage or a temperature difference due to a temperature gradient 
in the material. The efficiency of thermoelectric materials is described by the dimen-
sionless figure of merit (ZT), which is directly proportional to the thermoelectric 
conversion efficiency. In recent years, organic thermoelectric materials have emerged 
as a promising candidate for efficient and low-cost thermoelectric energy conversion.

Organic thermoelectric materials (see Figure 1) are composed of organic com-
pounds, and they have a number of advantages over traditional inorganic thermo-
electric materials. First, they are lightweight, flexible, and can be easily processed 
into various forms, including thin films, fibers, and bulk materials. Second, they 
are environmentally friendly and can be produced using low-cost and sustainable 
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synthesis methods. Finally, their low thermal conductivity can be advantageous for 
thermoelectric energy conversion.

This chapter provides a comprehensive review of organic thermoelectric materials. It 
starts with an overview of the definition of thermoelectric materials and the importance 
of organic thermoelectric materials. The chapter then outlines the synthesis and pro-
cessing techniques used for organic thermoelectric materials, including solution-based 
techniques, vacuum deposition, and melt processing. This is followed by a discussion of 
the characterization techniques used to evaluate the properties of organic thermoelec-
tric materials, such as electrical conductivity, Seebeck coefficient, thermal conductivity, 
and X-ray diffraction and spectroscopy. The chapter also describes the properties of 
organic thermoelectric materials, including low thermal conductivity, high electrical 
conductivity, tunable Seebeck coefficient, energy band structure, and charge transport 
mechanisms. Furthermore, the chapter highlights the potential applications of organic 
thermoelectric materials, such as waste heat recovery, portable power generation, and 
cooling and refrigeration. Finally, the chapter concludes with a discussion of the chal-
lenges and future directions in the field of organic thermoelectric materials.

In summary, this chapter provides a comprehensive overview of the field of 
organic thermoelectric materials. The potential of organic thermoelectric materi-
als for efficient and low-cost energy conversion has generated considerable interest 
among researchers. This chapter provides an introduction to the key concepts and 
techniques used in the field of organic thermoelectric materials and highlight the 
potential applications of these materials in sustainable energy conversion.

Figure 1. 
Organic thermoelectric materials.
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2. Definition of thermoelectric materials

Thermoelectric materials are solid-state materials that can directly convert heat 
into electrical energy and vice versa. They are composed of materials that exhibit 
the thermoelectric effect, which is the generation of a voltage or a temperature 
difference due to a temperature gradient in the material. The thermoelectric effect is 
based on the Seebeck effect, which is the generation of an electric potential due to a 
temperature gradient in a material. When a temperature gradient is applied across a 
thermoelectric material, a flow of charge carriers occurs due to a difference in chemi-
cal potential. This flow of charge carriers generates an electrical voltage that can be 
used to power electronic devices or charge batteries.

The efficiency of thermoelectric materials is described by the dimensionless figure 
of merit (ZT), which is defined as ZT = S^2σT/κ, where S is the Seebeck coefficient, 
σ is the electrical conductivity, κ is the thermal conductivity, and T is the tempera-
ture. The ZT value represents the ratio of the electrical power output to the thermal 
power input and is directly proportional to the thermoelectric conversion efficiency. 
Therefore, the higher the ZT value of a material, the more efficient it is at converting 
heat into electrical energy.

Traditional inorganic thermoelectric materials, such as bismuth telluride (Bi2Te3) 
and lead telluride (PbTe), have been widely studied for their thermoelectric proper-
ties. However, they have limitations, such as high cost, toxicity, and limited process-
ability. In recent years, organic thermoelectric materials have emerged as a promising 
candidate for efficient and low-cost thermoelectric energy conversion.

Organic thermoelectric materials are composed of organic compounds, and they 
have several advantages over traditional inorganic thermoelectric materials. First, 
they are lightweight, flexible, and can be easily processed into various forms, includ-
ing thin films, fibers, and bulk materials. Second, they are environmentally friendly 
and can be produced using low-cost and sustainable synthesis methods. Finally, their 
low thermal conductivity can be advantageous for thermoelectric energy conversion.

Overall, thermoelectric materials are an exciting area of research with the poten-
tial to revolutionize energy conversion technology. The study of organic thermoelec-
tric materials has opened up new avenues for low-cost and efficient thermoelectric 
energy conversion.

3. Importance of organic thermoelectric materials

Organic thermoelectric materials have gained significant interest in recent years 
due to their unique properties and potential for efficient and low-cost energy con-
version. The importance of organic thermoelectric materials can be summarized as 
follows:

1. Sustainable and environmentally friendly: Organic thermoelectric materials 
are composed of organic compounds that are abundant and renewable, making 
them an attractive option for sustainable energy conversion. In addition, they are 
environmentally friendly and can be produced using low-cost and sustainable 
synthesis methods, which reduces their carbon footprint.

2. Processability and flexibility: Organic thermoelectric materials are lightweight, 
flexible, and can be easily processed into various forms, including thin films, 
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fibers, and bulk materials. This allows for their integration into a wide range of 
devices and applications, including wearable electronics and energy harvesting 
systems.

3. Low thermal conductivity: Organic thermoelectric materials have low thermal 
conductivity, which is essential for efficient thermoelectric energy conversion. 
This is because low thermal conductivity reduces the heat loss in the material, 
leading to higher conversion efficiencies.

4. Tunable properties: The properties of organic thermoelectric materials can be 
tuned by modifying their chemical structure and composition. This allows for 
the optimization of their thermoelectric performance and opens up new possi-
bilities for their application in energy conversion technology.

4. Overview of the chapter

The chapter on organic thermoelectric materials will cover various aspects related 
to their synthesis, processing, characterization, properties, and applications. The 
chapter will be divided into the following sections:

1. Synthesis and processing of organic thermoelectric materials: This section will 
cover the various techniques used for the synthesis and processing of organic 
thermoelectric materials. This includes solution-based techniques such as spin 
coating and inkjet printing; vacuum deposition techniques such as thermal 
evaporation and sputtering, and melt processing techniques such as hot-pressing 
and extrusion. The section will also cover the processing of organic thermoelec-
tric materials into thin films, fibers, and bulk materials.

2. Characterization of organic thermoelectric materials: This section will cover 
the various techniques used for the characterization of organic thermoelectric 
materials. This includes electrical conductivity measurement using the four-
point probe method, Seebeck coefficient measurement using the Seebeck effect, 
thermal conductivity measurement using the hot-wire method and laser flash 
method, and X-ray diffraction and spectroscopy for structural and chemical 
analysis.

3. Properties of organic thermoelectric materials: This section will cover the 
various properties of organic thermoelectric materials, including low thermal 
conductivity, high electrical conductivity, tunable Seebeck coefficient, energy 
band structure, and charge transport mechanisms. The section will also cover 
the factors affecting thermoelectric efficiency (ZT) and the approaches used for 
enhancing the ZT value of organic thermoelectric materials.

4. Applications of organic thermoelectric materials: This section will cover the 
various applications of organic thermoelectric materials, including waste heat 
recovery, portable power generation, and cooling and refrigeration. The section 
will also cover the challenges and future directions for the application of organic 
thermoelectric materials in energy conversion technology.



73

Organic Thermoelectric Materials
DOI: http://dx.doi.org/10.5772/intechopen.1002446

5. Case studies of organic thermoelectric materials: This section will provide 
selected examples of organic thermoelectric materials and their properties. The 
section will also demonstrate the practical applications of organic thermoelectric 
materials in energy conversion technology.

6. Conclusion: This section will summarize the key points of the chapter and 
emphasize the significance of organic thermoelectric materials for sustainable 
energy conversion. The section will also highlight the future research directions 
and potential impact of organic thermoelectric materials.

4.1 Synthesis and processing of organic thermoelectric materials

Organic thermoelectric materials have attracted significant attention in recent 
years due to their potential for sustainable and efficient energy conversion. To realize 
their full potential, it is crucial to develop effective and scalable methods for the syn-
thesis and processing of these materials. This chapter will provide an overview of the 
various synthesis and processing techniques that have been used to fabricate organic 
thermoelectric materials.

Solution-based techniques, such as spin coating and inkjet printing, are com-
monly used for the deposition of organic thermoelectric materials. Spin coating is a 
simple and versatile technique that can produce uniform and high-quality thin films 
with controlled thickness. Inkjet printing, on the other hand, allows for the precise 
deposition of materials in a patterned manner, making it suitable for the fabrication 
of complex device structures. Solution-based techniques have been used to deposit a 
variety of organic thermoelectric materials, including conducting polymers, carbon 
nanotubes, and graphene.

Vacuum deposition techniques, such as thermal evaporation and sputtering, 
have also been employed for the fabrication of organic thermoelectric materials. 
These techniques allow for the deposition of thin films with high purity and con-
trolled thickness. Thermal evaporation involves heating the source material in a 
vacuum chamber until it sublimes and deposits onto the substrate. Sputtering, on 
the other hand, involves bombarding the source material with high-energy ions, 
causing it to eject atoms and deposit onto the substrate. Vacuum deposition tech-
niques have been used to deposit a variety of materials, including small molecules 
and polymers.

Melt processing techniques, such as hot-pressing and extrusion, are commonly 
used for the fabrication of bulk organic thermoelectric materials. Hot-pressing 
involves compressing the material at high pressure and temperature, resulting in a 
dense and uniform bulk material. Extrusion, on the other hand, involves forcing the 
material through a die under high pressure and temperature, resulting in a uniform 
and continuous bulk material. Melt processing techniques have been used to fabricate 
a variety of organic thermoelectric materials, including conducting polymers, carbon 
nanotubes, and metal-organic frameworks.

The choice of processing technique depends on the specific application and the 
desired properties of the material. For example, solution-based techniques are suit-
able for the fabrication of thin films for electronic and optoelectronic devices, while 
vacuum deposition techniques are suitable for the fabrication of high-purity materials 
for fundamental studies. Melt processing techniques, on the other hand, are suitable 
for the fabrication of bulk materials for thermoelectric applications.
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In addition to the synthesis and processing techniques, it is also important to 
consider the post-processing steps that may be required to optimize the properties 
of the material. For example, annealing can improve the crystallinity and electrical 
conductivity of some materials, while doping can alter the charge carrier concentra-
tion and improve the thermoelectric performance.

In summary, the synthesis and processing of organic thermoelectric materials 
require careful consideration of various factors, including the choice of deposition 
technique, post-processing steps, and desired properties of the material. By develop-
ing effective and scalable synthesis and processing techniques, it is possible to realize 
the full potential of organic thermoelectric materials for sustainable and efficient 
energy conversion.

4.2 Characterization of organic thermoelectric materials

Organic thermoelectric materials have unique properties that require specialized 
techniques for their characterization. The most important properties of these materi-
als are their electrical conductivity, Seebeck coefficient, and thermal conductivity. 
Additionally, structural and chemical analysis is necessary to understand molecular 
design and structure-property relationships. In this section, we will discuss the vari-
ous techniques used for the characterization of organic thermoelectric materials.

4.2.1 Electrical conductivity measurement (four-point probe method)

The electrical conductivity of a material is an important parameter that determines 
its thermoelectric properties. The electrical conductivity of organic thermoelectric mate-
rials is usually measured using the four-point probe method. This technique involves 
placing four probes in contact with the sample, with a known distance between them. A 
current is passed through the outer probes, and the voltage drop is measured across the 
inner probes. By applying Ohm’s law, the electrical conductivity can be calculated.

The four-point probe method is preferred over the two-point probe method, as it 
eliminates the errors caused by contact resistance. This method is also non-destructive 
and can be used to measure the electrical conductivity of thin films and bulk materials.

4.2.2 Seebeck coefficient measurement (Seebeck effect)

The Seebeck coefficient is a measure of the ability of a material to generate an 
electric potential difference in response to a temperature difference. This property is 
critical in thermoelectric devices, where it determines the amount of electrical energy 
that can be generated from a temperature gradient.

The Seebeck coefficient is usually measured using the Seebeck effect, which 
involves placing a sample between two temperature-controlled probes. A temperature 
difference is applied across the sample, and the resulting voltage difference is mea-
sured. The Seebeck coefficient is then calculated from the ratio of the voltage differ-
ence to the temperature difference.

4.2.3 Thermal conductivity measurement (hot-wire method, laser flash method)

Thermal conductivity is another important parameter that affects the thermo-
electric properties of a material. The thermal conductivity of organic thermoelectric 
materials is usually measured using the hot-wire method or the laser flash method.
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The hot-wire method involves applying a heat pulse to one end of a wire, while 
the other end is kept at a constant temperature. The resulting temperature rise is 
measured, and the thermal conductivity is calculated from the temperature rise and 
the heat pulse.

The laser flash method involves irradiating a sample with a short laser pulse and 
measuring the resulting temperature rise using a detector. The thermal conductivity 
is then calculated from the temperature rise, the heat pulse, and the sample geometry.

4.2.4 X-ray diffraction and spectroscopy for structural and chemical analysis

X-ray diffraction and spectroscopy techniques are used for the structural and 
chemical analysis of organic thermoelectric materials. X-ray diffraction is used to 
determine the crystal structure of a material, while X-ray spectroscopy techniques, 
such as X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy 
(XAS), are used to determine the chemical composition and electronic structure of a 
material.

4.2.5 Structure-property relationships and molecular design

Understanding the structure-property relationships of organic thermoelectric 
materials is essential for the design and development of new materials with improved 
thermoelectric properties. Molecular design approaches, such as the introduction 
of electron-donating or electron-withdrawing groups, can be used to modify the 
electronic structure of the materials and improve their thermoelectric performance.

The structural features of the materials, such as the molecular packing and 
orientation, also play a critical role in their thermoelectric properties. Therefore, 
techniques such as X-ray diffraction and spectroscopy can be used to study the struc-
tural features of the materials and establish their correlation with the thermoelectric 
properties.

4.2.6 Conclusion

Characterization of organic thermoelectric materials requires specialized techniques 
for the measurement of their electrical conductivity, Seebeck coefficient, and ther-
mal conductivity.

4.3 Properties of organic thermoelectric materials

Organic thermoelectric materials (OTEMs) have gained much attention in recent 
years due to their promising potential in energy harvesting and conversion. The prop-
erties of OTEMs play a crucial role in determining their thermoelectric efficiency. In 
this section, we will discuss the key properties of OTEMs, including their low thermal 
conductivity, high electrical conductivity, tunable Seebeck coefficient, energy band 
structure, charge transport mechanisms, and factors affecting their thermoelectric 
efficiency (ZT).

Low thermal conductivity: One of the essential properties of OTEMs is their low 
thermal conductivity, which is crucial for efficient thermoelectric conversion. In 
general, a material with a low thermal conductivity can maintain a large temperature 
gradient between its two sides, leading to a high thermoelectric conversion efficiency. 
OTEMs typically exhibit low thermal conductivity due to the presence of organic 
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molecules, which have low thermal conductivities. The thermal conductivity of 
OTEMs can be further reduced by introducing nanostructures, such as nanoparticles, 
nanotubes, or nanofibers, into the material matrix.

4.3.1 High electrical conductivity

High electrical conductivity is another critical property of OTEMs. Electrical 
conductivity is directly proportional to the amount of charge carriers present in the 
material, which can be either electrons or holes. In OTEMs, charge carriers are mainly 
generated by doping or chemical modification. The choice of dopants or modifiers 
can significantly affect the electrical conductivity of OTEMs. In addition, the electri-
cal conductivity of OTEMs can be further improved by optimizing the crystal struc-
ture and morphology of the material.

4.3.2 Tunable Seebeck coefficient

The Seebeck coefficient, also known as the thermopower, is a measure of the 
ability of a material to generate a voltage when subjected to a temperature gradient. 
The Seebeck coefficient depends on the energy band structure of the material, the 
effective mass of the charge carriers, and their concentration. In OTEMs, the Seebeck 
coefficient can be tuned by controlling the molecular structure, the dopants or modi-
fiers, and the processing conditions. The ability to tune the Seebeck coefficient allows 
OTEMs to be tailored for specific applications, such as power generation or cooling.

4.3.3 Energy band structure and charge transport mechanisms

The energy band structure of a material determines the electronic properties of the 
material and the charge transport mechanisms. In OTEMs, the energy band structure is 
complex and depends on the molecular structure, the doping level, and the processing 
conditions. The charge transport mechanisms in OTEMs can be classified into three 
types: hopping transport, band transport, and tunneling transport. The choice of trans-
port mechanism depends on the specific application and the properties of the material.

Factors affecting thermoelectric efficiency (ZT): The thermoelectric efficiency of 
a material is measured by its figure of merit (ZT), which is a product of the Seebeck 
coefficient, electrical conductivity, and thermal conductivity. The higher the ZT 
value, the more efficient the material is in thermoelectric conversion. Several factors 
affect the thermoelectric efficiency of OTEMs, including doping level, molecular 
structure, crystal structure, morphology, and processing conditions. The optimiza-
tion of these factors is crucial to achieve high ZT values in OTEMs.

In summary, OTEMs possess unique properties, including low thermal conductiv-
ity, high electrical conductivity, tunable Seebeck coefficient, complex energy band 
structure, and charge transport mechanisms. These properties play a crucial role in 
determining the thermoelectric efficiency of OTEMs. The understanding and opti-
mization of these properties are essential for the development of efficient OTEMs for 
sustainable energy conversion.

4.4 Applications of organic thermoelectric materials

Organic thermoelectric materials have been widely studied for their potential 
applications in various fields, particularly in energy conversion and management. 
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Some of the most promising applications of organic thermoelectric materials are 
discussed below:

4.4.1 Waste heat recovery

One of the most important applications of organic thermoelectric materials is 
waste heat recovery. Waste heat is a major issue in various industrial processes, and 
it is estimated that around 60% of the total energy generated by industries is lost as 
waste heat. Organic thermoelectric materials can be used to recover this waste heat 
and convert it into useful electrical energy.

4.4.2 Portable power generation

Another promising application of organic thermoelectric materials is in portable 
power generation. Portable devices such as smartphones, laptops, and wearable elec-
tronics require a constant source of power, and organic thermoelectric materials can 
provide a sustainable and reliable source of energy. These materials can be integrated 
into the devices themselves, allowing for efficient power generation without the need 
for external power sources.

4.4.3 Cooling and refrigeration

Organic thermoelectric materials can also be used in cooling and refrigeration 
applications. The thermoelectric cooling effect, also known as the Peltier effect, 
occurs when an electric current flows through a thermoelectric material, causing 
a temperature gradient across the material. This effect can be used to cool objects, 
and organic thermoelectric materials have been shown to have promising cooling 
capabilities.

4.5 Challenges and future directions

Despite the many promising applications of organic thermoelectric materials, 
there are still many challenges that need to be addressed before these materials can 
be widely implemented in practical devices. One of the main challenges is achieving 
high thermoelectric efficiency, as the efficiency of organic thermoelectric materials is 
currently lower than that of inorganic materials.

Another challenge is improving the stability and durability of organic thermo-
electric materials, as many of these materials are prone to degradation over time. This 
issue can be addressed through the development of new synthesis and processing 
techniques that improve the stability of these materials.

Furthermore, the cost of organic thermoelectric materials can also be a limiting 
factor for their widespread use. Research efforts are underway to develop low-cost 
synthesis methods and optimize the processing parameters to minimize costs.

In conclusion, organic thermoelectric materials have the potential to revolution-
ize energy conversion and management, and the applications discussed above are 
just a few examples of the many possibilities offered by these materials. While there 
are still challenges that need to be overcome, ongoing research efforts are making 
significant progress in the development of these materials, and it is likely that we 
will see the widespread implementation of organic thermoelectric materials in the 
near future.
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4.6 Case studies of organic thermoelectric materials

In recent years, several organic materials have been investigated for their thermo-
electric properties, with promising results. In this section, we will discuss some of the 
most notable case studies of organic thermoelectric materials.

Selected examples of organic thermoelectric materials and their properties.

4.6.1 Polymers

a. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)

PEDOT:PSS is a conducting polymer that has received significant attention for its 
thermoelectric properties. In a study by Bubnova et al. (2011) [1], PEDOT:PSS 
was shown to exhibit a high Seebeck coefficient of up to 60 μV/K, which is attrib-
uted to its unique electronic structure. However, PEDOT:PSS suffers from high 
thermal conductivity, limiting its overall thermoelectric performance.

b. Poly(3-hexylthiophene) (P3HT)

P3HT is another conducting polymer that has been investigated for its ther-
moelectric properties. In a study by Kim et al. (2012) [2], P3HT was shown 
to  exhibit a high Seebeck coefficient of up to 170 μV/K, which is attributed to 
its band structure. P3HT also exhibits low thermal conductivity, making it a 
 promising candidate for thermoelectric applications.

4.6.2 Small molecules

a. Tetraphenyldibenzoperiflanthene (DBP)

DBP is a small molecule that has been shown to exhibit high thermoelectric 
performance. In a study by Sun et al. (2018) [3], DBP was shown to exhibit a high 
power factor of 1.8 mW/mK2 and a low thermal conductivity of 0.28 W/mK, 
resulting in a ZT of 0.18 at 300 K.

b. 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT)

C8-BTBT is another small molecule that has been investigated for its thermoelec-
tric properties. In a study by Sun et al. (2017) [4], C8-BTBT was shown to exhibit 
a high power factor of 7.9 mW/mK2 and a low thermal conductivity of 0.38 W/
mK, resulting in a ZT of 0.37 at 300 K.

5. Demonstration of practical applications

Organic thermoelectric materials have shown great potential for various practical 
applications. In this section, we will discuss some of the most promising demonstra-
tions of practical applications of organic thermoelectric materials.

1. Waste heat recovery: Waste heat is generated by many industrial processes, au-
tomobiles, and electronic devices. Organic thermoelectric materials can be used 
to recover some of this waste heat and convert it into electricity. For example, a 
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study by Kim et al. [2], demonstrated the use of a flexible organic thermoelectric 
generator (see Figure 2) for waste heat recovery from the human body. The gen-
erator was made of PEDOT:PSS and a thin film of n-type organic semiconductor 
F8TBN. The generator was able to produce a power output of 0.13 mW/cm^2 
with a temperature difference of only 1.5°C.

2. Portable power generation: Organic thermoelectric materials can be used to 
power small electronic devices, such as sensors or wearable devices, without the 
need for external power sources. For example, a study by Mei et al. [5], demon-
strated the use of a PEDOT:PSS/P3HT organic thermoelectric generator to power 
a wireless sensor. The generator was able to produce a power output of 39.3 μW 
with a temperature difference of 16°C.

3. Cooling and refrigeration: Organic thermoelectric materials can also be used for 
cooling and refrigeration applications. A study by Yuan Wang et al. [6] demon-
strated the use of a flexible thermoelectric cooling device made of PEDOT:PSS 
and poly(ethylene glycol) diacrylate. The device was able to achieve a maximum 
cooling power density of 10.2 W/m2 with a temperature difference of 9°C.

4. Challenges and future directions: While organic thermoelectric materials have 
shown great potential for practical applications, there are still many challenges 
that need to be addressed. One of the main challenges is to improve the ther-
moelectric efficiency (ZT) of these materials. The ZT value depends on several 
factors, including the electrical conductivity, Seebeck coefficient, and thermal 
conductivity of the material. Researchers are working to improve these proper-
ties through molecular design, doping, and processing techniques.

Another challenge is to improve the stability and durability of organic thermo-
electric materials. Many of these materials are sensitive to moisture, oxygen, and 

Figure 2. 
Organic thermoelectric generator.



New Materials and Devices for Thermoelectric Power Generation

80

temperature, which can affect their performance over time. Researchers are explor-
ing new encapsulation and protective coating strategies to improve the stability and 
durability of these materials.

6. Conclusions

In summary, organic thermoelectric materials have shown great potential as 
efficient and cost-effective materials for sustainable energy conversion. They possess 
unique properties such as low thermal conductivity, high electrical conductivity, 
tunable Seebeck coefficient, and flexible molecular design that make them suitable 
for various thermoelectric applications.

The synthesis and processing of organic thermoelectric materials can be achieved 
through various techniques such as solution-based techniques, vacuum deposition, 
and melt processing. The characterization of organic thermoelectric materials can 
be achieved using various techniques such as electrical conductivity measurement, 
Seebeck coefficient measurement, thermal conductivity measurement, X-ray diffrac-
tion, and spectroscopy.

Understanding the structure-property relationships and molecular design is 
crucial for improving the thermoelectric efficiency of organic materials. Various fac-
tors affect the thermoelectric efficiency of organic materials, such as the energy band 
structure and charge transport mechanisms. The thermoelectric efficiency is also 
quantified using the figure of merit, ZT.

Organic thermoelectric materials have demonstrated practical applications in 
waste heat recovery, portable power generation, and cooling and refrigeration. 
However, there are still challenges to be addressed, such as improving the thermoelec-
tric efficiency and stability of these materials under varying operating conditions.

Future research directions for organic thermoelectric materials include the 
development of new and more efficient materials, the improvement of processing 
techniques, and the optimization of device design for specific applications.

In conclusion, the development and advancement of organic thermoelectric 
materials hold great promise for sustainable energy conversion and a cleaner environ-
ment. It is important to continue research and development in this field to enable 
the widespread adoption and use of organic thermoelectric materials for various 
applications.
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Recent Strategies for Improving 
Thermoelectric Efficiency of 
Bi2Te3-Based Thin Films
Rapaka S. Chandra Bose, Malini K.A, Rasmi T and Varun T.S

Abstract

This chapter provides a concise summary of recent strategies for enhancing the 
thermoelectric (TE) efficiency of Bi2Te3-based thin films. In the introduction, a concise 
overview of thermoelectricity, its advantages over other technologies, its market value, 
and its potential future applications will be presented. Next, the preparation methods 
for Bi2Te3-based thin films will be described under the heading of thin film preparation 
methods. Then, contemporary strategies for enhancing the TE characterizations of 
Bi2Te3-based thin films will be discussed. Various strategies, such as the thin film fabri-
cation methods and post-thermal annealing dependent TE properties of Bi2Te3-based 
thin films, have been discussed. The thin films prepared via vacuum techniques followed 
by thermal annealing showed high thermoelectric efficiency.

Keywords: Bi2Te3, thermoelectric, thin film, post thermal annealing, power factor

1. Introduction

In recent times, emerging industries have exhibited a strong demand for 
miniaturized refrigeration and power generation systems. These systems rely on 
advanced room-temperature thermoelectric (TE) materials. Notably, sectors such 
as 5G communications, the “Internet of Things” (IoT), and wearable electronics 
have been dependent on TE materials [1–8]. In light of the ongoing energy crisis, the 
significance of TE materials capable of directly converting heat into electricity and 
vice versa is important [1–7]. Although this technology has captured the attention 
of numerous researchers, its everyday practical applicability remains limited due to 
its suboptimal conversion efficiency. Two crucial metrics, namely the dimension-
less figure of merit (ZT = S2σT/κ) and the power factor (PF = S2σ), are indicators of 
the efficiency of TE materials [9, 10]. Here, the Seebeck coefficient (S), electrical 
conductivity (σ), thermal conductivity (κ), and absolute temperature (T) are key 
parameters. Researchers commonly utilize these metrics to evaluate and describe the 
performance of TE materials. Notably, higher ZT values have been correlated with 
superior performance of semiconductor materials [11–13].

The typical conventional bulk TE materials include inorganic substances 
such as Bi2Te3, Sb2Te3, PbTe, SiGe, skutterudite, and half-Heusler alloys [14–16]. 
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However, owing to their elevated cost and limited efficiency, the practical applica-
tions of these materials remain circumscribed. As of now, the highest ZT value on 
record remains below 3, a factor that confines their utility to specific niche applica-
tions. To open up more versatile applications, the quest for greater ZT values has 
become paramount [17–21]. Moreover, the practical deployment of TE devices has 
encountered hindrances due to the obstacles, include constraints in shaping possibili-
ties and a plateauing of performance. In contrast, thin film thermoelectric materials 
introduce a promising results. They exhibit qualities such as lightweight, mechanical 
flexibility, easy fabrication process, and cost-effectiveness [22–25]. These attributes 
lay the groundwork for pioneering new thermoelectric devices, offering substantial 
potential for upcoming electronic advancements and miniature components. Notably, 
recent evidence underscores that the design of thin films can enhance TE efficiency 
through more proficient scattering of phonons, leading to a significant reduction in 
the lattice thermal conductivity [26].

Irrespective of the advancements in high-performance thermoelectric (TE) mate-
rials like SnSe, Cu2Se, CoSb3, GeTe, and Mg3Sb2, the traditional Bi2Te3-based materi-
als continue to be extensively investigated due to their exceptional performance at 
room temperature [27–29]. Over the past two decades, the outstanding TE capabili-
ties exhibited by thin films of these materials have garnered global attention. This is 
primarily attributed to their application in miniature and flexible TE power genera-
tors for various electronic devices, as well as their efficacy in TE cooling systems. 
Through composition and microstructure optimization, the ZT values of both n-type 
and p-type Bi2Te3-based bulk materials have shown consistent improvement, cur-
rently achieving ranges of 1.3–1.8 and 1.0–1.4, respectively. These high-performance 
bulk materials have established themselves as the benchmark for efficient device 
operation. Significantly, researchers and engineers in the field of thermoelectric-
ity have been closely focusing on thin film versions of Bi2Te3-based materials [30, 
31]. The thin films derived from Bi2Te3 are particularly attractive and well-suited 
for novel applications in miniature and flexible electronic devices [1, 3, 8]. The 
recent publications concerning both n-type and p-type Bi2Te3-based thin films are 
summarized in Figure 1. Within this chapter, we delve into the crucial and recent 
 advancements that have been made to enhance the thermoelectric efficiency of these 
thin films.

2. Crystal structure

As depicted in Figure 2, compounds that are derived from Bi2Te3 all exhibit crys-
tal structure of tetradymite type and crystallizing into rhombohedral structure with 
space group of R-3 m. To illustrate using Bi2Te3 as a case study, its quintuple layers 
(QLs) are arranged in the crystallographic c-axis direction, featuring two distinct Te 
lattice sites: Te(1) and Te(2). The stacking sequence within these QLs follows a Te(1)-
Bi-Te(2)-Bi-Te(1) pattern. The bonds between adjacent QLs are of the weak van der 
Waals (vdW) type, specifically Te(1)-Te(1) bonds, while the Te-Bi bonds exhibit a 
significant covalent nature. The layered architecture of Bi2Te3, including these feeble 
Te(1)-Te(1) bonds, leads to its anisotropic electrical and thermal transport properties 
[32, 33]. The electrical conductivity within the plane (σ||) substantially surpasses the 
conductivity perpendicular to the plane (σ⊥) due to the noticeably stronger carrier 
scattering that occurs along the c-axis (⊥) as opposed to within the plane (||) of the 
layers. Several factors contribute to the diminished lattice thermal conductivity (κL) 
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Figure 1. 
Year-wise published articles of TE thin film of p-type, n-type, device, and review articles.

Figure 2. 
Crystal structure of Bi2Te3.
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are the presence of heavy atoms, intricate chemical bonding, the periodic structure 
of QLs, and the fragility of the vdW bonds. Both n-type and p-type variants of 
Bi2Te3 typically exhibit anisotropy ratios of σ||/σ⊥ ranging from 2 to 7, while the 
corresponding anisotropy ratios for thermal conductivity, κ||/κ⊥, are approximately 
in the range of 2–2.5 [34–36]. Consequently, in all Bi2Te3-based materials, establish-
ing correlations between crystal orientation and thermoelectric characteristics holds 
paramount importance.

3. Preparation methods of Bi2Te3-based thermoelectric thin films

Several researchers have recently explored the topic of the synthesis of bulk 
materials and their characteristics. However, the development of nanomaterials is 
necessary for the miniaturization of electronics in the present period of research. The 
current energy situation compels scientists to do in-depth research on thermoelectric 
materials. A few years ago, the importance of thermoelectric materials began to 
receive increasing attention. Nowadays, more research is being done on the creation 
of thermoelectric thin films, among other types of nanoparticles.

3.1 Physical methods

Thin film preparation methods are techniques used to deposit thin layers of mate-
rial onto substrates with precise control over thickness, composition, and structure. 
Thin films are widely used in various applications, such as electronics, optics, energy 
storage, and coatings. The physical preparation methods of thin films can be broadly 
categorized into several techniques. Here are some common ones:

3.1.1 Thermal evaporation technique

Thermal evaporation is a method employed for the deposition of thin films onto a 
substrate. This involves heating the material within a vacuum chamber to the point of 
evaporation, after which the evaporated material condenses onto the substrate. The 
basic steps involved in thermal evaporation are:

• Preparation of the substrate: The substrate, which is the surface onto which 
the material is deposited, is prepared by cleaning and drying it to remove any 
contaminants.

• Loading the material: The material to be deposited is loaded into a boat or 
crucible made of a refractory metal such as tungsten, which can withstand high 
temperatures.

• Evaporation: The chamber is evacuated to a high vacuum to eliminate any gas 
molecules that might interfere with the deposition process. The boat or crucible 
containing the material is then heated to a high temperature by electrical meth-
ods or electron beam, typically between 1000°C and 1500°C, causing the mate-
rial to evaporate.

• Deposition: The evaporated material condenses onto the substrate, forming a 
thin film.
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The film’s thickness is regulated by factors such as the quantity of material placed 
in the boat or crucible, the temperature at which the boat operates, and the separation 
distance between the boat and the substrate. By controlling these parameters, it is 
possible to deposit films with precise thicknesses and uniformity. However, it is not 
suitable for depositing materials that decompose at high temperatures or that have a 
high vapor pressure at room temperature. Also, it has some limitations, such as lower 
deposition rates compared to other deposition techniques like sputtering, and sensi-
tivity to the volatility and thermal stability of the source material. In general, thermal 
evaporation stands as a versatile and extensively applied method for depositing thin 
films across a range of diverse applications.

Co-evaporation technique: The co-evaporation technique is similar to thermal evap-
oration. In this technique, thin film can be fabricated with controlled compositions 
by simultaneously evaporating multiple source materials onto a substrate. Within the 
co-evaporation method, a vacuum chamber hosts two or more source materials, often 
in solid pellet or rod form, positioned in close proximity. A notable advantage of this 
technique is the capacity to manipulate the thin film’s composition by fine-tuning 
the relative evaporation rates of the distinct source materials. However, the co-
evaporation technique also presents challenges, such as the need to carefully control 
the temperature and pressure during deposition to avoid segregation or phase separa-
tion of the different components, as well as the need to ensure uniform deposition 
across the entire substrate surface. Careful monitoring and optimization of process 
parameters are required to achieve desired film properties and ensure reproducibility. 
In summary, the co-evaporation technique is a versatile method for fabricating thin 
films with controlled compositions, offering opportunities for tailoring material 
properties for a wide range of applications.

Flash evaporation technique: Flash evaporation is also similar to thermal evapora-
tion technique and is a widely used technique for the production of high-purity 
materials by evaporating solids and liquids from a heated source. The technique 
involves evaporating the material at a high temperature and then rapidly cooling it. 
Flash evaporation is an efficient and cost-effective way to produce high-quality films 
and materials [37].

3.1.2 Sputtering techniques

Within the realm of thin film deposition methods, sputtering emerges as a physi-
cal vapor deposition (PVD) approach that facilitates the application of diverse thin 
films onto a substrate. In this process, energetic ions bombard a target material, caus-
ing the ejection of atoms or molecules from the target. These expelled particles then 
settle on a substrate, forming a thin film [38]. Sputtering holds several advantages 
over alternative deposition techniques, encompassing swift deposition rates, uniform 
film quality, and the capability to apply a broad spectrum of materials. Furthermore, 
its potential for seamless upscaling to accommodate mass production renders it a 
favored choice for industrial applications. Below, we outline some prevalent sputter-
ing techniques:

Direct current (DC) sputtering: In this procedure, high-energy ions, usually of 
argon, are directed at a target material, inducing the expulsion of atoms from the tar-
get’s surface. These expelled atoms subsequently traverse the chamber and settle onto 
the substrate, culminating in the creation of a thin film. The process involves applying 
a DC voltage between the target and substrate, which creates a plasma discharge in 
the chamber. The positive argon ions in the plasma are attracted to the negatively 



New Materials and Devices for Thermoelectric Power Generation

88

charged target, and the resulting collisions between the ions and target atoms cause 
the ejection of material from the target surface.

Radio frequency (RF) sputtering: In radio frequency (RF) sputtering, an RF power 
supply is used to create a high-frequency alternating current (AC) electric field. This 
field ionizes the gas in the sputtering chamber, creating plasma, which then acceler-
ates ions toward the target, causing sputtering.

Magnetron sputtering: Magnetron sputtering employs a magnetic field to confine 
the plasma close to the target, resulting in heightened sputtering rates and enhanced 
uniformity of the film. Magnetron sputtering is typically done with DC or RF power 
supplies and is widely used for various applications due to its high deposition rate and 
good film quality.

Ion beam sputtering (IBS): Unlike magnetron sputtering techniques, ion beam 
sputtering uses an ion beam to sputter material from a target and deposit it onto a 
substrate. Ion beam sputtering involves generating a stream of ions within a vacuum 
chamber and aiming it at the target material. The ions collide with the target’s surface, 
leading to the expulsion of atoms that subsequently settle on a substrate. The ion 
beam can be generated using a range of ion sources, including radio frequency (RF) 
ion sources, Kaufman-type ion sources, and Bernas-type ion sources. It is particularly 
useful for depositing complex materials, such as multilayer structures and alloys, and 
for depositing films with high uniformity and low defect densities.

3.1.3 Molecular beam epitaxy (MBE)

Molecular beam epitaxy (MBE) is a type of thin film deposition technique used 
to create high-purity, single-crystalline materials on a substrate. It involves the use 
of a vacuum environment and beams of molecules to grow thin films in a highly 
controlled manner. The molecules are usually deposited in a layer-by-layer fashion, 
allowing for the creation of complex multi-layered structures.

3.1.4 Pulsed laser deposition (PLD)

It is a highly versatile process, and it utilizes the energy released from a 
single laser pulse to create a plasma of excited atoms and molecules that are then 
 deposited onto a substrate. The laser pulse is typically in the nanosecond range 
(10−9 seconds) and is focused onto the target material, which is then ablated. The 
ablated material is then condensed onto a substrate to form a thin film. PLD is a 
highly controllable technique and can be used to produce a variety of film mor-
phologies, ranging from uniform, smooth films to highly textured films with a high 
degree of crystallinity [39].

3.2 Chemical methods

3.2.1 Spin coating

Spin coating represents a straightforward and extensively employed approach in 
thin film fabrication. This technique involves applying a liquid precursor solution 
onto a substrate and subsequently spinning it at high speeds. This spinning action 
ensures the even dispersion of the solution across the substrate, leading to the cre-
ation of a thin film as the solvent evaporates.
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3.2.2 Spray pyrolysis

In this process, a liquid precursor solution is deposited onto a hot substrate, form-
ing a thin film as the solvent evaporates. The advantage of spray pyrolysis is its ability 
to deposit films at lower temperatures than other methods. This allows for the deposi-
tion of films with lower melting points. The process is also relatively inexpensive.

3.2.3 Chemical vapor deposition (CVD)

Chemical Vapor Deposition is a well-established approach in thin film production. 
This method entails introducing a volatile precursor into a reaction chamber, where 
it undergoes decomposition or reactions to yield a solid thin film on a substrate. The 
precursor is typically in the form of a gas or vapor, and the deposition process is 
controlled by adjusting the temperature, pressure, and gas flow rates in the reaction 
chamber.

3.2.4 Electrochemical deposition

Electrochemical deposition, also known as electrodeposition or electroplating, 
is a method for thin film preparation that involves the use of an electric current to 
drive the deposition of ions from a solution onto a substrate, forming a thin film. 
Electrochemical deposition allows for precise control over the deposition rate, thick-
ness, and composition of the thin film by adjusting the electrochemical parameters 
such as voltage, current density, and deposition time [40].

The above mentioned techniques are important for making high quality thin films. 
The process chosen will depend on the particular material, the thin film’s desired 
qualities, and the application. Each method has its advantages and limitations, and 
careful consideration should be given to the processing conditions and parameters to 
obtain thin films with desired properties.

4. Strategies

4.1 Deposition techniques and conditions

The kinetic progression of growing thin films is influenced by rate-limiting 
steps, which exert a substantial influence on the growth mode, morphology, micro-
structure, and chemical composition of the resulting films. For precise control over 
crystallinity, orientation, atomic defects, and ultimately, the thermoelectric (TE) 
performance of thin films, meticulous management of the film growth parameters 
proves indispensable. The selection of deposition method and conditions stands as 
the chief determinant of thin film growth. Advanced n-type Bi2Te3 and p-type Sb2Te3 
thin films, designed for thermoelectric applications, have been successfully crafted 
using an array of techniques encompassing both physical and chemical deposition 
processes. The growth dynamics of thin films are notably swayed by deposition vari-
ables, including factors such as deposition time, pressure, temperature, and others. 
The orientation, microstructure, and TE characteristics of the film are significantly 
influenced by these conditions. Table 1 summarizes recent deposition methodologies 
utilized to prepare TE thin films.
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4.1.1 Physical methods

In recent times, diverse physical vacuum methods, including magnetron sput-
tering and thermal evaporation, have been investigated to enhance the properties 
of thermoelectric (TE) thin films and bolster their efficiency. Tao et al. embarked 
on fabricating n-type Bi2Te3 thin films on a PET substrate through DC magnetron 
sputtering, employing varying sputtering pressures spanning from 0.03 to 0.6 Pa. 
A peak power factor (PF) of 4.1 μWcm−1 K-2 was achieved at room temperature 
(RT) under a sputtering pressure of 0.055 Pa. This attainment is attributed to a more 
balanced and stoichiometric transfer of atoms from the target to the substrate that 
takes place under lower pressures [41]. Bendt et al. prepared p-type Sb2Te3 epitaxial 
films on Al2O3(0001) by thermal evaporation at 350°C under high working pressure 
(2000 Pa). The obtained highest PF (33 μWcm−1 K−2 at 300 K) might be due to (00 l) 
preferential orientation of films under high working pressure [42]. Saberi et al. 
prepared n-type Bi2Te3 thin films on SiO2 substrate by single source thermal evapora-
tion and reported PF of 0.02 μWcm−1 K−2 at 420 K [43]. Also, Shen et al. prepared 
same thin films by thermal co-evaporation and reported one of the highest PF of 
28 μWcm−1 K−2 for the 1 μm thick films at RT [44]. The high PF values for thermal 
co-evaporation might be due to thick film with (1010) orientation compared to 0.1 μm 
thick films of thermal evaporation.

4.1.2 Chemical methods

Within the realm of chemical techniques, electrodeposition has garnered recent 
attention due to its cost-effectiveness and straightforward nature. Jose et al. under-
took the fabrication of n-type Bi2Te3 thin films using the electrodeposition method, 
reporting a power factor (PF) of 0.05 μWcm−1 K−2 at 350K [45]. This electrodeposi-
tion was conducted within an aqueous electrolyte composed of 7.5 mM Bi powder 
and 10 mM TeO2 in 1 M HNO3, with a potential of −0.1 V vs. SCE. In a separate 
study, Katarina et al. generated analogous thin films through pulsed electrode-
position within a nonaqueous electrolyte (comprising 2.25 mM [NnBu4]-[BiCl4], 
3 mM [NnBu4]2[TeCl6], and 0.1 M [NnBu4]Cl in anhydrous CH2Cl2) with an initial 
nucleation pulse at −1.0 V vs. SCE and subsequent potential of −0.6 V vs. SCE. The 
achieved PF was 0.89 μWcm−1 K−2 at 520 K, which represents a remarkable ∼18-fold 
enhancement compared to the PF (0.05 μWcm−1 K−2) obtained via aqueous electrode-
position. This notable improvement is largely attributed to the substantial reduction 
of film oxidation within the nonaqueous electrolyte context. The oxidation of the 
films causes the degradation of their TE properties [46].

Among the possible fabrication methods of Bi2Te3/Sb2Te3-based TE thin films, physi-
cal vacuum techniques showed superior TE efficiency. This might be due to the produc-
tion of pore-free, defect-free, stoichiometric, and high-quality thin films in physical 
techniques. Due to simplicity and industrial scalability of physical methods, we have 
also adopted physical vacuum techniques such as DC/RF-sputtering, thermal evapora-
tion and electron beam evaporation techniques to prepare the high-quality TE thin films 
and high TE efficient thin film generators for wearable energy harvesting applications.

4.2 Post-thermal annealing

Post-thermal annealing plays an important role in enhancing the TE performance 
of thin films by enhancing the stoichiometry, by improving the crystalline nature, by 
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attaining the preferential orientation/texture, by evolving suitable microstructure, 
and by increasing the grain size/crystallite size [38, 47–55]. For example, the post-
thermal annealing-dependent microstructure of sputtered Bi2Te3-based thin films is 
shown in Figure 3.

In general, the fabrication techniques produce either Te-rich or Bi/Sb-rich films 
due to different evaporation rates of elements. These excess elements accumulate 
at grain boundaries. Non-stoichiometry of thin films may cause deteriorated TE 
properties due to compositional defects. Post-thermal annealing is a simple method 
to enhance the stoichiometry of thin films by controllable evaporation of the excess 
composition at suitable heat treatment. Sometimes, the films fabricated by a few 
techniques show an amorphous nature. Amorphous nature reduces the electrical 
conductivity and thereby reduces the TE efficiency. Post-thermal annealing has a 
role in improving the crystalline nature by applying suitable heat treatment condi-
tions. Improvement in crystalline nature due to post-thermal annealing also leads to 
attaining preferential orientations such as (00 l), (110), (1010), etc., and to evolve 
novel microstructure such as hexagonal shape plates, etc. Texture and microstructure 
assume a pivotal role in enhancing TE efficiency through the concurrent optimization 
of electrical conductivity and Seebeck coefficient. Further, post-thermal heat treat-
ment may increase the average grain size/crystallite size, which leads to improvement 
in electrical conductivity due to mobility enhancement because of the joining of 
grain boundaries. Post-thermal annealing has various types: in situ/ex situ, rapid/
non-rapid, and vacuum/inert gas. In general, in situ annealing treatment is performed 
in a fabrication chamber without breaking the vacuum of the deposition process by 
heating the sample holder, while ex situ annealing is performed in external furnace 
using rapid thermal processing (∼5 K/s) or non-rapid thermal processing (∼5 K/min) 
under vacuum or inert gas (N2, Ar, mixed gas (95%Ar + 5%H2)). In recent times, ex 
situ annealing was attracted by researchers due to higher TE efficiency over in situ 
annealing, irrespective of the fabrication process. Table 2 shows the post-thermal 
annealing of various TE thin films.

Figure 3. 
SEM images of post-thermal annealing of sputtered thermoelectric films at different temperatures [38]. Image 
adapted with permission from [38] copyright © 2021 Elsevier. All rights reserved.
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5. Conclusion

In the field of thermoelectricity, as well as in the provision of power for the 
upcoming low-power electronics and in quantum computation, Bi2Te3-based thin 
films have shown extraordinary physical characteristics and highly significant 
application prospects. For instance, the development of flexible and miniature elec-
tronic devices depends heavily on thin film thermoelectric (TE) devices, which are 
based on high-performance Bi2Te3-based films. These devices require self-powered 
power sources, as well as very effective site-specific and on-demand active cooling. 
The thin film devices prepared using vacuum methods and post-thermal annealing 
showed high thermoelectric efficiency. Despite the significant advancements made 
over the past few years, further research into novel physical mechanisms and applied 
technologies pertaining to Bi2Te3-based thin films is still required in order to unlock 
new insights into their fascinating physical characteristics and open the door for their 
successful commercial applications.
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Chapter 6

Nanofluidics for Thermoelectric
Energy Harvesting
Yahui Xue

Abstract

Nanofluidics have attracted great attention for electrokinetic energy conversion.
Recently the application of nanofluidic systems for thermoelectric energy harvesting
has intrigued researchers with various research backgrounds. It has been shown that
the equivalent Seebeck coefficient can be greatly enhanced in confined nanofluidic
channels with hydrodynamically slippery boundary conditions, indicating great
potential for highly efficient and environment-friendly low-grade thermal energy
harvesting. In this chapter, we will first introduce the basic electrokinetic theories
behind the thermoelectric response. Next, the current understanding of the thermo-
electric coupling mechanism in confined nanochannels will be depicted. Strategies to
improve the thermoelectric coupling efficiency will be illustrated. Then, the most
recent experimental achievements in this field will be reviewed. Besides, the main
challenges and prospective will also be discussed. Based on this chapter, we intend to
give a fundamental introduction to the theoretical framework of nanofluidic thermo-
electricity and present the opportunities and challenges facing this emerging field.

Keywords: nanofluidics, thermoelectrics, Seebeck effect, thermo-osmosis, energy
harvesting

1. Introduction

Low-grade thermal waste energy harvesting has attracted great attention recently
in the requirement for more clean and sustainable energy to reduce the relying on
fossil fuels [1]. Low-grade heat sources are usually referred to as those with tempera-
tures below around 200°C, which are abundant and can be produced and discharged
into the environment in various industry processes and from a lot of electronic equip-
ment. Researchers have attempted to use various materials and technologies to con-
vert waste heat to electricity, including thermoelectric semiconductors, ionic liquid
gels, ionic thermoelectric cells, osmotic heat engines, and so on [2]. However, the
implementation of those methods is still limited either by the material rarity and
toxicity or energy conversion efficiency. A cleaner and more cost-effective
thermoelectric technique for waste heat harvesting is still highly required.

Recently it has attracted great attention whether it is possible to use nanofluidic
systems for efficient thermoelectric conversion. Electrokinetics of ions in micro-/
nanochannels has been intensively investigated [3, 4]. The ion transport driven by an
electrical field or concentration gradient near a charged surface induces the coupling
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flow of carrier fluid, which is referred to as electro-osmosis or diffusio-osmosis,
respectively. On the other hand, the fluid transport driven by a pressure field would
carry ions to travel along the charged solid surface and thus produce streaming
currents.

The effect of thermal gradient on ionic and fluidic transport in confined space has
only been considered recently. Derjaguin and Sidorenkov [5] first studied thermo-
osmosis in porous glass, where fluid flow is driven by a thermal gradient. This is
reverse to the observation that the fluid flow driven by pressure gradient also causes
the formation of a heat flux through nanochannels due to the excess enthalpy of liquid
adjacent to the wall. Derjaguin predicted the thermos-osmotic slipping velocity by
applying the Onsager’s reciprocal theorem, like the case for diffusio-osmosis, and
demonstrated the existence of thermos-osmosis in porous media. Molecular dynamic
simulations have also been used to reproduce the thermos-osmotic slippage effect [6].
The first microscale observation of the velocity field induced by thermos-osmosis was
achieved by Bregulla et al. [7]. The reduced friction at the solid-liquid interface is
shown to be able to enhance the thermo-osmotic response, such as at the graphene-
water surface [8].

The electricity generation of conductors under a thermal gradient is usually
referred to as the Seeback effect. In a bulk liquid electrolyte, the asymmetric
thermophoretic motion of positive and negative ions results in electric field build-up,
that is, due to the Soret effect [9]. Under physical confinement, the existence of
surface charges at the wall-liquid interface makes it possible to produce electricity by
thermal gradient without the request of different thermophoretic mobility of cations
and anions. It is expected to enhance the thermoelectric conversion efficiency by
highly permselective membranes. However, the Seeback coefficient experimentally
measured in nanofluidic channels using aqueous electrolyte is still much lower than
that obtained by conventional thermoelectric semiconductors. It is revealed theoreti-
cally that the synthetic effect of ultrahigh surface charge density and slippage can
enhance the thermoelectric response, which implies potential future research direc-
tions [10].

In this chapter, we will briefly introduce the fundamental theories of electricity
generation in nanofluidic systems under thermal gradient and review the most recent
progress in the field of thermoelectric nanofluidics. The fundamental theory will be
first introduced about the ionic and fluidic transport driven by a thermal gradient. The
mechanism of thermoelectric energy conversion will be illustrated. The most recent
experimental progress in studying the thermoelectric response of nanofluidic channels
will be reviewed. At last, the opportunities and challenges to implement nanofluidic
systems for low-grade thermal energy harvesting will be discussed.

2. Mechanisms of thermoelectricity in liquid electrolyte

2.1 The Soret effect in the bulk electrolyte

Ions, molecules, suspended particles, or droplets in a bulk solution would
drift to the cold or the warm side when a thermal gradient field is applied. The
drift velocity (u) is proportional to the magnitude of the thermal gradient (∇T),
that is [9],

u ¼ �DT∇T: (1)
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where DT is thermophoretic mobility or thermal diffusion coefficient, characteriz-
ing the coupling between the heat and the particle motion, and T is temperature. For
the positive Soret effect, the particles move toward the cold, and for the negative one,
the particles move toward the warm. The ion migration in a liquid electrolyte driven
by the Soret effect builds up an ion concentration gradient (∇c). The different
thermophoretic mobility of cations and anions leads to the establishment of a ther-
moelectric field (ET). In a stationary state, the driving forces due to the concentration
gradient, thermal gradient, and thermoelectric field will be balanced with each other
for any individual ion.

Consider a binary aqueous electrolyte solution. The ion flux (Ji) for the positive
(i=‘+’) or negative (i=‘�’) ions due to the concentration gradient, thermal gradient,
and thermoelectric field is obtained according to the Nernst-Planck equation [11],

J� ¼ �D� ∇c� þ c�ST,�∇T � c�
v�e
kBT

ET

� �
(2)

where Di is diffusion coefficient, ci is ion concentration, ST,i (=DT/Di) is intrinsic
Soret coefficient, vi is ion valance, e is the elementary charge, kB is the Boltzmann
constant, and ET = �∇VT with VT as the thermoelectric voltage. The Soret coefficient
(ST,i) is related to the ionic heat of transport (Q ∗

i ) by

ST,i ¼ Q ∗
i

kBT2 : (3)

Here, Q ∗
i primarily originates from the entropy of hydration for specific ions and

has typical values in the order of kJ/mol [12].
In the stationary state without convection flow, by applying the approximate

neutrality conditions, that is,

cþ ¼ c� ¼ c0, vþJþ þ v�J� ¼ 0, (4)

with c0 as the ion concentration at the electroneutral region, we obtain the depen-
dence of the established salinity gradient (∇c0) on the thermal gradient (∇T)
according to Eq. (2),

∇c0
c0

¼ �Π
∇T
T

(5)

where Π is the reduced Soret coefficient,

Π ¼ Q ∗
þ þQ ∗

�
2kBT

(6)

and also the resultant thermoelectric field,

ET ¼ Q ∗
þ � Q ∗

�
2veT

∇T (7)

where v (=v+=�v�) is the valence of the symmetric electrolyte. The generation of
electricity by a thermal gradient in an aqueous electrolyte is similar to the case of
thermoelectric semiconductors, where the Seeback coefficient is defined by the ratio
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of the thermoelectric voltage and the temperature difference. Thus, the equivalent
Seeback coefficient in a bulk solution is obtained as

Se,bk ¼
Q ∗

þ � Q ∗
�

2veT
, (8)

with Se,bk defined by ET=∇T. Given Q ∗
i � kJ=mol, the generated thermoelectric

voltage per Kelvin in a bulk electrolyte, that is, Se, lies in the scale of around 0.1 mV/K,
which is clearly much smaller than that of common thermoelectric semiconductors. It
indicates bulk electrolyte can hardly be directly used for thermoelectric harvesting
due to the ultralow ionic heat of transport. Therefore, it is intriguing to see whether it
is possible to enhance the thermal energy conversion efficiency by using aqueous
electrolyte in physically confined space.

2.2 Thermoelectric response of liquid electrolyte in physical confinement

The electroneutrality assumption for ion distribution only applies in the bulk
electrolyte. In physically confined micro/nanochannels, the presence of wall charges
leads to ion redistribution inside the channels, which forms electric double layers
(EDL). Under the assumption of thin EDL without overlapping, the electric potential
(φ) in the EDL field decays from the wall surface value to the bulk one (see Figure 1).
Assume the two-dimensional (2D) slit channel is long and thin, that is,H/L! 0 (here,
H and L are channel height and length, respectively), and neglect the advection effect
inside the channel. The thermal gradient (∇T) by applying a temperature difference
(ΔT) at the channel ends can be approximated by [11]

dT
dx

¼ ΔT
L

,
dT
dz

¼ 0 (9)

which means that the major temperature gradient lies in the longitudinal direction
(x), and the temperature difference in the transverse direction (z) is negligible.

In the confined space without convection flow, the net flux for specific ions driven
by the concentration distribution, thermal gradient, and electric field is also described
by the Nernst-Planck equation [Eq. (2)]. Due to impermeable solid wall boundary

Figure 1.
Schematics of EDL in a slit channel and thermoelectric field generation by a thermal gradient.
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condition, the ion flux (J�,z) in the z direction is zero. Thus, according to Eq. (2), the
ion concentration profile in the EDL region can be determined by

dc�
dz

¼ �c�
v�e
kBT

dφ
dz

: (10)

With boundary conditions that c� = c+ = c0 for symmetric electrolyte, and φ = 0 at
z = 0, the ion distribution inside the double layer is obtained as,

c� ¼ c0 exp � v�eφ
kBT

� �
(11)

which resembles the Boltzmann distribution [11]. It indicates by Eq. (11) that, in
contrast to the Soret equilibrium in the bulk phase, the positive and negative ion
concentrations near the wall surface are different, that is, cþ 6¼ c�, resulting in net
charge distribution. Therefore, even if there is no difference between the diffusivities
of the positive and negative ions, a thermoelectric field can still be established due to
the charge separation effect of the EDL.

Substituting the ion concentration profile inside the EDL [Eq. (11)] into Eq. (2)
leads to the net ion flux in the longitudinal direction (x),

J�,x ¼ �D�c�
1
c0

dc0
dx

þ v�eφ
kBT2 þ ST,�

� �
dT
dx

� v�e
kBT

ET

� �
(12)

In the equilibrium state, the overall ion current produced by the thermal gradient,
concentration gradient, and internal electric field is zero, that is,

I ¼ ve
ðH=2

0
Jþ,x � J�,x
� �

dz ¼ 0 (13)

To solve Eq. (13), we need the exact potential distribution profile (φ(z)), which
can be obtained by solving the Poisson equation [11]

∂
2
zΨ ¼ κ2 sinh Ψð Þ (14)

where Ψ = veφ/(kBT), κ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e2v2c0= εkBTð Þp

, ε is the dielectric permeability, and
κ�1 is the Debye length. In Eq. (14), the spatial variation of ϵ has been neglected
considering the 2D slit is long and thin. Under the Debye-Hückel approximation, the
potential distribution (φ(z)) inside the double layer is described by

φ ¼ ζ
kBT
ve

cosh κzð Þ
cosh κH=2ð Þ (15)

where ζ is zeta potential, that is, the potential at the slipping plane of the wall.
Here, we assume that electroneutrality is held at the center of the slit. Thus, the

distribution of c0 approximately follows Eq. (5), or,

dln c0ð Þ
dx

¼ �Π
dln Tð Þ
dx

(16)
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Assume the positive and negative ions have similar diffusivity, that is, D+ = D� = D.
Combining Eq. (8), Eq. (11), Eq. (12), and Eq. (16), the solution of Eq. (13) leads

to the equivalent Seeback coefficient in the physical confinement [11],

Se,cf ¼ SQ þ Sφ (17)

where

SQ ¼ Se,bk
1

1þ ζ
2

4
tanh κð Þ

κ þ 1
cosh 2 κð Þ

h i (18)

Sφ ¼ ζ
T

tanh κð Þ
κ

1þ ζ
2

2
tanh 2 κð Þ

3 þ 1
cosh 2 κð Þ

h i

1þ ζ
2

4
tanh κð Þ

κ þ 1
cosh 2 κð Þ

h i (19)

with Se,cf ¼ ET= dT=dxð Þ, ζ ¼ evζ= kBTð Þ and κ ¼ κH=2. Here, SQ represents a ther-
moelectric contribution due to a Soret-type thermophoretic ion motion under physical
confinement. If the ionic heat of transport for the positive and negative ions is
identical, SQ vanishes as Se,bk is zero according to Eq. (8). The second term, Sφ,
indicates the confinement-dominated thermoelectric effect. The Debye length (κ�1)
characterizes the thickness of the double layer. When κ �1 is much bigger than the half
channel height (H/2), that is, κH!0, Sφ tends to be equal to ζ/T. This implies the
enhancement of the thermoelectricity generation by increasing the surface zeta
potential. On the other hand, when the EDL thickness is much smaller than the
channel height, that is, κH!∞, Sφ vanishes as in the case of the bulk solution.

To probe how large the equivalent Seeback coefficient can be achieved in confined
nanochannels, the variation of Se,cf with the electrolyte concentration is plotted in
Figure 2. As an example, the slit height is chosen as H = 20 nm, and the surface zeta
potential is chosen as ζ = 100 mV. Consider the electrolyte is KCl. The difference in
heat of ionic transport for potassium and chloride ions is ΔQ ¼ Q ∗

þ �Q ∗
�≈2 kJ=mol

[12]. The comparison of SQ and Sφ clearly shows that, for large Debye length at low
concentration, the contribution of the Soret-type thermophoretic behavior is indeed
negligible, and the confinement-induced thermoelectric effect is dominated. In con-
trast, for high concentration with small Debye length, the confinement effect tends to
be reduced. Although the thermophoretic and nanoconfined thermoelectric contribu-
tions are additive, the overall equivalent Seeback coefficient in confined nanochannels
generally lays in the order of around 0.4 mV/K even for the zeta potential as large as
ζ = 100 mV. It should be noted that the overlapping of the double layers inside the slit
modifies the electric field distribution, which, however, will not significantly affect
the magnitude of the total Seeback coefficient [11].

In a short summary, the thermoelectricity generation in physical confinement
without convection flow has been analytically formulated based on the Debye-Hückel
approximation. The result indicates the confinement-dominated thermoelectric effect
when the double layer thickness is comparable with or even bigger than the channel
height. However, the predicted equivalent Seeback coefficient in confined
nanochannels is still much smaller than the common thermoelectric semiconductors.
It should be noted that the above analysis assumes no advection in the channels, which
may be validated for channels with slippery solid walls. In the following section,
thermally induced osmotic transport in a confined space will be induced.
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2.3 Thermo-osmotic flow in confined space

The confinement of liquid in nanochannels alters its specific enthalpy. For an
isothermal system, the liquid flow in confined nanochannels driven by a pressure
gradient (∇p) would produce “heat flux”, leading to thermal gradient establishment
through the channel. On the other hand, a thermal gradient (∇T) applied through the
nanochannels would also induce the liquid flow, which is the so-called thermos-
osmosis. Such a coupling phenomenon is described by the Onsager’s linear
nonequilibrium thermodynamics [6, 8],

us

f h

" #
¼

β11 β12

β21 β22

" # �∇p

�∇T
T

2
64

3
75 (20)

where us is hydrodynamic velocity, f h is heat transfer flux, and βij (i, j = 1, 2) is the
phenomenological coefficient. Here, β11 characterizes the isothermal flow driven by a
pressure gradient, β22 denotes heat conduction at ∇p ¼ 0, and, according to the
Onsager’s reciprocity relations, β12 ¼ β21, which represents the thermos-osmosis coef-
ficient. The following is intended to obtain the expression for β12.

Consider a long and thin 2D slit as illustrated in Figure 1. To account for the effect
of interfacial hydrodynamics, we assume the Navier’s slip boundary condition at the
slit wall surface [13],

u zsð Þ ¼ b
du
dz

����
z¼zs

(21)

Figure 2.
Dependence of equivalent Seeback coefficient on electrolyte concentration in a 2D slit. The slit height, H = 20 nm,
and the zeta potential, ζ = 100 mV.
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where u is velocity, zs is shear plane position, and b is slip length. The slit
confinement modifies the specific enthalpy in the liquid, resulting in a thermody-
namic driven force, δh(z) (∇T/T), where δh(z) is local excess specific enthalpy. Then,
the thermos-osmotic flow can be solved through the Stokes equation,

�η
d2u zð Þ
dz2

¼ δh zð Þ∇T
T

(22)

where η is liquid viscosity and assumed homogenous. Integrating Eq. (22) twice
and using boundary conditions, Eq. (21) and du=dzð Þjz¼0 ¼ 0, give the thermos-
osmotic slip velocity (us),

us ¼ 1
η

ð0
zs
dz z� zs þ bð Þδh zð Þ∇T

T
(23)

Then, according to Eq. (20), the corresponding thermos-osmotic coefficient
(β12 ¼ β21) is obtained as

β12 ¼ β21 ¼ � 1
η

ð0
zs
dz z� zs þ bð Þδh zð Þ (24)

When it is positive, liquid flows toward the cold side, and when negative, liquid
flows toward the hot side. For b = 0, Eq. (24) retrieves the coefficient for the non-slip

boundary condition (βno�slip
12 ¼ β

no�slip
21 ). The presence of a slippery boundary mag-

nifies the thermos-osmotic response by [8]

β12 ¼ β
no�slip
12 1þ b=λð Þ (25)

where

λ ¼

ð0
zs
dz z� zsð Þδh zð Þ
ð0
zs
dz δh zð Þ

(26)

characterizes the length scale of the interfacial liquid layer thickness where the
liquid enthalpy is altered by the solid wall.

The thickness λ is typically in the order of a few molecular sizes. Thus, it can
significantly enhance the thermos-osmotic coupling coefficient on surfaces with
ultralow liquid friction, such as on graphitic surfaces, where the slip length reaches
over tens of nanometers. Experiments on bare glass and Pluronic coated substrates
have revealed thermos-osmotic coefficients ranging from β12 � 10�10 m2/s to
10�9 m2/s [14]. Molecular dynamic simulations have shown that the thermos-osmotic
coefficient can be increased by orders of magnitude if the liquid-solid interfacial
friction is ultra-low [8]. This hints that the thermos-osmotic flow in slits with partially
slippery walls needs to be taken into consideration in the analysis of thermoelectric
coupling, which is discussed below.
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2.4 Thermo-electric response with hydrodynamic slip

The thermos-osmotic coupling analysis above shows that a temperature gradient
through confined channels could induce significant liquid flow, especially if the wall
has ultra-low liquid friction. Thus, the liquid advection inside those channels needs
to be considered in analyzing the thermo-electric response in contrast to Section 2.2.
The presence of convection flow modifies the ion flux (J) through a confined
channel to [10]

J� ¼ c�u�D� ∇c� þ c�ST,�∇T � c�
v�e
kBT

ET

� �
(27)

Assume the double layers inside the 2D slit (see Figure 1) are not overlapped. The
vanishing ion flux in the z direction also leads to ion concentration distribution
following Eq. (11).

To obtain the thermo-electric coupling coefficient, we refer to the Onsager’s linear
nonequilibrium thermodynamics, which describes the thermo-electric coupling phe-
nomenon by [6, 10]

je
f h

� �
¼ α11 α12

α21 α22

� � �∇V

�∇T
T

" #
(28)

where je is electric current density, �∇V is the gradient of electric potential,
α11 ¼ σð Þ is electrical conductivity, α22=T ¼ κð Þ is thermal conductivity, and α12 ¼ α21 ¼
αTE is the thermoelectric coefficient based on the Onsager’s reciprocal relation. Thus,
the coefficient αTE can be obtained by either

α12 ¼ �je
∇T=T

, at∇V ¼ 0 (29)

or

α21 ¼ �f h
∇V

, at∇T ¼ 0 (30)

Here, the ion current density (je) in Eq. (29) is determined according to Eq. (27) by
setting ET ¼ �∇V ¼ 0,

je ¼
ve
H=2

ðH=2

0
Jþ,x � J�,x
� �

dz (31)

with the concentration profile (c�) determined by the Poisson-Boltzmann equation
and the velocity field (u) determined by the thermos-osmotic flow equation [i.e.,
Eq. (22)].

The heat transfer flux (f h) in Eq. (30) can be derived through [6, 10]

f h ¼ 1
H

ðH=2

�H=2
u zð Þδh zð Þdz: (32)
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where the velocity field (u) is induced by applying a constant external electric field
(Ee), and described by the Stokes equation,

�η
d2u zð Þ
dz2

¼ ceEe (33)

with ce ¼ ve cþ � c�ð Þ is charge density, and Ee ¼ �∇V is the constant external
electric field. Combining the Poisson equation

ε
d2φ zð Þ
dz2

¼ ce (34)

and boundary conditions, du zð Þ=dzjz¼0 ¼ 0 and dφ zð Þ=dzjz¼0 ¼ 0, leads to

η
du zð Þ
dz

¼ εEe
dφ zð Þ
dz

: (35)

At z = 0, φ 0ð Þ ¼ 0 and u 0ð Þ ¼ ueo, which is defined as the electro-osmotic
velocity. At z = H/2, φ H=2ð Þ ¼ φ0 and u H=2ð Þ ¼ bdu=dzjz¼H=2 ¼ bΣEe=η with
Σ=εdφ=dzjz¼H=2 as the surface charge density. (Here, the slipping plane position zs is
assumed approximately equal to H/2.) Then, the electro-osmotic velocity (ueo) is
obtained as [10]

ueo ¼ εEe

η
ζ: (36)

where ζ is effective potential, and

ζ ¼ φ0 þ Σb=ε, (37)

indicating the dependence of the ζ potential on the slippery boundary condition
and surface charge density.

With known the velocity profile, the enthalpy density is still required to get the
heat transfer flux (f h) according to Eq. (32). According to Ref. [10], the excess
enthalpy density (δh zð Þ) majorly consists of two parts,

δh zð Þ ¼ δhwater zð Þ þ δhEDL zð Þ, (38)

where δhwater zð Þ is due to the excess enthalpy of water molecular and δhEDL zð Þ is
related to the EDL,

δhEDL zð Þ ¼ δhel zð Þ þ δhosm zð Þ þ δhsolv zð Þ, (39)

with δhel zð Þ due to the electrostatic interaction, δhosm zð Þ originating from the
osmotic pressure, and δhsolv zð Þ coming from the ion solvation.

In general, the excess entropy in confined slits can hardly be directly measured by
experiments. Molecule dynamic (MD) simulations have shown that the excess
enthalpy of water dominates the overall contributions, which explains the distinct
thermoelectric coupling effects as predicted by the Poisson-Boltzmann theory and MD
simulations. With Eq. (32), Eq. (36), and Eq. (38), the thermoelectric coupling coef-
ficient (αTE) can be obtained according to Eq. (30), and the equivalent Seeback
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coefficient in slits with hydrodynamic slip boundary conditions, defined by Se,hs ¼
�∇V=∇T with je ¼ 0, is expressed by [10]

Se,hs ¼ αTE
σT

(40)

where σ is electrical conductivity, consisting of bulk (σbulk) and surface conduc-
tivity (σsurf ), of which the latter is dominated if κH << 1. By scaling analysis of
Eq. (30), it is found for surface conductivity-dominated channels that [10]

Se,hs≈
�δh� 2λ=Hð Þ � εζ=ηð Þ

σsurf
: (41)

Here, λ is described by Eq. (26), indicating the solid-liquid interaction layer thick-
ness. The ζ potential depends on the surface charge density and boundary slip length
[see Eq. (37)]. The apparently direct correlation between the equivalent Seeback coef-
ficient and ζ potential implies simultaneously high surface charge density and boundary
slip length benefit the enhancement of the thermoelectric coupling by orders of magni-
tude, as demonstrated by molecular dynamic simulations [10]. It should be remarked
that surface charge distribution on highly slippery solid surfaces must be homogeneous.
Otherwise, the heterogeneous distribution of those surface charges could deteriorate the
slip effect and, consequently, the thermoelectric coupling.

In summary, hydrodynamic slip enhances the thermo-osmotic coupling, inducing
significant convection flow inside confined slits. This contributes to the ion fluxes
driven by a temperature gradient, or, in other words, the thermoelectric coupling effect.
The thermoelectric coefficient can be obtained according to the Onsager’s linear
nonequilibrium thermodynamics. The scaling analysis of the equivalent Seeback coeffi-
cient shows the thermoelectric coupling effect that can be enhanced by maximizing the
surface charge density and slip length simultaneously. In the next, the current experi-
mental achievements and challenges in nanofluidic thermoelectricity will be discussed.

3. Experimental achievements, challenges, and prospective

3.1 Thermoelectric performance of nanofluidic devices

Although considerable efforts have been made to improve the thermoelectric
performance of semiconductors, ionic gels, etc., experimental investigation of the
thermoelectric coupling of nanofluidic devices still lies in its fetal stage. A typical
experimental setup for nanofluidic thermoelectricity is schematically shown in
Figure 3. A membrane with nanofluidic channels is separated between two liquid
reservoirs filled with aqueous electrolyte. A temperature gradient is applied across the
nanofluidic membrane to produce thermoelectricity. To improve the thermal energy
conversion efficiency, the key lies in optimizing the surface chemistry and geometric
structure of nanofluidic channels.

A previous study of electrokinetic transport through ion rectifying channels provides
inspiration for the design of thermoelectric nanofluidics. The electricity generation due
to electrolyte transport through nanochannels driven either by thermal gradient or by
pressure gradient requires the efficient separation of positive and negative ions. Thus,
nanochannels with ion rectifying properties are expected to be able to work as well-
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performed thermal energy converters. Attempts have been made with chemically and/
or geometrically asymmetric nanochannels to probe the thermoelectric coupling effect
[15–17]. By partially coating silicon dioxide nanochannels with hydrophobic molecular,
linear dependence of the thermoelectric current on the temperature difference is
observed, which is attributed to the slippage-induced thermo-osmotic transport [15].
Asymmetric cone-shaped silica nanofluidic channels with dopamine-grafted inner sur-
face have also been shown to be able to generate thermoelectricity with power through-
put reaching 25.48 pW per channel at a temperature difference of 40°C [16]. However,
the average equivalent Seeback coefficient with a value around 0.4 mV/K is still pretty
low as compared with conventional thermoelectric semiconductors.

Smart biological system has the ability of thermosensation relying on ion channels
on cell membranes [18], motivating the bionic design of highly temperature-sensitive
nanofluidic membranes. Chen et al. [19] constructed a permselective ionic membrane
by stacking ultrasmall silica nanochannels of around 2.3 nm in diameter on track-etched
poly(ethylene terephthalate) conical nanochannels of around 10–15 nm in the small
side. The 2.3-nm silica channels with negatively charged surface preferentially allow the
transport of positive ions. A temperature sensitivity of around 0.7 mV/K is demon-
strated using such hybrid nanochannel membranes. Ionic covalent organic framework
(COF) with pore size below 1 nm, close to that of biological ion channels, has also
attracted great attention for temperature sensation application [20]. The high charge
density inside the sub-nanometer COF pores enables enhanced thermoelectric response
with equivalent Seeback coefficient reaching around 1.27 mV/K. Although this sensitiv-
ity is relatively larger than that in ultrasmall silica nanochannels, it is still significantly
weaker than those of common thermoelectric semiconductors and ionic gels.

3.2 Main challenge and prospective

Theoretical analysis of thermoelectric response in 2D slits with partial slip bound-
ary conditions has shown that simultaneously high surface charge density and slip
length can improve the thermoelectric coupling effect to a level comparable to that of

Figure 3.
Schematics of experimental setup for thermoelectricity measurements through nanofluidic membranes.
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common thermoelectric semiconductors. However, current achievements of thermal
sensitivity of nanofluidics channels are still quite low, generally in the order of 1 mV/K
or even below. The main challenge lies in the difficulty to realize the ultrahigh slip
effect on highly charged solid surface. In the inner surface of silica and COF
nanochannels, the charge density is usually quite high, but the slip length is almost
vanishing or even negative. That is because those charges are heterogeneously dis-
tributed on the channel surface, which reduces the slippery effect. Molecular dynamic
simulation reveals that the slip boundary condition remains almost unchanged if the
surface charges are homogenously distributed [10, 21]. This paves a way to achieve
both highly slippery and highly charged nanochannels for enhanced thermoelectric
conversion.

Ultrafast fluidic and ionic transport on highly charged graphitic surfaces, e.g.,
carbon nanotubes [22] and graphene [23], have recently been observed experimen-
tally. In contrast to solid surfaces like silica, graphitic surfaces are usually atomically
smooth and exhibit ultralow friction to the water. Although graphitic surfaces are
inert to chemical modification, external electrical gating can tune the surface charge
density, which shows almost no effect on the slippery property of the surface. Thus,
electrostatic gating in atomic-scale graphene channels enables ultrafast and tunable
ionic transport with an effective diffusion coefficient reaching two orders of magni-
tude higher than in bulk water [23]. Moreover, the self-assembly of 2D material flakes
easily enables large-scale membrane fabrication. Therefore, highly improved thermo-
electric coupling efficiency can be expected in atomically smooth 2D material chan-
nels with enhanced charge density (Figure 4).

4. Conclusions

Emergent and efficient thermoelectric conversion techniques are highly required
to harvest low-grade heat in aqueous solution. Nanofluidic systems show great poten-
tial to be used for effective thermoelectric energy conversion, which, however, has
been poorly explored so far. In bulk electrolyte, the Soret-type thermophoretic motion
of positive and negative ions with different ionic heat of transport establishes an
electrical field under a thermal gradient. However, the equivalent Seeback coefficient

Figure 4.
Schematics of ultrafast ionic transport through graphene channels under electrostatic gating [23].
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is generally quite low, in the order of 0.1 mV/K. In confined nanochannels, the
confinement-induced thermoelectricity is dominated over the Soret effect with the
assumption of no convection flow. However, the overall equivalent Seeback coeffi-
cient is also quite low.

It is remarked that, in nanochannels with partial slip boundary conditions, the
convection flow of liquid under a temperature gradient, that is, thermo-osmosis, can
be significant and needs to be considered in the thermoelectric conversion analysis. It
has been demonstrated by molecular dynamic simulations that simultaneously high
slip length and surface charge density contribute to orders of magnitude enhanced
thermoelectric coupling coefficient. However, the realization of such a kind of
nanochannel surface is quite challenging. It is the main reason why temperature
sensitivity of only around 1 mV/K is achieved even in sub-nanometer channels with
ultrahigh surface charge density.

It is revealed that heterogeneously distributed charges deteriorate the slippery
boundary condition. Thus, homogeneous distribution of surface charges is required to
achieve constant low liquid friction. The observation of ultrafast ionic transport in
graphene channels under electrostatic gating points out a new direction to combine
atomically smooth 2D materials and the electrostatic gating technique for efficient
thermoelectric energy conversion in the future.
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Chapter 7

Modern Physics of the
Thermoelectric Phenomena:
Achievements and Problems
Gulmurza Abdurakhmanov, Dibya Prakash Rai
and Gulbahor Vokhidova

Abstract

This chapter discusses internal discrepancies of contemporary conceptions of
physics of thermoelectric phenomena (Seebeck, Peltier, and Thomson effects). These
conceptions contradict also with experimental data obtained in a wide range of tem-
perature for various materials (pure metals, alloys, Si, Ge, intermetallic and oxide
compounds, borides, and silicides). One of these contradictions arises from the energy
conservation law and definition of the Seebeck coefficient—the last cannot exceed
86.25 μV/K in any material. This limitation is met in metals and alloys, while in
nonmetallic materials it exceeded hundreds and thousands of times. Experimental
temperature dependence of the Seebeck coefficient demonstrates the polarity reversal
and sharp extrema (increases up to 100–1000 times) for various materials, which are
not followed from theory. Constancy of the Seebeck and Peltier coefficients (under-
lying the definitions of thermoEMF and Peltier heat) contradicts with Thomson
formulae requiring temperature dependence of these coefficients (otherwise the
Thomson effect is absent in any materials). The role of structural (spatial) inhomoge-
neity of the thermoelectric material and the wave nature of thermal radiation are
discussed for potential physical mechanism of thermoEMF generation. Extension
of expressions for charge and thermal energy flow to take into account nonlinear
properties leads to huge mathematical complications.

Keywords: Seebeck effect, Peltier effect, Thomson effect, thermopower,
thermoelectric figure of merit, phonon drag, sign inverse, irreversible
thermodynamics, Boltzmann equation, Onsager’s relations, structure transitions,
high-frequency electromagnetic waves, inhomogeneity

1. Introduction

The thermoelectric materials are the new energy efficient materials for the green
energy harvest. Owing to (i) threat to exhaustion of fossil fuels (oil, gas, and coal), so
there is a need to create efficient and cheap methods of using renewable energy
sources and (ii) the expansion of technical and technological capabilities of mankind,
which leads to an increase in the amount of waste heat and pollution of the
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environment. This worsens the conditions of human existence and forces to look for
methods of using waste heat; (iii) creation of the theory of “phonon glass, electronic
crystal” [1] and the discovery of a new class of thermoelectric materials, the oxide
compound NaCo2O4 having high value of thermopower [2], the research interest on
the thermoelectric phenomena in various materials and structures has increased dra-
matically in the last two decades.

Scientific aspect of this interest is also important because thermoelectricity:

i. allows us to have information on the state of the electronic subsystem in
various materials and structures;

ii. has served an experimental basis for verification of concepts of equilibrium
and nonequilibrium thermodynamics;

iii. can serve as a scientific basis for creating new thermoelectric materials used
in devices to convert waste heat and solar radiation into electricity.

Over two centuries of research on thermoelectric phenomena, many famous
scientists have contributed to their study and practical applications. As a result, a
physical concept of these phenomena was developed, which made it possible to
explain the temperature dependence of the coefficient of thermoEMF (Seebeck coef-
ficient) S in metals and semiconductors at high temperatures T, where the depen-
dence S(T) is weak. These concepts are based on the laws of linear nonequilibrium
thermodynamics and the solution of the Boltzmann kinetic equation (mainly with
respect to the relaxation time approximation τ). However, such nonlinear properties
of S(T) such as changes in sign and extreme value at low temperatures are often
considered as anomalies not worthy of attention and therefore not reflected in these
concepts.

A close examination of theoretical conceptions, including phonon drag, and
a comparison of their results with experiment reveals a number of internal
disagreements and inconsistencies. For example, researchers have contrary
definitions of “absolute thermopower” and “differential thermopower” [3, 4]. The
present chapter will discuss (1) the main theoretical and experimental results of
thermoelectric phenomena, (2) the internal inconsistencies of the theoretical
concepts and their discrepancies with the experiment, (3) the possible causes of
these inconsistencies and discrepancies, and (4) the possible ways to overcome
them. The effects of magnetic field as well as anisotropy of material will not be
considered.

2. Theoretical basics

There are three thermoelectric phenomena (Figure 1):

1.Seebeck effect � generation of thermoEMF Δφ in material due to the
temperature difference ΔT = TH�TC (discovered in 1821).

2.Peltier phenomenon � cooling (QP < 0) or heating (QP > 0) of contact of
different conductors, connected in series, according to the direction of electrical
current I (discovered in 1834).
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3.Thomson phenomenon (1854) � evolution (QT > 0) or absorption (QT < 0) of
additional heat in homogenous conductor, which is simultaneously affected by a
temperature difference ΔT and an electric current I. Here,TH and TC are
temperatures of the hot and cold ends of the sample, respectively. The most
studied and frequently used phenomena are the Seebeck phenomenon
(generators of electrical energy and thermocouples to measure temperature in
wide range as well as thermopiles to measure thermal radiation intensity) and the
Peltier phenomenon (refrigerators, heaters, and heat pumps), which are
considered mutually reversible, while the Thomson phenomenon is of scientific
interest mainly because of its small value.

The thermoelectric properties of a material characterized by Seebeck S
(thermoEMF), Peltier π, and Thomson τ coefficients:

Δφ ¼ SΔT, (1)

QP ¼ πI, (2)

QT ¼ τIΔT: (3)

The additional heat quantities QP and QT in expressions (2) and (3) are linear
functions of current I, as opposed to Joule heat Q J ¼ I2R of the sample of resistance R.
Therefore, the emanation or absorption of QP and QT depends on the direction of the
current. Thomson effect is considered to be positive (QT > 0) and causes heating of
the conductor if the direction of the current (I) coincides with the gradient of the
temperature (T). Samoylovich and Korenblit [3, 5] reported that the emanation of the
heat is proportional to a current, which is caused by the inhomogeneity of the system
through which the current flows. This inhomogeneity cannot be of chemical nature
only but also due to difference in their structure. For example, thermoEMF is gener-
ated at the interface of mechanically deformed and non-deformed (hardened and
non-hardened, quenched and unquenched) sections of the homogeneous conductor
[6] as well.

The definitions of the Seebeck, Peltier, and Thomson effects, written in the form
(1)–(3), imply by default that coefficients S and τ do not depend on T (or ΔT) while π
and τ do not depend on I.

Thomson’s thermodynamic theory [7] has established an intercorrelation of coef-
ficients S, π, and τ (the first and the second thermoelectric relations, respectively):

τ ¼ T dS=dTð Þ, (4)

Figure 1.
Setup for observing Seebeck (a), Peltier (b), and Thomson (c) effects.
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π ¼ TS: (5)

Further development of thermodynamics of the thermoelectricity has led to
reciprocity relations [8, 9] of kinetic coefficients L12 ¼ L21 in the generalized linear
equations for charge flow j(T, E) and heat flow q(T, E):

j ¼ �L11∇
μ

T
þ L12∇

1
T
, (6)

q ¼ �L21∇
μ

T
þ L22∇

1
T
� μj, (7)

where μ = μ0 + eφ is the electrochemical potential consisting of chemical μ0 and
electric φ parts.

The linear Eqs. (6) and (7) for the charge and heat flows, bringing to Onsager’s
reciprocity relations [8, 9], deny the possibility of thermoEMF generation in the
homogeneous isotropic conductor (Magnus’s law, 1851; see also [3, 5]). Thus,
Samoylovich and Korenblit [3, 5] have emphasized that the assumption on reversibil-
ity of thermoelectric heat (Peltye and Thomson) does not follow from the second
principle of thermodynamics and is the additional assumption. On the other hand, for
developing Eqs. (4) and (5), W. Thomson considered the thermoelectric phenomena
as reversible that is not rather reasonable. This idea of Thomson’s theory was criticized
by Boltzmann as it has fail to confirm the results of various experiments [3, 5]. We
will see below that the experimental data used for confirmation, which almost do not
contain any nonlinearity. Herein, the nonlinearities (see, for example, [6]) were
excluded intentionally as anomalies.

The situation is that the researchers ignore irreversibility of thermoelectric effects
[3]: “Thomson applied the first and second principles of thermodynamics to the
analysis of thermoelectric phenomena, considering thermoelectric processes to be
reversible. The proportionality of the Peltier and Thomson heats to the strength of the
electric current and, consequently, the fact that when the direction of the current
changes, instead of releasing heat, there will be absorption, or, conversely, makes
natural the assumption that in the case of the Thomson and Peltier effects, we are
dealing with processes that are reversible in the thermodynamic sense of the word.” It
can be seen here that the reversibility of thermoelectric phenomena is provided by
excluding from consideration the fact that when an electric current passes through a
homogeneous conductor placed in a medium with a uniform temperature, Joule heat
Q J = I2R is emanated and dissipated in the surrounding medium. Joule heat is the main
part of the energy released in the conductor. One can say that the emanation of Joule
heat when an electric current flows through a homogeneous conductor placed in a
medium homogeneous in temperature is common, while no one has seen the reverse
process - the generation of an electric current in a homogeneous conductor due to the
uniform temperature along the conductor.

It has to be noted that in definition of Seebeck coefficient (1) eΔφ represents
(Figure 1) excess Coulomb energy of electrons on the cold end of a sample relative
to the hot end, arising from their diffusion due to surplus of thermal energy kBΔT
on the hot end relative to the cold one (e is the electron’s charge). Therefore, it is
reasonable to write eΔφ≤ kBΔT, which in a steady state without a current in an external
circuit (an open-circuit mode) leads to the maximum value of Seebeck coefficient:
Sj j≤ kB=e ¼ 86:25 μV=K. Here kB is Boltzmann’s constant. It is important to note that
this limit does not depend on both the studied substance and on the temperature range.
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Apparent expressions for S(T) of metals and semiconductors have derived from
Boltzmann kinetic equation [10]:

For metals, (degenerate electron gas)

S Tð Þ ¼ � π2

3
kB
e

kBT
μ

rþ 3
2

� �
, (8)

For semiconductors (nondegenerate electron gas)

S Tð Þ ¼ � kB
e

μ

kBT
� rþ 5

2

� �� �
: (9)

Here, r is the exponent of momentum relaxation. These expressions are applicable
for higher temperatures (region I in Figure 2), while at lower temperatures, there are
polarity reversal and extremum(s) of S(T). Increasing of |S(T)| at low temperatures
(region II in Figure 2) is usually explained by phonon drag [10–13] (Herring model,
see also Seeger [4]):

Sph ¼ kB
e

m ∗ s2

kBT

� �
τeτph=τeph
� �

τeh i ∝T�7=2: (10)

Here, s is the sound velocity, τe – full relaxation time of electrons momentum, τeph
– relaxation time of electrons momentum due to scattering on phonons, and τph –
relaxation time of phonons averaged over momentum. For moderate temperatures,
when phonon-electron scattering obeys Herring model, Sph � T�7/2 [14]. Gurevich
and Mashkevich [15] showed that phonon drag effects not only S but also the electrical
conductivity of semiconductors.

This mechanism implies that phonons (thermal vibrations of atoms) move from
the hot end of the sample to the opposite end simultaneously with electrons. Phonons

Figure 2.
Typical temperature dependence of the thermopower S(T) (schematic).
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average velocity (≈ 5∙103 m/s) in solids is essentially higher than electrons average one
(≈ 40 m/s for diffusion in Si). Therefore, phonons, colliding with electrons, pass them
part of impulse, creating an additional charge flow and corresponding thermoEMF.
The estimation of this additional thermoEMF gives 400 mV/K up to 10 V/K [4].

Figure 3.
Temperature dependence of thermopower in: Metals at low (a) [16] and high temperatures (b) [17]; (c)
germanium [18]; (d) silicon [19]; (e) borides AlB12 (1), B14Si (2), FeB29:5 (3) [20]; (f) FeSb2 [21]; (g) HfTe5
and Hf0.95Ti0.05Te5 monocrystals [22]; (h) CeB6 thermopower S(T) (1), specific resistance ρ(T) (2), effective
mass m*(T) (3) [11]; (i) (TMTSF)2PF6 [23]; (j) TlInSe2 [24]; (k) the doped silicate glass [25].
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Based on thermodynamic considerations, it is assumed that near 0 K (region III in
Figure 2), the Seebeck coefficient tends to zero. This assumption is experimentally
confirmed in many pure metals and alloys and nonmetallic compounds (Figure 3a, b,
d-g), but a deviation from it is observed in some doped alloys and nonmetallic
materials (Figure 3c, h, i, and 4).

The opinions of researchers are differing about where the thermoEMF occurs. In
many reports [4, 27], it is believe that thermoEMF occurs in the volume of a homoge-
neous material due to a temperature drop (absolute thermopower). Others [3, 5] asso-
ciate the appearance of thermoEMF with the inhomogeneity of the material. Ioffe [28]
related part of S to the contacts. However, this question is still open due to the lack of
direct experimental evidence of one or the other. From an experimental point of view,
absolute thermopower is irrelevant since it cannot be probed directly from a voltmeter.

The relationship of S with the electron energy structure (energy levels) of a metal
is given by the Mott formula [29]:

S ¼ π2

3
k2BT
e

dln σ Eð Þ
dE

� �

E‡ μ

, (11)

σ Eð Þ ¼ � 2e2

3m ∗

ð∞

0

g Eð Þτe df 0 Eð Þ
dE

dE, (12)

g Eð ÞdE ¼ 4π 2m ∗ð Þ3=2
h3

dE is the density of electronic states; m* is an effective mass of
charge carriers; h – Plank constant, f0(E) is the Fermi distribution function

f 0 Eð Þ ¼ 1
1þ e E�μð Þ=kBT : (13)

Comparing distribution of energy flow in the thermopile branches (Figure 1) in
the framework of Thomson’s theory and the computational results, Spry [30] con-
cludes that Thomson’s theory is based on the erroneous precondition. Hence, for the
description of the thermoelectric phenomena, four parameters (σ, κ, S, and π) of a
material suffice, and Thomson’s phenomenon can be neglected.

3. Experimental results

For almost two-centuries history of a thermoelectricity, the thermoelectric prop-
erties of the various materials have been investigated and agreement of experimental
data with expressions (1), (8) and (9) at high temperature, assuming weak variation
in the values of S, π and τ while significant deviations from these expressions have
been observed at a low temperatures. Temperature dependence S(T) of various mate-
rials are shown in Figures 3–8.

Let us note some features of the experimental data presented in Figures 3–8: (1)
sharp changes of S(T) at low temperatures; (2) polarity reversal of S in many cases; (3)
the maximum value of S in many materials essentially exceeds the limit of 86 μV/K. For
example, in the compound TlInSe2 S ≈ 10 V/K at T ≤ 100 K (Figure 3j) and in the
organic semiconductor (TMTSF)2PF6, S(T) increases at T! 0 K (Figure 3i) instead of
reduction according to the theory. Properties (1) and (2) have been found in metals
more than 100 years ago [3, 5]. Consequence of these features signifies a strong

125

Modern Physics of the Thermoelectric Phenomena: Achievements and Problems
DOI: http://dx.doi.org/10.5772/intechopen.1002721



temperature dependence of Peltier π and Thomson τ coefficients, defined by relations
(4) and (5).

Seeger [4] gives dependence of S(T) in silicon (Figure 3d) where S(T) ≈ 100 mV/
K is reached at T = 30 K, as confirmation of phonon drag. However, there is a
question: what is a source of additional energy of electrons to carry out the energy
conservation law? Such high magnitude of S has observed in Ge by Geballa at about
20 K (Figure 5) [14].

There are many results on exotic materials as well as on nanomaterials. Li et al. [31]
investigated lightly doped diamond (Figure 6) and high S value (about 100 mV/K at
100 K) as well as its temperature dependence explained in terms of phonon drag.

The nanoparticle size (d) dependence of S was first observed by J. Singh et al. [34]
and Soni and Okram (Figure 7) [35]. It was found that the magnitude of S increases as
d decreases and achieves the large value about 100 mV/K at 20 K for d ≤ 7 nm, while
for bulk nickel, this is about few μV/K. Authors have tried to explain that this huge
value of S is a result of the enhanced grain-boundary scattering combined with
quantum confinement. It is also noteworthy that the nanoparticles did not show sign
reversal, in contrast to bulk nickel.

Nanotechnology approach has raised ZT value up to �3.6 at 1000 K for well-
known Si-Ge solid solution [37], a high-temperature thermoelectric in use.
Supersaturated solid solutions of Si-Ge containing �1 at.% Fe and 10 at.% P are
prepared by high-energy ball milling. The bulk samples consisting of ultrafine nano-
crystallites (9.7 nm) are obtained by the sophisticated “low-temperature and high-
pressure sintering process.” Despite that the electrical resistivity is slightly high due to
the localization of electrons associated with the highly disordered structure and low

Figure 4.
S/T as a function of temperature for four different Ce-based compounds [26] using previously published data by
three different groups. In each panel, the horizontal vector points to the value corresponding to γ/(NAve). Note the
semilogarithmic scale in the case of CeCu6.
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electrical density of states near the Fermi energy, a very low thermal conductivity
κ (< 1 W m�1 K�1) and a very large value of Seebeck coefficient |S| exceeding
470 μV K�1 have been achieved in association with the nanostructuring and the Fe 3d
impurity states, respectively.

Hinterleitner et al. [38] have estimated ZT = 5–6 at 370 K for 1 μm thick films of the
metastable Heusler alloy Fe2V0.8W0.2Al. Rising of ZT is mainly due to very large slope
of density of states near Fermi level. For such materials, ZT = 20 was predicted
theoretically [39].

An interesting result has been achieved in Cu2Se [36] – in the region of structure
transition, thermoelectric figure of merit ZT has risen up to 470 – highest value in the
history of thermoelectricity. On this basis, one can say that (1) an absence of any
fundamental limitations for the value of ZT has been experimentally conformed; (2)
the ideal heat engine has been created having efficiency of Carnot’s cycle; (3) struc-
ture of the thermoelectric is crucial for thermoelectric phenomena. Unfortunately,
this heat engine is no practical applicable because of the very narrow (order of few K)
working interval of temperature, and low total efficiency.

One possible way to improve thermoelectric properties is using two-
dimensional materials with negative correlation between electrical and thermal

Figure 5.
Thermopower Q (as is in original, instead of S – G. A.) of a filament of p-germanium (Geballe, unpublished),
compared with the Q of Eq. (9) [14]. The room temperature carrier concentration is 5.0∙1013 cm�3. The dashed
curve is computed from (9), using the cyclotron masses; the bend over at the right takes account of intrinsic
conduction near room temperature by placing the EMF for the holes in parallel with one of similar form for the
electrons.
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conductivity [40], which leads to increasing of σ while κ decreases. For the 16-nm-
thick, two-dimensional SnS2 nanosheets obtained at 300 K thermopower 34.7 mV/K
and ZT ≈ 0.13, last value is �1000 times greater than previously reported bulk single-
crystal SnS2.

The silicate glass doped by ruthenium dioxide [25, 41, 42] stands by itself among
the materials of thermoelectric properties investigated. This glass has metallic prop-
erties (S ≈ 10�20 μV/K, ρ∝Tα, α ¼ 1� 2) near room temperature, and the maximum
of S(T) ≈ 1.7 mV/K is observed at T ≈ 970�1000 K instead of at low temperatures
(Figure 3k, more detailed in Figure 9). Such behavior, being accompanied by a
similar change of resistance R(T), is assumed to be a consequence of structural trans-
formations in silicate nanocrystals leading to change of energy gap between the
impurity band and the top of the valence band of glass [25, 43]. This energy gap is the
pseudogap in reality, and nanocrystals act as localization centers for charge carriers
[44, 45].

It has been reported in the nineteenth century that S depends not only on the
composition of the materials but also on its mechanical deformation (change in struc-
ture) [6]. Mechanism of this effect remains unclear. Effect of isotopic substitution of
impurities in metals on S remains unexplained for many years [27]. Progress in
thermoelectric materials in last two decades (Figure 10) based on nanotechnology –

nanosize in homogeneities generated in the material to enhance phonon scattering and
decreasing the thermal conductivity κ. But this method has a fundamental lower limit

Figure 6.
Temperature dependence of thermopower of diamond with hole density p = 1015 cm�3, calculated from first
principles [31]. Solid red curve is for natural diamond (1.1% 13C). Dashed blue curve is for isotopically pure
diamond (100% 12C). Dotted black curve is the calculated magnitude of the thermopower for silicon at electron
density 2.8∙1014 cm�3 [32]. Blue arrow shows the maximum measured thermopower for FeSb2 at 10 K [21],
while purple arrow shows the maximum measured thermopower for isotopically enriched Ge at 15 K [33].
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of about 0.1 W m�1 K�1, inherent in amorphous materials. Lower value of κ in
experiments is about 0.2–0.5 W m�1 K�1 for thermoelectric materials, so one can say
that this method almost achieved the limit.

Figure 7.
(a) Variation of thermopower (S) with temperature of compacted Ni-NPs samples for various TOP concentration
[34]. Inset shows variation of S in the temperature range 100–300 K; (b) Thermopower of various Ni samples, as
indicated [35]. Inset: Low temperature regime.

Figure 8.
Temperature dependence of thermopower S, electrical conductivity ρ, thermal conductivity κ, and thermoelectric
figure of merit ZT for Cu2Se around the structure transition [36].
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Effect of carrier concentration on S was directly conformed in experiments on
thermoelectric profiling of p-n-junctions, made of GaAs (Figure 11) [46] and Si
(Figure 12) [47]. In these experiments, the heated tip of the scanning tunnel micro-
scope was in contact with the sample along a line perpendicular to p-n-junction (inset
in Figure 11b) and the thermoEMF between the tip and the sample was measured at
each point. Despite the nanometer resolution, these results do not solve the problem
of location of the thermoEMF because of measuring the thermoEMF between the
material of heated tip and the cool sample at the point of contact.

4. Discussion of theoretical and experimental results

It was established in two center of investigations that thermoelectric phenomena
are strong nonlinear for all materials (metals, alloys, and semiconductors), and these
nonlinearities manifest mainly at low temperatures (Figures 3–9), so structure inves-
tigations of samples simultaneously with measuring of S(T) is complicated. Moreover,
there are only few experimental data on simultaneously measured S(T) and R(T) for
the same samples, especially for metals and alloys. As consequence, the features of
S(T) in Figures 3–9 are interpreted mainly in itself. This situation is some corrected in
last years [16, 17, 19].

The Mott formulas (11) and (12), which relate S(T) and σ(T) through the density
of states N(E), are of little use in the interpretation of experimental data due to the
fact that there are often no data on N(E).

Let us now to consider the problem of Seebek coefficient measurement. Direct
measurement of S(T) in a homogeneous material is essentially impossible (Magnus
law, 1851, [4]), and it is determined from measured τ(T) via the expression (4)
[10, 48]:

S Tð Þ ¼
ðT
0

τ Tð Þ
T

dT ¼ S Tð Þ � S 0ð Þ: (14)

Figure 9.
Temperature dependence of resistivity and Seebeck coefficient for silicate glass doped with RuO2 (thick film
resistor). Insert is same about room temperature [25].
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Figure 10.
Achievements in thermoelectric materials. Fe2V0.8W0.2Al from [37], Si:Ge(P,Fe) from [38].

Figure 11.
(a) Schematic of the SThEM setup showing a nonuniform temperature zone in the sample; (b) measured
thermoelectric voltage (circles) and calculated Smultiplied by 22 K (line) across a GaAsp-n junction as a function
of distance (x) [46].
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This situation gives rise to the following problem. In (14), τ(T) and temperature
should be measured from T = 0 K, but the third law of thermodynamics forbids
reaching 0 K. To get around this obstacle, the assumption is made that lim

x!∞
S Tð Þ ¼ 0.

Unfortunately, this assumption is not justified physically in any way. The third law of
thermodynamics does prescribe that Δ(T = 0) = 0 and lim

T!0
Δs ¼ 0 (the Nernst theo-

rem, s is an entropy). However, (i) the Nernst theorem is applicable only to equilib-
rium states, while thermoelectric phenomena are essentially nonequilibrium (there
are mass, charge, and energy transport, simultaneously); (ii) the definition of the
Seebeck coefficient S(T) = Δφ(T)/ΔTmathematically leads to an uncertainty of 0/0 at
T ! 0 K, and the value of S(0) may be quite different depending on the behavior of
Δ(T) near 0 K. In metals and alloys, indeed S(0) = 0, but recently, materials have been
found [11, 22, 23, 26] in which there is no indication that the assumption S(0) = 0 is
valid (Figure 3h, i, 4 and 8).

This conclusion is additionally confirmed by limit of S(T) from expressions (7)
and (9):

lim
T!0

S Tð Þ ¼
0 for metals,

∞ for non‐degenerate semiconductors:

(
(15)

As is noted above (page 2), definition (1) implies by default that S does not depend
on temperature (or weakly dependence), so ΔT < < T is required in experiment to
provide applicability of (1); that is, ΔT should be about few K. But then, average
excess of phonon’s energy kBΔT≈100 μeV is essentially less than the excess Coulomb
energy eΔφ≈0:4� 10 eV of electrons, and it is required to find out a source of their
additional energy.

To avoid the difficulties associated with the Seebeck coefficient for the second
branch of the thermocouple while measuring the absolute Seebeck coefficient of a
conductor, it is advisable to use a superconductor in the superconducting state as the
second (reference) branch [27]. The Seebeck coefficient of a superconductor is, by
definition, zero. However, this raises the question of the contact of the superconduc-
tor with the conductor under study, which is not yet considered.

Figure 12.
(a) Principle of scanning Seebeck microscopy; (b) quantitative profiling of S across a silicon p � n junction with
STM [47]. The theoretical S profile based on the doping density and the S profile reconstructed from VS and ΔT.
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There is a contradiction between the definition of the Seebeck coefficient (1) and
the first Thomson formula (4) as well. Namely, definition (1) requires that S does not
depend on T, that is, dS/dT = 0. So, the Thomson coefficient τ = TdS/dT = 0. This
means absence of the Thomson phenomenon in any materials.

A similar conclusion follows from the fact due to the assumption of small ΔT;
definition (1) can be considered as an expansion of the unknown function Δφ(ΔT) in
a series in powers of T near T0 (compare with definitions of temperature coefficients
of linear expansion, electric resistance, capacities, inductance):
Δφ ΔTð Þ ¼ T � T0ð Þ dΔφ=dTð ÞT0

, and S ¼ dΔφ=dTð ÞT0
must also be constant, so

τ = TdS/dT = 0 is again in accordance with (4).
As seen from above, understanding the physical nature of thermoelectric phe-

nomena is not far from the situation at the end of nineteenth century [6, 49] and in
the 1950s [3, 5]:

“The subject, I have chosen is one intimately connected with the names of at least
two well-known members of this University—the late Prof. Cumming and Sir William
Thomson. It possesses at present peculiar interest for the physicist; for, though a great
many general facts and laws connected with it are already experimentally, or other-
wise, secured to science—the pioneers have done little more than map the rough
outlines of some of the more prominent features of a comparatively new and almost
unexplored region. Some of its experimental problems are extremely simple, others
seem at present to present all but insuperable difficulties. And it does not appear that
any further application of mathematical analysis can be safely, or at least usefully,
made until some doubtful points are cleared up experimentally.” [49].

“The best currently used Bi2Te3-Sb2Te3 system was optimized in 1949 (Z increased
from ≈ 10�3 K�1 to ≈ 2.6∙10�3-K�1). Over the following 50 years this system was
reoptimized only insignificantly (by no more than 15%)… By now the method of solid
solutions has exhausted itself. Numerous attempts to introduce third and subsequent
systems gave only a 2–3% improvement.

Currently, the efficiency of thermoelectric materials (low-temperature) is
Z ≈ 3∙10�3 K�1. The next qualitative step is needed. Various options and new methods
are tried and studied. However, they give a significant addition to the Z value only for
materials with a low initial efficiency value. Therefore, again and again we can only
approach the magic number Z = 3∙10�3 K�1. Is it a law of nature? Rather, no. But it is
an experimental fact. For bad materials the new methods give significant improve-
ments, for good ones - small ones, for very good ones - practically none so far.

Unfortunately, this explains the barrier that thermoelectric physics and technology
cannot overcome. New fundamental models and approaches are needed.” [50]

5. Possible ways to solve the problems in thermoelectricity

At present, two directions for finding solutions to existing problems of physics of
thermoelectricity can be assumed.

The first one consists of the accounting of nonlinear correlations of thermody-
namic forces and flows in expressions (6) and (7) by including the highest order terms
(at least - the second order):

j ¼ �L11∇
μ

T
þ L12∇

1
T
þ 1
2
L13∇

μ

T
∇

1
T
þ 1
2
L14 ∇

μ

T

� �2
þ 1
2
L15 ∇

1
T

� �2

, (16)
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q ¼ �L21∇
μ

T
þ L22∇

1
T
þ 1
2
L23∇

μ

T
∇

1
T
þ 1
2
L24 ∇

μ

T

� �2
þ 1
2
L25 ∇

1
T

� �2

� μj: (17)

Bakhareva [51] confirms that for coefficients of linear parts of expressions (16)
and (17), the Onsager’s reciprocity relations are again carried out: L12 ¼ L21. The
nonlinear terms cause bifurcation, turbulence, and a hysteresis, complex chemical
processes (for example, Belousov-Zhabotinsky reactions), self-organizing of various
systems, including biological (up to emergence of life). These phenomena are consid-
ered in Prigogine’s fundamental works [52] and Bakhareva’s [51] and Maksimov’s [53]
monographs, mainly discussed with reference to the chemical and the biological
processes. Stratanovich [54, 55] has considered the fluctuation-dissipation theorems
for thermodynamics and their applications to some chemical and the physical systems,
for example, to the Benar’s cells formation.

Nonlinear properties in thermoelectricity are considered in a number of works
[56–59], mainly in the case of the high gradient of temperature arising in the
nanostructures. Cimmelli et al. [56] noted violation of Onsager’s reciprocity relations
because of nonlinear processes. But more detailed consideration of the problem com-
pels one to admit the impossibility of same gradients. Moreover, the conception of
temperature comes some undefined at nanoscale.

There are mathematical obstacles for investigation of charge and heat flows (16)
and (17) as well.

The second possible direction to eliminate the collected divergences of experiment
and the theory of the thermoelectric phenomena, most likely, as supplementing pre-
vious one, is based on the wave nature of thermal radiation. As a matter of fact, the
existing theories of the thermoelectric phenomena provide information regarding the
interaction of the thermal radiation with the thermoelectric material as process of
energy exchange only. This idea considered a process of energy transmission from a
heat to an electronic gas (the heat engine) of density n and pressure of electronic gas
p ¼ nkBT changes. In the absence of the temperature gradient, the difference of
pressure of electron gas in contacting conductors is counterbalanced by the difference
of contact potential. Difference of temperatures in diverse conductors redistributes
mobile charges and generates thermoEMF [6].

It is interesting to note that modern researchers of thermoelectric phenomena
argue on the generation of thermoEMF in the volume of a homogeneous conductor by
the temperature gradient (neglecting the presence of a contact separating two differ-
ent conductors). However, in the absence of a temperature difference, the pressure
difference of the electron gas in the conductors (due to different n and EF in them) is
compensated precisely by the contact potential difference; that is, the state of contact
of conductors is important for the occurrence of thermoEMF. In this regard, we recall
once again that the Seebeck and Peltier phenomena are mutually inverse, and the
experiment of E. Lenz in 1838 unambiguously proves that the second takes place
precisely in the contact of different conductors (see page 655 in [6]).

It is well-known that a thermoelectric system has spatial inhomogeneity of various
scale (fluctuations of composition, contacts, polycrystallinity, etc.), and as a result,
the concentration of free charge carriers n(x) is spatial inhomogeneous. The last leads
to an uneven distribution of the electric field of incident thermal radiation at nano-
scale. Interaction of inhomogeneous high-frequency electric field with free charge
carriers generates unidirectional forces (ponderomotive forces) and corresponding
flow of the carriers [60].
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From this point of view, free charge carriers in conductors are considered as
oscillating system (plasma or Langmuir oscillations) with own frequency [61]

ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2

m ∗ εε0

s
, (18)

This oscillating system interacts with an incident thermal radiation (which is a
wideband electromagnetic waves, Planck formula). This concept leads to the origin of
dispersion relation, resonance, and the nonlinearity. Here, m* – effective mass of elec-
trons, ε0 - electric constant, and ε - dielectric permeability of a material. The spatial
inhomogeneity of n(x) leads to variations of ωp in the thermoelectric system, in the
orientation and magnitude of the ponderomotive force from point to point (i.e. polarity
reversal of the generated thermoEMF). If ω < ωp, the ponderomotive force draws
carriers into the higher field region, while for ω > ωp, this force throw out carriers same
regions; that is, at the frequency ω≃ωp, generated direct EMF changes the polarity [58].

Studies of semiconductor diodes of various designs [62, 63] showed that even
diodes aimed for operation at microwave (frequency higher than 1 GHz) lose detector
properties at about 100–200 MHz but become capable of detecting at 10 GHz
(Figure 12a).

Figure 12b shows the dependence of the detected open-circuit voltage VOC on
microwave power P at 10 GHz for diode GA402B where one can see polarity reversal
of VOC and hysteresis. An arrow pointing down corresponds to an increase in power
during measurements; an arrow pointing up corresponds to its decrease. Origin of the
hysteresis is not clear yet.

The sign of detected voltage of serviceable diode (curve 1 in Figure 12b) is oppo-
site to the sign of thermoEMF (curve 2), inherent for deliberate breakdown diode.
Comparison of the Figure 12a and bmakes us assume that the detected voltage (curve
1 in Figure 12b) has an unknown physical nature. Furthest experiments on point-
contact, p-n-junction, and Schottky diodes [64] demonstrated the correlation of
detector properties (Figure 12b) with the microwave electric field inhomogeneity,
generated by various methods.

Figure 13.
(a) Frequency dependence of the detected open-circuit voltage VOC for the diode GA402B at fixed power
P = 1 mW and T = 300 K [62]; (b) the detected open-circuit voltage VOC versus power P at 10 GHz for same diode
[63]. The germanium diffusion p-n-junction mesa-diode GA402B (from Russia) aims to operate as parametric
amplifier at 10 GHz [64].
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Probably, observable features of S(T) in various materials (see Figures 3–9) are
the results of interaction of infrared electromagnetic wave (heat radiation) with the
inhomogeneous electron (hole) gas in the thermoelectric and corresponding local
variations of m*, ε or n, especially in thin transitional contact region, where strong
spatial variations of properties of materials and of the ponderomotive force take place
(Figure 13).

Such approach to the thermoelectric phenomena enters into consideration, unlike
linear nonequilibrium thermodynamics, temporal characteristics of thermoEMF
generation process.

6. Conclusion

Experiments have confirmed that there are no fundamental limitations for ther-
moelectric figure of merit ZT. Achieved maximum of ZT ≈ 470 allows us to say that
the ideal heat engine has been realized. This engine has efficiency about Carnot’s cycle
but does not have practical applications because of the narrow working interval of
temperature (order of few K).

Origin of the high value of Seebeck coefficient (1000–100,000 μV/K) and nature
of their polarity reversal remain unclear yet.

Comparison of the theory of the thermoelectric phenomena and experimental data
in various materials (metals and their alloys, oxides, borides, silicides, and interme-
tallic compounds) shows that observed nonlinear properties (nonlinearity, an extre-
mum, and sign of change) on the temperature dependence of Seebeck coefficient
(and, respectively, Peltier and Thomson coefficients) are common for all materials
and essentially differ from theoretical representations. It shows that the possible way
to eliminate these divergences is the accounting of temperature dependence of
parameters of a material (an electrical conductivity, thermal conductivity, and
Seebeck, Peltier, and Thomson coefficients) with simultaneous consideration of wave
properties of thermal radiation. Also, the comparative experimental study of S(T) and
R(T) as well as structural changes on the same sample is necessary.

The correlations between S and ρ, on the one hand, and the impurity band position
in the energy gap of the silicate glass need thorough investigation in understanding the
physical mechanism of electrical conduction and the thermoEMF generation in doped
silicate glass, which is considered as prospect thermoelectric material.

From the experimental point of view, it is required to locate the position of the
contact where the thermoEMF arises in a homogeneous part of the sample. As far as
Seebeck and Peltier phenomena are considered mutually reversible and appearance of
the last on contact of two differing materials have unequivocally established, the
Seebeck effect needs such experimental demonstration as well.
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