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Abstract

In this thesis, a detailed performance evaluation of a Bismuth telluride (Bi2Te3) based
thermoelectric generator was conducted through simulation studies. Two computational
methods were employed - non-equilibrium molecular dynamics (NEMD) and Boltzmann
transport equation (BTE) to comprehensively determine the thermoelectric properties of
Bi2Te3 over the temperature range of 100-800K. The NEMD method was used to calculate
the lattice thermal conductivity, which was found to decrease with increasing temperature
due to enhanced phonon scattering. The BTE method was then utilized to evaluate the elec-
tronic transport properties, including electronic thermal conductivity, electrical conductivity,
and Seebeck coefficient. The results showed that electronic thermal conductivity increased
with temperature as more charge carriers became thermally excited, while electrical con-
ductivity decreased due to the dominant effect of phonon scattering at higher temperatures.
The Seebeck coefficient was observed to rise with increasing temperature as the energy dis-
tribution of electrons broadened, allowing more charge carriers to participate in the thermo-
electric process. By combining these calculated thermoelectric properties, the dimensionless
figure of merit (ZT) was determined, and the efficiency of the Bi2Te3-based thermoelectric
generator was estimated to be approximately 7.56% when the sink temperature was main-
tained at 300K and the source temperature was varied from 300-800K, in good agreement
with literature report results.

Keywords: Bismuth telluride, non-equilibrium molecular dynamics, Boltzmann trans-
port equation, Thermoelectric generator, Figure of merit
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1. INTRODUCTION

1.1. Background of the study

Global emissions of greenhouse gases have increased as a result of rising power, heat-
ing, cooling, and air conditioning demands. To address the growing demand for energy,
enormous efforts have been undertaken over the past few decades to investigate and develop
alternative technologies. In this technologically driven society, green technologies like solar
photovoltaic, wind turbines, hydrogenation, and biomass have begun to play a significant
role in addressing energy and environmental challenges. These technologies have unques-
tionably benefited humanity because of their clean power generation method, which helps to
mitigate various environmental difficulties. But it’s impossible to overlook the greenhouse
gas emissions produced during the production of these technologies, particularly when a lot
of them are needed (Zheng et al., 2014).

As each of us knows, the world’s total energy consumption has never stopped rising. The
current green technology development and exploration efforts only shift the pressure from
conventional power technologies to alternative technologies. The growing need for energy
is one thing that hasn’t altered. If we turned around, we would be overcome by the amount
of resources being used (Zheng et al., 2014). It is ineffective and excessive. This raises
questions about the root source of all connected global energy-related challenges that have
been consuming a lot of our attention. The world is full of anxieties and anxiety, but the
technologies themselves are not the source of these feelings. Rather, we are the ones who
have been excessively and wastefully using our limited resources. We need to recognize the
elegance in simplicity and re-evaluate the need for energy use in many contexts.

Recovering waste heat and increasing system efficiency are equally essential ways to
improve energy efficiency. Only about 30% of the energy produced by fossil fuels is trans-
formed into usable work, with the remainder of the energy being squandered as heat in
internal combustion engine vehicles (Yan et al., 2020). The application of waste heat to ther-
moelectric generators for the production of electricity has long been a topic of interest in
the field of energy recycling. Thermoelectric generators (TEGs) are solid-state devices that
convert waste heat energy to electrical energy. Since waste heat is already free and readily
available, using it as a heat source for thermoelectric generators (TEGs) is a cost-effective
solution. It is estimated that over 70% of the world’s energy production is lost to heat disper-
sion in the atmosphere, which is one of the main causes of global warming (Zevenhoven &
Beyene, 2011). Thus, the use of thermoelectric generators (TEGs) to convert waste heat into
electricity can help save energy and protect the environment. When compared to alternative
power-generation methods, thermoelectric generator provide several advantages (Mamur &
Ahiska, 2014). Because TEGs are environmentally friendly, scalable from small to huge
heat sources, silent solid-state devices with no moving components, and incredibly reliable,
they are marketed as attractive power-generation systems. Additionally, they have a longer
lifespan and can produce electrical energy from low-grade thermal energy.
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A Working the first mention of TEGs dates back to the early 1900s, when they were
employed in radio systems fueled by gas (Telkes, 1947). To enable mobile radio operation,
TEGs transformed the heat produced by burning gas into a DC power source for the radio.
Low efficiency prevented TEGs from being commercialized since early TEGs were made of
metal alloys, which are extremely inefficient thermoelectric materials (Rowe, 2018). Larger
Seebeck coefficient semiconductor materials (Rowe, 2018) (on the order of ±100µV/K)
were used in the 1940s and 1950s as a result of advancements in semiconductor synthesis
and fabrication. TEGs for waste heat energy recovery have been the subject of new re-
search in the last three decades due to environmental laws, growing fossil fuel costs, and
worries about climate change. The future of thermoelectric generators for solid-state cooling
and direct thermal-electric energy conversion has improved due to recent developments in
the engineering of thermoelectric materials with high figure of merit (Poudel et al., 2008).
Widespread integration of TEGs into systems like factories, power plants, and cars where
waste heat is a significant by-product is highly desired (Bell, 2008). Many firms, including
Hyundai, GM (Thacher et al., 2007), BMW (Fairbanks, 2008), and Volkswagen (Očko et al.,
2010), have designed cars with TEG fitted and enhanced fuel efficiency. When driving at
highway speeds, BMW has recorded a 5% net increase in fuel efficiency for TEG-equipped
vehicles (LaGrandeur et al., 2005). The integration of TEG modules on all current heavy
trucks will be encouraged by the US Department of Energy, which has set an efficiency tar-
get of 10% (LaGrandeur et al., 2005). Car seats already have TEG coolers/heaters built in
to enable more effective, localized cooling or heating. However, before TEGs are used in
large-scale waste heat recovery systems, their efficiency must be significantly increased.

The current Thermoelectric generators (TEGs) used in waste heat recovery systems still
face limitations in terms of conversion efficiency, impeding their widespread adoption for
commercial purposes. In order to enhance TEG performance, researchers have identified
two primary avenues of investigation. The first focuses on improving the thermoelectric
efficiency of semiconductor materials used in TEGs, while the second involves optimizing
the internal structure of TEGs. Thermoelectric materials are key components in thermoelec-
tric devices, and the thermoelectric performance of these materials mostly determines the
overall energy conversion efficiencies of the corresponding devices (Yang et al., 2022). The
Seebeck effect, discovered by Thomas Seebeck around 200 years ago, enables thermoelectric
materials to convert thermal energy into electricity. This conversion can be achieved using
a compact solid-state semiconductor device, making thermoelectric materials highly attrac-
tive. Currently, the field of thermoelectrics is experiencing an exciting period, characterized
by the discovery of new high-performance materials and innovative enhancement principles
(Mori & Maignan, 2021). There is also significant progress in module development, bringing
the long-held dream of widespread power generation applications closer to reality than ever
before. Thermoelectric materials are increasingly important in two key areas (Bell, 2008).
Firstly, they are crucial for energy-saving initiatives aimed at achieving recent goals of car-
bon neutrality and zero emissions. Secondly, they have a critical role in energy harvesting,
providing dynamic power to the numerous sensors required for the future Internet of Things
(IoT) society. Thermoelectric generators utilize pairs of n-type and p-type materials. In a
study by Wenjie Xie et al., it was demonstrated that scandium substitution in NbCoSn is
effective in generating a high power factor for the p-type thermoelectric half Heusler, which
serves as the weaker leg in thermoelectric pairs made from intermetallic materials (Yan et
al., 2020).
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The most commonly used thermoelectric material in commercial applications is Bi2Te3,
which was discovered a long time ago but remains difficult to surpass interms of thermoelec-
tric performance. Consequently, ongoing research focuses on improving its properties. One
approach is to reduce the particle size, as this reduces thermal conductivity and increases
the thermoelectric figure of merit. With this, a study by Cristina V.Manzano et al., high-
lights the importance of the electrodeposition growth process in obtaining well-crystallized
and oriented nanowires of Bi2Te3 . These nanowires exhibit a favorable aspect ratio and
crystallographic orientation, which influence the mean free path of acoustic phonons and
consequently result in lower thermal conductivity compared to bulk crystals of the same ma-
terial (Manzano et al., 2019).

Lead telluride (PbTe) also demonstrates favorable thermoelectric properties when ex-
posed to high temperatures. Its low thermal conductivity and significant Seebeck coefficient
make it a promising material for applications requiring high temperatures. The addition of
alloying elements like antimony (Sb) or selenium (Se) can further enhance its performance
(Ding et al., 2018). Skutterudites, such as CoSb3, and filled skutterudites like (Co,Fe)Sb3
with guest atoms, have shown promising thermoelectric properties, particularly at elevated
temperatures. These materials exhibit high ZT values due to their complex crystal structure
and unique electrical properties. Silicides like Mg2Si and Ca3Co4O9 also exhibit excellent
thermoelectric performance at high temperatures. Their crystalline structure and electri-
cal characteristics contribute to their high energy conversion efficiency (Caballero-Calero
et al., 2021). TiNiSn and ZrNiSn are notable examples of half-Heusler compounds that
hold significant potential as thermoelectric materials, especially in high-temperature appli-
cations.. Given the significance of replacing fossil fuels in generating electricity, the current
direction is to explore alternative energy sources. This involves focusing on the advance-
ment of efficient thermoelectric materials, which have the capability to convert wasted heat
from different sources into valuable electrical energy and vice versa (S. Huang & Xu, 2017).
Thermoelectric materials, which can convert waste heat into electricity and vice versa, have
garnered considerable interest due to their potential in addressing the global energy crisis.
Although these materials have primarily been employed in specialized markets like small
refrigerators, laser diode cooling devices, and automotive seat cooling, there have been nu-
merous endeavors to expand their applications by improving their properties (Ryu et al.,
2016). The performance of thermoelectric materials is assessed using a dimensionless figure
of merit(zT ),

zT =
S2σ

κ
T (1.1)

where T , S, σ , and κ are absolute temperature, Seebeck coefficient, electrical and total
thermal conductivity, respectively (Heremans et al., 2008). Simultaneously attaining good
electrical properties and minimizing thermal conductivity will lead to a high zT value. Ther-
moelectric conversion efficiency can be improved by maximizing the Seebeck coefficient,
electrical conductivity, and lowering thermal conductivity. semiconductors that are used as
thermoelectric materials can be grouped into three depending on the temperature range of the
operation. These are Bismuth Telluride materials, Lead Telluride and Silicon-Germanium al-
loys. For a considerable time, bulk materials such as Bismuth telluride (Bi2Te3), antimony
telluride (Sb2Te3), and their alloys have been recognized for their superior performance in
terms of the figure of merit. This superiority is primarily attributed to their low lattice ther-
mal conductivity at room temperature (C. Zhang et al., 2015). The theoretical approaches
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commonly used to study phonon thermal conductivity include the Boltzmann transport equa-
tion (BTE), Monte Carlo simulations, and molecular dynamics (MD) simulations. The BTE
and Monte Carlo methods rely on relaxation-time models to describe phonon scattering and
often require fitting certain parameters to experimental data. In contrast, MD simulations
do not require prior knowledge of phonon transport from experiments; instead, they use in-
teratomic potentials as inputs. However, obtaining accurate interatomic potentials can be
challenging, particularly for materials like Bi2Te3. Only recently, Huang et al. (B.-L. Huang
& Kaviany, 2008) developed the first set of interatomic potentials for bulk crystals of Bi2Te3.
These potentials were then used in Molecular dynamics simulations to predict phonon ther-
mal conductivity. The results of their predictions showed good agreement with experimental
data, even though the three-body potential forms used in the simulations were quite complex.

In recent decades, the ability to manufacture nanostructures with dimensions comparable
to the mean free paths of phonons has enabled successful proof-of-concept demonstrations
of high zT devices based on these materials. However, despite the long-standing importance
of Bi2Te3 as a thermoelectric material, there have been limited modeling studies on ther-
mal transport in its binary nanostructures. Pattamatta and Madnia researched the thermal
transport properties of Bi2Te3-Sb2Te3 1D superlattices and 2D nanowire composites using
the Boltzmann transport equation (BTE). They noted that the BTE approach utilized in their
investigations relied on estimating phonon mean free paths through fitting to bulk thermal
conductivities, which does not provide complete predictability. In contrast, molecular dy-
namics (MD) simulations have been effectively used to predict thermal transport in diverse
bulk materials and nanoscale structures without the need for input fitting parameters. It
depend only on suitable interatomic potentials and have demonstrated favorable agreement
with experimental measurements of thermal transport in both bulk Bi2Te3 and its nanostruc-
tures (Termentzidis & Merabia, 2012).

Traditional thermoelectric materials typically exhibit a figure of merit (zT) of approxi-
mately 1 at room temperature (Hsu et al., 2004). Recently, the enhancement of zT with zT >
1 has been reported by many researchers. In a publication by Heremans et al. (Heremans et
al., 2008), it was stated that Thallium-doped PbTe exhibited a zT value of 1.5 at a tempera-
ture of 773K. This enhancement was attributed to the local distortion of the density of states,
which consequently improved the Seebeck coefficient. Additionally (Pei et al., 2011), reports
a zT value of 1.8 at around 850K in Na-doped PbTe1−xSex alloys. This improvement was
attributed to the convergence of multiple valleys in the valence bands. Numerous instances
have reported improvements in the zT value of PbTe alloys (Ryu et al., 2016). Neverthe-
less, these advanced materials encounter various limitations concerning their environmental
impact, economic feasibility, and technical viability. These limitations encompass the pres-
ence of toxic elements, elevated material costs, and inadequate zT values. To overcome these
challenges and enable the exploration of novel thermoelectric materials with exceptional per-
formance, computational simulations have emerged as invaluable tools. These simulations
play a pivotal role in the discovery of new materials, guiding experimental endeavors, and
offering insights into the obtained outcomes. For quite some time, researchers have been
keen on employing computational simulations to model three fundamental properties: the
Seebeck coefficient, electrical conductivity, and thermal conductivity.
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1.2. Statement of the problem

The growing demand for energy to power our industrialized world and daily life applica-
tions has placed a significant strain on global energy supplies. Presently, a substantial por-
tion, around 65%, of electrical power is generated through the combustion of non-renewable
fossil fuels such as coal and petroleum. This heavy reliance on limited natural resources
raises serious concerns about the long-term sustainability of our energy landscape. Estimates
suggest that at the current rate of consumption, the available stocks of these non-renewable
resources may be exhausted within the next 50 years (Gaurav & Pandey, 2017). Additionally,
the thermal power plants responsible for around 70% of global electricity production operate
at an efficiency of only 32%, meaning that a staggering 68% of the energy generated is lost
as waste heat. Similar inefficiencies are observed in the automotive and steel manufacturing
sectors, where substantial amounts of heat are discarded as a by-product of various industrial
processes. In this context, the ability to extract useful energy from waste heat becomes a
critical research area. Thermoelectric generators (TEGs) made of specialized thermoelec-
tric materials (TEMs) offer a promising solution to this challenge. By utilizing the unique
properties of these materials, TEGs have the potential to convert waste heat into practical
electrical energy, thereby reducing our dependence on finite natural resources and improv-
ing the overall efficiency of energy utilization (LeBlanc, 2014). However, the effectiveness
of TEGs is often limited by the low figure of merit (zT) of the constituent thermoelectric
materials, which is a key parameter that quantifies their efficiency in the heat-to-electricity
conversion process.

Despite advancements in the development of new thermoelectric materials with higher
efficiency, enhancing the figure of merit (zT) remains a significant challenge. This chal-
lenge arises from the inherent trade-off between the electrical conductivity (σ ) and thermal
conductivity (κ) of these materials. Optimizing both properties simultaneously is crucial
for achieving high thermoelectric performance, but it often proves to be a complex and in-
tricate task. Certain materials, such as bismuth telluride (Bi2Te3) and its derivatives, have
demonstrated promising figures of merit in the near room-temperature range, primarily due
to their relatively low thermal conductivity. Investigating methods to further improve the
figure of merit and optimize the efficiency of these materials, as well as developing corre-
sponding thermoelectric devices with enhanced performance, is a critical research focus. By
addressing this research problem, the study aims to contribute to the advancement of af-
fordable and environmentally friendly energy solutions, particularly in the context of waste
heat conversion and the mitigation of emissions associated with traditional power generation
technologies. Overcoming the limitations of current thermoelectric materials and unlocking
the full potential of waste heat recovery can lead to significant improvements in energy ef-
ficiency and sustainability, ultimately reducing our reliance on finite natural resources and
mitigating the environmental impact of energy production.
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1.3. Objectives

1.3.1 General Objective

The general objective of this study is to investigate the Efficiency of Bismuth telluride
(Bi2Te3) based thermoelectric Generator.

1.3.2 Specific Objectives

The specific objectives of this study are:

• To investigate the temperature dependence of thermal conductivity of Bismuth tel-
luride (Bi2Te3).

• To calculate the electrical conductivity of Bismuth telluride (Bi2Te3)

• To calculate seebeck coefficient of Bismuth telluride (Bi2Te3)

• To calculate the figure of merit of Bismuth Telluride (Bi2Te3).

1.4. Significance of the study

The study on Investigating the Performance of Bismuth Telluride Based Thermoelectric
Generators holds significant importance for several reasons. Firstly, it advances thermoelec-
tric technology as bismuth telluride is a well-known and widely used material in thermo-
electric devices due to its excellent thermoelectric properties. Investigating the performance
of a thermoelectric device based on bismuth telluride contributes to the advancement and
understanding of thermoelectric technology. Secondly, this study can shed light on how ef-
fectively bismuth telluride-based thermoelectric devices can recover waste heat and generate
electricity. Thermoelectric devices have the potential to harness waste heat energy and con-
vert it into useful electrical energy, which has significant implications for energy harvesting,
energy efficiency, and waste heat recovery in various industries and applications. Thirdly,
as the world seeks sustainable and clean energy alternatives, thermoelectric devices offer a
promising avenue. Investigating the performance of bismuth telluride-based thermoelectric
devices contributes to the development of sustainable energy solutions. These devices can be
employed in areas such as automotive, aerospace, industrial processes, and power generation
to utilize waste heat and reduce greenhouse gas emissions.

Furthermore, the study of bismuth telluride-based thermoelectric devices involves ma-
terials research and engineering aspects, including understanding the properties and per-
formance of bismuth telluride as a thermoelectric material. The findings from this study
can provide valuable insights for researchers and engineers working on materials science,
solid-state physics, and thermoelectric device development. Finally, bismuth telluride-based
thermoelectric generators have a wide range of potential applications, including power gen-
eration in remote areas and waste heat recovery in industrial processes. Investigating their
performance can contribute to the development and deployment of these technologies, lead-
ing to advancements in various industries and addressing energy-related challenges.
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1.5. Scope and Limitations of the study

The scope of this study is to conduct a comprehensive performance evaluation of a
bismuth telluride (Bi2Te3) based thermoelectric generator through detailed simulation and
computational analysis. The key objectives of the study are to determine the crucial ther-
moelectric properties of Bi2Te3, including lattice thermal conductivity, electronic thermal
conductivity, electrical conductivity, and Seebeck coefficient, over a wide temperature range
of 100-800K. This is achieved through the utilization of two advanced computational tech-
niques, non-equilibrium molecular dynamics (NEMD) and Boltzmann transport equation
(BTE), which allow for the accurate calculation of these thermoelectric parameters. The
study also aims to provide a thorough analysis of how temperature variations impact the
performance of Bi2Te3, offering valuable insights into the material’s behavior under differ-
ent operating conditions. Building upon the obtained thermoelectric properties, the study
calculates the dimensionless figure of merit (ZT) to assess the overall performance poten-
tial of Bi2Te3. Furthermore, the efficiency of the Bi2Te3-based thermoelectric generator is
estimated under specified operating conditions, where the sink temperature is maintained at
300K and the source temperature is varied from 300-800K. The calculated efficiency is then
compared with literature values reported for similar thermoelectric materials to validate the
findings. Despite the comprehensive nature of the theoretical evaluation, the study is subject
to several limitations. Firstly, the investigation is limited to a simulation-based approach
and does not involve any experimental validation of the obtained results. Secondly, the ef-
ficiency calculation is based solely on the obtained ZT value and does not consider other
practical factors, such as contact resistance, and manufacturing constraints, which can sig-
nificantly impact the real-world performance of the thermoelectric generator. Additionally,
the simulation study is confined to the temperature range of 100-800K, and the behavior of
the Bi2Te3-based generator outside this range is not explored. Despite these limitations, the
study presents a robust theoretical framework for evaluating the performance of Bi2Te3 based
thermoelectric generators, laying the groundwork for future experimental investigations and
practical implementation of thermoelectric technology.

1.6. Thesis Layout

This thesis entitled "Performance Evaluation of Bismuth telluride (Bi2Te3) Based Ther-
moelectric Generator: A Simulation Study", has five chapters: chapter 1, this chapter presents
the background of the Thermoelectric generator in brief and it explains the introduction of
thermoelectric materials, objectives, the problem statement, the significance, Scope, and
Limitations of the study. Chapter 2, presents related literature reviews from previous studies
that helped gain knowledge and understanding of the thesis better and discuss the energy
conversion processes, theoretically predicting the efficiency of a thermoelectric generator.
Chapter 3, focuses on the methodology utilized to achieve the objective of this thesis work.
Chapter 4, presents the results and discussion of the major findings of this work. Chapter 5,
summarizes the study, concludes with the overall study and it has recommendations.
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2. LITERATURE REVIEW

2.1. An overview of energy harvesting

Energy harvesting refers to the practice of capturing and harnessing energy from readily
available ambient sources in the surrounding environment. These ambient energy sources
can include sunlight, wind, vibrations, thermal gradients, and electromagnetic radiation. It
based on the idea that there are abundant sources of energy in our environment that can be
converted into usable forms of power. This approach is particularly useful in situations where
there is a match between the available energy and the energy requirements of a specific ap-
plication or device (Enescu, 2019).

Figure 2.1: Sources of energy harvesting (Enescu, 2019).

An energy harvester consists of (Sim, 2012) an energy source, whether man-made or nat-
ural; one or more converters, which transform energy from the surroundings into electrical
energy; and an energy storage device that preserves the captured energy. Energy harvesters
find widespread use in various applications, and several types are commonly employed
(Enescu, 2019). These include thermal harvesters, which utilize the thermoelectric effect
to convert heat into electricity. Light harvesters operate on the photoelectric effect, convert-
ing light energy into electrical energy. Electromagnetic harvesters are based on induction
principles, capturing and converting electromagnetic energy into usable electrical power.
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Chemical harvesters rely on reactions occurring on electrode surfaces to generate electric-
ity. Piezoelectric harvesters convert mechanical vibrations or human motion into electricity
by harnessing the piezoelectric effect. Lastly, radio-frequency (RF) harvesters capture am-
bient radio-frequency radiation and convert it into electrical energy. These diverse energy
harvesting technologies provide opportunities to harness various energy sources efficiently.
Thermoelectric energy harvesting predominantly relies on the functioning of a thermoelec-
tric generator (TEG).

The TEG directly converts heat into electrical energy by utilizing the Seebeck effect.
This effect occurs when the movement of charge carriers, such as electrons and holes, within
the TEG induces a temperature gradient across the device. Consequently, the TEG harnesses
this temperature difference to generate electrical energy. The development of green energy
technology has drawn the attention of experts in recent decades to reduce the usage of fos-
sil fuels and greenhouse gas emissions. There are several benefits to using a thermoelectric
harvester for energy gathering, including producing green energy, maintenance-free due to
the usage of a small, incredibly dependable solid-state device; quiet and peaceful; excellent
environmental efficiency due to the heat being extracted from waste heat sources and trans-
formed into energy; operation at high temperatures; practical scalable solutions set up to
gather relatively large amounts of energy as required (Snyder, 2009). Greenhouse gas emis-
sions are decreased when energy is produced using a thermoelectric generator (TEG) instead
of fossil fuels.

In contrast to conventional heat engines and thermodynamic PV systems, the TEG’s
energy conversion efficiency is just 5-15% (Cheng et al., 2011). The energy conversion
efficiency is primarily affected by the temperature difference across the TEG system and the
dimensionless thermoelectric figure-of-merit (ZT) (Camacho-Medina et al., 2014). When a
TEG system is in operation, it is preferable to have the highest possible electric output power
and efficiency. Only electric output power is important in waste heat recovery applications
(Brownell & Hodes, 2014), and any heat that is not recovered is lost. Given that thermal
energy harvesting has a low efficiency of 5–6%, this may provide a significant obstacle to
its widespread use. The development of new thermoelectric materials has recently led to an
increase in TEG efficiency of more than 10% (Shaikh & Zeadally, 2016). Figure 2.2 shows
the process of recovering electrical energy from waste heat utilizing various sources.
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Figure 2.2: Recoverable electrical energy from waste heat (Enescu, 2019).

2.2. The significance and background of thermoelectric generating sys-
tems

TEGs are solid-state devices that convert thermal energy into electrical energy utilizing
the thermoelectric effect (B. S. B. Singh, 2023). This phenomenon is explained by the See-
beck effect, which occurs when a temperature gradient is applied across incompatible semi-
conductor materials. Just two of the many applications where TEGs have recently achieved
success are waste heat recovery and portable power generation. The ability of TEGs to re-
cover heat that would otherwise be lost in a range of manufacturing and electricity-producing
processes makes them beneficial (Umidbek Turg‘unboy o‘g et al., 2024). Vehicle and indus-
trial machinery exhaust gasses are two typical examples of waste heat sources that leak into
the environment and harm it. Through the capture and conversion of this waste heat into use-
ful electrical energy, thermoelectric generators (TEGs) offer a viable solution for increasing
energy efficiency and reducing greenhouse gas emissions. TEGs offer excellent dependabil-
ity, compact size, and adaptability to a wide range of operating settings because they are
solid-state devices with no moving parts. Their long service life, low maintenance require-
ments, and silent operation make them ideal for remote locations (Zebarjadi et al., 2012).

2.2.1 Thermoelectric Generator (TEG)

The thermoelectric generator (TEG) is a valuable device that directly converts thermal
energy into electrical energy through the Seebeck effect. The behavior of TEG is determined
by the interplay between Ohm’s law and Fourier’s law, which govern the properties of heat
and electrical conductivity. In this regard, the TEG exhibits characteristics akin to a thermal
engine that operates between two thermal sources (Juárez-Huerta et al., 2022). A thermoelec-
tric generator (TEG) is composed of two legs made of thermoelectric materials (TEM) that
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are electrically connected in series and thermally connected in parallel. Figure 2.3a illustrates
the configuration of a thermoelectric generator (TEG) operating between two thermal reser-
voirs with temperatures Th and Tc (Th ≥ Tc), with external thermal conductances Kh and Kc
and internal resistance R of TEM with electric current I flowing through S, the Seebeck coef-
ficient, and K, the thermal conductance of two arms of the couple in parallel, associated with
the heat leak (open-circuit conductance) (Gonzalez-Hernandez & Arias-Hernandez, 2019).
Figure 2.3b depicts a diagram illustrating the equivalent thermodynamic configurations for
the thermoelectric generator (Ouerdane et al., 2015). The interaction between temperature
and electric potential gradients gives rise to different thermoelectric effects (H. J. Goldsmid
et al., 2010). As a result, the rates of heat input and heat rejection at the thermoelectric
material (TEM) are given by

Qh = ITehS+K(Teh −Tec)−
RI2

2
(2.1)

Qh = ITecS+K(Teh −Tec)+
RI2

2
(2.2)

Where, the first term represents convective heat flow, with Teh (Tec) the effective temperature
of TEM at the hot (cold) side (see Figure 2.3a). The second corresponds to a heat leak
between the cold and hot sides, and the last term is the Joule heat received by each reservoir.
For coupling with thermal sources, a Newtonian heat flow between a reservoir and TEM is
assumed so that

Qh = Kh(Th −Teh) (2.3)

Qc = Kc(Tec −Tc) (2.4)

The power output of the device is given by

P = Qh −Qc = IS(Teh −Tec)− I2R (2.5)

and the efficiency is given by

η =
P

Qh
(2.6)

2.2.2 Advantages of Thermoelectric generator

Thermoelectric generators have a variety of advantages that make them a compelling
technology. Firstly, they offer direct energy conversion, unlike many heat engines that first
convert thermal energy into mechanical energy and then convert this mechanical energy into
electricity using an alternator. This direct conversion process is a key advantage of ther-
moelectric generators. Another significant advantage is the absence of moving parts and
working fluids inside the thermoelectric generator. This results in low maintenance require-
ments and no additional costs associated with such components. The lack of moving parts
also contributes to the long lifespan of thermoelectric generators, especially when working
with constant heat sources. Thermoelectric generators are also unique in their ability to be
scaled to different power requirements. They can be used for micro-generation in very lim-
ited spaces or to produce kilowatts of power, with no scale effect limiting their applications.
This versatility makes them well-suited for a wide range of embedded systems and appli-
cations. Furthermore, thermoelectric generators operate in a noiseless manner, which is an
important consideration for many applications where noise reduction is crucial. Addition-
ally, any working position is possible for these generators, further enhancing their suitability
for embedded systems and other specialized uses.
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Figure 2.3: (a) The TEG’s internal and external irreversibilities scheme. (b) Diagram illus-
trating thermodynamic configurations (Juárez-Huerta et al., 2022).

2.3. Factors affecting thermoelectric generator performance

Numerous factors can affect how well a thermoelectric generator (TEG) performs. Op-
timizing these factors can lead to an increase in a thermoelectric generator’s efficiency and
power production capacity.

2.3.1 The Effect of temperature gradient

The temperature gradient refers to the difference in temperature between the hot and cold
sides of a thermoelectric generator (TEG). The power output of a TEG is directly influenced
by this temperature gradient. When there is a larger temperature difference between the hot
and cold sides of the TEG, more power can be generated. The TEG is capable of converting
heat flux from the hotter region to the cooler region into electrical energy. A higher heat flow
resulting from a larger temperature differential can lead to an increased power output of the
TEG. This increase in temperature across the TEG also corresponds to a higher maximum
power output (B. Singh et al., 2017). The voltage output of a TEG is also affected by the
temperature gradient. The TEG operates based on the Seebeck effect, which produces an
electric potential across the TEG when there is a temperature gradient. A larger temperature
gradient results in a higher voltage output. Therefore, a TEG can generate more electrical
power when there is a greater temperature differential (Tundee et al., 2014).

2.3.2 The effects of a system’s heat source temperature

The temperature of the heat source has a significant impact on the performance of a
thermoelectric generator (TEG). It is a crucial parameter that directly affects the power gen-
eration capability of the TEG. The power generation of the TEG is influenced by the tem-
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perature gradient between its hot and cold sides. When the temperature of the heat source
is increased, it results in a larger temperature gradient, leading to a greater temperature dif-
ference and consequently, an increased power output. Therefore, raising the temperature of
the heat source has the potential to enhance the power output of the TEG. Thus, it can be
said that using a heat collector with a high absorptivity and low emissivity in conjunction
with a high input energy produces favorable results in terms of producing a thermoelectric
generator that performs better (Cai et al., 2011).

2.3.3 The effect of load resistance

The power output and efficiency of a thermoelectric generator (TEG) system are sig-
nificantly influenced by the load resistance. The voltage and current produced by the TEG
depend on the load resistance. According to Ohm’s law (V = IR), there is a direct relation-
ship between the voltage across the load resistance, the current flowing through it, and the
value of the load resistance itself. By selecting different load resistance values, it is possible
to adjust the voltage and current levels to meet the specific requirements of an application. In
a liquid-to-liquid generator, a study was conducted to determine the optimal electrical load
resistance that maximizes thermoelectric generation (Lesage & Pagé-Potvin, 2013).

2.4. Thermoelectrics As Heat Engines

Thermoelectric devices function as solid-state heat engines. In contrast to conventional
air conditioners that utilize two-phase fluids like R-134A as refrigerants, TE devices utilize
electrons as their working fluid. The performance of TE devices is governed by several prin-
cipal effects, as illustrated in Figure 2.4. In 1834, Peltier made an observation that applying
a current across a junction made of dissimilar electrically conductive materials can result in
either heating or cooling at the junction. When the current is reversed, the opposite effect
occurs. Figure 2.4A illustrates why this phenomenon takes place. In materials such as semi-
conductors, metals, or semimetals, electric current is carried by electrons in n-type materials
and by holes (which travel in the opposite direction) in p-type materials. When a voltage
is applied in the correct direction across a p-n junction, electron-hole pairs are generated
near the junction. Electrons move away from the junction in the n-type material, while holes
move away in the p-type material. This process extracts energy from the junction area, caus-
ing it to cool down. On the other side, electrons and holes flow towards junctions where the
pairs recombine, releasing energy and heating those junctions. At the bottom of Figure 2.4,
a typical TE module is shown, designed in a way that all junctions on one side heat up while
those on the other side cool down (Bell, 2008).

In 1821, Seebeck made an important observation that when dissimilar metals are con-
nected in series electrically and in parallel thermally, and exposed to a temperature gradient,
the needle of a magnet is deflected. This discovery forms the basis for thermoelectric (TE)
power generation. As depicted in Figure 2.4B, if the junctions at the top are heated while
those at the bottom are cooled, resulting in a temperature difference, electron-hole pairs are
created at the hot end and absorb heat in the process. These pairs recombine and release
heat at the cold ends. The temperature difference between the hot and cold ends of the TE
elements generates a voltage potential known as the Seebeck voltage, which drives the flow
of holes and electrons. This voltage appears across the bottom of the TE element legs (Bell,
2008). The Seebeck effect is also fundamental to the operation of thermocouples used ex-
tensively in temperature measurement systems. By making electrical connections from the
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Figure 2.4: TE heat engines operate based on three primary effects. (A) when an electric
current is passed through a TE junction, it either heats or cools due to the Peltier effect,
depending on the direction of the current flow. (B) when there is a flow of heat across
the junction, it generates an electrical current through the Seebeck effect. (C) practical TE
generators maximize their performance by connecting numerous junctions in series, which
increases the operating voltage and spreads the heat flow (Bell, 2008).

TE elements to an external load, power can be extracted. For this process to be efficient, it
is crucial to identify materials that are good electrical conductors to minimize electron scat-
tering and heat generation. Additionally, the materials should have low thermal conductivity
to prevent significant heat backflow caused by the temperature difference between the hot
and cold sides. Moreover, maximizing the Seebeck effect is important. However, optimizing
these three parameters poses challenges as they are influenced by the electronic properties
of the materials. Since the working fluid (electrons) conducts both electric current and un-
wanted heat, and the Seebeck effect diminishes with increasing electrical conductivity, it
becomes necessary to simultaneously optimize these properties (Bell, 2008).

2.5. Efficiency evaluation of a Thermoelectric generator

Thermoelectric generators (TEGs), which are constructed of thermoelectric materials,
are the greatest option for obtaining energy from waste heat. The thermoelectric conversion
efficiency of Thermoelectric generator, is defined as the ratio of the electric output power
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(P) delivered to the load to the rate of heat input (Qh) absorbed at the hot junction of the
TEG and transferred through it. In other words, the TEG converts the rate of heat input into
electric output power (P) with an efficiency (η) (Enescu, 2019).

η =
P

Qh
(2.7)

The maximum efficiency of a thermoelectric generator (TEG) utilizing thermoelectric ma-
terials involves a parameter associated with the materials used (Sherman et al., 1960). This
parameter is defined as,

ηmax =
Th −Tc

Th

√
1+ZT −1

√
1+ZT + Tc

Th

(2.8)

Where T = Th+Tc
2 , Th and Tc are source and sink temperature, respectively. Z is called a figure

of merit of the material used.

2.6. Thermoelectric effects

The thermoelectric effects are reversible phenomena that enable the direct conversion
between thermal and electrical energy (Brownell & Hodes, 2014). Direct energy conversion
is dependent on the physical transport properties of thermoelectric materials, such as ther-
mal conductivity, electrical conductivity, and Seebeck coefficient. Additionally, their energy
conversion efficiency is assessed based on the figure-of-merit (X. Zhang & Zhao, 2015).
These materials possess the capability to convert thermal energy into electrical energy and
vice versa. The primary phenomena involved in a thermoelectric device are the thermoelec-
tric effects (Seebeck, Peltier, Thomson and the Joule effect). The Peltier effect occurs when
electrical energy is converted into thermal energy and finds applications in cooling and heat-
ing. The corresponding device utilized in such applications is known as a thermoelectric
cooler(TEC) (Enescu, 2019), which functions as an efficient temperature controller through
thermoelectric modules. On the other hand, the Seebeck effect occurs when thermal energy
is converted into electrical energy and is employed for power generation. The device used in
such applications is referred to as a thermoelectric generator(TEG) (Champier et al., 2010).

2.7. Materials properties that affect efficiency and output power of a
thermoelectric system.

The Seebeck coefficient, also known as thermopower, is commonly used to measure the
voltage generated by a material in response to a temperature gradient. A higher Seebeck
coefficient leads to a greater voltage output, which can potentially improve the power output
of a thermoelectric generator (TEG). The electrical conductivity of a thermoelectric material
also plays a significant role in the flow of electric current through the TEG. Increased electri-
cal conductivity allows for enhanced electrical conduction and reduced electrical resistance,
thereby leading to higher power generation (Xiao et al., 2012).

Furthermore, the thermal conductivity of a thermoelectric material plays a crucial role in
its heat transfer efficiency. To improve the thermoelectric efficiency and maintain a larger
temperature gradient across the thermoelectric generator (TEG), the material needs to have
a lower thermal conductivity. By using materials with reduced thermal conductivity, exces-
sive heat transfer can be mitigated, allowing for a higher temperature gradient that enhances
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power generation. It is also important to consider the figure of merit (ZT), which is a di-
mensionless parameter that incorporates the Seebeck coefficient, electrical conductivity, and
thermal conductivity of a material. A high ZT value indicates strong thermoelectric perfor-
mance. In thermoelectric generators (TEGs), materials with higher ZT values generally ex-
hibit improved efficiency and power generation capabilities (Caballero-Calero et al., 2021).

2.8. The dimensionless thermoelectric figure of merit (zT )

The dimensionless thermoelectric figure of merit zT is used to characterize a thermo-
electric material performance, as well as the efficiencies of various TEGs (Snyder & Snyder,
2017). The figure of merit of thermoelectric materials is given by

zT =
S2σ

κ
T =

S2σ

κe +κl
T (2.9)

where T , S, σ , κe and κl are absolute temperature, Seebeck coefficient or thermopower,
electrical conductivity, electron thermal conductivity and lattice thermal conductivity respec-
tively. The thermal conductivity has two contributions, one from the electrical carriers κe and
the other from lattice vibrations κl . Electronic thermal conductivity is the thermal conduc-
tivity from electrons and holes transporting heat and lattice thermal conductivity originates
from phonons traveling through the lattice. Indeed, the ZT value is a critical indicator of
the thermoelectric properties of a material, with higher values indicating better performance.
However, achieving significant improvements in the thermoelectric figure of merit has been
challenging due to the complex relationship between the Seebeck coefficient, electrical con-
ductivity, and thermal conductivity (Snyder & Toberer, 2008). Therefore, our primary ob-
jective to be enhancing the electrical transmission performance (S2σ ) of the material while
reducing its heat transmission performance (κ) through the coordinated regulation of elec-
trical and heat transmission.

According to the Wiedemann-Franz law, κe = LσT , where L represents the Lorentz con-
stant. This equation demonstrates a positive correlation between the electronic thermal con-
ductivity and electrical conductivity. Thus, by reducing the thermal conductivity of the lat-
tice, which has a weaker correlation, we can effectively optimize the thermoelectric figure
of merit (Biswas et al., 2012). The ZT statistical results of a few common TE materials from
recent years are summarized in Figure 2.5 Sun et al. (2022).
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Figure 2.5: A few common thermoelectric materials Figure of merits in recent years (Sun et
al., 2022)

.

2.9. Molecular Dynamics

Molecular dynamics (MD) is a computer simulation method that involves integrating
the equation of motion of a group of interacting particles to track their temporal evolu-
tion. The method has provided significant insight into the behavior of interacting classical
many-particle systems and has been applied to systems with several hundred to millions of
particles. By employing a description of the interatomic interaction to numerically solve
Newton’s equation of motion, scientists can examine the physical movements of atoms and
molecules. Utilizing the theoretical framework established by statistical mechanics, equilib-
rium and transport characteristics are determined (Badar et al., 2022). MD is a simulation
method based on the numerical integration of Newton’s equation of motion:

mi
d2ri

dt2 =−∂Vi

∂ ri
(2.10)

where: mi ,ri and Vi denote respectively the mass of the particle i, its position vector and the
inter-atomic potential. Solving the differential equations of motion (Eq. (2.10)) of a system
of molecules that interact with one another via an intermolecular potential is the fundamental
goal of the MD algorithm. Since the forces taken into account are typically conservative,
they can be computed using equation (2.10). Because every molecule in the system interacts
with every other molecule, there is a lot of computing involved (Steinhauser, 2012). As a

17



result, the simulation needs to perform a significant number of computationally demanding
force field computations. The intermolecular potential model’s precision and the numerical
integrator’s accuracy in solving the equations of motion are the main variables influencing
the simulation’s accuracy. The adaptability and flexibility in selecting the atomic potential is
what makes MD so strong. In general, the entire potential can be broken down into the sum
of

V (ri) = ∑
i

V1(ri)+∑
i< j

V2(ri,r j)+ ∑
i< j<k

V3(ri,r j,rk) (2.11)

where the first term accounts for the contribution from external fields, such as an electric
field, acting on the individual particles. The second and third terms represent the two-body
and three-body inter-atomic potentials, capturing the pairwise and three-particle interactions,
respectively. The choice of the specific inter-atomic potential depends on the problem at
hand (the type of atomic structure and the properties to be studied) as well as the need to
accurately model a real system or an experimental setup. One of the simplest potentials used
is the Lennard-Jones potential, where the total potential can be expressed as a sum of pair
potentials between individual particles.:

V = ∑
i< j

V2(ri j) (2.12)

With
V2(ri j) = 4ε((

σ

ri j
)12 − (

σ

ri j
)6) (2.13)

This is the LJ pair potential, which depends only on the distance between neighbouring par-
ticles ri j = r ji . The interaction energy ε identifies with the depth well of the potential, and
σ is the atomic diameter.

The integration scheme commonly used in MD is the Verlet algorithm which predicts the
positions at time t + dt given the positions at the earlier times t and t - dt :

2.9.1 The Verlet algorithm

Loup Verlet introduced a molecular simulation algorithm based on central differences in
1967 (Verlet, 1967). The simple algorithm introduced by Loup Verlet in 1967 has proven
to be highly effective in many cases of molecular dynamics (MD) simulations and is widely
utilized. The algorithm can be derived by performing a Taylor expansion of the position
coordinate in both forward and backward directions in time,

r(t +∆t) = r(t)+ v(t)∆t +
1
2

a(t)∆t2 + ... (2.14)

r(t −∆t) = r(t)− v(t)∆t +
1
2

a(t)∆t2 − ... (2.15)

where, v = dr
dt , a = d2r

dt2 = F
m and ∆t is the time step in the numerical scheme. By adding these

two equations we obtain

r(t +∆t)+ r(t −∆t) = 2r(t)+a(t)∆t2 +O(∆t4) (2.16)

or
r(t +∆t) = 2r(t)− r(t −∆t)+a(t)∆t2 +O(∆t4) (2.17)
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This equation is known as the Verlet algorithm. The algorithm is properly centered, ri(t +
∆t) and ri(t −∆t) play symmetrical roles, making it time-reversible and it shows excellent
energy-conserving properties over long times. The algorithm assumes that the forces rely
solely on the positional coordinates and not on the velocities. Although the velocities are
not explicitly involved in the algorithm, they are necessary for calculating the kinetic energy
and, consequently, the temperature. Velocity can be obtained by subtracting Eq. (2.14) with
Eq. (2.15),

r(t +∆t)− r(t −∆t) = 2v(t)∆t +O(∆t3) (2.18)

or

v(t) =
r(t +∆t)− r(t −∆t)

2∆t
+O(∆t2) (2.19)

One limitation of the original Verlet algorithm is that it does not have a "self-starting" prop-
erty. Usually the initial conditions are given at the same time, ri(0) and previous ri(−∆t)
time steps. There is also some concerns (Dahlquist & Bjork, 1974) that roundoff errors may
arise when implementing Eq. (2.17). The original Verlet algorithm, Eqs (2.17) and (2.19),
do not handle the velocities in a fully satisfactory manner A Verlet-equivalent algorithm that
stores positions, velocities, and accelerations at the same time and which also minimizes
round-off errors was introduced. Consider Eq. (2.15) at the next time step,

r(t) = r(t +∆t)− v(t +∆t)∆t +
1
2

a(t +∆t)∆t2 + ... (2.20)

By adding these with Eq.(2.14) and solving for v(t +∆t) yields,

v(t +∆t) = v(t)+
1
2
[a(t)+a(t +∆t)]∆t (2.21)

Equation (2.21) represents the velocity Verlet algorithm, which is an equivalent formulation
to the original Verlet algorithm. Both algorithms produce the same trajectories for the sim-
ulated system. The key advantage of the velocity Verlet algorithm is that it only requires
the storage of positions, velocities, and accelerations at a single time point. This makes it
computationally efficient and memory-efficient compared to other integration schemes.

2.9.2 Limitations of molecular dynamics

Like any simulation methods, molecular dynamics has its own set of drawbacks (Kwan
et al., 2023). The system size restriction is one of the most obvious limits. This is espe-
cially important when simulating real-world materials with a broad range of length scales,
from microns to one nanometer. Molecular dynamics can be used in combined with a more
mesoscopic technique, like the Boltzmann Transport Equations, to handle such situations.
This method uses the microscopic data about the phonon lifespan as an input to a Boltzmann
transport equation. The classical nature of molecular dynamics is another drawback. Each
phonon mode in this framework has an equal population, and the Dulong-Petit law provides
a reasonable approximation of the heat capacity. For solids that are at or slightly above their
Debye temperature, this approximation is accurate. But at room temperature, many mate-
rials don’t follow this requirement (Durrant & McCammon, 2011). Many methods can be
used to introduce quantum effects into molecular dynamics. One method is to use phonon
lifetimes calculated from molecular dynamics in a Boltzmann transport equation where the
phonon occupation number takes quantum statistics into account. Alternatively, a Langevin
thermo-stat with colored noise that obeys a Bose-Einstein distribution for the phonon mode
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can be used to directly incorporate quantum effects into the molecular dynamics simulation.
Consequently, molecular dynamics does not explicitly simulate electronic degrees of free-
dom. As such, fundamental molecular dynamics cannot be used to study thermal transport
in electrical conductors. Moreover, the basic form of molecular dynamics does not take into
consideration the contribution of electron-phonon scattering to transport in semiconductors.

2.10. Predicting thermal conductivity Using Non Equilibrium molecular
dynamics

A solid can transfer heat energy by a number of methods, including phonon conduc-
tion, electron conduction, and other excitations like spin waves (Tritt, 2005). There are three
primary methods available for calculating thermal conductivity using molecular dynamics
simulations. The equilibrium strategy, which uses the Green-Kubo formulas, is the first
method. This method uses correlation functions to calculate the thermal conductivity while
allowing the system to reach thermal equilibrium. The second method is the direct method
or non-equilibrium molecular dynamics method. This method entails building a heat sink
and a heat source inside the system. Temperature gradients and heat flow monitoring allow
for the determination of thermal conductivity. The homogeneous non-equilibrium molecular
dynamics method is the third technique. This method involves inducing a heat flux within
the system and obtaining the thermal conductivity by analyzing the subsequent temperature
distribution These methods based on molecular dynamics offer useful instruments for assess-
ing a material’s thermal conductivity, especially in semiconductor (Dong et al., 2018).

The trajectories and velocities of particles (such as atoms or molecules) in an MD simula-
tion are found by the numerical solution of Newton’s second law of motion. In this technique,
a differential equation with initial and boundary conditions is solved for a particular number
of particles, which can be anywhere from a few to millions. A potential energy function that
is selected to replicate experimentally proven variables, such elastic constants and melting
temperatures, describes the interaction between atoms or molecules. The potential for ele-
ments with covalent bonds is made up of two and three-body contributions. According to
the Pauli exclusion principle, the two-body potential consists of a Lennard-Jones-like term
with a repulsive short-range component originating from the overlap of atomic orbitals and
a long-range attractive component owing to dipole-dipole interactions. The interatomic dis-
tance is determined by the two-body interaction, while the bonds between atoms organized
in tetrahedral coordination are stabilized by the three-body potential. A certain process is
taken to use NEMD simulation to ascertain a material’s thermal conductivity (Termentzidis
& Merabia, 2012). A temperature gradient is created along the sample since this method
involves a non-equilibrium condition. The sample is placed between the hot and cold reser-
voirs to form the simulation cell. By rescaling the particle velocities inside the reservoirs,
the temperature is regulated and the center of mass is kept from moving in a net translational
direction. A temperature gradient forms along the sample as heat is introduced at the hot end
and withdrawn at the cold end. A steady-state temperature gradient eventually develops; the
length of the sample and the heat conductance determine this. The material’s thermal con-
ductivity is directly correlated with this steady-state gradient. The sample is cut into slices in
order to compute the temperature profile required to identify the temperature gradient. The
average kinetic energy of the atoms in each slice is used to calculate the temperature within
it, under the assumption that local equilibrium makes the equipartition theorem applicable.
The thermal conductivity of the sample is then calculated from the added amount of heat dE

dt
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divided by the negative temperature gradient dT
dx and the cross-section area A of the sample.

2.11. Classical Interatomic Potentials

The selection of appropriate classical interatomic potentials is vital for molecular dy-
namics (MD) predictions. It is also important for the potentials to have simplicity in order
to enhance their transferability. Currently, there are no available simple interatomic poten-
tials that adequately describe the interactions in Bi2Te3. While there are simple harmonic
potentials fitted using experimental data (Kullmann et al., 1990), they are not suitable for
calculating lattice thermal conductivity because they neglect anharmonic effects. On the
other hand, Huang and Kaviany (Chen & Chen, 2005), have developed classical interatomic
potentials that incorporate both two-body and three-body interactions, which can accurately
replicate the phonon behavior of Bi2Te3. However, these potentials come with increased
complexity (Qiu & Ruan, 2009). The two body potential φ(ri j) between atoms i and j sepa-
rated by a distance ri j can be written in a form consisting of a short-range interaction φs(ri j)
and a Coulombic term for the long-range electrostatic interaction:

φ(ri j) =
qiq j

ri j
+φs(ri j) (2.22)

Where the first part is coulombic interaction and The second part is the short-range Morse
potential given by,

φs(ri j) = De(1− e[−a(ri j − r0)]
2 −1) (2.23)

Here, De is the depth of the potential well, r0 is the equilibrium bond distance, and a is the
measure of bond elasticity.

2.12. Boltzmann Transport Equation

The Boltzmann Transport Equation is a theoretical framework used to analyze the trans-
port of carriers in a semi-classical manner. It combines principles of classical Newtonian
mechanics and quantum probabilistic scattering rates, known as the Fermi-Golden rule. This
equation describes the trajectory of a particle by considering both its classical motion and
the dissipative processes that occur as it transitions between different energy states (Banoo
et al., 2000). The Boltzmann transport equation is analogous to Schrödinger’s equation, but
it describes the evolution of the electronic distribution function f , over time. This distri-
bution function represents the probability of occupation of different electronic states. The
Boltzmann transport equation is a robust and widely applicable equation that can be used
to derive all of the essential transport parameters, making it a fundamental tool in the study
of electronic transport phenomena (Nolting, 2012). To characterize the transport properties
of an electron, it is necessary to understand the distribution function of the electrons. This
distribution function provides information about how the electrons are distributed in momen-
tum space (also known as k-space) and energy space. By analyzing this distribution, we can
evaluate various transport properties. In equilibrium conditions, the distribution function can
be described by the Fermi-Dirac function,

f (ε) =
1

exp( ε(k)−µ

KBT )+1
(2.24)
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where T is the absolute temperature, ε(k) is the electron energy, kB is the Boltzmann con-
stant, and µ the chemical potential (the Fermi energy at 0 K) (Cantarero & Àlvarez, 2014).
The equilibrium electron gas is characterized by this distribution function. Even if collisions
constantly remove electrons from one k-state to another, the Fermi-Dirac function will al-
ways supply the net distribution of electrons as long as there are no external variables that
could upset the equilibrium. To describe the distribution function in the presence of external
forces, let’s denote fk(r) as the local concentration of electrons in state k in the neighborhood
of position r. The Boltzmann approach involves investigating how fk(r) changes over time.

Figure 2.6: At time t = 0 particles at position r−δ tVk reach the position r at a later time δ t
(J. Singh, 2008).

The variation in the electron distribution function fk(r) can be explained by three main
factors (J. Singh, 2008). Firstly, as a result of the continuous diffusion of electrons, carriers
will constantly enter and exit any given volume element around a specific position r. Sec-
ondly, when external forces are applied to electrons in a material, the electrons will alter
their momentum (or wavevector) according to h̄dk/dt = Fext . Thirdly, as a result of various
scattering processes, electrons in a material undergo transitions from one k-state (momentum
state) to another.
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To compute the total time derivative of the distribution function fk(r), we can break it
down into the three main contributing factors discussed above.

2.12.1 The evolution of fk(r) induced by diffusion

The electron will traverse vkt distance in a time interval t if vk is the velocity of a carrier
in state k. Therefore, as shown in Figure 2.6, the number of carriers in the neighborhood of
r−δ tVk at time 0 will be equal to the number of electrons in the vicinity of r after time δ t.
Diffusion allows us to prove the following equality (J. Singh, 2008),

fk(r,δ t) = fk(r−δ tvk,0) (2.25)

Using a Taylor series, let’s expand the electron distribution functions fk(r,δ t) and fk(r −
δ tvk,0);

fk(r,δ t)≈ fk(r)+
∂ fk(r)

∂ t
δ t +

1
2

∂ 2 fk(r)
∂ t2 (δ t)2 + ... (2.26)

and

fk(r−δ tvk,0)≈ fk(r,0)−
∂ fk

∂ t
(r,0)(δ tvk)+

1
2!

∂ 2 fk

∂ t2 (r,0)(δ tvk)
2 − . . . (2.27)

by ignoring terms of a higher order, We can write Eqn (2.25) as follows

fk(r,0)+
∂ fk

∂ t
.δ t = fk(r,0)−

∂ fk

∂ t
.δ tvk (2.28)

Moreover, the above equation is simplified to

∂ fk

∂ t (di f f )
=−∂ fk

∂ t
.vk (2.29)

2.12.2 The evolution of fk(r) induced by an external field

By Newton’s equation of motion, the crystal momentum k of an electron varies in re-
sponse to external forces. For an electric and magnetic field (E and B), the rate of change of
k is given by

k̇ =
e
h̄
[(E+vk ×B)] (2.30)

By drawing a comparison with the changes brought about by diffusion, we may suggest that
at time t = 0, particles having momentum k− k̇ will have momentum k at time δ t, and

fk(r,δ t) = fk−k̇δ t(r,0) (2.31)

By Tylor series expansion now

fk(r,δ t)≈ fk(r)+
∂ fk(r)

∂ t
δ t +

1
2

∂ 2 fk(r)
∂ t2 (δ t)2 + ... (2.32)

fk−k̇δ t(r,0)≈ fk(r,0)− k̇δ t
∂ fk

∂k
(r,0)+

1
2
(k̇δ t)2 ∂ 2 fk

∂k2 (r,0)− . . . (2.33)
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In this case, as well, eliminating the higher order terms from the expansion and substi-
tuting into Eqn (2.31) yields

∂ fk
∂ t (ext. f orces) =−k̇ ∂ fk

∂k

=
−e
h̄
[(E+

v×B)
c

].
∂ fk

∂k
(2.34)

2.12.3 The evolution of the function fk(r) due to scattering

Let us assume that, the scattering processes are considered to be local and instantaneous,
resulting in a change in the electron’s state from k to k′. The rate of change of the distribution
function fk(r) due to scattering can be defined by the function W (k,k′) which represents the
rate of scattering from state k to k′ when state k is occupied and state k′ is empty (J. Singh,
2008).

∂ fk

∂ t scattering
=

∫
[ f ′k(1− fk)W (k′,k)− fk(1− f ′k)W (k,k′)]

d3k′

(2π)3 (2.35)

The term (2π)3 in the denominator arises from the number of allowed states in a k-space vol-
umee element, represented by d3k′. The first term in the integral corresponds to the rate at
which electrons transition from an occupied k′ state (indicated by the factor f ′k) to an unoccu-
pied k state (indicated by the factor (1− fk)). On the other hand, the second term represents
the term related to the loss of electrons.

In a steady-state condition, the distribution function remains constant, and as a result, the
sum of the partial derivative terms calculated earlier will be zero, indicating no net change
in the distribution function.

∂ fk

∂ t scattering
+

∂ fk

∂ t di f f
+

∂ fk

∂ t ext. f orces
= 0 (2.36)

let us introduce
gk = fk − f 0

k (2.37)

where f 0
k is the equilibrium distribution. Now let us compute gk, which quantifies the devia-

tion of the distribution function from the equilibrium state.

By substituting the partial time derivatives resulting from diffusion and external fields,
the resulting expression is given by:

−vk.∇r fk −
e
h̄
[(E+

vk ×B)
c

].∇k fk =−∂ fk

∂ t scattering
(2.38)

By Replacing fk = gk + f 0
k

−vk.∇r f 0
k − −e

h̄ [(E+vk ×B)].∇k f 0
k

=−∂ fk

∂ t scattering
+ vk.∇rgk +

e
h̄
[(E+vk ×B)].∇kgk (2.39)

It is worth noting that the magnetic force term on the left-hand side of Eqn.2.39 is directly
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proportional to

vk.
e
h̄(vk ×B)

and is thus zero. Let us recall

vk =
1
h̄

∂ε(k)
∂k

(2.40)

Here ε(k) is the energy of the particle and µ is chemical potential. Then the equilibrium
distribution f 0

k given by;

f 0
k =− 1

exp[ ε(k)−µ

kBT ]+1
(2.41)

consequently

∇r f 0 =−
[exp (ε(k)−µ)

kBT ]

[exp( ε(k)−µ

kBT )+1]2
∇r(

ε(k)−µ(r)
kBT (r) )

= kBT. ∂ f 0

∂ε(k) [−
∇µ

kBT − (ε(k)−µ)
kBT 2 ∇T ]

∇r f 0 =
∂ f 0

∂ε(k)
[−∇µ − ε(k)−µ

T
∇T ] (2.42)

Furthermore

∇k f 0 = ∂ f 0

∂ε(k)∇kε(k)

= h̄vk
∂ f 0

∂ε(k)
(2.43)

We obtain, from Eqn. 2.39, by substituting these terms and keeping only terms that are
second-order in the electric field (i.e., disregarding terms involving products gk.E).

− ∂ f 0

∂ε(k)
.vk.[−

(ε(k)−µ)

T
∇T + eE −∇µ] (2.44)

=−∂ f
∂ t scattering

+ vk.∇rgk +
e
h̄
(vk ×B).∇kgk (2.45)

The derived above equation is called Boltzmann transport equation. We can utilize this
equation to derive expressions for transport properties of the material.
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3. METHODOLOGY

3.1. Model and Non-equilibrium molecular dynamics (NEMD) Simula-
tion Method

3.1.1 Thermoelectric generator Model

Figure 3.1: Model of Thermoelectric generator (Mary-Rose & Wallenfeldt, 2024).

A thermoelectric generator consists of several components that work together to convert
heat energy into electrical energy. These components play distinct roles in the overall en-
ergy generation process. The heat source serves as the initial supplier of thermal energy to
the TEG. It can be a combustion engine, waste heat from an industrial process or a solar
collector. The heat source provides the necessary heat input to the device, typically on the
high-temperature side. The heat transfer interface is responsible for facilitating the efficient
transfer of heat from the heat source to the thermoelectric material. This interface is designed
to maximize heat conduction and minimize thermal losses. The thermoelectric material is
the core component of the device. It is a semiconductor material (Bi2Te3) with unique prop-
erties that enable it to convert heat into electricity through the thermoelectric effect. The
material possesses a Seebeck coefficient, which determines its ability to generate an electric
voltage when subjected to a temperature gradient. When a temperature difference is applied
across the material, it induces the migration of charge carriers (electrons or holes) from the
hot side to the cold side, resulting in the generation of an electric potential difference. This
potential difference drives an electric current when an external load, such as a load resistor,
is connected.
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The heat sink is in thermal contact with the cold side of the thermoelectric material.
Its purpose is to dissipate or absorb the waste heat generated during the energy conversion
process. By removing excess heat, the heat sink helps maintain a temperature difference
across the device, ensuring its efficient operation and preventing thermal equilibrium. The
load resistor is an external electrical load connected to the thermoelectric device. It consumes
the electrical power generated by the thermoelectric material. When an electric current flows
through the load resistor, a voltage drop occurs, resulting in the conversion of heat energy
into useful electrical energy. The load resistor can be part of a larger electrical circuit or
a device that utilizes the generated electricity for various applications. In general, TEG
utilizes the heat source to supply thermal energy, transfers heat via the heat transfer interface,
converts heat to electricity through the thermoelectric material, dissipates waste heat with
the heat sink, and finally, consumes electrical power with the load resistor. Together, these
components enable the conversion of heat energy into electrical energy in a TEG.

3.1.2 Computational Method

In molecular dynamics (MD) simulation, the behavior of atoms is dictated by Newton’s
second law, which relates the forces acting on each atom to its motion. These forces, in
turn, are determined by the positions of the atoms and the molecular force fields associated
with them. The equations of motion are integrated by the Velocity-verlet algorithm, which
computes displacement, velocity and acceleration of each atom every time step.

In this work thermal conductivity of Bi2Te3 was calculated using NEMD method im-
plemented in the LAMMPS software. The simulation comprised of three distinct stages as
depicted in Figure 3.3. The first stage of the simulation involved the relaxation of the Bi2Te3
system. The initial Bi2Te3 structure was loaded into LAMMPS, and periodic boundary con-
ditions were applied to the simulation box. A NVT (constant volume and temperature) en-
semble simulation was then run for 100 time steps to allow the system to reach thermal
equilibrium. During this stage, the temperature, energy, and other relevant properties were
monitored to ensure the system had reached a steady state. The second stage of the simu-
lation involved the isothermal control of the system. The simulation box was divided into
two regions: a "hot" region and a "cold" region as shown in Figure 3.2. A heat energy was
then added to the system in the z-direction to the atoms in the hot region. A NVE (con-
stant volume and energy) ensemble simulation was then run for 10,000 time steps to allow
the system to reach a steady-state temperature gradient. The final stage of the simulation
involved the heat conduction analysis. During this stage, the temperature profile along the
z-direction of the simulation box was monitored to ensure a linear temperature gradient had
been established. The heat flux was calculated based on the energy added to the hot region
and removed from the cold region. Using Fourier’s law, the thermal conductivity of the bis-
muth telluride system was then calculated from the temperature gradient and the heat flux.

κl =− Jz
∂T
∂ z

(3.1)

where, Jz is heat flux, κl is lattice thermal conductivity of the material and ∂T
∂ z is the temper-

ature gradient across the material. The negative sign indicates that heat flows from the hot to
the cold region.
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Figure 3.2: The Two Region Method Model utilized in the NEMD simulation (Muna &
Winczewski, 2020)

.

3.2. Boltzmann Transport Equation (BTE)

The Boltzmann Transport Equation is a fundamental equation in statistical mechanics
that describes the behavior of particles (such as electrons or phonons) in a material under
the influence of an external field, such as an electric field or a temperature gradient. BTE
provides a theoretical framework to understand and predict how charge carriers and heat
are transported within the material. It describes the probability distribution of particles in
momentum space and provides a mathematical description of their scattering processes, in-
teractions, and transport behavior.

In this work, the electron transport properties such as electronic thermal conductiv-
ity, electrical conductivity, and Seebeck coefficient of the material were calculated by the
semi-classical Boltzmann transport theory within the constant relaxation time approximation
(CRTA) approach as implemented in the BoltzTraP code. The electron transport calculations
flowchart and employed programs are schematically displayed in Figure 3.4. The BoltzTraP
code utilizes interpolation techniques and conducts necessary integrations to solve the Boltz-
mann equation (Eqn 2.45) and gives the electronic property of the material. Over the past ten
years, the BoltzTraP code has been tested on a variety of materials, including thermoelec-
tric materials and superconductors (Allen et al., 1988). In several situations, there was good
agreement with the experimental values (Madsen et al., 2003). Notably, the BoltzTraP code’s
shortcoming caused the phonon contribution to thermal conductivity to be disregarded, re-
sulting in a minor overestimation of the ZT values observed here. Only the electronic portion
of the thermal conductivity is provided by the BoltzTraP code, which treats the lattice ther-
mal conductivity contributed by phonons as a constant.
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Figure 3.3: NEMD simulation structure flowchart illustrating how to compute thermal con-
ductivity (Muna & Winczewski, 2020).

Boltztrap

Thermoelectric Properties

Electrical Conductivity
Seebeck Coefficient

Electronic Thermal Conductivity

Figure 3.4: Schematic of the flow chart for electronic transport properties.
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3.3. Efficiency of thermoelectric generator

The technique for calculating the efficiency of a thermoelectric generator using the ma-
terial Bi2Te3 involves a series of interconnected steps as shown in Figure 3.5 below. The
process begins by selecting Bi2Te3 as the material of interest. To gather the information re-
quired for the computations, two parallel routes are taken.

The first route involves employing the Non-Equilibrium Molecular Dynamics (NEMD)
method. NEMD simulations are conducted using the LAMMPS software, which provides
data on the lattice thermal conductivity of Bi2Te3. This data is crucial for subsequent cal-
culations. The second route involves utilizing the Boltzmann Transport Equation (BTE)
method. The BTE calculations are performed using the BoltzTrap software, which provides
data on the electronic thermal conductivity, electrical conductivity, and Seebeck coefficient
of Bi2Te3. These parameters play a significant role in determining the thermoelectric prop-
erties of the material. The results obtained from both the NEMD and BTE methods are
combined to calculate the Figure of Merit of Bi2Te3 through Eqn 2.9. Finally, the figure of
merit is utilized to calculate the overall efficiency of the thermoelectric generator by moni-
toring sink and source temperature of the device.

Figure 3.5: Thermoelectric Generator Efficiency Calculation Flowchart.
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3.4. softwares

We utilized the LAMMPS software, an acronym for "Large-scale Atomic/Molecular
Massively Parallel Simulator," to conduct non-equilibrium molecular dynamics simulations.
Developed by the Sandia National Laboratories, LAMMPS is an open-source code specifi-
cally designed for molecular dynamics simulations, with a particular emphasis on material
modeling. Its capabilities are particularly well-suited for solid-state materials such as metals
and semiconductors, enabling atomistic or parallel particle simulations at both the atomic and
continuum scales. LAMMPS offers significant potential in the realm of solid-state materials
research (Wu et al., 2016). BoltzTraP software package is used to calculate the electronic
transport properties of the material. Additionally, gnuplot was used for plotting purposes.
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4. RESULTS AND DISCUSSION

4.1. Non-equilibrum molecular dynamics (NEMD) Simulation Result

4.1.1 Lattice thermal conductivity (κl)

For the system’s temperatures of 100K, 200K, 300K, 400K, 500K, 600K, 700K, and
800K, the bulk Bi2Te3 lattice (Phonon) thermal conductivity has been computed by Non-
equilibrium molecular dynamics method using LAMMPS software package and presented
in Table 4.1. In this work, the room temperature lattice thermal conductivity of bismuth
telluride (Bi2Te3) was predicted using the non-equilibrium molecular dynamics (NEMD)
method and found to be approximately 1.37 W/m-K. This predicted value has been compared
with the available experimental and theoretical data reported in the literature. The experi-
mental measurement of the lattice thermal conductivity of Bi2Te3 at room temperature by
Goldsmid (H. Goldsmid, 1956) yielded a value of around 1.5 W/m-K. The NEMD-predicted
value of 1.37 W/m-K in the current study is in good agreement with the experimental data,
with a deviation of only 8.7%. This small variation can be attributed to measurement tech-
niques employed in the respective studies. Furthermore, the theoretical study by Qiu and
Ruan (Qiu & Ruan, 2009) on the lattice thermal conductivity of Bi2Te3 using first-principles
calculations reported a room temperature value of around 1.3 W/m-K. The NEMD-predicted
value of 1.37 W/m-K in the present work is in close agreement with this theoretical predic-
tion, with a deviation of only 5.4%. The close match between the predicted and theoretical
values suggests that the current NEMD-based study has successfully captured the material
properties governing the lattice thermal transport in Bi2Te3. The consistency between the
NEMD-predicted room temperature lattice thermal conductivity and both the experimental
data by Goldsmid and the theoretical prediction by Qiu and Ruan strengthens the confidence
in the reliability and accuracy of the results presented in this work. This agreement also
highlights the potential of the NEMD computational approach employed in the current study
to provide valuable insights into the thermal transport properties of Bi2Te3. The accurate
prediction of lattice thermal conductivity is crucial for the design and optimization of ther-
moelectric devices, as it directly influences the figure of merit (ZT) and the overall efficiency
of the thermoelectric generator. The close alignment of the NEMD-predicted value with the
experimental and theoretical literature data emphasizes the validity of the present work.
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Figure 4.1: Temperature Dependence of lattice thermal conductivity of Bi2Te3

Figure 4.1 shows the temperature dependence of lattice thermal conductivity of bulk
Bi2Te3. The graph demonstrates that as the temperature of a material increases, the lattice
thermal conductivity tends to decrease. This phenomenon can be attributed to the stronger
phonon scattering that occurs at higher temperatures. Phonons, which are quantized lat-
tice vibrations responsible for carrying heat energy in a material, become more vigorous
and energetic as the temperature rises. The intensified lattice vibrations lead to a greater ten-
dency for phonons to interact with various scattering mechanisms present within the material.
These scattering mechanisms can include impurities, defects, boundaries, and other imper-
fections in the lattice structure. When phonons collide with these scattering centers, their
smooth propagation is disrupted, resulting in a decrease in thermal conductivity. At elevated
temperatures, the phonons experience a higher frequency of collisions with the scattering
centers. This increased scattering hinders the efficient transfer of heat energy through the
material. The disrupted phonon flow prevents the smooth propagation of heat, leading to a
reduction in thermal conductivity. The underlying reason for this decrease lies in the ob-
structed pathway of the phonons.

The more vigorous lattice vibrations at higher temperatures provide more opportunities
for phonons to collide and scatter, impeding their smooth propagation. As a result, the ma-
terial’s ability to conduct heat decreases, and its thermal conductivity is reduced. Remark-
ably, this reduction in thermal conductivity can have practical advantages in thermoelectric
applications. In these applications, materials with low thermal conductivity are preferred
because they allow for better heat retention and enable a higher temperature gradient across
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the material. By decreasing the thermal conductivity, the material can better retain the heat,
which enhances the efficiency of thermoelectric conversion processes. The higher tempera-
ture gradient across the material facilitates improved energy conversion, leading to enhanced
performance in thermoelectric applications.

Table 4.1: The calculated lattice thermal conductivity of Bi2Te3

Temperature (K) Thermal conductivity (W/mK)
100 2.31852
200 2.01267
300 1.37122
400 1.07467
500 0.98273
600 0.79181
700 0.76944
800 0.68330

4.2. Boltzmann transport equation (BTE) Results

All transport properties of Bi2Te3 thermoelectric material such as electronic thermal con-
ductivity, electrical conductivity, and Seebeck coefficient were obtained from BTE with con-
stant relaxation time approximation from the reference (Mili et al., 2022) by using Boltztrap
software.

Table 4.2: Electron transport properties of Bi2Te3

Temperature (K) κe(W/mK) σ(1/Ωm) S (V/K)
100 0.36969 121552.5 0.000112
200 0.8177 115096.5 0.0001442
300 1.39 110175 0.00016
400 2.067 104952 0.000176
500 3.173835 103307.5 0.0001933
600 4.494 102505 0.00021
700 5.813 101162 0.0002252
800 6.8111 100537 0.000237

4.2.1 Electronic thermal conductivity (κe) of Bi2Te3

The graph in Figure 4.2 depicts the temperature dependence of the electronic thermal
conductivity in the thermoelectric material Bi2Te3. The observed trend reveals that as the
temperature increases, the electronic thermal conductivity of Bi2Te3 also increases. At lower
temperatures, the electronic thermal conductivity of Bi2Te3 is relatively low. This can be
attributed to the limited thermal excitation of charge carriers and the less prominent energy-
dependent scattering processes that facilitate heat conduction through electrons. In this tem-
perature regime, the lattice thermal conductivity, which is the transfer of heat through the
vibrations of the crystal lattice, may play a more dominant role in the overall thermal trans-
port behavior of the material. However, as the temperature rises, the electronic thermal con-
ductivity of Bi2Te3 demonstrates a significant increase. This can be explained by two key
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mechanisms. Firstly, at higher temperatures, more electrons in the material are thermally
excited into higher energy states, leading to a greater concentration of charge carriers avail-
able for heat conduction through electronic processes. This enhanced charge carrier popu-
lation facilitates the transfer of thermal energy, resulting in the observed increase in elec-
tronic thermal conductivity. Secondly, elevated temperatures also promote the occurrence
of energy-dependent scattering mechanisms, such as electron-electron and electron-phonon
scattering. These scattering events play a crucial role in the transfer of energy between the
charge carriers, thereby enhancing the material’s ability to conduct heat. The temperature-
dependent increase in the electronic thermal conductivity has important implications for the
overall thermal conductivity of Bi2Te3. Since the electronic contribution represents a sig-
nificant portion of the total thermal conductivity at higher temperatures, thus the rise in the
electronic component leads to an increase in the material’s overall thermal conductivity.

Figure 4.2: Temperature Dependence of electronic thermal conductivity of Bi2Te3
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4.2.2 Total thermal conductivity (κT ) of Bi2Te3

The plot of total thermal conductivity of Bi2Te3 with respect to temperature is shown in
Fig. 4.3. The total thermal conductivity of Bi2Te3 increases as temperature increases. This
is because, at low temperatures, the electronic thermal conductivity of Bi2Te3 is relatively
low due to the dominance of phonon-mediated thermal transport. Particularly in the temper-
ature range of 100-400k, the increasing rate of total thermal conductivity is relatively slow,
this is due to the dominance of phonon thermal conductivity at lower temperatures. As the
temperature rises, electronic thermal conductivity becomes increasingly significant in mate-
rials. This phenomenon can be attributed to the thermally induced excitation of electrons to
higher energy states, leading to an increased population of charge carriers that are available
for the conduction of heat. At higher temperatures, more electrons acquire sufficient energy
to participate in heat conduction processes.

Moreover, when temperatures rise, the impact of energy-dependent scattering mecha-
nisms becomes increasingly noticeable. The efficiency of heat transport within the material
is largely determined by these mechanisms, which include electron-electron and electron-
phonon scattering. Elevated temperatures lead to more frequent and powerful interactions
between electrons and other particles or lattice vibrations, which intensify the scattering
events. The overall increase in electronic thermal conductivity with temperature is facili-
tated by these scattering events, which also help to transport thermal energy between charge
carriers. Consequently, as the temperature rises, electronic contribution to its thermal con-
ductivity rises as well, increasing the total material’s thermal conductivity overall.

Figure 4.3: Total thermal conductivity of Bi2Te3
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4.2.3 Electrical conductivity (σ ) of Bi2Te3

The investigation into the thermal effect on the electrical conductivity of the thermoelec-
tric material Bi2Te3 has yielded significant findings, which are illustrated in the correspond-
ing graph (Figure 4.4). The graph demonstrates a distinct trend in the electrical conductivity
of Bi2Te3 as a function of temperature. At low temperatures, the graph shows a relatively
high electrical conductivity of Bi2Te3. This result suggests that at lower temperatures, the
limited thermal energy restricts the number of charge carriers available to conduct electric
current, resulting in a reduced population of carriers accessible for electrical conduction.
However, the small number of available charge carriers possess high mobility, contributing
to the relatively high electrical conductivity observed at low temperatures.

In contrast, as the temperature increases, the graph indicates a decrease in the electrical
conductivity of Bi2Te3. This decrease can be attributed to the interplay between temperature
and lattice vibrations. With increasing temperature, the thermal energy becomes sufficient to
stimulate a larger number of charge carriers accessible to conduct electric current. However,
as the temperature continues to rise, the enhanced thermal energy also intensifies lattice vi-
brations or phonons within the material. These phonons act as scattering centers for charge
carriers, impeding their motion and reducing their mobility. Consequently, the dominant
effect of phonon scattering exceeds the increase in charge carrier population, resulting in a
decrease in electrical conductivity at higher temperatures. The observed temperature depen-
dence of the electrical conductivity in Bi2Te3 has important implications for the material’s
performance in thermoelectric applications. The interplay between charge carrier concen-
tration, carrier mobility, and phonon scattering at different temperature regimes determines
the overall electrical conductivity of Bi2Te3, which is a crucial factor in the efficiency of
thermoelectric energy conversion. At low temperatures, the relatively high electrical con-
ductivity is advantageous for efficient charge transport and energy conversion. However, as
the temperature increases, the decrease in electrical conductivity due to the dominant effect
of phonon scattering can have a detrimental impact on the thermoelectric figure of merit. Un-
derstanding this temperature-dependent behavior is essential for optimizing the performance
of Bi2Te3 in thermoelectric devices.
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Figure 4.4: Electrical conductivity of Bi2Te3

4.2.4 Seebeck coefficient (S) of Bi2Te3

The Seebeck coefficient, also known as the thermopower, is a crucial parameter that
quantifies the ability of a material to convert a temperature difference into an electrical volt-
age. The temperature dependence of the Seebeck coefficient in Bi2Te3 is shown in Figure
4.5. The majority of charge carriers in Bi2Te3 are electrons, and their behavior dominates the
electrical transport properties. When a temperature gradient is applied across the material,
the diffusion of these electrons from the hot side to the cold side creates a charge imbalance,
resulting in the buildup of potential differences across the material. The magnitude of this
voltage is proportional to the Seebeck coefficient. However, at low temperatures, the See-
beck coefficient of Bi2Te3 is typically small as the energy distribution of electrons in the
material is relatively sharp, and only a small number of electrons possess sufficient energy to
contribute to the thermoelectric effect. As the temperature increases, the energy distribution
of electrons in Bi2Te3 broadens, allowing a larger number of charge carriers to participate in
the thermoelectric process. This increase in the number of electrons contributing to the ther-
moelectric effect leads to a larger voltage generated per unit temperature gradient, resulting
in a typically higher Seebeck coefficient at elevated temperatures as shown in Figure 4.5.
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The temperature-dependent behavior of the Seebeck coefficient in Bi2Te3 is crucial in
determining the material’s overall thermoelectric performance. The increase in the Seebeck
coefficient with rising temperature can have a positive impact on the thermoelectric figure of
merit, a key parameter that governs the efficiency of thermoelectric energy conversion. This
understanding of the temperature-dependent Seebeck coefficient in Bi2Te3 provides valuable
insights for optimizing the material’s performance in thermoelectric applications.

Figure 4.5: Seebeck coefficient of Bi2Te3

4.2.5 Power factor (PF) of Bi2Te3

The power factor is a fundamental parameter used to evaluate the efficiency of thermo-
electric materials. It quantifies the ability of a material to convert temperature differences
into electrical power. The power factor is determined by the product of two key properties:
electrical conductivity (σ ) and the square of the Seebeck coefficient (S2). Mathematically,
the power factor (PF) can be expressed as PF = σS2.

When examining the temperature dependence of the power factor in Bi2Te3, it is es-
sential to consider the behavior of electrical conductivity and the Seebeck coefficient. The
graph depicting the trend of the power factor with increasing temperature in Bi2Te3 (Fig-
ure 4.6) reveals an interesting observation: the power factor increases as the temperature
rises. The increase in the power factor with temperature can be attributed to the contrasting
temperature dependencies of electrical conductivity and the Seebeck coefficient. Firstly, the
electrical conductivity of Bi2Te3 typically decreases with increasing temperature, as shown
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in Figure 4.4. On the other hand, the Seebeck coefficient in Bi2Te3 exhibits an opposite
trend, increasing with temperature, as demonstrated in Figure 4.5. The interplay between the
temperature-dependent changes in electrical conductivity and the Seebeck coefficient leads
to the observed increase in the power factor with increasing temperature in Bi2Te3. Although
the decrease in electrical conductivity would typically lead to a lower power factor, the dom-
inant effect of the increasing Seebeck coefficient exceeds this decline.

This increase in the power factor with temperature is a crucial observation for the per-
formance of Bi2Te3 in thermoelectric applications. The power factor is a measure of the
combined effect of electrical conductivity and the Seebeck coefficient, and it is directly pro-
portional to the overall thermoelectric figure of merit, which determines the efficiency of
thermoelectric energy conversion.

Figure 4.6: Power factor of Bi2Te3
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Table 4.3: Total thermal conductivity, Power factor and Figure of merit of Bi2Te3

Temperature (K) κT (W/mK) PF (V/K2) ZT
100 2.688 1.52686599E-03 0.05627
200 2.83 2.39225919E-03 0.169
300 2.96 2.84009916E-03 0.3117
400 3.142 3.25894426E-03 0.4136
500 4.1565 3.86033673E-03 0.46434
600 5.2858 4.53193905E-03 0.513
700 6.5825 5.13048377E-03 0.54558
800 7.4944 5.64949168E-03 0.6028

4.2.6 Figure of merit (zT ) of Bi2Te3

The figure of merit (ZT) of thermoelectric materials is a crucial parameter that quantifies
their ability to efficiently convert heat into electrical energy. We have calculated the figure of
merit of Bi2Te3 by using a dimensionless thermoelectric figure of merit formula described
in Equation 2.9 and its results are presented in Table 4.3. The Figure 4.7 show the increseas
of the figure of merit (ZT) with increasing temperature in Bismuth telluride (Bi2Te3). This
behavior can be attributed to the effects of the power factor. The power factor, determined by
the product of electrical conductivity (σ ) and the square of the Seebeck coefficient (S2), plays
a significant role in determining the figure of merit. As temperature increases, the power fac-
tor in Bi2Te3 also increases, as observed in the previous discussion. This increase in the
power factor with temperature can be attributed to the contrasting temperature dependencies
of electrical conductivity and the Seebeck coefficient in Bi2Te3. While the electrical conduc-
tivity typically decreases with increasing temperature, the Seebeck coefficient exhibits an
opposite trend, increasing with temperature. The dominant effect of the increasing Seebeck
coefficient exceeds the decline in electrical conductivity, leading to the observed increase
in the power factor with increasing temperature. The increment of the power factor with
temperature exhibited in Bi2Te3 leads to an increasing figure of merit (ZT) with increasing
temperature.

The increase in the figure of merit (ZT) of thermoelectric materials, with rising temper-
ature is a key factor for the performance and efficiency of thermoelectric generators. The
figure of merit is a key parameter that determines the conversion efficiency of a thermo-
electric device in converting heat into usable electrical energy. When the figure of merit
increases with temperature, as observed in Figure 4.7, it has significant implications for
the performance of thermoelectric generators. Firstly, the improved ZT at higher temper-
atures directly translates to a higher Carnot efficiency and overall conversion efficiency of
the thermoelectric generator. This allows the device to generate more electrical power. Ad-
ditionally, the rising figure of merit with temperature enables thermoelectric generators to
operate effectively over a wider range of temperatures. This expands the applications and
versatility of the technology, allowing it to be used in a broader range of heat source condi-
tions. The higher ZT values at elevated temperatures also increase the power density of the
thermoelectric generator, meaning more electrical power can be generated per unit volume
or mass of the thermoelectric material. In this work, the calculated figure of merit of Bi2Te3
was found to be ≈ 0.31 at room temperature (300K), which can be compared with relevant
experimental literature data to assess the validity and significance of the computational re-
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Figure 4.7: Figure of merit of Bi2Te3

sults. When comparing the computationally obtained ZT of 0.31 for Bi2Te3 at 300K with
the literature findings, several relevant studies can be considered. Tu et al. (Lv et al., 2020)
reported a ZT of 0.3 at 300K for cobalt-doped BiTeSe synthesized by the melt method. The
close agreement between our result ZT value of 0.31 and the experimental ZT of 0.3 for the
cobalt-doped system validates the reliability of the computational approach employed in the
present work. This suggests that the theoretical framework and material modeling strategies
used can accurately capture the thermoelectric performance of Bi2Te3.

Furthermore, the computationally predicted ZT of 0.31 for Bi2Te3 is significantly higher
than the experimental ZT of 0.22 reported by X. Hu et al. (Hu et al., 2019) for Ni-doped
Bi2Se3 at 300 K. This comparison highlights the superior thermoelectric potential of Bi2Te3
compared to the Ni-doped Bi2Se3 system. While the computationally obtained ZT of 0.31
is lower than the experimental ZT of 0.6 reported by Nagarjuna et al. (Nagarjuna et al.,
2020) for fine-grained ball-milled of Bi2Te2.7Se0.3, it is important to note that the latter mate-
rial was specifically engineered for enhanced thermoelectric performance through advanced
techniques such as ball milling and compositional optimization. The computational results
in the present work provide a baseline assessment of the thermoelectric potential of pristine
Bi2Te3, which can serve as a starting point for further optimization through computational
technique and targeted experimental investigations. The close agreement between the com-
putationally predicted ZT of 0.31 and the experimental literature values, particularly for the
cobalt-doped BiTeSe system, validates the reliability and predictive capability of the compu-
tational methods employed in this work.
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4.3. Efficiency of Thermoelectric generator

Herein, We have calculated the temperature-dependent efficiency of Bi2Te3 thermoelec-
tric generator when the hot end’s temperature (Th) varies from 300 to 800 K and the cold
end’s temperature (Tc) is maintained at 300 K by using the TEG efficiency formula given by:

η =
Th −Tc

Th

√
1+ZT −1

√
1+ZT + Tc

Th

(4.1)

Where T = Th+Tc
2 , Th and Tc are source and sink temperature, respectively. Z is called a figure

of merit of the material used. By substituting all parameters into Eqn 4.1, an approximate
efficiency value of Bi2Te3 TEG was calculated for temperatures 300, 400, 500, 600, 700,
and 800K. The values were found to be η = 0 at 300K, η = 0.02177 at 400K, η = 0.03862
at 500K, η = 0.0526 at 600K, η = 0.0635 at 700K and 0.0756 at 800K as tabulated in table
4.4.

Figure 4.8: Efficiency of Bi2Te3 based thermoelectric generator

we examined the relationship between temperature and efficiency of a TEG, as depicted
in Figure 4.8. The graph clearly illustrates that the rate of increase in efficiency decreases
with higher temperatures. This finding has significant implications for selecting the most
economically viable operating temperature range for TEGs. As the temperature increases,
the efficiency of the generator also increases; however, the rate of efficiency improvement
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Table 4.4: Calculated efficiency of Thermoelectric generator

Temperature (K) Efficiency (%)
300 0
400 2.177
500 3.862
600 5.26
700 6.35
800 7.56

is slow. At lower temperatures, even slight temperature increments result in substantial effi-
ciency gains. Conversely, as the temperature continues to rise, the efficiency gains become
less significant for each subsequent increase in temperature (Figure 4.8). The implications
of this observation extend to optimizing the operating temperature range of TEGs. Operat-
ing the generator at excessively high temperatures may yield diminishing returns in terms
of efficiency improvement. Therefore, it is crucial to identify the temperature range where
efficiency gains are most substantial, which ensures both energy conversion efficiency and
cost-effectiveness.

The graph can be carefully examined to identify the operating temperature range that
is most beneficial. This entails determining the temperature range within which there is an
obvious increase in efficiency and choosing a working temperature. As can seen from the
graph an obvious rate increase of the efficiency of TEG was observed in a temperature range
of 300-600K. This suggests that the identified temperature range of 300-600 K represents
the optimal operating temperature for this bismuth telluride-based thermoelectric generator.
Within this range, the material properties and the resulting thermoelectric performance are
maximized, making it the ideal operating condition and its suitability for various applications
that involve waste heat recovery or power generation in this temperature system. Examples
may include automotive exhaust heat recovery, industrial process heat utilization, and spe-
cialized power generation systems.

In the present study, the calculated efficiency of the Bi2Te3-based thermoelectric gen-
erator (TEG) was found to be approximately 7.56%. This finding can be compared to the
experimental work reported by Ragupathi et al. (Ragupathi et al., 2023), who found the effi-
ciency of a similar Bi2Te3-based TEG system to be approximately 7.8%. The close alignment
between the theoretical efficiency calculated in the current study and the experimentally ob-
served efficiency reported by Ragupathi et al. provides strong validation for the reliability
and accuracy of the theoretical approach employed in the present Work. The small difference
of 0.24 percentage points between the theoretically calculated efficiency of 7.56% and the
experimentally observed efficiency of 7.8% reported by Ragupathi et al. falls well within
the expected margin of error and uncertainty associated with both theoretical modeling and
experimental measurements. This close agreement between the theoretical and experimental
findings further strengthens the validity and credibility of the present research work, indi-
cating that the theoretical approach employed has successfully captured the essential factors
governing the performance of Bi2Te3-based TEGs. The theoretical efficiency of 7.56% also
approaches the highest experimentally demonstrated value of around 8% for BiTe by Nagar-
juna et al. (Nagarjuna et al., 2020). This implies that the present theoretical work has made
significant strides towards the optimization of Bi2Te3 thermoelectric technology, potentially
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identifying avenues for further enhancing the performance beyond the current state-of-the-
art. Overall, the close alignment between the theoretical efficiency calculated in this study
and the highest experimental values reported in the literature validates the rigor and effec-
tiveness of the theoretical approach. This work provides a strong foundation for guiding fu-
ture experimental efforts and accelerating the development of high-efficiency Bi2Te3-based
thermoelectric generators for waste heat recovery and other energy conversion applications.
The slight variations in efficiency values between the current work and the literature may
be attributed to optimization techniques employed in the respective studies. However, the
overall agreement in the efficiency range supports the practicality and competitiveness of the
thermoelectric generator based on Bi2Te3 that is described in this work.
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5. CONCLUSION AND RECOMMENDATION

5.1. Summary and Conclusion

This thesis presents a comprehensive investigation into the performance characteristics
of a bismuth telluride (Bi2Te3) based thermoelectric generator, conducted through rigor-
ous computational simulations. The study employed two complementary methods - non-
equilibrium molecular dynamics (NEMD) and Boltzmann transport equation (BTE) - to sys-
tematically evaluate the thermoelectric properties of Bi2Te3 over a wide temperature range
of 100-800K. The NEMD simulations were used to calculate the lattice thermal conduc-
tivity, which was found to decrease with increasing temperature due to enhanced phonon
scattering. The BTE method was then applied to assess the electronic transport properties,
including electronic thermal conductivity, electrical conductivity, and Seebeck coefficient.
The results revealed that electronic thermal conductivity increased with temperature, while
electrical conductivity decreased, primarily due to the dominant impact of phonon scatter-
ing at higher temperatures. Interestingly, the Seebeck coefficient was observed to rise with
increasing temperature, as the energy distribution of electrons broadened. By consolidating
the computed thermoelectric properties, the dimensionless figure of merit (ZT) was deter-
mined, and the efficiency of the Bi2Te3-based thermoelectric generator was estimated to be
approximately 7.56% when the sink temperature was maintained at 300K and the source
temperature was varied from 300-800K, demonstrating good agreement with reported lit-
erature values. This comprehensive simulation-based study provides valuable insights into
the performance characteristics of Bi2Te3 as a promising thermoelectric material, which can
inform the design and optimization of advanced thermoelectric energy conversion systems.
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5.2. Recommendation

Based on the comprehensive performance evaluation of a Bismuth telluride (Bi2Te3)
based thermoelectric generator conducted in this thesis, several recommendations can be
made. Firstly, the optimization of Bi2Te3 composition and microstructure should be ex-
plored, as the study has demonstrated the promising thermoelectric properties of Bi2Te3.
Further refinement of the material could potentially lead to even higher ZT values, thereby
enhancing the overall efficiency and performance of Bi2Te3-based thermoelectric generators.
Secondly, it is recommended to validate the obtained simulation results through carefully
designed experimental investigations. While the computational techniques employed in this
study, including NEMD and BTE, have shown good agreement with previous experimental
work, experimental validation would further strengthen the confidence in the performance
potential of Bi2Te3 as a thermoelectric material. Additionally, it is suggested to investi-
gate the behavior and performance of Bi2Te3 at even higher temperatures, as the study has
focused on the performance over a wide temperature range of 100-800K. Exploring the ma-
terial’s performance at even higher temperatures, as thermoelectric generators often operate
in high-temperature environments, could potentially expand the application range of Bi2Te3-
based thermoelectric systems.
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Appendix

# LAMMPS input script for thermal conductivity of bismuth telluride

# thermostatting 2 regions via fix langevin

# Settings

dimension 3

boundary p p p

units metal

atom_style atomic

# Variables

variable kB equal 0.00008617

variable t equal 100

variable tlo equal 95

variable thi equal 105

# Setup problem

read_data 2x2x2.lammps-data
mass 1 208.98

mass 2 127.60

velocity all create $t 87287

# Interatomic potential

pair_style morse 4.5
pair_coeff 1 1 0.085 2.212 4.203

pair_coeff 1 2 0.975 1.285 3.089

pair_coeff 2 2 0.076 1.675 3.642

# Adjusted timestep value
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timestep 0.005

# Heat layers

region hot block INF INF INF INF 0 6

region cold block INF INF INF INF 20 26

compute Thot all temp/region hot

compute Tcold all temp/region cold

# 1st equilibration run

fix 1 all nvt temp tt 0.1
thermo 10

run 100

velocity all scale $t
unfix 1

# 2nd equilibration run

fix 1 all nve

fix hot all langevin $thi $thi 0.1 45623 tally yes

fix cold all langevin $tlo $tlo 0.1 78934 tally yes

fix_modify hot temp Thot

fix_modify cold temp Tcold

variable tdiff equal c_Thot - c_Tcold

thermo_style custom step temp c_Thot c_Tcold f_hot f_cold v_tdiff

thermo 1000

run 10000

# Thermal conductivity calculation

compute ke all ke/atom

variable temp atom c_ke/1.5
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print "kinetic energy"

fix hot all langevin $thi $thi 0.1 45623 tally yes

fix cold all langevin $tlo $tlo 0.1 78934 tally yes

fix_modify hot temp Thot

fix_modify cold temp Tcold

fix ave all ave/time 10 100 1000 v_tdif f_ave running

thermo_style custom step temp c_Thot c_Tcold f_hot f_cold v_tdiff f_ave

thermo_modify lost ignore flush yes

compute layers all chunk/atom bin/1d z lower 0.05 units reduced

fix 2 all ave/chunk 10 100 1000 layers v_temp file profile.langevin

variable start_time equal time

# Calculate thermal conductivity

variable kappa equal 0.5*(abs(f_hot)+abs(f_cold))/(time-$start_time)*(lx*ly)*(lz)/f_ave

run 20000

print "Running average thermal conductivity metal unit style: $(v_kappa:%.5f)"

print "Running average thermal conductivity W/mK: $(v_kappa*1.60218e+3:%.5f)"

57


	Declaration
	Recommendation of Advisors
	Approval Page
	Acknowledgement
	Table of contents
	List of Figures
	List of Tables
	List of Acronyms and Abbreviations
	Abstract
	INTRODUCTION
	Background of the study
	Statement of the problem
	Objectives
	General Objective
	Specific Objectives

	Significance of the study
	Scope and Limitations of the study
	Thesis Layout

	LITERATURE REVIEW
	An overview of energy harvesting
	The significance and background of thermoelectric generating systems
	Thermoelectric Generator (TEG)
	Advantages of Thermoelectric generator

	Factors affecting thermoelectric generator performance
	The Effect of temperature gradient
	The effects of a system's heat source temperature
	The effect of load resistance

	Thermoelectrics As Heat Engines
	 Efficiency evaluation of a Thermoelectric generator
	Thermoelectric effects
	Materials properties that affect efficiency and output power of a thermoelectric system.
	The dimensionless thermoelectric figure of merit (zT )
	Molecular Dynamics
	The Verlet algorithm
	Limitations of molecular dynamics

	Predicting thermal conductivity Using Non Equilibrium molecular dynamics
	Classical Interatomic Potentials
	Boltzmann Transport Equation
	The evolution of fk(r) induced by diffusion
	The evolution of fk(r) induced by an external field
	The evolution of the function fk(r) due to scattering


	METHODOLOGY
	Model and Non-equilibrium molecular dynamics (NEMD) Simulation Method
	Thermoelectric generator Model
	Computational Method

	Boltzmann Transport Equation (BTE)
	Efficiency of thermoelectric generator
	softwares

	RESULTS AND DISCUSSION
	Non-equilibrum molecular dynamics (NEMD) Simulation Result 
	Lattice thermal conductivity (l)

	Boltzmann transport equation (BTE) Results
	Electronic thermal conductivity (e) of Bi2Te3
	Total thermal conductivity (T) of Bi2Te3
	Electrical conductivity () of Bi2Te3
	Seebeck coefficient (S) of Bi2Te3
	Power factor (PF) of Bi2Te3
	Figure of merit (zT) of Bi2Te3

	Efficiency of Thermoelectric generator

	 CONCLUSION AND RECOMMENDATION
	Summary and Conclusion
	Recommendation

	REFERENCES
	APPENDIX

