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Abstract
This work presents a complete study of thermoelectric materials. It starts with a study
of a Solar Concentrator and the development of a Genetic Algorithm and Cross-Entropy
for analyzing experimental data. Contains a study on thermoelectric devices, from a new
experimental setup. It also counts on the development and manufacture of an entire
equipment for measuring thermoelectric materials, both bulks and thin films. It ends
with the preparation of a specific thermoelectric material, the MoS2, and the use of all
the apparatus previously developed for its study.

Key-words: Self-adaptative Differential Evolution. Thermoelectric Materials. Figure of
Merit. Thermoelectric device characterization.
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1 Introduction

Science has a increasingly multidisciplinary. The need to act on several fronts to
study phenomenon of nature is increasing. This is necessary to the study in of condensed
matter physics, sub-field semiconductors and particular thermoelectric materials.

Complete analysis of materials requires the preparation of the sample with the
choice of process for this, that involves both Physics and Chemistry. This process takes
place with the use of some equipment, that involves engineering. After the construction
of the equipment, the choice of the process, and the preparation of the sample, comes the
measurements and obtaining data. Data analysis requires Mathematics and Computation,
and, in our case, an algorithm that mimics Biology. All these elements were brought
together to carry out this work to develop knowledge of thermoelectric materials.

Thermoelectric materials belong to a topic of great importance and have many
applications. As a result, in this work, we propose to carry out a complete study of them.
This study involves the development of a computational tool, an evolutionary algorithm,
which aims to analyze the experimental data. An experimental apparatus was also made
for the analysis of thermoelectric generating devices, the TEG (Thermoelectric Genera-
tor). After that, entire equipment was developed for the thermoelectric characterization
of materials, in bulk or thin films, and software for control.

Other equipment work was also be carried out, with the adaptation of an oven for
sample preparation, both bulk and thin films. And, finally, the preparation and characte-
rization of a thermoelectric material. We initially worked with the Molybdenum disulfide,
MoS2, powder for pellet production. And, even further, the growth of thin films from
MoS2.

These subjects were developed in separate works, thus showing the versatility and
effectiveness of the developed methods, and presented in separate chapters. The first work
carried out was using the developed computational tool.

Starting with the computational tool, we have the GA (Genetic Algorithm). They
are a particular type of evolutionary algorithms that use approaches derived from evoluti-
onary biologies such as heredity, mutation, natural selection, and recombination. They are
inspired by the Darwinian principle of the evolution of species and by [1] genetics. They
are probabilistic algorithms that provide a parallel and adaptive search engine based on
the principle of survival of the fittest and reproduction.

The principles of nature that GA are inspired by are simple. According to Charles
Darwin’s theory, the principle of selection favors the fittest individuals with the longest
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life and, therefore, with the greatest probability of reproduction. Individuals with more
descendants are more likely to perpetuate their genetic codes in future generations. Such
genetic codes constitute the identity of each individual and are represented on chromoso-
mes.

These principles are imitated in the construction of computational algorithms that
seek a better solution for a given problem, through the evolution of populations of solutions
encoded through artificial chromosomes.

They are like a computer simulation where a fixed amount of possible solutions,
called a population, is evolved in search of better, more adapted solutions. This evolu-
tion starts from a randomly created population and goes through several mutations, or
processes, through its generations. At each new generation, the new set of solutions is
evaluated, and its adaptation to the environment is verified (in this case, the adaptation
to some previously established mathematical criterion, called an objective function). The
most adapted ones are then selected for the next generation, recombined, mutated, and
form a new population. This new population is then used as input for the next iteration
of the algorithm so that the evolution, the process, continues.

The meta-heuristic method called DE (Differential Evolution) was proposed by
Storn and Price [2]. Initially, the DE algorithm was applied to solve systems of continu-
ous variables [2] and soon proved to be efficient for a wide range of problems [3, 4, 5, 6].
Later, it was updated to, no longer depend on control parameters, becaming self-adaptive
[7], receiving the name of SADE (Self-Adaptative Differential Algorithm). With this pro-
cedure, it is possible to find the global minimum of multimodal nonlinear functions in a
light and efficient way that is popularly used to solve engineering problems [8].

This method was used to obtain the best fitting parameters of experiments des-
cribed in the Chapters 2 and 4 showing their great efficiency and robustness, being able
to be applied to different problems, and will be applied to the works carried out in the
Chapter 5. Another work was also carried out using this algorithm, which is presented in
Annex B.

This very powerful algorithm will be used to study semiconductors. We will study
semiconductors with interesting thermoelectric properties. The thermoelectric effect is
the direct conversion of temperature gradient into electrical voltage and vice versa. The
potential differences related to temperature gradient between the extremes of the material
are what characterizes the thermoelectric effect [10, 11]. Thus, these can be used to
generate energy and recover waste heat, and as coolers or heaters [12, 13]. However,
due to their low efficiency, the applicability of thermoelectric devices has been limited
[12, 13, 14, 15, 16].

Generally speaking, these devices are used in applications where reliability and
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robustness are more important than efficiency, such as satellites and space probes (on
Voyager 1/2 and the Mars Curiosity rover, for example) and in oil and gas pipelines (to
power monitoring and control systems). Other occasions in which thermoelectric devices
are preferred are in situations where portability or size or shape are limiting factors. For
example, in the cooling of small regions in integrated circuits, in mini-refrigerators for
domestic use (for bottles or beverage cans), or the thermal control of seats in some car
models.

Despite being known for almost two centuries (the Seebeck effect was discovered
in 1823), not much is known about the thermoelectric properties of new materials. One of
the obvious reasons for this is that they did not exist until recently. Another is that only
recently have the means (computational capacity) been available to perform the necessary
calculations to study the thermoelectric properties of these new materials [14] and even
experimental techniques to measure thermoelectric effects in some types of nanostructures,
such as molecular junctions, in which the first measurement was made only in 2007 [17].

The basic principles of thermoelectric devices have not changed much since the
1960s with the use of bismuth telluride and its alloys. Since that time, there have been
significant advances in materials for use in a thermoelectric generation, but at all tempe-
ratures, energy conversion efficiency falls far short of an ideal thermodynamic machine.

The use of semiconductors as thermoelectric materials was responsible for the
reinvigoration of research in thermoelectricity in the 1950s. This is directly linked to
the investigations of Goldsmid [18] and Ioffe [19] who consider both thermodynamics
approaches as solid-state. They extended previous development into the microscopic area
and opened the door to materials and applications engineering. Ioffe introduced the figure
of merit as the primary parameter, which brings together the different transport, enabling
an efficient way to classify the various thermoelectric materials

In 1821, the German physicist Thomas Johann Seebeck was the first to discover
the effect that bears his name. Seebeck observed that a compass needle was deflected
from its position when it was placed in the vicinity of a closed circuit, where the circuit
was simply formed by a link of two different metals whose junctions were held at dif-
ferent temperatures. Initially, Seebeck believed that the temperature difference induced
magnetism in the materials, but he soon realized that it was the thermoelectric force
that generated an electric current that, under Ampère’s law, deflected the needle. This
observation provides direct evidence that an electrical current flowed through the closed
circuit, promoted by the temperature difference.

The temperature difference causes, in the material, the diffusion of charge carriers
(electrons or holes) from the hot junction to the cold junction. A configuration of moving
charge carriers migrates to the cold side and leaves behind immobile cores of opposite
charge on the hot side, thus giving rise to a thermoelectric voltage. Accumulation of
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charge carriers on the cold side eventually ceases when an equal amount of charge carriers
drift back to the hot side as a result of an electric field created by the separation of
charges.

At this point, the material reaches an equilibrium state and only an increase in
temperature difference may increase the number of charge carriers on the cold side and
thus increase the thermoelectric voltage. An EMF (Electromotive Force) is generated
between two different materials such as metals or semiconductors.

This leads to a direct current flowing through the materials through their junctions
when they are held at different temperatures. The parameter associated with this effect
is the so-called Seebeck coefficient 𝑆, which indicates the material’s behavior in terms of
the voltage generated in it when subjected to a temperature gradient.

In 1851, Gustav Magnus discovered that the voltage in the Seebeck effect does not
depend on the temperature distribution across the metals between their junctions. This
indicates that thermal energy is a function of the state. This is the physical basis for the
thermocouple which is used as a sensor in temperature measurements.

In 1834, French watchmaker and physicist Jean Charles Athanase Peltier observed
that an electrical current could either produce heating or cooling of a junction of two
dissimilar metals. In 1838 Lens showed that depending on the flow of electric current,
heat could either be removed from the junction until the water freezes or by reversing the
current, promote the melting of ice.

The rate at which heat is absorbed or generated at the junction is proportionally
linear concerning the applied electrical current, in contrast to irreversible Joule heating,
which is quadratic concerning current. This is the main effect that refers to thermoelectric
refrigeration or heat pumping.

Another very important parameter of materials, with an electrical character, is
called resistivity 𝜌. It is defined as the electric field rate parallel to the current density 𝑖 in
the absence of a thermal gradient. In an isotropic conductor, the electrical conductivity 𝜎

is reciprocal to 𝜌, but there are situations in which the electric field and current may not
be aligned and 𝜎 ̸= 1/𝜌. The application of a magnetic field in a given direction makes
all materials anisotropic to some extent.

Electrical resistance is a property that has been extensively measured in materials,
although it is simple, it presents special problems when it comes to electrical resistance
measurements in thermoelectric materials. The electrical resistance 𝑅, of a piece of metal
wire, is obtained by passing an electrical current known to the material and observing the
electrical potential difference at its terminals. The electrical conductivity depends on the
length of the conductor 𝑙 and its cross-sectional area 𝐴. 𝜎 = l/AR is somewhat difficult to
find for a semiconductor because there is often a resistance associated with the contact.



Chapter 1. Introduction 23

The conventional way to overcome this problem involves the use of voltage measurement
contacts inserted into the sample.

Thermal conductivity, represented by the letter 𝜅, is the ability of the material
to transfer heat when subjected to a temperature gradient across different points of its
extension. In solids, it is highly dependent on the temperature and the atomic structure
of the material.

At room temperature, thermal conduction by charge carriers occurs predominantly
in metals. Thermal conductivity in thermoelectric materials consists of conductance via
electrons and phonons.

The efficiency achieved in thermoelectric machines is limited by the thermal and
electrical properties of the semiconductor materials in which thermal energy transport and
electrical energy conversion take place. The elementary theory of thermoelectric machines
is such that after optimizing the geometry of the thermoelements the coefficients of the
thermal and electrical properties of the material can be combined into a simple efficiency
parameter. This parameter is called the thermoelectric merit figure, represented by 𝑍. It
is used to assess the usefulness of a semiconductor for use in thermal machines or devices.

One of the main targets of research and development of thermoelectric materials
is to manufacture semiconductors that present values of 𝑍 as high as possible at the
temperatures at which the devices consisting of these semiconductors will be applied.

In general, semiconductor materials have better 𝑍 values when compared to metals.
In a first analysis, it can be said that the reason for this is due to the Wiedemann-Franz
Law, which establishes that the ratio between 𝜅 and 𝜎 is the same for all metals at a
given temperature.

The figure of merit 𝑍 is given in terms of 𝜌, 𝑆 and 𝜅, according to the following
equation:

𝑍 = 𝑆2

𝜌𝜅
(1.1)

There is great difficulty in optimizing its value since in simple materials, the incre-
ase in the Seebeck coefficient leads to a decrease in electrical conductivity and the increase
in electrical conductivity leads to a comparable increase in thermal conductivity.

For a thermoelectric module to have an efficiency comparable to mechanical sys-
tems equivalent to the dimensional merit figure 𝑍𝑇 , which is 𝑍 multiplied by the tempe-
rature 𝑇 , it must be approximately equal to 3, at room temperature [20, 21].

Many measurements are made on materials to obtain the figure of merit 𝑍 of the
material. These measures logically involve measurements of the Seebeck 𝑆 coefficient, the
resistivity 𝜌 and the thermal conductivity 𝜅.
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Among these measures, three stand out for their practicality and efficiency.

To measure the resistivity 𝜌, a widely used method is the so-called 4-point method.
It consists of using 4 pins, which are in contact with the sample, linearly. The two external
pins are used to apply the voltage to the material (and where the current is measured)
and the two internal ones where the voltage is measured. Not measuring voltage values at
the same points where it is applied corrects contact resistance and voltage drop effects.

The measure of the Seebeck coefficient 𝑆 comes from the generation of a tempe-
rature gradient in the sample. This difference in temperature between the tips generates
a potential difference. With accurate measurements of both quantities, we were able to
obtain this characteristic of the sample.

The thermal conductivity measurement 𝜅 is made by the Kohlrausch method. It
consists of heating the center of the sample while the tips are kept at lower and equal
temperatures. In this process, the temperatures and the potential difference generated in
the material between the center and the tips are measured.

The calculations require the value of the thermal conductivity 𝜎, and, therefore,
it is a measurement that must be taken together with a measurement of this magnitude.
In our case, the 4-point one is described above.

These measurements are extremely effective and accurate and can be performed on
a single device. With this, the value of the important thermoelectric quantity of materials
is obtained, the figure of merit. The three methods described above can be applied both
for measurements in bulk format materials or thin films.

TEM (Temoelectric Modules) uses solid-state thermoelectric material that gene-
rates a temperature gradient through electrical energy (Peltier effect). During operation,
electrical current flows through the thermoelectric module to generate a temperature dif-
ference, transferring heat from the cold side to the hot one. Currently, a single TEM is
capable of generating a temperature gradient of up to 70 K.

Heat is absorbed in the cold side of a TEM, which has the same role as the
conventional system evaporator. The source of electricity has the same function as the
compressor in the conventional system, providing energy to move electrons through the
system. In the hot side, which behaves like the condenser in the conventional system, heat
is dissipated into the hot reservoir. Finally, following the same analogy, electrons play the
role of the refrigerant in the conventional system.

Unlike other refrigeration systems, thermoelectric systems have no moving parts.
Its solid-state guarantees high reliability and durability. Such systems can reach cooling
temperatures of up to -1000 ∘C, using cascaded thermoelectric modules. They also allow
temperature control with precision up to ± 0.01 ∘C in a steady state. Another feature of
thermoelectric systems is the possibility of heating or cooling only changing the direction
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of the current.

The technology involved in these devices is entirely solid-state, as these elements
are composed of n-type and p-type semiconductors, which makes thermoelectric systems
simple when compared to conventional energy conversion systems [22, 23].

In the thermoelectric cooler, the Peltier effect occurs, in this case, the electrons in
the n-type semiconductor and the holes in the p-type semiconductor remove heat from the
metal-semiconductor junctions, which leads to their cooling. If a temperature difference
is maintained between the two ends of the materials, the high thermal energy from the
electrons and holes will diffuse to the cold side, creating a potential difference, which
can be used to generate external power, in this case, the thermoelectric effect involved is
Seebeck and there is a thermoelectric generator [23, 24]

There are great advantages in using these devices, as they are light, compact,
silent, do not pollute the environment, and have great durability, for these reasons they are
applied in space air, for example, by NASA in Voyager I and II and the Cassini mission to
Saturn [20]. Despite the advantages presented, there are still problems in the applicability
of these systems, as they have low efficiency when compared to the mechanical equivalents
[22].

With the growth in the production of new devices, such as ultra-fast and flexible
electronic devices, more efficient solar panels, micrometric transistors and safer medical
devices, a new field in research into more efficient materials has started, with many re-
duced dimensions of the order of nanometers, especially two-dimensional semiconductor
materials, formed by a simple layer of atoms or molecules.

With advances in graphene research since 2004 [25], other materials 2D (Two
Dimensional) were synthesized in the most varied classes and have received great attention
in research in materials sciences. In 2D materials, electrons and phonons are confined in
a layer, which makes these materials have unique properties, different from their bulk
counterparts [26].

Graphene, as the main reference for two-dimensional specimens, has high electrical
mobility, excellent thermal conductivity, and excellent mechanical strength, however, its
applicability in the semiconductor device industry is limited by its zero energy gap [27].
When it comes to technology, one of the most special characteristics of a solid is the energy
gap, which is defined as the interval between the top of the valence band and the bottom
of the material’s conduction band. To engineer graphene’s energy gap, complex techniques
are required that greatly increase its production cost. A less expensive alternative to this
engineering would be to produce graphene-like semiconductor materials.

Graphene is a conductor, boron nitride (BN) is an insulating material, and also
dichogenates which are semiconductor materials (MoS2, WS2, MoSe2 WSe2, phospho-
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rene, etc.) [28]. MoS2 was one of the first two-dimensional semiconductor materials to be
isolated [29] and presented new characteristics due to the reduction of the material’s di-
mensionality, such as the change in the indirect energy gap (material three-dimensional),
to direct (monolayer) [30].

The production of 2D molybdenum structures is widespread in the literature. Seve-
ral routes for the production of quality monolayers can be taken, however, three processes
are the most mentioned: microcleavage of a molybdenite crystal, chemical exfoliation, and
CVD (Chemical Vapor Deposition). Microcleavage, as with graphene, produces the best
crystalline quality samples, since the monolayer is removed directly from a natural crys-
tal, but the production process is random and poorly reproducible. Chemical exfoliation
has low cost and a high potential for scale production, however, chemical processes invol-
ving toxic agents. Chemical vapor deposition is a technique capable of producing large
monolayer films of good quality and good reproducibility [31].

Molybdenum (Mo) is part of the family of transition metals, which are located
in block B (group 3-12) in the periodic table. According to IUPAC (International Union
of Pure and Applied Chemistry), a transition metal is defined as an element whose atom
has the incompleted sublevel, or which can form cations with an incomplete sublevel.
Molybdenum has a metallic color at room temperature.

The most common oxidation states of molybdenum are Mo+2, Mo+3, Mo+4, Mo+5,
and Mo+6, molybdenum can be classified as a good electrical conductor. Today there
are many applications for molybdenum such as metallic alloys with high mechanical and
corrosive resistance; catalyst in industries (for sulfur removal); filaments of electrical com-
ponents.

In the field of these alternative materials, the ones that stand out the most are
the TMD (Transition Metal Dichalcogenides). They are represented by the nomenclature
MX2, which refers to the possible combinations of the components of the periodic table,
where M = transition metal (Ti, Zr, Hf, V, Nb, Ta, Mo, W, Tc, Re, Co, Rh, Ir, Ni, Pd,
Pt) and X = Calcogenide (S, Se, Te) [1]. MX2 forms a large family of materials that have
various physical properties, such as semiconductors, semimetals, topological insulators and
superconductors. Among these materials, MoS2, WS2, MoSe2, WSe2 and MoTe2, they are
semiconductors and arouse a special interest, since their gaps can be adjusted according
to the number of layers, making them, therefore, excellent candidates for applications in
nanodevices [27].

A material with the wide application is graphene [32, 33, 34], and its discovery
enabled the rise of a new class of 2D materials, called dichalcogenated transition metals
(TMD) [35], where the bulk configuration is already well known in materials science.

In numbers, the TMD are around 60, but only a third of them assume monolayer
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structures. Most of these crystals are synthetic, but there are natural crystals [36]. TMD
monolayers have been studied due to their diversity of band structure, the easy fabrication
of heterostructures and the great potential for applications in electronic devices due to
their optical and electrical performance [26].

The monolayers of TMD have distinct properties from the bulk form, such pro-
perties can transit between metals, semiconductors [37] and insulators [38] and meet
new applications in electronics and photonics, since it made it possible to obtain semi-
conductors on an atomic scale, the so-called 2D [39, 40] semiconductors. Among these
semiconductors, molybdenum disulfide monolayers present optical and electrical charac-
teristics of interest in research [41, 42, 43, 44]. ’MoS2 monolayer’ is defined as MoS2 layers
in the order of 0.65 to 0.70 nm thick [29, 30, 41, 45].

Depending on the arrangement of the sulfur layers, it is possible to obtain three
distinct geometries for the MoS2: the 2H (Trigonal Prismatic) geometry, with hexagonal
symmetry, two layers per repeated unit and trigonal prismatic coordination; 3R (Trigonal
Prismatic), with rhombohedral symmetry, three layers per repeated unit and trigonal
prismatic coordination and; 1T (Octahedral), with tetragonal symmetry, one layer per
repetitive unit and octahedral coordination [27, 46, 47].

Among the possible geometries, the 2H-MoS2 is the most researched in the last
decade because it is naturally found in the form of the molybdenite mineral [46, 48]. The
first article mentioned in the 2H-MoS2 was published by Linus Pauling in his doctorate
at the California Institute of Technology - Caltech [49].

Among so many possibilities of TMD, MoS2 presents a justifiable advantage for
research due to its versatility in applications. This material has anti-friction mechanical
properties and can replace liquid lubricants that present environmental and unhealthy
problems [50, 51]. It can be used as an additive in common greases, reducing wear and
friction coefficient, in addition to being used as an additive in mineral and synthetic oils
used in industrial plants. Its use in HDT (Hydrotreating) to remove S, O, N, and metals
from fuels is also possible [46].

It is promising in the manufacture of phototransistors [38, 52], transistors [27] and
cathodes for lithium batteries [46], featuring high mobility and high current gain. MoS2

can also be used in solar cells [53] and light emitting devices [54, 55]. Recently, MoS2

was obtained in the form of nanotubes [56, 57, 58] and nanospheres [59, 60], opening a
wide variety of new applications in the market. It was also discovered that, by unifying
conductive graphene with semiconductor lamellae of MoS2, it is possible to create a ’flash’
type material, widely used in pen drives and external hard drives [61]. MoS2 is also a strong
candidate for applications in spinelectronic components [62, 63].

In addition to the great versatility of this material, its natural abundance and af-
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fordable prices [37, 64, 65, 66] make the material attractive for research and applications.
Another great advantage of the MoS2 would be the improved photoluminescence in the
monolayers [37, 64, 65, 66], an area of research interest, allowing its use as a monolayer
in composites for photocatalytic and electrocatalytic reactions in evolution reactions hy-
drogen [65]. Through the work of Zhu and co-authors [67], there are interactions of the
monolayers of MoS2 with the DNA (Deoxyribonucleic Acid), allowing applications in the
biomedical area due to the FL (Fermi Level) of the monolayers.

According to Lee and coauthors, the photoelectric probe on the MoS2 monolayer
shows a direct gap 𝐸𝑔 of 1.8 eV [29, 52], which explains the FL of the monolayers. For two
and three monolayers of the same material there is a decrease in the direct gap to 1.65
and 1.35 eV, respectively [52]. In the bulk structure, MoS2 presents 1.2 eV of indirect gap
𝐸

′
𝑔 [68].

The study of TMD monolayers is of considerable relevance given its current status
in the field of research, as there are still two decades of study on this material in the
form of a monolayer. Thus, the development of TMD mentions the initial milestone for
obtaining monolayers in 2D: the synthesis of graphene.

Graphene, obtained through the process of exfoliating graphite, was known for 150
years [46]. On the other hand, the first mention of the molybdenum disulfide exfoliation
process in the bulk structure was described in 1986 by a group of researchers from Canada
[46, 69, 70].

If there is a change in the transition metal family, the electromagnetic properties
of the material may change significantly [35]. TMD has a range of possible properties,
where the possibility of the material presenting conductive, semiconducting, or insulating
properties is observed, depending on the chemical elements belonging to the material
[35, 37].

In bulk, a known application is in pellets. In this process, the powder of the desired
material is taken, and this powder goes through a physical and chemical process. In the
case of MoS2 pellet, the most used process starts with drying the powder at a certain
temperature. After that, the pressing is done in a specific press, usually hydraulic, with
the desired size of the insert. In the end, the pellet is taken to an oven under control-
led temperature and atmosphere and sintered. This insert provides us with information
about the material, and structural, chemical, and thermoelectric measurements can be
performed.

Another excellent type of thermoelectric material, with many applications, is in
thin-film format. There would be great material savings if thermoelectric modules could
be made shorter while maintaining the dimensions of their cross-sections as those of
commercial products. Aggravating problems in heat transfer appear when the length of
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the elements of a thermocouple is less than something around 100 𝜇m and there are also
difficulties associated with electrical resistance in its contacts, but this did not prevent
the fabrication and use of thermoelectric micro-modules.

For many purposes, the thermal and electrical fluxes are expected to be perpen-
dicular to the surface of the films, but there are devices in which the fluxes are parallel.
In this case, heat losses from the substrate have to be taken into account.

So, in order to study thermoelectric materials and develop the necessary tools for
this purpose, we developed the following works.

In Chapter 1 we characterize a solar concentrator using thermoelectric generators
through a computational method called Genetic Algorithms. In Chapter 2 we deepen our
analysis of the solar concentrator, and we develop another computational tool, this time
using the cross-entropy method.

The generators used in the solar concentrator of the previous chapters have another
version, which we chose to study for a future application. For this, in the Chapter 3, we
developed an equipment to analyze them and using Genetic Algorithms to analyze the
data.

In Chapter 4 we developed equipment to carry out the thermoelectric characteri-
zation of materials, together with the necessary software for control.

In Chapter 5 we show our work in progress. There, we grew MoS2 samples and are
performing the thermoelectric characterization of the pellets produced.
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2 Characterization of a Solar Concentration
Thermoelectric Generator

In order to develop a complete study of thermoelectric materials, we start with a
computational tool studied and adapted from the literature.

This chapter presents a work I carried out in collaboration with Fernandes, AA,
where I applied the SADE to the case studied in his dissertation. SADE was adapted for
the evolution of three parameters belonging to three equations, simultaneously.

This algorithm adapted by the research group of the LCM (Materials Characteri-
zation Laboratory) was registered and the Software Registration Certificate is presented
in Annex A and was also used in the article presented in the Annex D.

The paper was published in the European Journal of Physics. The results of this
work were presented at the events in the Annex E and F.

Graphical Abstract

Figure 1 – Graphical Abstract of Publication 1
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Highlights

• A didactic thermoelectric generator based on parabolic mirror solar concentrator
was built and tested outdoor.

• Acquisition and analyses of the outdoor IV measurements were carried out at various
irradiation and temperature conditions.

• Self-Adaptive Differential Evolution method was applied to extract parameters by
simultaneously fitting (𝐼,𝑉 ,𝑊 ,𝑅𝐿) data.

Abstract
In this work we developed a didactic linear parabolic solar concentrator for use

with Peltier cooling modules for power generation. The main idea is to maximize the
temperature gradient between the hot and cold sides to provide maximum power for
this system and use that in class for experimental explanations. The cold temperature is
provided by a flow of water pumped from a cold water reservoir and the hot temperature
provided by solar radiation which could reach up to 200 ∘C, but is limited to the Peltier
modules allowed temperature of T< 140∘C. This system is compact and lightweight when
compared to conventional solar electric generators and can be easily assembled and used
in lectures. For this system, we have dedicated to IV measurements and fitting models
to precisely extract the model parameters in a robust simultaneous autonomous fitting
of three equations. As far as we know, our parameter extraction approach was applied to
thermoelectric generation for the first time.

Keywords
Solar concentrator ∙ Seebeck effect ∙ Self-adaptative Differential Evolution ∙ Effi-

ciency ∙ Outdoor measurements

2.1 Introduction
Due to constant reduction in non-renewable natural resources used as power ge-

neration matrices [13] as well as the growing availability of semiconductors devices at
frequent lowering costs for the fabrication of PVSC (Photovoltaic Solar Cells) [14] as well
as TEG [15], alternative forms are becoming worldwide spread. In order to deal with
intermittency associated to photovoltaic [16] and wind power generation, [17] limits of
radiation absorption spectral range [18] and also efficiency decreases due to temperature
effects on PVSC [19], the use of the TEG alone or in association with PVSC technology
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must be considered. One remarkable advantage of TEGs against PVSC is that it gene-
rates energy more effective under cloudy weather [57] since long wavelength radiation
are less subject to be contained by clouds being an effective form to cope with PVSC
intermittency.

PVSC technology is based on a combination of two effects: electron-hole pair ge-
neration by incident light and some space-charge splitting of those pair as presented on
Figure 2. In this example, space-charge effect is provided by a pn junction which builds a
potential barrier at the junction.

On the other hand, TEG Technology is based on a single effect that is the Seebeck
effect, presented on Figure 3. Seebeck effect is caused by the diffusion of carriers from the
hot to the cold side of the sample building a difference of potential between them.

HPC (Heliothermic Power Concentration) is a viable form of power generation
with many power plants and variable forms of power generation scattered throughout the
world. With proper adaptations, HPC can be used with heat storage, allowing its use for
power generation even at night or cloudy environments. Also, according to Singh et al.
[21], the association of HPC with TEG technology is advantageous since it allows power
generation without mechanical parts such as electrical generators, capacitors among other
components, being noiseless, reliable and environment friendly. For this, TEGs convert
heat energy from a temperature gradient that established a small voltage in the opposite
terminals a pn junction of a thermoelectric material due to the Seebeck effect [22]. A
TEG module is composed by more than a hundred of such junctions. Although there
are numerous materials that present Seebeck effect commercially produced, the most
commonly used materials is Bi2Te3 [23] since it presents a good Figure of Merit ZT and

Figure 2 – Illustration of the PVSC containing all relevant parts and simplified operation
characteristics.
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Figure 3 – Illustration of the Seebeck effect showing how the displacement of free charge
carriers, i.e. electrons builds a potential between sample extremes.

thus better tradeoff in US$ per Watt. Other worth to mention materials are PbTe, Bi2Se3,
Sb2Te3, GeTe [24].

In order to analyze TEG measurements, it is important to consider a proper theore-
tical background [43, 44, 45, 46]. For a TEG device, power is derived from thermodynamics
first law considering internal power dissipation RI2 as

𝑃 = 𝑁𝐼[𝑆(𝑇ℎ − 𝑇𝑐) − 𝑅𝐼], (2.1)

where 𝑁 stands for number of pn junctions, 𝑆 is the Seebeck coefficient, I the
current through the TEG, 𝑅 its internal resistance, and 𝑇ℎ e 𝑇𝑐 are the temperatures from
the hot and cold sides respectively. Output power can also be expressed as a function of
the load resistance 𝑅𝐿 as

𝑃 = 𝑁𝐼2𝑅𝐿. (2.2)

Thus, combining Equation 2.1 and 2.2 we obtained the Voltage across the load
resistance

𝑉 = 𝑁𝐼[𝑆(𝑇ℎ − 𝑇𝑐) − 𝑅𝐼]. (2.3)

From Equation 2.1 and 2.2 the current can be isolated as

𝐼 = 𝑆(𝑇ℎ − 𝑇𝑐)
𝑅𝐿 + 𝑅

. (2.4)
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Here, we can see that the current is not a function of the number of pn junctions.

We obtain the power as

𝑃 = 𝑁𝑆2(𝑇ℎ − 𝑇𝑐)2

𝑅

𝑅𝐿/𝑅

(1 + 𝑅𝐿/𝑅)2 . (2.5)

Considering the heat equation, thermal efficiency as the ratio between the output
power and the heat absorbed from the hot side

𝜂 = 𝑃

𝜑
(2.6)

where the power per modulus 𝑃 is P𝑚𝑎𝑥/8 and the heat flux 𝜑 is

𝜑 = 𝜅𝐵Δ𝑇

𝑤
(2.7)

where 𝑤 the thickness, the surface area and 𝜅 is the thermal conductivity. The
Equation 2.6 can be rewritten as

𝜂 =

(︁
1 − 𝑇𝑐

𝑇ℎ

)︁
𝑅𝐿

𝑅(︁
1 + 𝑅𝐿

𝑅

)︁
− 1

2

(︁
1 − 𝑇𝑐

𝑇ℎ

)︁ (︁
1+ 𝑅𝐿

𝑅

)︁2
𝑇𝑐
𝑇ℎ

𝑍𝑇𝑐

, (2.8)

where ZT𝑐=𝑆2𝑇𝑐

𝜅𝜌
and the 𝜌 is electrical resistivity. It is also important to consider

a comparison with the thermal efficiency of an ideal Carnot machine given by

𝜂𝑐 = 1 − 𝑇𝑐

𝑇ℎ

. (2.9)

The maximum efficiency is obtained with R𝐿 =R, so that

𝜂𝑚𝑎𝑥 =
(︂

1 − 𝑇𝑐

𝑇ℎ

)︂ √︁
1 + 𝑍𝑇 − 1√︁
1 + 𝑍𝑇 + 𝑇𝑐

𝑇ℎ

, (2.10)

where, 𝑇 is the average temperature between the hot and cold junction tempera-
tures and is expressed by

𝑇 = 𝑇ℎ + 𝑇𝑐

2 , (2.11)

and the maximum power equation is

𝑃𝑚𝑎𝑥 = 𝑁𝑆2(𝑇ℎ − 𝑇𝑐)2

4𝑅
. (2.12)
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Finally, the effective resistivity is

𝜌 = 4𝑃𝑚𝑎𝑥𝐴/𝐿

𝑁(𝐼𝑚𝑎𝑥)2 (2.13)

and the effective Z-factor is

𝑍𝑒𝑓𝑓 = 1
𝑇

⎡⎢⎣
⎛⎝1 + 𝑇𝑐𝜂𝑚𝑎𝑥

𝑇ℎ𝜂𝑐

1 − 𝜂𝑚𝑎𝑥

𝜂𝑐

⎞⎠2

− 1

⎤⎥⎦ . (2.14)

Thus, this work consists in the experimental measurements of IV characteristics
of a parabolic solar concentrator with Peltier modules in its focus and its subsequent
analysis by a differential Evolution algorithm considering here presented equations. In
the following we will describe our experimental setup and methods.

2.2 Materials and Methods
For this work we developed a cylindrical-parabolic solar concentrator module

whose patent was registered with the INPI (National Institute of Industrial Property)
[38]. It was developed onto folded and soldered metal bars as shown in Figure 4 (a). The
parabolic concentrator has length 160 cm and width 112 cm. In the central parabolic axis,
a vertical iron fixture was added in both extremes with wing nuts to fine tune the posi-
tion of the TEG core, composed by eight TEC (Thermoelectric Cooler)s brand Danvic
model HC-40-15.4 attached to a 160.0 cm iron profile and connected in series. The cold
side of this core is attached to a rectangular tube 160.0 cm long with cross section as
0.5 × 5.0 cm2 connected to the cold side of the modules. In Figure 4 (b) we present the
generator schematics in which water is made to circulate through this tube by a submer-
sible water pump brand Anauger model Ecco 60973 with a flow rate of 1050 Lh−1 placed
inside university’s lake in order to maintain constant the cold side temperature, since the
dimensions of the lake is too large.

Since the lake is a large water mass its temperature is measured and kept constant
throughout the entire experiment. The 160 cm wide 5.0 mm thick steel bar was also
painted with black paint that supports high temperature (300 ∘C) to maximize heat
absorption in order to provide highest hot side temperature to the modules. Temperature
was measure by two K-type thermocouples: 𝑇𝑐 measured the cold side at the contact
between rectangular tubes and the modules and 𝑇ℎ measured the hot-side temperature,
i.e. at the side of the bar that touches the modules.

In order to measure output electrical power from the setup we used precision
portable Reed Instruments DW-6060 watt meter able to measure voltage and current as
well as power and a 100 kΩ precision in series potentiometer used as load resistance with
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Figure 4 – (a) photograph and (b) schematics of the generator setup of the cylindrical-
parabolic collector with dimensions. Main parts are indicated on the Figure.

the voltmeter connected in parallel to the in-series module association ampere meter in
series and potentiometer in series too. The choice of instrument considered being battery
powered since in field measurements were taken far from laboratory, not being possible
to have benchtop instruments in use. Experimental data were collected as current-voltage
IV characteristics with a constant temperature gradient throughout each measurement.
Power output P was directly calculated as the product P = VI and load resistance 𝑅𝐿

calculated according to Equation 2.3.

2.3 Differential Evolution Algorithm
Experimental data of thermoelectric generators were analyzed following the me-

taheuristic ADE (Adaptative Evolution Algorithm) [49]. In order to, obtain in a robust
and automatic fashion the parameters electrical resistivity (𝜌), thermal conductivity (𝜅)
and an estimate of the Figure of Merit (𝑍𝑇 ) of the associated modules studied. The me-
taheuristic method called DE was proposed by Storn and Price [51] and is an evolutionary
algorithm based on natural selection mechanisms and population genetics. For this, the
DE uses mutation, crossing and selection operators to generate new individuals in search
of the most adapted. Initially, the DE algorithm was applied to solve continuous variable
systems [51] and soon proved to be efficient for a wide range of problems [52, 53, 54, 34].
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Later, he received an update, no longer dependent on control parameters that became
self-adaptive [56], receiving the name of SADE. With this procedure, it is possible to find
global minimum of multimodal non-linear functions in a light and efficient fashion, being
popularly used to solve engineering problems [36] as that of TEG studied here.

About the peltier modules, is important to consider constitutive and intrinsic
properties of a module to be considered in calculations. 𝐿 is the characteristic length of
a single pn junction, 𝐴 the cross-sectional area, 𝑁 the number of pn junctions and 𝑍 is
the Z-factor which, multiplied by 𝑇 gives the Figure of Merit. Those values are listed in
Table 3. In the fittings we will consider as 8 × 𝑁 , since our system contains eight in series
Peltier modules.

𝐿(𝑐𝑚) ± 0.002 𝐴(𝑐𝑚2) ± 0.0005 𝑁 Z(𝐾−1)
0.144 0.0259 127 0.0026

Table 3 – Sample dimensional parameters, number of pn junctions and Z-factor.

Initially, at ADE a set of individuals is generated, randomly, within predefined
physical intervals, generating the initial population that will evolve through the generati-
ons. Each individual is a candidate for the solution that minimizes the objective function.
In this work, the initial population of the parameter was obtained through Equation 2.15

𝑋𝐺=1
𝑖,𝑗 = 𝑋𝐺=1

𝑙 + 𝑟𝑎𝑛𝑑𝑖,𝑗(0, 1)(𝑋𝐺=1
𝑢 − 𝑋𝐺=1

𝑙 ) (2.15)

with 𝑟𝑎𝑛𝑑𝑖𝑗(0, 1) being a real random number between 0 and 1. The index 𝑖 goes
from 1 to the population size NP (i.e. in this case 100) and the index 𝑗 from 1 to 4, i.e.
the number of parameters for the studied problem. X𝑢 and X𝑙 are the lower and upper
bonds for the parameters according to Table 4, defining the search space and G stands for
the generation ranging from 1 to G𝑚𝑎𝑥, the maximal number of iterations. In this work
we used G𝑚𝑎𝑥 = 50000. Each individual X𝑖 is a candidate to be the optimal solution.

In mutation stage, a donor vector is generated, which in this work was obtained
through Equation 2.16

𝑉 𝐺
𝑖 = 𝑋𝐺

𝑖 + 𝐹 (𝑋𝐺
𝑏𝑒𝑠𝑡 − 𝑋𝐺

𝑖 ) + 𝐹 (𝑋𝐺
𝑟1 − 𝑋𝐺

𝑟2) (2.16)

where 𝑉 is the mutation vector that will select the tested individuals. (G, X𝐺
𝑖 ) is

the individuals generation where X𝐺
𝑖 stands for the present individual. (X𝐺

𝑟1 e X𝐺
𝑟2) are

randomly chosen to be others than X𝐺
𝑖 . X𝐺

𝑏𝑒𝑠𝑡 is the best individual, i.e. the one that
minimizes the objective function 𝑓 .
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Besides that, F (F𝜖[0, 2]) is a real number, chosen by the user as the mutation
factor, that is adjusted by Equation 2.17

𝐹 𝐺+1
𝑖 =

⎧⎪⎨⎪⎩𝐹𝑙 + 𝑟𝑎𝑛𝑑1𝐹𝑢, if 𝑟𝑎𝑛𝑑2 < 𝜏1,

𝐹 𝐺
𝑖 , otherwise.

(2.17)

The crossover stage is defined by mixing the target vector X𝐺
𝑖 , produced by an

experimental vector U𝐺
𝑖 between 0 and 1, and carrying a comparison between the crossover

values as:

𝑈𝐺
𝑖,𝑗 =

⎧⎪⎨⎪⎩𝑉𝑖,𝑗, if 𝑟𝑎𝑛𝑑(0, 1)𝑗 ≤ 𝐶𝑅 or 𝑗 = 𝑗𝑟𝑎𝑛𝑑,

𝑋𝐺
𝑖,𝑗, otherwise.

(2.18)

where V𝐺
𝑖,𝑗 is the donor vector, 𝑗𝑟𝑎𝑛𝑑 is an integer random number between 1 and 6

and 𝐶𝑅 is another real number CR𝜖[0, 1] is the crossing rate, defined by the Equation 2.19.

𝐶𝑅𝐺+1
𝑖 =

⎧⎪⎨⎪⎩𝑟𝑎𝑛𝑑3, if 𝑟𝑎𝑛𝑑4 < 𝜏2,

𝐶𝑅𝐺
𝑖 , otherwise.

(2.19)

where 𝑟𝑎𝑛𝑑4 are 4 random numbers between 0 and 1. 𝜏1 and 𝜏2 represent the
probabilities of fitting 𝐹 and 𝐶𝑅.

Finally, in the selection step the temporary vector is the vector X𝐺
𝑖 are compared

and the vectors that best minimize the objective function are chosen, using the Equa-
tion 2.20 relationship.

𝑋𝐺+1
𝑖 =

⎧⎪⎨⎪⎩𝑈𝐺
𝑖 , if 𝑓(𝑈𝑖) < 𝑓(𝑋𝑖),

𝑋𝐺
𝑖,𝑗, otherwise.

(2.20)

This process repeats until the end of generations, or some predefined criterion is
satisfied.

From this fitting procedure a consistent simultaneous fitting of 𝑉 , 𝐼 and 𝑃 allows
the parameters associated to the experimental curves to be extracted as will be presented
on Tables 6 and 7 in the results section.

For this method to reach consistently best performance on the parameters we
considered the constraints according to Table 4 for all of the nine measures. All the
measures used in these parameters for the Lower and Upper case are below, the called
search space. Temperature values are based on experimental values, 𝑇ℎ,𝑒𝑥𝑝 e 𝑇𝑐,𝑒𝑥𝑝.
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Measures Seebeck Coefficient (S) Internal Resistance (R) Tℎ T𝑐

1 to 6 0 - 5 0 - 5 Tℎ,𝑒𝑥𝑝 ± 1 T𝑐,𝑒𝑥𝑝 ± 1

Table 4 – Search Space. The choice of F and CR (i.e. the mutation factor and crossover
ratio) allows a better tradeoff between convergence time and accuracy of the
fittings.

2.4 Results and discussion
The parabolic solar concentrator was tested in a standard sunny day with some

clouds appearing eventually. Figure 5 shows registered temperatures at concentration
focus together with Sun radiation obtained from the university weather station. It can
be seen a strong correlation between in focus measured temperatures with the available
sun radiation, being indicative that we have carefully focused and positioned the sun
concentrator during the day.

Figure 5 – Weather data collected from university weather station during a typical mea-
surement day. Left y-axis stands for sun radiation in black and right axis for
the temperature measured in the focus of the first parabolic concentrator in
red (color online).

After testing the first cylindrical-parabolic collector regarding its ability to re-
ach high temperatures we proceeded IV measurements for various temperature gradient
conditions. Many measurements were carried out and we selected six of them to be analy-
zed which are listed in Table 5. Temperature gradients are within the range of 52 ∘C
and 109 ∘C. These measurements were taken considering irradiation conditions within
Figure 5 data.

In Figure 6 we present our experimental data with fittings extrapolated to both
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Measurement Tℎ(∘C) T𝑐(∘C) △T(∘C) Sun Radiation(Wm−2)
1 90 38 52 640
2 95 38 57 680
3 108 38 70 693
4 118 37 81 753
5 128 38 90 865
6 138 29 109 966

Table 5 – Measurement list with hot, cold and temperature gradients together with me-
asured sun radiation power.
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Figure 6 – Experimental data for IV characteristics (dots) and power P(V) (dots) and
fitted data (lines of same colors) extrapolated to the limits V = 0 V with I
= I𝑠𝑐 and I = 0 with V = V𝑜𝑐 for the collector system. Data corresponds to
Table 4 in the order: (a) IV measurements 1 to 6, (b) P(V) measurements 1
to 6.

limits (0V, I𝑠𝑐) and (V𝑜𝑐,0). Dots (line) stand for experimental data (fittings) of IV and
power P(V) data. Colors and symbols correspond to numbered measurement being black
and square, red and circle, green and upper triangle, navy and down triangle, cyan and
star, and magenta and pentagon for measurements 1 to 6 respectively. In-field measure-
ments were limited to a narrow voltage range and presented some fluctuations that were
properly dealt by carrying fittings under the applied differential evolution algorithm. For
higher temperature gradients, data seems to be nonlinear but this is a thermodynamic
effect of not being able to assure the same temperature at all device surface points when
you’re far from equilibrium. As can be identified in Table 6, fitting error of parameters
were kept under acceptable limits. Besides, simultaneous fittings of both IV and P(V)
actually carried by considering I(R𝐿), V(R𝐿) and P(R𝐿) with R𝐿 determined by the ra-
tio V/(NI) (see Equation 2.3 were absolutely necessary to keep consistency of the data.
Even though IV is practically linear and P(V) parabolic, From Equations 2.1 to 2.5 it
can be seen that it is a hard task to isolate variables since they are interdependent. This
task, carried by the differential evolution algorithm, gave consistent data with excellent
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convergence for 𝑆, 𝑅. Temperature were allowed to variate since in practice it is not
homogeneously distributed, but errors around 0.5 K are compatible with those natural
fluctuations.

S(mVK−1) R(Ω) Tℎ(∘C) T𝑐(∘C)
1 0.17 0.01435 90.1 ± 0.4 38.0 ± 0.5
2 0.17 0.01354 95.2 ± 0.4 37.9 ± 0.5
3 0.14 0.01279 108.0 ± 0.4 37.9 ± 0.5
4 0.13 0.01233 118.0 ± 0.5 37.1 ± 0.5
5 0.14 0.01348 128.0 ± 0.4 38.1 ± 0.5
6 0.13 0.01307 137.9 ± 0.4 29.0 ± 0.4

Table 6 – Search Space Results. The four first parameters from left are fitting results and
the two others measures fitting quality. S, R here are considered as the mean
value for a single pn junction unit inside a module.

In Table 7 we present other important parameters necessary to evaluate the per-
formance of the Solar concentrator, namely Short circuit current I𝑠𝑐, open circuit voltage
𝑉𝑜𝑐, maximum power point 𝑃𝑚𝑎𝑥 which is the maximum power that could be delivered to a
load, followed by corresponding voltage and current at this point. Other parameters 𝑍𝑒𝑓𝑓

which is a measure of the overall thermoelectric performance of a material/junction, 𝜌 its
electrical resistivity. The last two parameters are the theoretical limit of the efficiency of a
perfect Carnot machine 𝜂𝑐 and the solar concentrator efficiency operating at the maximal
power point 𝜂𝑚𝑎𝑥. See Equations 2.8 to 2.14 for details. The results indicate a low power
generation when compared to the performance of commercially available photovoltaic so-
lar cells, however its important to mention that besides being a technology in its early
stages of development if compared to photovoltaic technology, it also harvest most of the
energy in the electromagnetic spectrum region which photovoltaic technology does not
absorb energy. Under this scenario the top efficiency of 6.20% obtained for sample 6 is
worth to mention as better than some organic and flexible photovoltaic modules [37].
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I𝑠𝑐(A) V𝑜𝑐(V) P𝑚𝑎𝑥(W) V(P𝑚𝑎𝑥) I(P𝑚𝑎𝑥) Z𝑒𝑓𝑓 (K−1) 𝜌(mΩ m) 𝜂𝑐(%) 𝜂𝑚𝑎𝑥(%)
1 0.623 ± 9.08 ± 1.41705 4.98603 0.28420 0.0026 2.59 ± 57.9 ± 3.08 ±

0.015 0.22 0.12 0.5 0.03
2 0.712 ± 9.80 ± 1.70229 5.78436 0.29429 0.0026 2.38 ± 60.2 ± 3.37 ±

0.017 0.24 0.11 0.6 0.04
3 0.767 ± 9.96 ± 1.84646 6.07695 0.30385 0.0026 2.22 ± 64.9 ± 4.08 ±

0.007 0.09 0.04 0.5 0.04
4 0.854 ± 10.69 ± 2.15226 6.76922 0.31795 0.0026 2.09 ± 68.6 ± 4.67 ±

0.007 0.08 0.03 0.4 0.04
5 0.933 ± 12.79 ± 2.78702 8.21655 0.33920 0.0026 2.27 ± 70.2 ± 5.15 ±

0.007 0.09 0.03 0.4 0.04
6 1.084 ± 14.39 ± 3.49064 9.52663 0.36641 0.0026 2.10 ± 79.0 ± 6.20 ±

0.006 0.08 0.02 0.3 0.05

Table 7 – Calculated parameters from the fitting data and model.
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𝜂𝑚𝑎𝑥 is a calculated theoretical value, being a maximum allowed thermodynamic
limit. To calculate the value of the real efficiency, we use the Equation 2.6 and 2.7 with
w = 0.00324 m, B = 0.0016 m2 and 𝜅 = 1.5 Wm−1K−1. The result of the power generated
by each module and the efficiency is presented in Table 8.

P(W) 𝜂 (%)
1 0.1771 0.46
2 0.2127 0.50
3 0.2308 0.44
4 0.2690 0.45
5 0.3483 0.52
6 0.4363 0.54

Table 8 – Value of power generated by each module and actual efficiency.

The suggestion for the didactic laboratory classes is the formation of small groups
of up to six physics undergraduate students for setup and carrying out the measurements
of the experiment. Such activity must consider technological aspects involved on heat
energy harvesting using semiconductor devices as well as clean energy generation. Besides,
students are expected to analyze experimental data with the development of graphical
analysis and fitting with python algorithm models made available by the professor for
extracting the relevant parameters as exposed in this work.

2.5 Conclusions
We have built and analyzed a solar concentration for energy harvesting using TEG

technology based on eight Peltier cooler modules and parabolic mirrors. The developed
setup was built with standard workshop materials aiming simplicity, robustness and also
easy to handle. In this way it is suitable for physics or renewable energy experimental
classes at undergraduate or even high school levels. Measurements were carried outdoor
by students using a handheld wattmeter using university weather station to monitor cli-
mate conditions during the experiment day and using a potentiometer as load. (V,I,P)
datapoints were verified by the professor in charge of the class and subject to differen-
tial evolution algorithm fittings simultaneous V,I,P as a function of the load resistance
in order to obtain maximal consistency and accurate parameter extraction. Considering
the best temperature gradient of 109 ∘C we obtained an efficiency of 6.20% as the ther-
modynamic limit for direct conversion from heat to electric power. This is an excellent
result considering that thermoelectric generation technology by the use of semiconductor
thermoelectric properties is still under development. It is possible, by the use of other ma-
terials and concentrating more the sun radiation to achieve higher temperatures to reach
even higher power generation. However those materials are hard to find commercially and
have high costs which are not necessary as a proof of concept of the generator system.
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Thus, considering the advantage of simplicity and ease of construction our TEG shows as
a good alternative to harvest heat energy as well as direct sun heat as demonstrated.
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3 Concentrated Solar Power with thermoe-
lectric generator - an approach using the
Cross-Entropy optimization method

To continue the study of a solar power concentrator, we now apply another opti-
mization method, called CE (Cross-Entropy). The article was published in the Energies.

Graphical Abstract

Figure 7 – Graphical Abstract of Publication 2

Abstract
In this research, a CSP as a PTC (Parabolic Trough Collector), using Peltier

cooling modules for power generation was analyzed by the Cross-Entropy method. When
comparing conventional solar electric generators with this system, we have the advantage
that it is compact and lightweight and can be easily assembled and used as low-cost power
generation equipment. For this system, we perform IV measurements and use fit models
in order to accurately extract the model parameters. This is all in a standalone, robust
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and simultaneous fit of three equations, through the global optimization method called
CE. This is a robust method that had never been applied to extract parameters in a
thermoelectric generation.

Keywords
Concentrated Solar Power ∙ Parabolic Trough Collector ∙ Seebeck Effect ∙ Cross-

Entropy ∙ Optimization Method ∙ Efficiency

3.1 Introduction
The world is going through a transition. The energy sector is transforming to be

more sustainable, safe, and economical in the future [5]. One of the pillars of this transition
is renewable energy, and it is fueled by unprecedented public pressure and political action,
triggered by the United Nations Sustainable Development Goals, increasing air pollution
and water stress, as well as growing concerns about climate change. Innovation is a key
factor and the energy sector is evolving even further [10].

Rapid declines in renewable energy costs, particularly for wind and solar gene-
ration, have boosted the energy sector, which is leading the ongoing energy transition
[4]. As an example, between the years 2010 and 2018, prices fell sharply. PVSC modules
decreased by 90%, and the LCOE (Levelized Cost of Energy) of solar photovoltaic energy
decreased by 77%. The per-unit price of wind turbines has halved over the same pe-
riod, and the LCOE of onshore wind electricity has dropped by nearly 30%, with further
dramatic drops expected over the next decade [9].

The energy sector transition and falling prices are accelerated by three main in-
novation trends: 1) digitalization, 2) decentralization, and 3) electrification. These trends
are shifting paradigms, roles, and responsibilities, opening doors to new players in the
industry, and freeing up system flexibility for a high share of VRE (Variable Renewable
Energy) penetration. In this article, we propose to make a contribution to the construction
of knowledge in the number one trend, digitization.

Digitization can be defined as the conversion of data into value for the power sector.
The application of digital monitoring and control technologies in the power generation
and transmission domains has been a major trend for several decades and has recently
started to penetrate more deeply into power systems. The wider use of smart meters
and sensors, the application of the Internet of Things, and the use of large amounts of
data with artificial intelligence have created opportunities to provide new services to the
system [2, 3].
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Figure 8 – CSP Thermal Energy Storage Global Capacity and Annual Additions, 2009-
2019 [12].

There are several technologies used for the use of renewable energies, including
PVSC, Wind, Biomass, and CSP, which will be the subject of study here.

CSP is a viable form of power generation with many power plants and variable
forms of power generation scattered throughout the world [6]. CSP technologies focus heat
in one area to produce the high temperatures required to make electricity. Since the solar
radiation that reaches the Earth is so spread out and diluted, it must be concentrated to
produce the high temperatures required to generate electricity. There are several types of
technologies that use mirrors or other reflecting surfaces to concentrate the sun’s energy
up to 2.000 times its normal intensity [11].

PTC use long reflecting troughs that focus the sunlight onto a pipe located at the
focal line. The first parabolic-trough system was developed in 1912 in Cairo, Egypt [8]. A
fluid circulating inside the pipe collects the energy and transfers it to a heat exchanger,
which produces steam to drive a turbine. One of the world’s largest parabolic trough
power plants is located in the Mojave Desert in California. This collection of plants has
a total generating capacity of 354 MW, one-third the size of a large nuclear power plant
[7].

Global CSP capacity grew 11% in 2019 to 6.2 GW, with 600 MW of capacity
coming online. This was down from the 700 MW commissioned in 2018 and well below
the average annual increase (24%) of the past decade. However, CSP continued to spread
to new markets, and more than 1.1 GW of additional capacity was under construction at
year’s end, as seen in the Figure 8.

To deal with intermittency associated with PVSC [16] and wind power generation,
[17] limits of radiation absorption spectral range [18] and also efficiency decreases due to
temperature effects on PVSC [19], the use of the TEG alone or in association with PVSC
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technology must be considered. One remarkable advantage of TEGs against PVSC is
that it generates energy more effective under cloudy weather [57] since long wavelength
radiation is less subject to being contained by clouds being an effective form to cope with
PVSC intermittency.

TEG Technology is based on a single effect that is the Seebeck effect. Seebeck
effect is caused by the diffusion of carriers from the hot to the cold side of the sample
building a difference of potential between them [47, 48].

With proper adaptations, CSP can be used with heat storage, allowing its use
for power generation even at night or in cloudy environments. Also, according to Singh
et al. [21], the association of CSP with TEG technology is advantageous since it allows
power generation without mechanical parts such as electrical generators, and capacitors
among other components, being noiseless, reliable, and environment friendly. For this,
TEGs convert heat energy from a temperature gradient that established a small voltage
in the opposite terminals a pn junction of a thermoelectric material due to the Seebeck
effect [22]. A TEG module is composed of more than a hundred such junctions.

To analyze TEG measurements, it is important to consider a proper theoretical
background [43, 44, 45, 46, 49]. For a TEG device, power is derived from thermodynamics
first law considering internal power dissipation RI2 or as a function of load resistance, as
shown in Equation 3.1.

𝑃 = 𝑁𝐼[𝑆(𝑇ℎ − 𝑇𝑐) − 𝑅𝐼] = 𝑁𝐼2𝑅𝐿 (3.1)

where 𝑁 stands for several pn junctions, 𝑆 is the Seebeck coefficient, 𝐼 the current
through the TEG, 𝑅 its internal resistance, 𝑇ℎ e 𝑇𝑐 are the temperatures from the hot
and cold sides respectively, and 𝑅𝐿 is the load resistance.

Using an Equation 3.1 we get the voltage across the load resistance (Equation 3.2)
and the current (Equation 3.3).

𝑉 = 𝑁𝐼[𝑆(𝑇ℎ − 𝑇𝑐) − 𝑅𝐼]. (3.2)

𝐼 = 𝑆(𝑇ℎ − 𝑇𝑐)
𝑅𝐿 + 𝑅

. (3.3)

Here, we can see that the current is not a function of the number of pn junctions.

Applying Equations 3.2 and 3.3, we can write the power in the form presented in
Equation 3.4.

𝑃 = 𝑁𝑆2(𝑇ℎ − 𝑇𝑐)2

𝑅

𝑅𝐿/𝑅

(1 + 𝑅𝐿/𝑅)2 . (3.4)
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Considering the heat equation, thermal efficiency is the ratio between the output
power and the heat absorbed from the hot side

𝜂 = 𝑃

𝜑
, (3.5)

where the power per modulus 𝑃 is P𝑚𝑎𝑥/8 and the heat flux 𝜑 is

𝜑 = 𝜅𝐵Δ𝑇

𝑤
, (3.6)

where 𝑤 the thickness, the surface area and 𝜅 is the thermal conductivity. The
Equation 3.5 can be rewritten as

𝜂 =

(︁
1 − 𝑇𝑐

𝑇ℎ

)︁
𝑅𝐿

𝑅(︁
1 + 𝑅𝐿

𝑅

)︁
− 1

2

(︁
1 − 𝑇𝑐

𝑇ℎ

)︁ (︁
1+ 𝑅𝐿

𝑅

)︁2
𝑇𝑐
𝑇ℎ

𝑍𝑇𝑐

, (3.7)

where ZT𝑐 = 𝑆2𝑇𝑐

𝜅𝜌
and the 𝜌 is electrical resistivity. It is also important to consider

a comparison with the thermal efficiency of an ideal Carnot machine given by

𝜂𝑐 = 1 − 𝑇𝑐

𝑇ℎ

. (3.8)

The maximum efficiency is obtained with R𝐿=R, so that

𝜂𝑚𝑎𝑥 =
(︂

1 − 𝑇𝑐

𝑇ℎ

)︂ √︁
1 + 𝑍𝑇 − 1√︁
1 + 𝑍𝑇 + 𝑇𝑐

𝑇ℎ

, (3.9)

where 𝑇 is the average temperature between the hot and cold junction tempera-
tures and the maximum power equation is

𝑃𝑚𝑎𝑥 = 𝑁𝑆2(𝑇ℎ − 𝑇𝑐)2

4𝑅
. (3.10)

Finally, the effective resistivity is

𝜌 = 4𝑃𝑚𝑎𝑥𝐴/𝐿

𝑁(𝐼𝑚𝑎𝑥)2 , (3.11)

and the effective Z-factor is

𝑍𝑒𝑓𝑓 = 1
𝑇

⎡⎢⎣
⎛⎝1 + 𝑇𝑐𝜂𝑚𝑎𝑥

𝑇ℎ𝜂𝑐

1 − 𝜂𝑚𝑎𝑥

𝜂𝑐

⎞⎠2

− 1

⎤⎥⎦ . (3.12)
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Figure 9 – Schematics of the generator setup of the cylindrical-parabolic collector with
dimensions. Main parts are indicated on the Figure.

Thus, this work consists of the experimental measurements of IV characteristics
of a parabolic solar concentrator with Peltier modules in its focus and its subsequent
analysis by a cross-entropy optimization method considering here presented equations. In
the following, we will describe our experimental setup and methods.

3.2 Materials and Methods
For this work, we analyzed a CSP whose patent was registered in [38]. An iron bar

was designed and fixed to the sides of the CSP so that it is above, along the center of the
parabolic axis. Eight TECs, Danvic brand, model HC-40-15.4, were placed at the bottom
of the bar. These TECs had the hot side facing down, towards the center. The cold side
was up, fixed to the iron bar. Inside the iron bar there is a stream of water, which comes
directly from the side. This flow of water inside the iron bar causes the side of the TEC
that is in contact with it to stay cool as well. This schematic is shown in Figure 9.

The lake used for this experiment is large, has a large mass of water, so its tempe-
rature remains constant. Two type K thermocouples were used to measure temperatures.
One of them measured the temperature of the cold side, the contact between the iron
bar and the TEC, called 𝑇𝑐, and the other measured the hot temperature, the side of the
TEC that was facing the center of the CSP, called 𝑇ℎ, the side that will receive the sun’s
rays concentrated by the reflecting parabola.
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A portable Reed Instruments DW-6060 watt meter was used to measure electrical
output power. With it we were able to measure voltage, current and power and a precision
potentiometer of 100 kΩ. As the measurements were carried out far from the laboratory,
these instruments were the most indicated because of the battery. Current-voltage data
were collected with a constant temperature gradient along each measurement. The mea-
sured current 𝐼 and voltage 𝑉 give us directly the power P and the load resistance 𝑅𝐿

calculated according to Equation 3.2.

3.3 The Cross-Entropy optimization method
The CE method is an interactive optimization method that applies to continuous

and discrete problems. It minimizes the entropy between the distribution of solutions in
the objective function, choosing the best sample for the next interaction. The CE was
introduced by Rubinstein [39] to estimate the probability of rare events in stochastic
and discrete optimization networks. The CE has been applied to several optimization
problems, such as alignment of DNA sequences [40], adjustments of isochrones in open
clusters [43, 44], thickness estimation in thin films [41] and electronic mobility in semi-
conductors [42], showing a robust method for the solution of parameter estimation. The
CE uses sampling concepts, being a technique of reduction of variance, but that does not
require a priori knowledge of the parameters regarding distribution. The CE consists of
a simple adaptive procedure for estimating parameters. Furthermore, the CE procedure
is based on a solution space, with an evolutionary rule in which a fraction of the space is
selected in each iteration based on some selection criteria.

Each CE method interaction follows these steps:

1. Initial sample generation of the set of parameters to be estimated through normal
distributions, following the rule

𝑣𝑗
𝑛 = 𝑁(𝜇𝑗, 𝜎𝑗, 𝑛), (3.13)

where N is a normal distribution centered between the pre-specified physical inter-
vals 𝜇𝑗, is the number of entities of the distribution, which in this research were
adopted 100 entities, 𝑗 is the number of parameters to be adjusted, which here is
equal to 4 and 𝜎𝑗 is the variation of the distribution of solutions that are initially
adopted between the pre-specified lower and upper physical limits;

2. Select 10% of the best solutions, v𝑗
𝑏𝑒𝑠𝑡 based on the negative logarithm of likelihood.

For this, a comparison occurs through an objective function between the experi-
mental data of power, current, and voltage, with the models obtained through the
Equations 3.2, 3.3, and 3.4;
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3. Random generation of a new distribution of parameters using the values of v𝑗
𝑏𝑒𝑠𝑡 to

generate the center of the distribution, 𝜇 and for the variation of the distribution,
𝜎, following the rule:

𝜇𝑗 = 𝛼𝜇(𝑣𝑗
𝑏𝑒𝑠𝑡) + (1 − 𝛼)𝜇(𝑣𝑗

𝑏𝑒𝑠𝑡), (3.14)

𝜎𝑗 = 𝛼𝜎(𝑣𝑗
𝑏𝑒𝑠𝑡) + (1 − 𝛼)𝜎(𝑣𝑗

𝑏𝑒𝑠𝑡, (3.15)

where 𝜇(𝑣𝑗
𝑏𝑒𝑠𝑡) is the mean value of the distribution v𝑗

𝑏𝑒𝑠𝑡 for each parameter j and
𝜎(𝑣𝑗

𝑏𝑒𝑠𝑡) the standard deviation. The 𝛼 parameter determines the convergence speed
for the solution and doesn’t allow the method to get stuck in a local minimum;

4. The method returns to the first for until a pre-specified criterion is satisfied.

In this work, we opted for a random resampling of the data. For that, we used
the Bootstrap [45] technique, which is a repetition technique in which some experimental
data are removed and randomly added in order to make the procedure in which it was
inserted more robust. In this work, the data were resampled 50 times, producing good
statistics on the parameters found.

3.4 Discussion
The equipment was adjusted and tested for its ability to reach high temperatures

and we chose a rolled-up day for the experiment. Several measurements of IV curves were
performed and for our analyses, we highlight six of them. The measurements are shown in
the Table 9 along with the temperature gradients, which are between 52∘ C and 109∘ C.

The experimental data with the respective adjustments of our experiment are
shown in Figure 10. Measured values are represented by dots and adjustments by lines.

The data collected in the field were limited to a small voltage range and showed
some fluctuations. They were treated under the CE optimization method. These mea-
surements are difficult to perform and the same temperature cannot be guaranteed at
all points on the device’s surface, so the data appear non-linear for higher temperature
gradients, however, it is just a thermodynamic effect due to variation.

Parameter adjustment errors were kept within acceptable limits, as can be seen in
Table 10. The ratio V/(NI), Equation 3.2, determines the value of 𝑅𝐿 and with that we
make the simultaneous adjustments of IV and P(V), because, for this, we consider I(R𝐿

), V(R𝐿).
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Figure 10 – Experimental data for IV characteristics (dots) and power P(V) (dots) and
fitted data (lines of same colors) for the collector system. Data corresponds
to Table 9 in the order: (a) IV measurements 1 to 6, (b) P(V) measurements
1 to 6.

From the graphs it can be seen that IV is almost linear and P(V) is parabolic.
If we look at the Equation 3.1 until the Equation 3.4, we will notice that the variables
are interdependent, therefore, difficult to be isolated. The Cross-Entropy method, applied
here, worked with excellent convergence for 𝑆, 𝑅.

In the Table 11 we present relevant parameters to analyze the performance of the
CSP. In them we have short-circuit current 𝐼𝑠𝑐, open-circuit voltage 𝑉𝑜𝑐, maximum power
point 𝑃𝑚𝑎𝑥, voltage at maximum power point V(P𝑚𝑎𝑥) and current at maximum power
point I(P𝑚𝑎𝑥).

The thermoelectric performance is presented by 𝑍𝑒𝑓𝑓 , the effective Figure of Merit,
and the electrical resistivity by 𝜌.

The last two parameters related to CSP efficiency. One is the theoretical limit 𝜂𝑐

of the efficiency of a perfect Carnot engine and the other 𝜂𝑚𝑎𝑥 the efficiency of the CSP
at the maximum power point.

If we compare the performance of commercial PVSC, the CSP power generation
results are low, however, two things need to be remembered. First, that CSP is a tech-
nology in its early stages of development, when compared to PVSC technology. Second,
it captures most of the energy in a region of the electromagnetic spectrum where PVSC
technology does not absorb energy.

𝜂𝑚𝑎𝑥 is a calculated theoretical value, being a maximum allowed thermodynamic
limit. To calculate the value of the real efficiency, we use the Equation 3.5 and 3.6 with
w = 0.00324 m, B = 0.0016 m2 and 𝜅 = 1.5 Wm−1K−1. The result of the power generated
by each module and the efficiency is presented in Table 12.

These results show us a good behavior of the Concentrated Solar Power with the
use of thermoelectric generators and, mainly, the robustness of the applied mathematical
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method, the Cross-Entropy, which obtained results consistent with those already presented
in the literature, thus showing an excellent alternative for application in the energy sector,
especially in this case for a thermoelectric generation.

3.5 Conclusions
We have analyzed a CSP for energy harvesting using TEG technology based on

eight Peltier cooler modules and parabolic mirrors with the CE optimization method.
Voltage, current, and power (V,I,P) datapoints were subject to CE optimization method
fittings simultaneous V,I,P as a function of the load resistance to obtain maximal consis-
tency and accurate parameter extraction. Considering the best temperature gradient of
109∘ C we obtained an efficiency of 6.20% as the thermodynamic limit for direct conver-
sion from heat to electric power. This is an excellent result considering that thermoelectric
generation technology by the use of semiconductor thermoelectric properties is still under
development. The proposed mathematical optimization method, CE, for analysis proved
to be very robust, presenting results consistent with those already presented in the lite-
rature, thus proving to be an excellent alternative for application in the energy sector,
especially in this case for a thermoelectric generation.

The use of this simple construction and maintenance mechanism, using TECs and
a metallic mirror, is promising for the generation of clean and environmentally sustainable
energy. In addition, through the CE optimization method, it is possible to find the tempe-
rature range in which the system presents better performance, helping in the construction
project of other systems of different dimensions.
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Table 9 – Measurement list with hot, cold and temperature gradients together with me-
asured sun radiation power.

Measurement Tℎ(∘C) T𝑐(∘) Δ T(∘C) Sun
Radiation
(Wm−2)

1 90 38 52 640
2 95 38 57 680
3 108 38 70 693
4 118 37 81 753
5 128 38 90 865
6 138 29 109 966

Table 10 – Search Space Results. The four first parameters from left are fitting results
and the two others measures fitting quality. S, R here are considered as the
mean value for a single pn junction unit inside a module.

S(mVK−1) R(Ω) Tℎ(∘C) T𝑐(∘C)
1 0.17 0.0143 ±

0.0003
90.0 ± 0.3 37.5 ± 0.2

2 0.17 0.0134 ±
0.0003

94.9 ± 0.4 38.1 ± 0.4

3 0.14 0.0124 ±
0.0009

107.9 ± 0.3 38.1 ± 0.3

4 0.13 0.0117 ±
0.0009

117.9 ± 0.3 37.1 ± 0.3

5 0.14 0.0126 ±
0.0016

128.0 ± 0.3 38.1 ± 0.3

6 0.13 0.0128 ±
0.0011

137.9 ± 0.2 29.1 ± 0.2
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Table 11 – Calculated parameters from the fitting data and model.

I𝑠𝑐

(A)
V𝑜𝑐

(V)
P𝑚𝑎𝑥

(W)
V

(𝑃𝑚𝑎𝑥)
I

(𝑃𝑚𝑎𝑥)
Z𝑒𝑓𝑓

(K−1)
𝜌

(𝑚Ω)m
𝜂𝑐

(%)
𝜂𝑚𝑎𝑥

(%)
1 0.63

±
0.01

9.06
±

0.07

1.38849 4.93554 0.28133 0.0026 2.52
±

0.10

58.3
± 0.3

3.11
±

0.02
2 0.72

±
0.02

9.78
±

0.16

1.72117 5.81634 0.29592 0.0026 2.37
±

0.14

59.9
± 0.4

3.35
±

0.03
3 0.79

±
0.06

9.95
±

0.18

1.86300 6.10410 0.30521 0.0026 2.13
±

0.32

64.7
± 0.3

4.07
±

0.02
4 0.89

±
0.07

10.65
±

0.13

2.16587 6.79059 0.31895 0.0026 1.92
±

0.29

68.5
± 0.3

4.67
±

0.03
5 0.98

±
0.13

12.50
±

0.50

2.78694 8.21642 0.33919 0.0026 2.10
±

0.60

70.2
± 0.2

5.14
±

0.02
6 1.09

±
0.10

14.20
±

0.40

3.55976 9.62048 0.37002 0.0026 2.10
±

0.40

78.9
± 0.2

6.20
±

0.02

Table 12 – Value of power generated by each module and actual efficiency.

P(W) 𝜂 (%)
1 0.1736 0.45
2 0.2151 0.51
3 0.2329 0.45
4 0.2707 0.45
5 0.3484 0.52
6 0.4450 0.55
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4 Efficiency analysis of thermoelectric gene-
rators

With the algorithm already well studied and its effectiveness proven, we are now
going to study thermoelectric materials. We start here with ready-made materials, com-
mercial, thermoelectric devices.

This chapter presents a work developed by me where I used SADE again, but now
in an analysis of TEG. An entire experimental setup was carried out, which had good
control of the necessary parameters, and thus the necessary measurements were taken and
then analyzed by the algorithm. This work was submitted to a Journal.
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Highlights

• A new methodology for the characterization of thermoelectric devices.

• Extraction of parameters using the meta-heuristic Self-adaptative Differential Evo-
lution method.

• Characterization of thermoelectric devices in a controlled temperature gradient.
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Abstract
The negative environmental and economic impact, derived from the use of fossil

fuels - oil, coal, gas, and other non-renewable sources of energy - has stimulated scienti-
fic research on clean and economically viable sources. Photovoltaics and wind power are
intermittent sources which stimulates the quest for other energy sources. In this sense,
a promising source of energy is made up of TEGs, which have the property of conver-
ting thermal energy into electrical energy, through the well-known Seebeck Effect. A new
methodology for the characterization of these devices is presented in this work. For a
robust analysis of the measures, the extraction of parameters is done through the meta-
heuristic SADE. This is made possible by simultaneous fitting of three equations and
five parameters in a consistent autonomous fashion. Besides a robust experimental setup
which allows the generation and precise control of the temperature variable as electrical
measurements, in a controlled environment, and a thorough statistical analysis is carried
for eight TEGs, model SP-184827145 which gives the mean performance of the manufac-
tured devices. The results obtained with low uncertainties indicates that this methodology
is a reliable and low-cost option for the characterization of thermoelectric devices.

Keywords
Thermoeletric Generator ∙ Seebeck Effect ∙ Self-adaptative differential evolution

∙ Clean Energy

4.1 Introduction
Energy sources are a major concern and growing target for research throughout

the scientific community and concern by government agencies, due to their great impor-
tance for the social and economic development of the population [1]. Since the economic
development of a population is linked to the levels of energy consumption [2], this crea-
tes a need to use other options to replace the use of fossil fuels with alternative sources
of renewable and sustainable energy [3, 4, 5, 6]. Besides, the main motivations are the
reduction in reservoirs, fossil fuel price rises, and its impact on the environment.

In recent years, alternative and efficient renewable energy sources have been ex-
plored, such as, solar and wind power, which are already part of the energy generation
system of several countries [7]. Among several technologies used from these sources, the
generation of thermoelectric energy emerges as a great option, being green and clean,
which occurs through the use of TEGs [8].

Thermoelectric energy can be generated with the use of TEGs, which are solid
state devices. They operate by performing a direct conversion of thermal energy into



Chapter 4. Efficiency analysis of thermoelectric generators 75

electrical energy [9]. They have many advantages, such as simple design, non-use of moving
parts, greater longevity, without maintenance and operation costs, do not emit harmful
pollutants during operation and do not contain chemicals, therefore, do not harm the
environment [10, 11, 12, 13, 14].

The fabrication of TEGs can be done using different types of technology, a variety
of manufacturing methods, and a plurality of materials in the function of the substrate
such as silicon [15, 16, 17, 18], aluminum [19, 20, 21, 22, 23] and polymers [24, 25, 26].

Its applications are in diverse and very important areas. Some that we can mention
are car engines [27, 28, 29, 30], industrial electronic devices [31, 32], micro powered wireless
platforms [33, 34], health monitoring, tracking systems [35, 36, 37] and aerospace [38, 39].

TEGs are well-studied devices and present in the literature. A general and detailed
overview of them was carried out by Nesrini [17], Sidique [40] and Patil [41]. Although
these commercial modules are well studied, there is speculation that they may sometimes
perform below the specified ratings [42]. This is also due to a difficult experimental analysis
of such devices. The main issue is a the necessity of a measurement of three quantities
namely electrical thermal conductivities and Seebeck’s coefficient. Until recently the was
no single setup for measure those quantities and calculate the Figure of Merit [58]. Also,
our fitting procedure can lead to consistent values of five parameters considered in three
distinct equations in a autonomous fashion, i.e. without any human interference during
the process. The seeding of initial parameters and evolution rules are the sole human
contribution to this process.

Because of these difficulties in presenting robustly the parameters that demons-
trate the efficiency of thermoelectric devices, we present in this work a new methodology
that proves to be more efficient. For this purpose, eight thermoelectric energy generators
(TEGs) were used to perform measurements, through a new and efficient experimental
arrangement, which generates and precisely controls a temperature gradient while per-
forming electrical measurements. In addition, further analysis of these data is presented
through a metaheuristic method, SADE, which presents a set of parameters that robustly
describe the efficiency and functioning of the devices.

In summary this work tested the contributions of both the fitting method of the
SADE algorithm together with a robust setup form the analysis of commercial thermoelec-
tric generators. We also provide efficiency data in a similar fashion to photovoltaic devices
which allows the comparison with other technologies. Our results could establish a new
approach for characterizing commercial devices for the purpose of defining the optimal
parameters and ratings for the datasheet of thermoelectric power generating commercial
devices.
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4.2 Review of thermoelectric devices
The modeling of the experimental data is done through the theoretical models of

the TEGs [43, 44, 45, 46] and, in our analysis, we first looked at the power delivered by
the device. This power is a function of the number of pn junctions 𝑁 , Seebeck coefficient
𝑆, current 𝐼, hot temperature 𝑇ℎ, cold temperature 𝑇𝑐, internal resistance 𝑅 and load
resistance 𝑅𝐿. The power of the TEG does not depend directly on the current or the
voltage and can be expressed as

𝑊 = 𝑁𝑆2(𝑇ℎ − 𝑇𝑐)2

𝑅

𝑅𝐿/𝑅

(1 + 𝑅𝐿/𝑅)2 . (4.1)

The voltage as a function of 𝑁 is

𝑉 = 𝑁𝑆(𝑇ℎ − 𝑇𝑐)
𝑅𝐿

𝑅
+ 1

𝑅𝐿

𝑅
, (4.2)

and the current is

𝐼 = 𝑆(𝑇ℎ − 𝑇𝑐)
𝑅𝐿 + 𝑅

. (4.3)

Another important parameter for thermoelectric generators is their efficiency. One
can calculate the thermal efficiency of an ideal Carnot machine, given by

𝜂𝑐 = 1 − 𝑇𝑐

𝑇ℎ

, (4.4)

which can be compared with the thermal efficiency obtained from the ratio between
the power and the heat absorbed by the hot part, which is presented in the Appendix,
Equation 4.16.

Finally, we show here the expressions relative to the theoretically calculated effec-
tive quantities, important for TEG analysis. We have, first, the effective resistivity

𝜌 = 4𝑃𝑚𝑎𝑥𝐴/𝐿

𝑁(𝐼𝑚𝑎𝑥)2 , (4.5)

and the effective Z-factor

𝑍𝑒𝑓𝑓 = 1
𝑇

⎡⎢⎣
⎛⎝1 + 𝑇𝑐𝜂𝑚𝑎𝑥

𝑇ℎ𝜂𝑐

1 − 𝜂𝑚𝑎𝑥

𝜂𝑐

⎞⎠2

− 1

⎤⎥⎦ . (4.6)

All these quantities can be calculated at their maximum point. Expressions for
𝑃𝑚𝑎𝑥, , , 𝜂𝑚𝑎𝑥 are given in the Appendix.
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Thus, this work consists of the experimental measurements of a Thermoelectric
Generator and its subsequent analysis robustly by the metaheuristic method named SADE
considering the equations presented here. Next, we will describe the method used.

4.3 Materials and Methods

4.3.1 Differential Evolution Algorithm

GA are a particular type of evolutionary algorithms that use approaches derived
from evolutionary biology such as heredity, mutation, natural selection and recombination
[48]. They are like a computer simulation where a fixed amount of possible solutions, called
a population, is evolved in search of better, more adapted solutions. This evolution starts
from a population created randomly and goes through several mutations, or processes,
through its generations. With each new generation, the new set of solutions is evaluated,
and its adaptation to the environment is verified (in this case, the adaptation to some
mathematical criteria previously established, called the objective function). The most
adapted are then selected for the next generation, recombined, mutated, and form a new
population. This new population is then used as an entry for the next iteration until a
pre-defined criterion is established.

In this work, the experimental data collected were then analyzed according to a
genetic algorithm, namely, the method of differential self-adaptive evolution [49, 50]. This
algorithm, given the data provided in this study, provides us with the Seebeck coefficient
values (𝑆), internal resistance (𝑅), and the hot and cold temperatures (𝑇ℎ e 𝑇𝑐). From
these data, and using the Equations 4.1-4.6, it is possible to calculate the short circuit
current (𝐼𝑠𝑐), open-circuit voltage (𝑉𝑜𝑐), maximum power (𝑃𝑚𝑎𝑥), resistivity (𝜌), efficiency
(𝜂) and the effective Z-factor (𝑍𝑒𝑓𝑓 ) of the TEG modules studied.

The metaheuristic method, called DE, was proposed by Storn and Price [51]. It
had its development done quickly, already being effective for a large number of problems
[52, 53, 54, 55], considering that at the beginning it was applied to solve systems of
continuous variables, only [51]. One of these developments of the algorithm is its non-
dependence on the control parameters, which made it self-adaptive [56], and for that
reason, it received the name of Self-adaptive Differential Evolution.

For the application of the method in the calculation of the parameters of the
thermoelectric generators it is important to consider their constitutive and intrinsic pro-
perties. These properties are 𝐿, the characteristic length of a single junction pn, 𝐴, the
cross-sectional area, 𝑁 , the number of junctions pn and 𝑍, the Z-factor. These values are
shown in the Table 13.

First, for the generation of solutions, a set of individuals is randomly generated.
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Table 13 – Sample dimensional parameters, number of pn junctions and Z factor.

L (cm) A (cm2) N Z
0.2 0.01 128 0.00209

These individuals, potential solutions, will evolve over the generations. Each of these indi-
viduals is a candidate to be the best adapted to the environment, that is, to minimize the
objective function, a mathematical criterion previously established. This initial population
is obtained through the Equation 4.7

𝑃 𝐺=1
𝑖,𝑗 = 𝑃 𝐺=1

𝑙 + 𝑟𝑎𝑛𝑑𝑖,𝑗(0, 1)(𝑃 𝐺=1
𝑢 − 𝑃 𝐺=1

𝑙 ), (4.7)

where 𝑟𝑎𝑛𝑑𝑖𝑗(0, 1) is a random real number, which belongs to the range between
0 and 1. The index 𝑖 represents the size of the population NP (in this case 100), and the
index 𝑗, ranging from 1 to 4, the number of parameters studied, which are - as stated
earlier - Seebeck coefficient (𝑆), internal resistance (𝑅) and hot and cold temperatures (𝑇ℎ

e 𝑇𝑐). P𝑢 and P𝑙 are the upper and lower limits that define the so-called search space. G
represents each new generation of populations, ranging from 1 to G𝑚𝑎𝑥=50000, the value
chosen for this study. Each P𝑖 is a candidate to be an optimal solution, the most adapted.

After the generation of the initial population, the mutation stage occurs, where a
donor vector is generated, and obtained through the Equation 4.8

𝐷𝐺
𝑖 = 𝑃 𝐺

𝑖 + 𝐹 (𝑃 𝐺
𝑏𝑒𝑠𝑡 − 𝑃 𝐺

𝑖 ) + 𝐹 (𝑃 𝐺
𝑟1 − 𝑃 𝐺

𝑟2), (4.8)

where D is the mutation vector that will select the tested individuals. (G, P𝐺
𝑖 ) is

the generation of individuals where P𝐺
𝑖 represents the current individual. (P𝐺

𝑟1 and P𝐺
𝑟2)

are chosen at random, exactly to be different from P𝐺
𝑖 . P𝐺

𝑏𝑒𝑠𝑡 is the best individual, the
most adapted, the one who minimizes the objective function 𝑓 .

One of the self-adapting values in this algorithm is 𝐹 , a real number, called a
mutation factor and which belongs to the range (F𝜖[0, 2]). For each iteration, its value is
adopted by the Equation 4.9

𝐹 𝐺+1
𝑖 =

⎧⎪⎨⎪⎩𝐹𝑙 + 𝑟𝑎𝑛𝑑1𝐹𝑢, if 𝑟𝑎𝑛𝑑2 < 𝜏1,

𝐹 𝐺
𝑖 , otherwise.

(4.9)

The next stage of evolution is called a crossover. It is defined by mixing the target
vector P𝐺

𝑖 , produced by a vector T𝐺
𝑖 between 0 and 1, and carries a comparison between
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the crossover values as:

𝑇 𝐺
𝑖,𝑗 =

⎧⎪⎨⎪⎩𝐷𝑖,𝑗, if 𝑟𝑎𝑛𝑑(0, 1)𝑗 ≤ 𝐶 or 𝑗 = 𝑗𝑟𝑎𝑛𝑑,

𝑃 𝐺
𝑖,𝑗, otherwise.

(4.10)

Here, D𝐺
𝑖,𝑗 is the donor vector, 𝑗𝑟𝑎𝑛𝑑 is a random integer between 1 and 6 (size of

the search space). 𝐶𝑅 is another self-adaptive factor in the algorithm. It is also a real
number, now belonging to the range (CR𝜖[0, 1]) and called the crossover rate. It is defined
by the Equation 4.11

𝐶𝑅𝐺+1
𝑖 =

⎧⎪⎨⎪⎩𝑟𝑎𝑛𝑑3, if 𝑟𝑎𝑛𝑑4 < 𝜏2,

𝐶𝑅𝐺
𝑖 , otherwise.

(4.11)

In this equation, 𝑟𝑎𝑛𝑑4 is 4 random numbers between 0 and 1. 𝜏1 and 𝜏2 represent
the probability of adjusting the mutation factor 𝐹 and the crossover rate 𝐶𝑅.

Finally, in the selection step, the temporary vector and the P𝐺
𝑖 vector are compared

and the vector that minimizes the objective function is chosen, using the Equation ??

𝑃 𝐺+1
𝑖 =

⎧⎪⎨⎪⎩𝑇 𝐺
𝑖 , if 𝑓(𝑇𝑖) < 𝑓(𝑃𝑖),

𝑃 𝐺
𝑖,𝑗, otherwise.

(4.12)

This process is repeated until the end of the generations, or when some pre-defined
criteria are satisfied. In the case of this work, the evolution of the solutions is finalized
when reaching the 50000 generation. Thus, a simultaneous adjustment of the variables V,
I, and W is made.

The parameters associated with the experimental curves are shown in the Tables 15
and 18, in the results section.

4.3.2 Experimental results

The measurements were taken at the LCM of the IFQ (Institute of Physics and
Chemistry) of UNIFEI (Federal University of Itajubá). Eight Bismuth Telluride (Bi2Te3)
TEGs, model SP-184827145 were used individually, to obtained better statistics. They
withstands temperatures up to 200 ∘C, with length 40 mm, width 40 mm and height
3.4 mm, insulated with Teflon and connected with copper cables [57, 42].

Each TEG operates with a temperature gradient between its hot and cold sides
which generates a voltage drop between those sides through the Seebeck effect. Since the
generated voltage drop is proportional to the temperature gradient and the proportio-
nality constant as the module’s Seebeck coefficient, measurements needs to be carried
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out through specific experimental setup comprising a power source (BK precision 9202)
used to oppose the generated module’s voltage, and electronic load (BK precision 8500)
to dissipate the generated power and a voltmeter (Keithley 2100) to acquire module’s
voltage and current as IV characteristics as presented in Figure 12 and this defines the
measurement circuit. However in order to produce reliable and stable results we developed
a control system to be used together with the measuring circuit with the sole function to
assure stable temperature gradient between hot and cold sides of the module.

Thus the remaining parts of the setup, used to control the TEG module’s tem-
perature were composed by a Microcomputer temperature controller, model UYUE 946S
UY-D220V as the heat constant temperature source 𝑇ℎ (limited the control to up to
150 ∘C) with the hot TEG module’s face placed in direct contact with the hot side of
the UYUE 946S UY-D220V. The cold TEG module’s face was put in contact with the
cold side of a Peltier Thermoelectric Cooler TEC1-12706 to act as the constant cold tem-
perature 𝑇𝑐. The TEC1-12706 however needs to be connected to a heat sink in order to
keep 𝑇𝑐 really stable. This is carried out by putting a metallic water block placed on the
top of TEC1-12706 hot side and through which cold water circulates and removes the
heat generated by the TEC1-12706 Peltier cooler. To finish the cold side control circuit,
this water block was connected by hoses to a cold-water reservoir kept at cold with water
and ice. The circulation of this water, between the reservoir and the water blocks, was
made by a BF12 fine nozzle water pump, which was supplied with 5 V by a BK Precision
1786B source. The water temperature measurement was carefully monitored by a Digital
Controller Temperature KT1210W.

The control of 𝑇𝑐 is carried just by controlling the power driven to the TEC1-12706
Peltier cooler. The control of the voltage applied to the Peltier TEC was done through a
standard PID (Proportional Integral and Derivative) routine developed in Python, which
regulated the applied voltage and kept T𝑐 stable and constant throughout one IV measu-
rement. This routine controlled a voltage output of an Arduino Mega 2560, through its
PWM (Pulse Width Modulation) port which was in turn connected to the voltage outputs
of a BK Precision XLN 3640 power supply that drives the TEC-12706 Peltier cooler. The
pulsed PWM output needs to be converted to continuous voltage prior to its connection
with the voltage control port of the XLN 3640 and this process is performed by a low-pass
filter (built in the laboratory), connected to the Arduino Mega 2560 PWM port.

The characterization of the TEG’s device and its generated power is carried out by
IV measurements considering some fixed generated temperature gradients of 10 ∘C, 20 ∘C,
30 ∘C, 40 ∘C, 50 ∘C, 60 ∘C, 70 ∘C, 80 ∘C and 90 ∘C. The cold temperature 𝑇𝑐 was kept
at 20 ∘C. The measurements carried with the BK Precision 9202 Multi-Range DC Power
Supply, BK Precision 8500 Programmable DC Electronic Load and digital multimeter
Keithley 2100 6 1/2 Digit were controlled by a LabView program that changes the applied
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voltage in 5 mV steps from 0 V to the open circuit voltage observed for each temperature
gradient. Temperature 𝑇𝑐 and 𝑇ℎ were also measured during experiments using two MAX
6675 Sensors, which use type K thermocouples. These measured the TEG’s cold and
hot temperatures. The MAX 6675 Sensors were connected to an Arduino Uno for data
acquisition in the developed software.

For each of the eight TEGs, nine measurements were made, where gradients of
approximately, 10 ∘C, 20 ∘C, 30 ∘C, 40 ∘C, 50 ∘C, 60 ∘C, 70 ∘C, 80 ∘C and 90 ∘C.

6
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+

I    V

+ - + -+ -

+-

+- - +

5V

GND

GND

+

Water Block

TEC1-12706
SP184827145

ArduinoMega2560

Arduino Uno

BK PrecisionXLN 3640
Temperature controller

Sensor Max 6675

Electropump

BK Precision1786B

Digital Temperature

Controller

Cold Water Reservatory

BK Precision 8500

BK Precision 9202

Keithley 2100

Figure 12 – Connection scheme used in the experimental apparatus for measuring curves
IV.

For each of the seventy two measurements, SADE was used to analyze and extract
parameters. The method was operated with an initial of 100 individuals for each para-
meter, evolving them for 50000 generations, and running each program 40 times, with a
random initial population. For each set of 40 solutions, a statistical analysis was perfor-
med which provided us with the parameters of hot temperature 𝑇ℎ, cold temperature 𝑇𝑐,
Seebeck coefficient 𝑆, resistance 𝑅 from the studied model of Equations ?? to 4.6, short
circuit current could be calculated 𝐼𝑠𝑐, open-circuit voltage 𝑉𝑜𝑐, maximum power 𝑃𝑚𝑎𝑥,
voltage at maximum power V(P𝑚𝑎𝑥), current at maximum power I(P𝑚𝑎𝑥), resistivity 𝜌,
Carnot efficiency 𝜂𝑐, maximum efficiency 𝜂𝑚𝑎𝑥 and effective Z-factor 𝑍𝑒𝑓𝑓 .

4.4 Results and discussion
Each TEG then had nine measurements, varying the temperature gradiente from

10 ∘C to 90 ∘C, with steps of 10 ∘C. With that, all the equivalent measures between the
TEGs were used and statistical results of the parameters that determine the functioning
of the TEGs are presented here. In Table 14 the results of measure 1 are presented, which
refer to a statistical analysis of the measures with gradients of 10 ∘C of each TEG, measure
2 with gradients of 20 ∘C, successively up to the measure 9, which is the statistical analysis
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of all measurements performed with a gradient of 90 ∘C. Thus, the Table 14 presents the
median values of the temperature gradients ΔT(∘C), Seebeck coefficient S(𝜇VK−1) and
resistance R(Ω). Although the set of TEGs was acquired in the same batch, it is possible to
verify a great variation in the values of the parameters, which confirms what was observed
by Saim et al. [42].

In Table 15 we present medians of short circuit current values 𝐼𝑠𝑐, open-circuit
voltage 𝑉𝑜𝑐, maximum power 𝑃𝑚𝑎𝑥, voltage at maximum power V(P𝑚𝑎𝑥) and current at
maximum power I(P𝑚𝑎𝑥). The values are consistent with the experiment, increasing with
increasing temperature gradient between the faces. However, we already see a noticeable
difference here.

The values provided by the devices’ datasheet are shown in Table 16. This shows,
for a given temperature gradient, an associated open-circuit voltage.

A comparison is then made between the theoretical (provided by the datasheet)
and the experimental (from our research) values of the open-circuit voltage for a given
temperature gradient. A variation in these values is noted here, even for TEGs in the
same batch. These data can be seen in Table 17. The experimental values is close to
the theoretical 𝑉𝑜𝑐 but lower due to contact resistance or chemical potential mismatch
between layers of the device.

The medians of the resistivity values 𝜌, Carnot efficiency 𝜂𝑐, maximum efficiency
𝜂𝑚𝑎𝑥 and effective Z-factor 𝑍𝑒𝑓𝑓 are shown in Table 18. The results obtained for the
effective Z-factor of the devices were exactly those presented in the literature, without
alteration for all the studied TEGs. Efficiency, as expected, increased with increasing
temperature gradient, reaching 2.97 % for a gradient of 90 ∘C. Table 18 main message
is of a fixed 𝑍𝑒𝑓𝑓 with all the variations the second low of thermodynamics as in the
operation of an idealized Carnot machine. The experimental errors or uncertainties are
resulting from two statistical process: The first due to the fitting itself and the second
from the behavior of eight distinct modules.

The Figure 13 presents the values of current per voltage and power per voltage
showing the experimental results (in red) and those generated from the proposed model
(in black). Curves 1, 2, 3, 4, 5, 6, 7, 8 and 9 represent, respectively, the values for the
temperature gradients of 10 ∘C, 20 ∘C, 30 ∘C, 40 ∘C, 50 ∘C, 60 ∘C, 70 ∘C, 80 ∘C and
90 ∘C.

We see a linear behavior in the IV curves and, as you have larger temperature
gradients, the experimental values fluctuate more. This is due to the TEG’s behavior and
the nature of the electrical measurement performed in this experiment. When generating a
temperature gradient in the TEG, it provides a voltage value that passes through the load
resistance, here represented by the electronic load BK precision 8500. This resistance, in
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Table 14 – Medians of temperature gradients ΔT(∘C), Seebeck coefficient S(𝜇VK−1) and
resistance R(Ω).

ΔT(∘C) S(𝜇VK−1) R(Ω)
1 11 ± 1 0.30 ± 0.03 0.01799
2 20 ± 1 0.33 ± 0.02 0.01929
3 30 ± 2 0.34 ± 0.02 0.02025
4 40 ± 1 0.35 ± 0.01 0.02145
5 50 ± 2 0.33 ± 0.01 0.02213
6 60 ± 2 0.35 ± 0.01 0.02468
7 71 ± 2 0.34 ± 0.01 0.02571
8 81 ± 2 0.34 ± 0.01 0.02679
9 94 ± 3 0.35 ± 0.01 0.02885

Table 15 – Medians of the short circuit current values I𝑠𝑐, open-circuit voltage V𝑜𝑐, maxi-
mum power P𝑚𝑎𝑥, voltage at maximum power V(P𝑚𝑎𝑥) and current at maxi-
mum power I(P𝑚𝑎𝑥).

I𝑠𝑐(A) V𝑜𝑐(V) P𝑚𝑎𝑥(W) V(P𝑚𝑎𝑥) I(P𝑚𝑎𝑥)
1 0.17 ± 0.02 0.40 ± 0.06 0.01772 0.19793 0.08372
2 0.33 ± 0.02 0.84 ± 0.07 0.06988 0.42134 0.16674
3 0.49 ± 0.03 1.32 ± 0.08 0.15622 0.65083 0.24403
4 0.61 ± 0.03 1.71 ± 0.07 0.24890 0.84866 0.30622
5 0.73 ± 0.03 2.06 ± 0.09 0.37332 1.03186 0.36514
6 0.85 ± 0.03 2.61 ± 0.09 0.54331 1.30286 0.42071
7 0.94 ± 0.03 3.05 ± 0.11 0.68436 1.51865 0.46263
8 1.03 ± 0.04 3.49 ± 0.14 0.87320 1.75340 0.51318
9 1.10 ± 0.04 4.09 ± 0.15 1.08757 2.04016 0.55104

Table 16 – Values provided by the device’s datasheet

ΔT(∘C) V𝑜𝑐(V) I(mA)
20 0.97 225
40 1.8 368
60 2.4 469
80 3.6 558
100 4.8 669

Table 17 – Comparison between theoretical and experimental values of open-circuit vol-
tage for temperature gradient data

ΔT(∘C) V𝑜𝑐(V) theoretical V𝑜𝑐(V) experimental
20 0.97 0.84 ± 0.07
40 1.8 1.71 ± 0.07
60 2.4 2.61 ± 0.09
80 3.6 3.49 ± 0.14
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turn, makes this voltage pass back into the TEG, causing a disturbance in its temperature.

This same behavior is seen in Figure 13, on the P(V) curve, where there are greater
oscillations in the experimental values for greater temperature gradients.

Figure 13 – (a) Current by voltage and (b) voltage power for experimental values (in red)
and generated from the proposed model (in black). Curves 1, 2, 3, 4, 5, 6, 7,
8 and 9 represent, respectively, the values for the temperature gradients of
10 ∘C, 20 ∘C, 30 ∘C, 40 ∘C, 50 ∘C, 60 ∘C, 70 ∘C, 80 ∘C and 90 ∘C.

Analyzing the data presented in Figure 13, we see that the experimental arran-
gement created for this experiment was satisfactory. He fulfilled his goal of generating
temperature gradients and controlling them, in addition to measuring them, a fact obser-
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ved in the graphs (except the oscillations previously discussed). SADE’s good behavior
was also noted.

4.5 Summary and Conclusions
In this work we have presented a:

• new methodology for analyzing thermoelectric generating devices;

• new experimental arrangement, which generates and controls temperature gradients
with precision, measures such temperatures, and also allow the precise determination
of relevant associated electrical quantities.

The results from this assembly lead to acceptable statistical variations, compatible
with the expected for commercial devices.

Together with this new experimental arrangement, we:

• applied a method of data analysis through a genetic algorithm of differential evolu-
tion for the first time, which presented excellent results and shows a new powerful
tool for the analysis of thermoelectric materials.

The autonomous fitting process with simultaneous equations and parameters being
analyzed lead to a successful method to obtain precise performance ratings of thermoele-
tric generators.

The TEGs studied, despite showing variations in their characteristics between
elements of the same batch,

• behaved reliably, presenting a good thermal efficiency, from 2.97 % to a temperature
gradient of 90 ∘C.

This evidence the robustness of the proposed methodology to define precisely re-
levant operation ratings for the commercial thermoelectric generators.

Appendix
Making R𝐿=R [47] we get the maximum quantities. Thus, the power described in

the Equation 4.1 is

𝑃𝑚𝑎𝑥 = 𝑁𝑆2(𝑇ℎ − 𝑇𝑐)2

4𝑅
, (4.13)
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while the current in Equation 4.3 is

𝐼𝑚𝑎𝑥 = 𝑆(𝑇ℎ − 𝑇𝑐)
2𝑅

(4.14)

and the voltage of the Equation 4.2

𝑉𝑚𝑎𝑥 = 𝑁𝑆(𝑇ℎ − 𝑇𝑐)
2 . (4.15)

The efficiency is

𝜂 =

(︁
1 − 𝑇𝑐

𝑇ℎ

)︁
𝑅𝐿

𝑅(︁
1 + 𝑅𝐿

𝑅

)︁
− 1

2

(︁
1 − 𝑇𝑐

𝑇ℎ

)︁ (︁
1+ 𝑅𝐿

𝑅

)︁2
𝑇𝑐
𝑇ℎ

𝑍𝑇𝑐

, (4.16)

where ZT𝑐=𝑆2𝑇𝑐

𝜅𝜌
is the Figure of Merit (ZT), 𝜅 the thermal conductivity, and 𝜌

the electrical resistivity.

and the maximum efficiency

𝜂𝑚𝑎𝑥 =
(︂

1 − 𝑇𝑐

𝑇ℎ

)︂ √︁
1 + 𝑍𝑇 − 1√︁
1 + 𝑍𝑇 + 𝑇𝑐

𝑇ℎ

, (4.17)

where 𝑇 is the average temperature between the hot and cold sides, expressed by

𝑇 = 𝑇ℎ + 𝑇𝑐

2 . (4.18)
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Table 18 – Medians of the resistivity values 𝜌, Carnot efficiency 𝜂𝑐, maximum efficiency
𝜂𝑚𝑎𝑥 and effective Z-factor Z𝑒𝑓𝑓

𝜌(mΩm) 𝜂𝑐(%) 𝜂𝑚𝑎𝑥(%) Z𝑒𝑓𝑓 (K−1)
1 0.91 ± 0.24 53.35 ± 3.44 0.22 ± 0.04 0.00209
2 0.97 ±0.16 94.85 ± 2.73 0.91 ± 0.09 0.00209
3 1.01 ± 0.11 94.75 ± 1.74 1.37 ± 0.09 0.00209
4 1.07 ± 0.09 91.05 ± 1.23 1.69 ± 0.08 0.00209
5 1.11 ± 0.09 92.45 ± 1.25 2.22 ± 0.10 0.00209
6 1.22 ± 0.09 87.75 ± 0.88 2.35 ± 0.09 0.00209
7 1.26 ± 0.10 86.45 ± 0.85 2.58 ± 0.10 0.00209
8 1.35 ± 0.12 80.50 ± 0.70 2.66 ± 0.10 0.00209
9 1.47 ± 0.13 76.25 ± 0.68 2.97 ± 0.11 0.00209
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5 A robust system for thermoelectric device
characterization

One more step taken. With a well-established computational tool for data analysis
and an experimental apparatus for measuring thermoelectric devices, we now need an
apparatus that allows us to measure thermoelectric materials in bulk or thin films.

In this chapter we take a step further in the studies of thermoelectric materials.
After applying a computational tool, the SADE algorithm, for three different scenarios,
and carrying out a study of commercial thermoelectric devices, here we carry out the
construction of an entire system for characterization of thermoelectric devices, such as in
bulk state or in thin films.

The algorithm developed to control the equipment has been registered and the
software registration certificate is in Annex B. The equipment has been patented and the
patent registration is in Annex C. The article resulting from this work was published in the
IEEE Institute of Electrical and Electronics Engineers (Instrumentation and Measurement
Society) and presented in Global Experts Meet on Condensed Matter Physics, at Rome,
Annex G.

Graphical Abstract

Highlights

• A new system for thermoelectric device characterization.

• Electrical conductivity, Seebeck coefficient, and thermal conductivity to obtain the
Figure of Merit.

• Reduction of systematic errors through the use of single measuring equipment.

Abstract
Due to the large reduction in fossil fuel reservoirs, the consequent cost increase

of deep water extraction, and the emission of pollutant, there is a constant search for
alternative ways to obtain clean energy at lower cost. Among those sources we focus on
the energy produced by thermoelectric materials. In this work we present a new system
for the characterization of thermoelectric generation devices. Such a system performs
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Figure 14 – Graphical Abstract of Publication 4

measurements of electrical resistivity, Seebeck coefficient, and thermal conductivity in a
single setup. With this, it is possible to reduce the systematic errors in the Figure of Merit
𝑍𝑇 and the cost of the equipment. Our equipment, together with the developed software,
presented excellent results and analyses, and with that, it proves to be a robust alternative
for the characterization of commercial thermoelectric devices, and of laboratory thin film
thermoelectric materials.

Keywords
Figure of Merit ∙ Systematic errors ∙ Seebeck coefficient ∙ Thermal conductivity

∙ Electrical conductivity ∙ Thermoelectric device characterization

5.1 Introduction
The increasing search and need for new environment friendly energy sources drives

research on thermoelectric materials and characterization techniques. Among the mate-
rials studied, thermoelectric power plants have emerged as a promising solution. The
advantages are: being small, having no moving parts, and performing conversion of heat
into electricity with a single module. Numerous researches have been dedicated to looking
for high-performance and low-cost thermoelectric materials [1]. The search for such mate-



Chapter 5. A robust system for thermoelectric device characterization 96

rials or to improve their ratings is continuously growing due to the strong global demand
for economically viable and pollution-free energy conversion [2, 3, 4, 5].

Energy is a commodity with worldwide increasing consumption and being able to
harvest energy considering environmental issues have attracted great attention in recent
years. To overcome the energy crisis that is approaching the exploitation of sustainable
and ecological energy resources is a key issue [6]. Thermoelectric materials and devices,
based on the direct conversion of energy between heat and electricity, were considered as
promising alternatives to face the challenges of the global energy dilemma [7, 8]. Thermo-
electric materials are capable of converting heat into electricity, commonly used in cooling
and refrigeration applications [9]. A low-cost and scalable thermoelectric material, with a
high energy conversion performance, is highly desired [10].

Thermoelectric devices however, produce tiny voltages and therefore needs to be
miniaturized and highly integrated with existing semiconductor chip systems with micro-
generators or micro refrigerators [11]. However, part of the difficulty in finding thermoe-
lectric materials is their characterization which would allow performance improvements.
The efficiency of thermoelectric materials is assessed by the dimensionless Figure of Merit
𝑍𝑇 , which is expressed as ZT = S2T/𝜌𝜅. Here, 𝑆 is the Seebeck coefficient with the unit
[VK−1]; 𝜌 is the electrical resistivity with the unit [Ωcm]; 𝑇 is the temperature with the
unit [K]; 𝜅 is the thermal conductivity with the unit [Wm−1K−1]. Thus, to obtain the
Figure of Merit of a material, it is necessary to measure 𝑆, 𝜌 and 𝜅.

In the last two decades, several reviews have been produced on thermoelectric
materials, including topics such as designing guidances [7, 12, 13, 14], novel materials
[15, 16, 17] and, in particular, on methods of measurement [1, 18, 19, 20, 21]. Developments
on measurement techniques should be considered as important as the development of
new materials. Sometimes, there are large deviations between experimental results and
theoretical predictions [1]. For this reason, the importance of a single equipment that
calculates all associated thermoelectric quantities allows reducing systematic errors.

This manuscript presents the development of a complete system for the characte-
rization of thermoelectric generation devices and materials. Such a system performs the
measurements of electrical resistivity, Seebeck coefficient, and thermal conductivity in a
single piece of equipment that included the development of a software for control and
measurement. The combination of these three quantities gives us information about the
Figure of Merit, a thermoelectric quantity of great importance for the tuning of materials
thermoelectric performance i.e. to improve energy generation. To evaluate the here pro-
posed setup, a thin film of ITO was analyzed. From the measurements and analyses, the
equipment proved to be promising for use in industry and scientific research.
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5.2 Determination of the Figure of Merit
As already mentioned, to obtain the Figure of Merit, it is necessary to measure

the electrical resistivity, the Seebeck coefficient, and the thermal conductivity. Here we
will briefly explain how these measurements will be assessed and their importance in the
characterization of thermoelectric generators.

5.2.1 Electrical Resistivity

Electrical resistivity is a physical quantity necessary to be determined for the use
of materials for electrical and electronic applications, especially if they are films, sheets,
and conductive surfaces [22]. The method most extensively used for this purpose is the
four-probe system [23, 24] which consists of measuring the current and voltage using
independent electrodes from which the resistivity can be obtained according to the sample
geometry.

The four-probe system is widely used for the measurement of resistivity and re-
sistances of bulk materials and thin films. This method is not new, having already been
used in 1915 to measure the resistance of the Earth [25], known as the Wenner method.
However, Valdes [26] adopted the technique to perform electrical resistivity measurements
in semiconductor wafers, and, for this reason, it is known today as an analytical method
for electrical resistivity measurements in solids, mainly semiconductors. The four-probe
method is the most common approach to obtain electrical conductivity [27, 28]. The sys-
tem consists of a sensor formed by four vertical electrodes, whose tips are coplanarly,
collinearly and regularly spaced placed on the sample surface. The two external electro-
des are connected to a current source and the inner ones to a voltmeter [29]. However, it
is possible to use other geometric arrangements, as well as to inject current through the
internal electrodes [22, 29].

During the measurements, one way to improve the probe contact with the sample
surface is the use of springs contacts that provides a certain pressure to the sample surface.
Thus, it is possible to always assure contact between the four tips and the sample. This
method minimizes measurement errors due to the low contact resistance between the
electrodes and the sample [30, 31]. The electrical resistivity measurement is also useful
in characterizing the electrical properties of conductive surfaces, such as the change in
conductivity due to surface oxidation, as described by Petersen [32].

In general, the voltage V at a function of distance l of an electrode that carries a
current i in an electrical resistivity material 𝜌 is given by:

𝑉 = 𝜌𝑖

2𝜋𝑓(𝑙) (5.1)



Chapter 5. A robust system for thermoelectric device characterization 98

Considering a material of semi-infinite dimensions, with the current going in th-
rough one end (called 1) and going out through the opposite side (called 4), the voltage
𝑉 ′ could be considered as a first attempt of 𝑓(𝑙) as:

𝑉 ′ = 𝜌𝑖

2𝜋

(︂ 1
𝑙12

− 1
𝑙34

)︂
(5.2)

Since l12 and l34 are the distances of the points 1 to 2 and 3 to 4 respectively. By
determining the value of potential at the probes V𝑛 for n as the index of probes 2 and 3
ends, we have to

𝑉2 = 𝜌𝑖

2𝜋

(︂ 1
𝑙12

− 1
𝑙23 + 𝑙34

)︂
(5.3)

𝑉3 = 𝜌𝑖

2𝜋

(︂ 1
𝑙12 + 𝑙23

− 1
𝑙34

)︂
(5.4)

Thus, the difference in total potential, V = V2 - V3 is equivalent to:

𝑉 = 𝜌𝑖

2𝜋

(︂ 1
𝑙12

+ 1
𝑙34

− 1
𝑙23 + 𝑙34

− 1
𝑙12 + 𝑙23

)︂
(5.5)

since what interests us is the resistivity 𝜌, rearranging the Equation 5.5 we have

𝜌 =
2𝜋 𝑉

𝑖
1

𝑙12
+ 1

𝑙34
− 1

𝑙23+𝑙34
− 1

𝑙12+𝑙23

(5.6)

in our case the spacing between the probe tips is equal, so l12 = l23 = l34 = l and
so the Equation 5.6 is reduced to

𝜌 = 2𝜋𝑙
𝑉

𝑖
(5.7)

this is the general equation. However, there are situations where we do not have
a material of semi-infinite dimensions and, therefore, the previous Equation 5.7 must be
corrected for a finite geometry.

For an arbitrarily shaped sample, the electrical resistivity is given by the Equa-
tion 5.8, F being the correction factor that depends on the shape of the sample, its
dimensions, where the tips for the measurement are placed and also, how it is arranged
(type of substrate, for example, in the case of deposited material).

𝜌 = 2𝜋𝑙
𝑉

𝑖
𝐹 (5.8)

𝐹 can be derived also for other geometries as carried by Valdes, Schroder, Smits
and Uhlir [26, 27, 30, 33].
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For our case, the ITO sample is rectangular thin film, with finite length 𝑎, width
𝑑, and thickness 𝑤, presented in the Figure 15. Being w < 4l/10, the 𝐹 correction factor
to be used is shown in Equation 5.9.

𝐹 = 𝜋

𝜋 𝑙
𝑑

+ ln
(︂

1−𝑒
− 4𝜋𝑙

𝑑

1−𝑒
− 2𝜋𝑙

𝑑

)︂
+ 𝑒− 2𝜋𝑙

𝑑 (𝑎
𝑙
−2)

(︁
1−𝑒

− 6𝜋𝑙
𝑑

)︁(︁
1−𝑒

− 2𝜋𝑙
𝑑

)︁
1+𝑒

− 2𝜋𝑎
𝑑

(5.9)

The Figure 15 shows the four-probe in line, three thermocouples and the dimensi-
ons on the rectangular ITO sample. Sample dimensions are 𝑤 the thickness, 𝑎 the length
and 𝑑 the width of the sample. 𝑙 indicates the distance between consecutive probes. Ther-
mocouples were positioned parallel to the first and last probes and another at the sample
center.

Figure 15 – Illustration of four-probe, three thermocouples placed parallel to the contacts
on the extremes and at the center and the dimensions on the rectangular ITO
sample. All sample dimensions and contact distances are represented in terms
of the equation parameters.

5.2.2 Seebeck coefficient

In 1821, the German physicist Thomas Johann Seebeck observed that a compass
needle was deflected from its position when it was placed in the vicinity of a closed circuit,
where the circuit was simply formed by a link of two different metals and whose junctions
were maintained at different temperatures [34]. The temperature difference causes, in the
material, diffusion of charge carriers (electrons or holes) from the hot junction to the cold
junction. A configuration of mobile charge carriers migrate to the cold side and leave
behind the immobile cores of opposite charge on the hot side, thus giving rise to a voltage
difference called thermoelectric potential. The value of the thermoelectric electromotive
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force fem, which is generated between the two different materials, such as metals or
semiconductors, can be obtained through Equation 5.10.

𝐸𝐴𝐵 = 𝑆Δ𝑇, (5.10)

where 𝑆 is defined as the relative Seebeck coefficient between materials A and
B. The Equation 5.10 can be rewritten according to the potential difference generated,
knowing that E𝐴𝐵 = -ΔV

𝑆 = −Δ𝑉

Δ𝑇
(5.11)

This leads to a direct current that flows through the materials, through the junc-
tion, when they are kept at different temperatures. The electromotive force 𝐸𝐴𝐵 and the
coefficient S are positive if the conventional current flows from the material A to B from
the hot junction.

Two approaches are commonly used to measure the Seebeck coefficient in the thin-
film plane: the integral method and the differential method. In the integral method, [35]
one end of the sample is kept at a reference temperature (usually room temperature or
273 K) and the other is increased continuously over a temperature range of interest. This
method assumes that the thermal balance between the thermocouple junctions and the
sample is achieved instantly, and there is no delay between the voltage and temperature
measurements.

The differential method, used in this work, for measuring the Seebeck coefficient
in the plane is more widely used for thin-film thermoelectric materials [36, 37, 38]. Small
thermal gradients are applied along the length of the sample, close to the temperature
of interest; that is, in the linear regime. Several data points with variable temperature
differences are collected and the slope of the voltage about the temperature difference
provides the Seebeck coefficient.

5.2.3 Thermal Conductivity

The measurement of thermal conductivity is performed using the method created
by Kohlrausch [39]. It is a well established method in the physical and thermodynamic
analysis of materials, presented in [40, 41].

The Kohlrausch method shows how constant temperature can be used to find the
ratio of thermal (𝜅) and electrical (𝜎), known as the Wiedemann-Franz ratio [42]. The
extreme regions of the sample are kept as close as possible to the same temperature by
making T1 = T2 = T, while the center of the sample is heated to Tℎ, thus generating a
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temperature gradient ΔT = Tℎ - T . This generates a potential difference ΔV between
the ends of the sample and Equation 5.12 describes the entire phenomenon.

𝜅

𝜎
= (Δ𝑉 )2

8Δ𝑇
(5.12)

with this, it is possible to determine simply the 𝜅/𝜎 ratio of the thermal and
electrical conductivities, involving only the reading of the temperature difference and the
potentials in two points of the sample.

5.2.4 Figure of Merit

With the measurements of electrical conductivity, Seebeck coefficient, and thermal
conductivity it is possible to obtain the Figure of Merit 𝑍𝑇 through Equation 5.13.

𝑍𝑇 = 𝑆2𝑇

𝜌𝜅
(5.13)

where 𝑆 is the Seebeck coefficient, 𝜌 the electrical resistivity, 𝜅 the thermal con-
ductivity and 𝑇 the temperature, which leaves the 𝑍𝑇 dimensionless.

5.3 Experimental setup
The developed system has a structure assembled to carry out electrical conducti-

vity measurements, Seebeck coefficient, and thermal conductivity in the same equipment.
This excludes errors due to the use of various equipment and increases the robustness of
the measurements.

In the system we developed, heatsinks, fans, water blocks, Peltier devices, a Teflon
block, a power resistor, and a metallic structure that provides stability and support for
the entire system were used. All characterization system is done as illustrated in detail in
the Figure 16, alternating only with the rectangular Teflon block, to perform the electrical
conductivity measurements and the Seebeck coefficient, and the power resistor, to perform
the thermal conductivity measurement.

To carry out the Seebeck coefficient and thermal conductivity measurements, tem-
perature differences must occur. The water blocks, where cold water is circulated, have
the function of maintaining a stable temperature in the Peltier modules, generating a
temperature gradient and preventing it from entering thermal equilibrium. Thermal con-
tact between the Peltier modules and the sample is mechanically assured by a couple of
coils besides the extra contact pin coils.

The heatsinks under the Peltier modules function to dissipate excess heat from
the aluminum water blocks. The two fans under the smaller heatsinks under aluminum
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waterblocks are used to force an airflow from top to bottom, assisting the heatsink that
is at the botton of the structure. In this way, the heat generated by the Peltier modules
is efficiently dissipated out of the system.

As illustrated in Figure 16, the structure has two circular air vents on its sides,
the front and rear part is open, to allow air to circulate efficiently.

Figure 16 – Illustration of the thermoelectric sample characterization system. In the
image it is possible to check the circular air vents on the side, increasing
the efficiency in cooling the system.

5.3.1 Electrical conductivity and Seebeck coefficient

To perform the electrical conductivity measurement, the four-probe technique was
used, where 4 spring contact pins model 0985-2-15-20-71-14-11-0 brand Mil-max 0.48 mm
and limited to 2 A current, in diameter and in line are placed in contact on the sample sur-
face (Figure 15). The pins were equally spaced by 3.9 mm so that minimal sample length
a ≥ 14 mm and the width d ≥ 4 mm in order to acommodate pins and thermocouples.
The sample is on a surface, formed by the two Peltier devices and the Teflon block. The
Teflon block is necessary to give mechanical support to the sample between the Peltier
modules and also to avoid them to enter into thermal equilibrium. An external voltage is
applied through the two external pins, using the 5 1/2 digit Keithley 2400 source-measure
unit , from which the current is also measured. Minimal applied current is about 1 𝜇A
and maximal is 1 A but limited to 20 V. We measure the voltage using the two internal
pins, using the 6 1/2 digit Keithley 2100 multimeter with its resolution limited to 0.1 𝜇V
at 0.1 V range and 1 mV at 1000 V range, as illustrated in Figure 17. With the IV curves
of the material, we obtain, according to the Equation 5.8, the electrical resistivity of the
sample.

The measurement of the Seebeck coefficient is carried using two Peltier modules,
placed under the sample. One module is the hot temperature reference (limited to 390 K)
and the other is the cold temperature reference (limited to 280 K). The purpose here is
to generate a temperature gradient in the sample. Voltage is applied to Peltier devices
through the Control Software, which was developed in Python. The software controls
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an Arduino Mega 2560, which sends a voltage to a low-pass filter. This low-pass filter
converts the received signal to two independent Bk Precision XLN3640 sources, each of
which will apply a voltage to a Peltier device. The water blocks are connected by hoses to
a cooling system, formed by Cold Water Reservoir, the Digital Temperature Controller,
the Electropump, and the BK Precision 1786B that provides the necessary voltage.

The procedure is then to generate a temperature gradient in the material so that
by the Seebeck effect the generation of voltage occurs. The voltage generated is measured
by Keithley 2100, through the two external pins connected to the sample. The Arduino
Uno, through the Max6675 Sensors, performs the reading of the temperatures in the
sample, to analyze the data according to Equation 5.11. Figure 17 shows the assembly
diagram for measurements of the Seebeck coefficient.

5.3.2 Thermal conductivity

The measurement of thermal conductivity is carried out by the Kohlrausch method
which uses 2 Peltier modules being at the same cold reference temperature, and a power
resistor in place of the Teflon block in the center of the sample to be the hot temperature
reference.

The power resistor is activated, by Keithley 2400, to raise the temperature of the
sample center, while the Peltiers cool the external parts, from the Arduino Mega2560, the
low-pass filter, and the two BK Precision XLN3640. Peltier devices are also cooled by the
cooling system, composed of Cold Water Reservoir, the Digital Temperature Controller,
the Electropump, and the BK Precision 1786B.

The voltage generated between the outer pins on the surface of the material is
measured with the Keithley 2100 multimeter. The temperatures on the material surface
points are a very important to be taken close to the measuring pins using three K type
thermocouples and an Arduino Uno connecting each thermocouple to a Max6675 trans-
ducer with 0.25 K temperature resolution. Typical tip ball diameter is of the order of
0.5 mm, the same as the spring electrical pins. One thermocouple is placed close to the
center pin and the other two close to the outer ones. With the data collected, simply
apply Equation 17 and obtain the thermal conductivity of the material.

For an analysis of the operation of the equipment, a sample of Indium tin oxide,
commonly referred to as ITO, was used which is a standard degenerate n-type transparent
semiconductor material. It is highly transparent to visible light (>80%) and low resistivity
(𝜌<5× 10−4Ωcm) [43, 44], being 𝜌 ≈ 1× 10−4Ωcm in [45], and ranged from 2.9× 10−4Ωcm
to 3.2× 10−3Ωcm in [46].

Its Seebeck coefficient varies from 5.96 𝜇VK−1 to 43.16 𝜇VK−1, depending on
the material manufacturing process [47]. Thermal conductivity ranged to 4.00 to 5.86
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Figure 17 – Scheme for measuring electrical resistivity, Seebeck coefficient and thermal
conductivity.

Wm−1K−1 according to material growth [46]. In [48] we have 𝜅 ≈ 0.84± 0.12 Wm−1K−1

at room temperature for nanogranular ITO, can be 𝜅 ≈ 10 Wm−1K−1 at room temperature
[49, 50], 𝜅 ≈ 1.2 Wm−1K−1 at 973 K in sintered In2O3 doped by Zn and Ce [50]. In [51, 52]
𝜅 ≈ 1.58-1.75 Wm−1K−1.

The Z-factor varies according to the thickness of the material, being for 50 nm,
100 nm, 200 nm, 280 nm respectively, 9.76× 10−5K−1, 7.16× 10−4K−1, 1.28× 10−3K−1

and 1.84× 10−3K−1 [54]. In [53] the Z-factor is 1.19× 10−2K−1.

Our sample is a rectangular thin ITO film deposited onto a glass substrate w =
10 nm thick. The spacing between the 4 points of the measurement is l = 3.9 mm, the
length of the rectangular sample (in the direction of the 4 points) is a = 24.9 mm and
the width of the rectangular sample (perpendicular to the 4 points) is d = 17.1 mm.

5.4 Results
To evaluate the efficiency of the equipment, a sequence of tests was performed on

a thin ITO film, which is already well established in the literature. We performed the
measurements of electrical conductivity, Seebeck coefficient, and thermal conductivity, to
obtain the Figure of Merit.

Five IV curves were made for the sample. Figure 18 shows one of the IV curves
obtained for calculating the electrical resistivity 𝜌 of ITO.

From the graph, we obtained the resistance R = V/I of the sample, and from
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Figure 18 – IV curve obtained for calculating the electrical resistivity 𝜌, of ITO.

Equation 5.8 we calculated the resistivity of the sample.

With a statistical calculation, we obtain the electrical resistivity of the material,
presented in Table 19. Five measurements were also taken to calculate the Seebeck 𝑆

coefficient. Figure 19 shows one of the five V(ΔT) curves obtained.

Figure 19 – V(ΔT) curve obtained to calculate the Seebeck coefficient. T𝐶= 293 K

From statistical calculations, the value of the Seebeck S coefficient of the ITO
sample was obtained, presented in Table 19. The values of thermal conductivity were
calculated from five measurements and the Equation 5.12 and are shown in Table 19.
Thus, Table 19 presents all the experimental data obtained from our analysis and those
presented in the literature. The value of Z was calculated by the Equation 5.13 using the
values of reference [46, 47, 48, 50] and presented in the same Table. As can be seen in
the comparison of the values obtained in the literature and the results obtained by our
equipment, the equipment presented an excellent performance and obtained outstanding
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results, showing its robustness for applications in the characterization of thermoelectric
devices.

Parameter Literature Experimental
𝜌 (Ωcm) 1 × 10−4 [45] → 3.2 × 10−3 [46] (1.3100 ± 0.0007) × 10−4

𝑆 (𝜇VK−1) 5.96 → 43.16 [47] (4.38 ± 0.22)
𝜅 (Wm−1K−1) 0.84 [48] → 10 [50] (3.10 ± 0.83)
𝑍 (K−1) 2.98 × 10−5 → 5.82 × 10−4 (4.7 ± 1.4) × 10−5

Table 19 – Values mean of the electrical resistivity, Seebeck coefficient, and thermal con-
ductivity of the ITO sample.

5.5 Conclusions
The single equipment shown here reduces the time and complexity considered in

the measurement of all the three thermoelectric quantities necessary to obtain the Figure
of Merit since, for that task, it is commonly used at least two distinct equipment one for
the Seebeck coefficient and electrical resistivity and another for the thermal conductivity.
The presented equipment was designed to performed accurate temperature control leading
to stable measurements. The values of electrical resistivity, Seebeck coefficient, thermal
conductivity obtained by our robust thermoelectric characterization system will contribute
to improve the access to the determination of the Figure of Merit in a simple, fast and
reliable form, which will contribute for research on the characterization of thermoelectric
materials.

Acknowledgement
We are grateful for the financial support of Fapemig, CNPq, and Capes.



107

References

1 MA, Z. et al. Review of experimental approaches for improving zT of thermoelectric
materials. Materials Science in Semiconductor Processing, Elsevier BV, v. 121, p. 105303,
jan. 2021. Disponível em: <https://doi.org/10.1016/j.mssp.2020.105303>. 95, 96

2 HARMAN, T. C. Quantum dot superlattice thermoelectric materials and devices. Sci-
ence, American Association for the Advancement of Science (AAAS), v. 297, n. 5590, p.
2229–2232, set. 2002. Disponível em: <https://doi.org/10.1126/science.1072886>. 96

3 JOSHI, G. et al. Enhanced thermoelectric figure-of-merit in nanostructured p-type
silicon germanium bulk alloys. Nano Letters, American Chemical Society (ACS), v. 8,
n. 12, p. 4670–4674, out. 2008. Disponível em: <https://doi.org/10.1021/nl8026795>. 96

4 SRINIVASAN, R.; GOTHARD, N.; SPOWART, J. Improvement in thermoelectric
properties of an n-type bismuth telluride (bi2se0.3te2.7) due to texture development and
grain refinement during hot deformation. Materials Letters, Elsevier BV, v. 64, n. 16, p.
1772–1775, ago. 2010. Disponível em: <https://doi.org/10.1016/j.matlet.2010.05.018>.
96

5 RODRÍGUEZ, J.; MORENO, L. ceramics as new thermoelectric material for low tem-
perature applications. Materials Letters, Elsevier BV, v. 65, n. 1, p. 46–48, jan. 2011.
Disponível em: <https://doi.org/10.1016/j.matlet.2010.09.034>. 96

6 SHI, X.-L.; ZOU, J.; CHEN, Z.-G. Advanced thermoelectric design: From materials and
structures to devices. Chemical Reviews, American Chemical Society (ACS), v. 120, n. 15,
p. 7399–7515, jul. 2020. Disponível em: <https://doi.org/10.1021/acs.chemrev.0c00026>.
96

7 TAN, G.; ZHAO, L.-D.; KANATZIDIS, M. G. Rationally designing high-performance
bulk thermoelectric materials. Chemical Reviews, American Chemical Society (ACS),
v. 116, n. 19, p. 12123–12149, ago. 2016. Disponível em: <https://doi.org/10.1021/acs.
chemrev.6b00255>. 96

8 SHI, X.; CHEN, L. Thermoelectric materials step up. Nature Materials, Springer
Science and Business Media LLC, v. 15, n. 7, p. 691–692, jun. 2016. Disponível em:
<https://doi.org/10.1038/nmat4643>. 96

9 DISALVO, F. J. Thermoelectric cooling and power generation. Science, American As-
sociation for the Advancement of Science (AAAS), v. 285, n. 5428, p. 703–706, jul. 1999.
Disponível em: <https://doi.org/10.1126/science.285.5428.703>. 96

https://doi.org/10.1016/j.mssp.2020.105303
https://doi.org/10.1126/science.1072886
https://doi.org/10.1021/nl8026795
https://doi.org/10.1016/j.matlet.2010.05.018
https://doi.org/10.1016/j.matlet.2010.09.034
https://doi.org/10.1021/acs.chemrev.0c00026
https://doi.org/10.1021/acs.chemrev.6b00255
https://doi.org/10.1021/acs.chemrev.6b00255
https://doi.org/10.1038/nmat4643
https://doi.org/10.1126/science.285.5428.703


References 108

10 ZHANG, Y.; STUCKY, G. D. Heterostructured approaches to efficient thermoelectric
materials. Chemistry of Materials, American Chemical Society (ACS), v. 26, n. 1, p. 837–
848, set. 2013. Disponível em: <https://doi.org/10.1021/cm402150j>. 96

11 WEI, J. et al. Review of current high-ZT thermoelectric materials. Journal of Ma-
terials Science, Springer Science and Business Media LLC, v. 55, n. 27, p. 12642–12704,
jun. 2020. Disponível em: <https://doi.org/10.1007/s10853-020-04949-0>. 96

12 SNYDER, G. J.; TOBERER, E. S. Complex thermoelectric materials. Nature Materi-
als, Springer Science and Business Media LLC, v. 7, n. 2, p. 105–114, fev. 2008. Disponível
em: <https://doi.org/10.1038/nmat2090>. 96

13 YANG, J. et al. On the tuning of electrical and thermal transport in thermoelec-
trics: an integrated theory–experiment perspective. npj Computational Materials, Sprin-
ger Science and Business Media LLC, v. 2, n. 1, fev. 2016. Disponível em: <https:
//doi.org/10.1038/npjcompumats.2015.15>. 96

14 BELL, L. E. Cooling, heating, generating power, and recovering waste heat with
thermoelectric systems. Science, American Association for the Advancement of Science
(AAAS), v. 321, n. 5895, p. 1457–1461, set. 2008. Disponível em: <https://doi.org/10.
1126/science.1158899>. 96

15 ZHU, T. et al. High efficiency half-heusler thermoelectric materials for energy harves-
ting. Advanced Energy Materials, Wiley, v. 5, n. 19, p. 1500588, jul. 2015. Disponível em:
<https://doi.org/10.1002/aenm.201500588>. 96

16 HE, J.; TRITT, T. M. Advances in thermoelectric materials research: Looking back
and moving forward. Science, American Association for the Advancement of Science
(AAAS), v. 357, n. 6358, p. eaak9997, set. 2017. Disponível em: <https://doi.org/10.
1126/science.aak9997>. 96

17 ALAM, H.; RAMAKRISHNA, S. A review on the enhancement of figure of merit from
bulk to nano-thermoelectric materials. Nano Energy, Elsevier BV, v. 2, n. 2, p. 190–212,
mar. 2013. Disponível em: <https://doi.org/10.1016/j.nanoen.2012.10.005>. 96

18 CAHILL, D. G. et al. Thermal conductivity of thin films: Measurements and un-
derstanding. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films,
American Vacuum Society, v. 7, n. 3, p. 1259–1266, maio 1989. Disponível em: <https:
//doi.org/10.1116/1.576265>. 96

19 LIU, Y. et al. Measuring methods for thermoelectric properties of one-dimensional
nanostructural materials. RSC Advances, Royal Society of Chemistry (RSC), v. 6, n. 54,
p. 48933–48961, 2016. Disponível em: <https://doi.org/10.1039/c5ra23634g>. 96

https://doi.org/10.1021/cm402150j
https://doi.org/10.1007/s10853-020-04949-0
https://doi.org/10.1038/nmat2090
https://doi.org/10.1038/npjcompumats.2015.15
https://doi.org/10.1038/npjcompumats.2015.15
https://doi.org/10.1126/science.1158899
https://doi.org/10.1126/science.1158899
https://doi.org/10.1002/aenm.201500588
https://doi.org/10.1126/science.aak9997
https://doi.org/10.1126/science.aak9997
https://doi.org/10.1016/j.nanoen.2012.10.005
https://doi.org/10.1116/1.576265
https://doi.org/10.1116/1.576265
https://doi.org/10.1039/c5ra23634g


References 109

20 ZEVALKINK, A. et al. A practical field guide to thermoelectrics: Fundamentals,
synthesis, and characterization. Applied Physics Reviews, AIP Publishing, v. 5, n. 2, p.
021303, jun. 2018. Disponível em: <https://doi.org/10.1063/1.5021094>. 96

21 WU, H. et al. Advanced electron microscopy for thermoelectric materials. Nano
Energy, Elsevier BV, v. 13, p. 626–650, abr. 2015. Disponível em: <https://doi.org/10.
1016/j.nanoen.2015.03.034>. 96

22 ZRUDSKY, D. R.; BUSH, H. D.; FASSETT, J. R. Four point sheet resistivity techni-
ques. Review of Scientific Instruments, AIP Publishing, v. 37, n. 7, p. 885–890, jul. 1966.
Disponível em: <https://doi.org/10.1063/1.1720355>. 97

23 KENNEDY, J. K. Four-point probe for measuring the resistivity of small samples.
Review of Scientific Instruments, AIP Publishing, v. 33, n. 7, p. 773–775, jul. 1962. Dis-
ponível em: <https://doi.org/10.1063/1.1717968>. 97

24 PETERSEN, C. et al. Scanning microscopic four-point conductivity probes. Sensors
and Actuators A: Physical, Elsevier BV, v. 96, n. 1, p. 53–58, jan. 2002. Disponível em:
<https://doi.org/10.1016/s0924-4247(01)00765-8>. 97

25 WENNER, F. A method of measuring earth resistivity. Bulletin of the Bureau of
Standards, National Institute of Standards and Technology (NIST), v. 12, n. 4, p. 469,
maio 1916. Disponível em: <https://doi.org/10.6028/bulletin.282>. 97

26 VALDES, L. Resistivity measurements on germanium for transistors. Proceedings of
the IRE, Institute of Electrical and Electronics Engineers (IEEE), v. 42, n. 2, p. 420–427,
fev. 1954. Disponível em: <https://doi.org/10.1109/jrproc.1954.274680>. 97, 98

27 SCHRODER, D. K. Semiconductor Material and Device Characterization. Wiley-
IEEE Press, 2015. ISBN 0471739065. Disponível em: <https://www.xarg.org/ref/a/
0471739065/>. 97, 98

28 F84-93, A. M. Standard Test Method for Measuring Resistivity of Silicon Wafers With
an In-Line Four-Point Probe. [S.l.]: West Conshohocken, PA, 1999. 97

29 SEIDEL, C. Acta Polymerica, Wiley, v. 38, n. 1, p. 101–101, jan. 1987. Disponível
em: <https://doi.org/10.1002/actp.1987.010380126>. 97

30 SMITS, F. M. Measurement of sheet resistivities with the four-point probe. Bell
System Technical Journal, Institute of Electrical and Electronics Engineers (IEEE), v. 37,
n. 3, p. 711–718, maio 1958. Disponível em: <https://doi.org/10.1002/j.1538-7305.1958.
tb03883.x>. 97, 98

31 KEYWELL, F.; DOROSHESKI, G. Measurement of the sheet resistivity of a square
wafer with a square four-point probe. Review of Scientific Instruments, AIP Publishing,

https://doi.org/10.1063/1.5021094
https://doi.org/10.1016/j.nanoen.2015.03.034
https://doi.org/10.1016/j.nanoen.2015.03.034
https://doi.org/10.1063/1.1720355
https://doi.org/10.1063/1.1717968
https://doi.org/10.1016/s0924-4247(01)00765-8
https://doi.org/10.6028/bulletin.282
https://doi.org/10.1109/jrproc.1954.274680
https://www.xarg.org/ref/a/0471739065/
https://www.xarg.org/ref/a/0471739065/
https://doi.org/10.1002/actp.1987.010380126
https://doi.org/10.1002/j.1538-7305.1958.tb03883.x
https://doi.org/10.1002/j.1538-7305.1958.tb03883.x


References 110

v. 31, n. 8, p. 833–837, ago. 1960. Disponível em: <https://doi.org/10.1063/1.1717065>.
97

32 PETERSEN, C.; GREY, F.; AONO, M. Oxidation of clean silicon surfaces studied
by four-point probe surface conductance measurements. Surface Science, Elsevier BV, v.
377-379, p. 676–680, abr. 1997. Disponível em: <https://doi.org/10.1016/s0039-6028(96)
01470-7>. 97

33 UHLIR, A. The potentials of infinite systems of sources and numerical solutions of
problems in semiconductor engineering. Bell System Technical Journal, Institute of Elec-
trical and Electronics Engineers (IEEE), v. 34, n. 1, p. 105–128, jan. 1955. Disponível em:
<https://doi.org/10.1002/j.1538-7305.1955.tb03765.x>. 98

34 SEEBECK, T. J. Ueber die magnetische polarisation der metalle und erze durch
temperaturdifferenz. Annalen der Physik, Wiley, v. 82, n. 3, p. 253–286, 1826. Disponível
em: <https://doi.org/10.1002/andp.18260820302>. 99

35 KUMAR, S. R. S.; KASIVISWANATHAN, S. A hot probe setup for the measure-
ment of seebeck coefficient of thin wires and thin films using integral method. Review
of Scientific Instruments, AIP Publishing, v. 79, n. 2, p. 024302, 2008. Disponível em:
<https://doi.org/10.1063/1.2869039>. 100

36 BOFFOUÉ, O. et al. Experimental setup for the measurement of the electrical re-
sistivity and thermopower of thin films and bulk materials. Review of Scientific Ins-
truments, AIP Publishing, v. 76, n. 5, p. 053907, maio 2005. Disponível em: <https:
//doi.org/10.1063/1.1912820>. 100

37 SINGH, R.; SHAKOURI, A. Thermostat for high temperature and transient cha-
racterization of thin film thermoelectric materials. Review of Scientific Instruments, AIP
Publishing, v. 80, n. 2, p. 025101, fev. 2009. Disponível em: <https://doi.org/10.1063/1.
3072603>. 100

38 RAVICHANDRAN, J. et al. An apparatus for simultaneous measurement of electrical
conductivity and thermopower of thin films in the temperature range of 300–750 k. Review
of Scientific Instruments, AIP Publishing, v. 82, n. 1, p. 015108, jan. 2011. Disponível
em: <https://doi.org/10.1063/1.3529438>. 100

39 KOHLRAUSCH, F. Ueber den stationären temperaturzustand eines elektrisch geheiz-
ten leiters. Annalen der Physik, Wiley, v. 306, n. 1, p. 132–158, 1900. Disponível em:
<https://doi.org/10.1002/andp.19003060107>. 100

40 POIRIER, D. R.; GEIGER, G. H. Conduction of heat in solids. In: Transport Phe-
nomena in Materials Processing. Springer International Publishing, 2016. p. 281–327.
Disponível em: <https://doi.org/10.1007/978-3-319-48090-9_9>. 100

https://doi.org/10.1063/1.1717065
https://doi.org/10.1016/s0039-6028(96)01470-7
https://doi.org/10.1016/s0039-6028(96)01470-7
https://doi.org/10.1002/j.1538-7305.1955.tb03765.x
https://doi.org/10.1002/andp.18260820302
https://doi.org/10.1063/1.2869039
https://doi.org/10.1063/1.1912820
https://doi.org/10.1063/1.1912820
https://doi.org/10.1063/1.3072603
https://doi.org/10.1063/1.3072603
https://doi.org/10.1063/1.3529438
https://doi.org/10.1002/andp.19003060107
https://doi.org/10.1007/978-3-319-48090-9_9


References 111

41 ESTERMANN, I. Methods in Experimental Physics. Classical Methods. [S.l.]: Acade-
mic Press, New York, 1959. ISBN 978-0-12-475901-5. 100

42 KITTEL, C. Introduction to Solid State Physics. 8. ed. Wiley,
2004. ISBN 9780471415268. Disponível em: <http://www.amazon.com/
Introduction-Solid-Physics-Charles-Kittel/dp/047141526X/ref=dp_ob_title_bk>.
100

43 KNICKERBOCKER, S. A.; KULKARNI, A. K. Calculation of the figure of merit for
indium tin oxide films based on basic theory. Journal of Vacuum Science & Technology
A: Vacuum, Surfaces, and Films, American Vacuum Society, v. 13, n. 3, p. 1048–1052,
maio 1995. Disponível em: <https://doi.org/10.1116/1.579583>. 103

44 HAN, H. et al. Characterization of the physical and electrical properties of indium
tin oxide on polyethylene napthalate. Journal of Applied Physics, AIP Publishing, v. 98,
n. 8, p. 083705, out. 2005. Disponível em: <https://doi.org/10.1063/1.2106013>. 103

45 C.G. Granqvist and A. Hultåker. Transparent and conducting ITO films: new deve-
lopments and applications. Thin Solid Films, 411(1):1–5, May 2002. 103, 106

46 ASHIDA, T. et al. Thermal transport properties of polycrystalline tin-doped indium
oxide films. Journal of Applied Physics, AIP Publishing, v. 105, n. 7, p. 073709, abr. 2009.
Disponível em: <https://doi.org/10.1063/1.3093684>. 103, 104, 105, 106

47 LIU, H. et al. Improving seebeck coefficient of ITO/AZO transparent film thermo-
couple by ITO (100) preferred orientation. Sensors and Actuators A: Physical, Elsevier
BV, v. 311, p. 112089, ago. 2020. Disponível em: <https://doi.org/10.1016/j.sna.2020.
112089>. 103, 105, 106

48 BRINZARI, V. I. et al. Ultra-low thermal conductivity of nanogranular indium tin
oxide films deposited by spray pyrolysis. Applied Physics Letters, AIP Publishing, v. 110,
n. 7, p. 071904, fev. 2017. Disponível em: <https://doi.org/10.1063/1.4976629>. 104,
105, 106

49 BÉRARDAN, D. et al. :ge, a promising n-type thermoelectric oxide composite. Solid
State Communications, Elsevier BV, v. 146, n. 1-2, p. 97–101, abr. 2008. Disponível em:
<https://doi.org/10.1016/j.ssc.2007.12.033>. 104

50 LAN, J.-L. et al. Enhanced thermoelectric performance of in2o3-based ceramics via
nanostructuring and point defect engineering. Scientific Reports, Springer Science and
Business Media LLC, v. 5, n. 1, jan. 2015. Disponível em: <https://doi.org/10.1038/
srep07783>. 104, 105, 106

http://www.amazon.com/Introduction-Solid-Physics-Charles-Kittel/dp/047141526X/ref=dp_ob_title_bk
http://www.amazon.com/Introduction-Solid-Physics-Charles-Kittel/dp/047141526X/ref=dp_ob_title_bk
https://doi.org/10.1116/1.579583
https://doi.org/10.1063/1.2106013
https://doi.org/10.1063/1.3093684
https://doi.org/10.1016/j.sna.2020.112089
https://doi.org/10.1016/j.sna.2020.112089
https://doi.org/10.1063/1.4976629
https://doi.org/10.1016/j.ssc.2007.12.033
https://doi.org/10.1038/srep07783
https://doi.org/10.1038/srep07783


References 112

51 OHTAKI, M. et al. High-temperature thermoelectric properties of in2o3-based mixed
oxides and their applicability to thermoelectric power generation. Journal of Materials
Chemistry, Royal Society of Chemistry (RSC), v. 4, n. 5, p. 653, 1994. Disponível em:
<https://doi.org/10.1039/jm9940400653>. 104

52 OHTAKI, M. Recent aspects of oxide thermoelectric materials for power generation
from mid-to-high temperature heat source. Journal of the Ceramic Society of Japan,
Ceramic Society of Japan, v. 119, n. 1395, p. 770–775, 2011. Disponível em: <https:
//doi.org/10.2109/jcersj2.119.770>. 104

53 CHEN, Z. et al. Fabrication of highly transparent and conductive indium–tin oxide
thin films with a high figure of merit via solution processing. Langmuir, American Che-
mical Society (ACS), v. 29, n. 45, p. 13836–13842, out. 2013. Disponível em: <https:
//doi.org/10.1021/la4033282>. 104

54 MAZUR, M. et al. Influence of thickness on transparency and sheet resistance of ITO
thin films. In: The Eighth International Conference on Advanced Semiconductor Devices
and Microsystems. IEEE, 2010. Disponível em: <https://doi.org/10.1109/asdam.2010.
5666348>. 104

https://doi.org/10.1039/jm9940400653
https://doi.org/10.2109/jcersj2.119.770
https://doi.org/10.2109/jcersj2.119.770
https://doi.org/10.1021/la4033282
https://doi.org/10.1021/la4033282
https://doi.org/10.1109/asdam.2010.5666348
https://doi.org/10.1109/asdam.2010.5666348


113

6 Preparation and Electrical Characterization
of MoS2 pellets

To finalize our study we applied the knowledge already obtained in the study of
a material, and this study is still in progress. Below we have the growth of MoS2 pellets
and their following electrical characterization by means of our equipment. Other measures
and studies are already being carried out and, later, this article will also be submitted to
a journal.

Abstract
Molybdenum Disulfide (MoS2) is a very interesting material with numerous ap-

plications. This article discusses the preparation and characterization of MoS2 pellets.
In the preparation, we subjected the pellets to different temperatures and pressures and
analyzed the IV curve with the 4-probe technique obtaining the electrical conductivity.
Our best results were obtained for annealing temperature of 700 ∘C and press load of
20 T.

Keywords
MoS2 ∙ Pellets ∙ IV Curve ∙ Electrical characterization

6.1 Introduction
Development of materials with desired properties and characteristics has been a

fundamental challenge for decades. One of the most promising materials is Molybdenum
Disulfide (MoS2). It is established as multi-utility and multi-functional material due to
its capability to display varying properties as it transforms from bulk to nanoscale.

The band gap is one example. When the material is in its bulk form, it has an
indirect band gap with 1.23 eV [1]. But, when varying the thickness from bulk to a
few monolayers the band gap change its value to 1.8 eV as well as being subject to an
indirect-to-direct band-gap transition [2, 3, 4]. The electronic and optical properties can
be taylored by band gap tunning due to the quantum confinement effect [21], so this MoS2

characteristics is better suitable for electronic and photonic devices than graphene (zero
band-gap).
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Bulk MoS2 crystal structure has a configuration of stacking Mo between six S atoms
[20]. It belongs to class of TMD which have three atoms thick layers. In them, neighboring
layers are connected by weak Van der Waals forces [19] which enable layers to slide one
over other, facilitating shear along the basal plane of crystals. This phenomenon at atomic
dimensions which was achieved by ion beam has been studied by [23]. Depending on the
stacking sequence and atomic coordination between Mo and S atoms, the crystal structure
display rich polytypism [25] with three different polytypes format, namely 1T [24, 26], 2H
[27, 28] and 3R [29].

The bulk form is studied in the powder form. The powder needs to be subjected to
pressure and heat treatment and from this we can get information regarding its structu-
ral and optical properties [14], electrical properties [15], mechanism of lubrification [16],
tribological performance [17], wear and frictional behaviour [18] and the thermoelectric
characterization [30].

This material was considered as a promising thermoelectric material due to general
characteristics such as economic value and non-toxicity and physical properties such as
high Seebeck coefficient and low thermal conductivity. However, the low electrical conduc-
tivity is a major challenge for achieving suitable performance for such kind of application
[30].

In this work we propose a simple method of preparation and electrical characteri-
zation of MoS2 pellets for the desired thermoelectric applications.

6.2 Materials and Methods
To prepare bulk MoS2 pellets, 99% pure MoS2 powder was used (Make: Sigma

Aldrich, USA). Nine 10 mm diameter pellets were prepared at different pressures and
temperatures. All pellets weigh approximately 0.5 g.

We use Pellet Press Die Set for an initial compaction of the powder, pressing for
30 seconds, and the result is shown in Figure 20.

The pellets are vacuum sealed and the next step is to put pressure on them. The
pressure, made by weight in a isostatic pressing, was made with the values of 10 T, 15 T
and 20 T.

The heat treatment is carried out at three different temperatures: 600 ∘C, 700 ∘C
e 800 ∘C. They are heated to temperature and then held for 2 h. The furnace has a
continuous flow of Nitrogen and a sulfur-rich atmosphere. The resulting nine pellets are
shown in the Figure 21.

The electrical characterization was performed by measuring the IV curves of the
pellets. Three IV curves were made for each pellet. The technique used was the 4-probe
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Figure 20 – Pellet after being compacted in the Pellet Press Die Set.

Figure 21 – Nine pellets from MoS2 with temperatures ranging from 600 ∘C to 800 ∘C
and pressures considering a load of 10 T to 20 T.

technique, with equipment presented in [22] and shown in the Figure 22.

6.3 Results and discussions
Figure 23 shows the IV curve for one of the pellets. Three IV curves were made for

each of the nine pellets. The noticiable linearity is indicative of ohmic behavior. Through
the analysis of these curves we were able to obtain the electrical conductivity of each one.

The equation has a linear form, where the axis y is the current I and the axis x is
the voltage 𝑉 . So, the equation has a form

𝐼 = 𝛼𝑉 + 𝛽 (6.1)

where 𝛼 and 𝛽 are constants, respectively the angular coefficient and the linear
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Figure 22 – 4-probe technique used for electrical conductivity measurement of MoS2 pel-
lets.

coefficient. As we know, the Ohm’s Law is

𝐼 = 𝑉

𝑅
(6.2)

where 𝑅 is the resistance of the material and your inverse, called 𝜎, is the electrical
conductivity and is the parameter 𝛼. So, the Equation 6.1 has a form

𝐼 = 𝜎𝑉 (6.3)

Through the linear regression, a machine learning model, we fit the curve and
extract the parameters of the curve, obtained the 𝜎 for each sample. Table 20 shows the
electrical conductivity 𝜎 values for each of the pellets. The results show us an interesting
behavior. The effect of pressure is more pronounced for the 600 ∘C annealing temperature
for which it almost doubles from lower to higher loads. For the temperatures of 700 ∘C
and 800 ∘C the effect is almost negligible.

Table 20 – Electrical conductivity measurements (𝜎) for MoS2 pellets with different pres-
sures and temperatures.

𝜎 (Ω−1𝑚−1).10−5 10 T 15 T 20 T
600 ∘C 1.20 1.78 2.15
700 ∘C 3.66 3.48 3.68
800 ∘C 2.87 2.89 3.04

On the other hand, the temperature of the heat treatment is very important. We
noticed a clear increase of 𝜎 from 600 ∘C to 700 ∘C, and then a drop when evaluated with
800 ∘C.
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Figure 23 – IV Curve for MoS2 pellet.

This shows us that 700 ∘C would be the ideal temperature for this heat treatment,
and that a higher pressure, 20 T in this case, would also be more indicated.

6.4 Conclusions
In this paper, growth of simple and cost effective method of bulk MoS2 sample

by sintering of MoS2 powder is discussed. In the preparation, we subjected the pellets to
different temperatures and pressures and analyzed the IV curve with the 4-probe technique
obtaining the electrical conductivity.

We show that the best results are achieved for 700 ∘C and 20 T.
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7 Conclusions

In Chapter 2 we have built and analyzed a solar concentration for energy harves-
ting using TEG technology based on eight Peltier cooler modules and parabolic mirrors.
Considering the best temperature gradient of 109 ∘C we obtained an efficiency of 6.20% as
the thermodynamic limit for direct conversion from heat to electric power. The computa-
tional method applied to the analysis of three simultaneous equations obtained excellent
performance.

In Chapter 3 we have analyzed a CSP using another computational method, CE.
The method performed well. The computational time spent to solve the problem was less
than that spent by the Genetic Algorithm and considering the best temperature gradient
of 109∘ C we obtained the same efficiency of 6.20%.

In Chapter 4, with the aim of studying the electrical behavior of TEG we develop
a new methodology for analyzing thermoelectric generating devices with a new experi-
mental arrangement, which generates and controls temperature gradients with precision,
measures such temperatures, and also allow the precise determination of relevant associ-
ated electrical quantities. Together with this new experimental arrangement, we applied
a method of data analysis through a GA of differential evolution for the first time, which
presented excellent results and shows a new powerful tool for the analysis of thermoe-
lectric materials behaved reliably, presenting a good thermal efficiency, from 2.97 % to a
temperature gradient of 90 ∘C.

In Chapter 5 we have developed a single device capable of performing the three
measurements necessary for thermoelectric characterization of materials. The presented
equipment was designed to performed accurate temperature control leading to stable me-
asurements. The values of electrical resistivity, Seebeck coefficient, thermal conductivity
obtained by our robust thermoelectric characterization system will contribute to improve
the access to the determination of the Figure of Merit in a simple, fast and reliable form,
which will contribute for research on the characterization of thermoelectric materials.

In Chapter 6 we prepare pellets using MoS2 powder and are performing thermo-
electric characterization using our equipment. The data will be treated using GA and
CE.

In future works we will perform the growth of thin films of MoS2 for thermoelectric
characterization. The technique applied will be CVD. The application oven has already
been developed in the laboratory and the samples are in the preparation phase.
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ANNEX C – Characterization system patent
for generation devices thermoelectric

Figure 26 – Characterization system patent for generation devices thermoelectric.
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ANNEX D – Investigation of electronic
transport in InAs/GaAs samples. A study

using the metaheuristic self-adaptive
differential evolution method

Figure 27 – Investigation of electronic transport in InAs/GaAs samples. A study using
the metaheuristic self-adaptive differential evolution method.
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Figure 28 – Preparation and characterization of thermoelectric materials.
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Figure 29 – Concentrating Solar Power (CSP). An approach using Genetic Algorithms
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Figure 30 – A robust system for thermoelectric device characterization.
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