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Chapter

Effects of Dimensionality
Reduction for High-Efficiency
Mg-Based Thermoelectrics
Övgü Ceyda Yelgel

Abstract

Over the past decade, there has been significant interest in the field of thermo-
electric materials (TEs) owing to their use in clean and sustainable energy sources for
cooling and/or power generation applications. Especially, Mg2XIV (XIV = Si, Ge, Sn)
based TEs are promising candidates for middle-temperature range energy conversion
due to their high thermoelectric performance, environmentally harmless, abundant
raw materials, non-toxicity, and relatively inexpensive cost of modules. In this book
chapter, we present an overview of the theoretical background of the thermoelectric
transport properties (Seebeck coefficient, electrical conductivity, thermal conductiv-
ity, and thermoelectric figure of merit ZT) of magnesium-based bulk and low dimen-
sional systems (i.e., quantum wells and quantum wires). A detailed description of the
temperature-dependent Fermi level both in extrinsic and intrinsic regimes will be
provided whereby it is the primary step in deriving the thermoelectric transport
parameters of materials. Following the linearized Boltzmann transport equations
temperature-dependent electronic transport properties (Seebeck coefficient, electrical
conductivity, and electronic thermal conductivity) of materials under the energy-
dependent relaxation time approximation will be defined. By employing Debye’s
isotropic continuum model within the single mode relaxation time approximation
including various phonon relaxation rates contributed by different scattering mecha-
nisms the lattice contribution to the thermal conductivity will be included.

Keywords: thermoelectric figure of merit, Mg-based thermoelectrics, thermoelectric
transport properties, Boltzmann transport equation, thermal conductivity, phonon
scattering mechanisms

1. Introduction

Due to the increasing world’s demand for high-efficient clean energy researchers have
been looking for environmentally friendly energy technologies. Non-renewable energy
sources (nuclear power, coal, oil, and gas) have many disadvantages that can be listed as
limited reserves, hazardous environmental risks, acid precipitation, and global climate
change. Therefore, renewable energy sources determined as sourced either directly or
indirectly from the Sun and solar energy have attracted much attention and scientific
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studies have advanced rapidly in renewable energy technologies. As known heat and
electricity are two different types of energy and thermoelectricity bridges between them.
Thermoelectric materials can directly convert thermal energy (such as waste heat gener-
ated by automotive exhaust, domestic heating, and industrial processes) into electrical
energy (and vice versa); this property makes them noteworthy for the development of
sustainable energy-efficient technologies. Compared with other energy conversion tech-
nologies, thermoelectric devices have promising advantages such as having no moving
parts, noiseless operation, long service life, stability, and less maintenance. Besides, it
needs to be noted that the only major disadvantage of thermoelectric devices is their low
efficiency for everyday common use compared to other energy conversion technologies.
As summarized in Figure 1, thermoelectric devices can be extensively used in many fields
such as power generators, cooling devices, sensors, space exploration, solar-based driven
thermoelectric technologies, waste heat recovery from automobile engines, and energy
harvesting and temperature control [1–6].

Different sectors contributing to huge amounts of waste heat energy (�66%), the
biggest energy problem in the world right now, could be transformed to electrical energy
via thermoelectric materials with the help of their ability to convert large amounts of
wasted thermal energy into useful energy. Figure 2a shows the utilization of waste heat
energy from different types of waste energy sources by thermoelectric generator.

Figure 1.
Overview of application fields of thermoelectric materials.
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Thermoelectric generators are built of thermoelectric modules and a single module
consists of a thermocouple. In Figure 2b, an operation of thermoelectric module
working as a power generator mode is given. A single thermocouple generates a small
thermoelectric force, and therefore to the formation of one module is used even so
many thermocouples in this manner when the thermal energy is supplied the heat is
directed to the thermoelectric modules in which a conversion of thermal energy into
electricity. As shown in Figure 3a, a thermoelectric couple composed of an n-type
(electrons are carriers) and a p-type (holes are carriers) semiconductor material
connected through metallic electrical contact pads. Both power generation (Seebeck
effect) and refrigeration (Peltier effect) can be accomplished using the same module.

The thermoelectric performance of the materials at a certain temperature is ranked
by the dimensionless figure of merit ZT. Its definition is ZT ¼ S2σ

κtotal
T where T is the

absolute temperature, S is the Seebeck coefficient, σ is the electrical conductivity,
andκtotal is the total thermal conductivity (κtotal ¼ κc þ κbp þ κph) which has contribu-
tions from carriers (i.e., from electrons for n-type materials or holes for p-type
materials,κc), electron-hole pairs (bipolar,κbp), and phonons (κph), respectively. The
material with a high ZT value has better thermoelectric energy conversion efficiency.

Figure 2.
(a) Utilization of waste heat energy from different types of waste energy sources by thermoelectric generator, and
(b) scheme and operation of thermoelectric module working as a power generator.
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Therefore, efficient thermoelectric materials need to have a large Seebeck coefficient
to maximize the conversion of heat to electrical power; high electrical conductivity to
minimize Joule heating; and low total thermal conductivity to retain heat at the
junctions and maintain a large temperature gradient. However, as presented in
Figure 3b, these thermoelectric transport properties are strongly coupled with each
other and dependent on the material’s band and crystal structure parameters. Owing
to the complex interdependence among these properties, it is quite challenging to
optimize ZT value and for this reason, the vast majority of research in this field has
been focused on this issue. A desirable goal for everyday practical usage of the ther-
moelectric device is expected to have their efficiency in the range ofZT > 1:5 and
ZT > 2 for power generation and thermoelectric cooling, respectively [7–9]. In the
literature, until the 1990s, the highest value of ZT was found to be around 1 which
means only 10% conversion efficiency [10–12]. In the last few years, on the other
hand, the highest ZT values have been recorded with the help of using novel materials,
following different processing techniques, and having new mechanisms [2, 13–16].
There are various strategies to improve thermoelectric efficiency; maximizing ther-
moelectric power factor (PF ¼ S2σ) by following different methods such as conver-
gence of electronic band valleys, carrier energy filtering, and generating resonant
levels in electronic bands [13, 15, 17–22]; reducing total thermal conductivity with
introducing new point defects by making alloys, embedding nano inclusion,
anharmonicity, nano/mesoscale grain boundaries [2, 14, 23–28]. Among all these
methods we must admit that in the thermoelectric literature Hicks and Dresselhaus
made a revolutionary invention by proposing the use of low-dimensionalizing in
thermoelectric devices and opened a new pathway in high-efficiency thermoelectric
technologies in the early 1990s [29]. In the low dimensionalization method, reduced
sizes of materials to the order of a nanometer in one or two directions are used (such
as superlattices, nanowires, or quantum dots). Following this strategy allows enhanc-
ing ZT to a very large extent by optimizing electronic and thermal properties of
materials in ways that are not possible in bulk materials. Also, the thermoelectric
efficiency of traditional three-dimensional bulk materials can be improved with the
help of the low-dimensionalization method. Low dimensional thermoelectric mate-
rials with unusual high ZT values (which can easily break the limits of unity) have

Figure 3.
(a) Operation principle of a power generator (Seebeck effect) and a refrigerator (Peltier effect), and (b) schematic
presentation of carrier concentration dependence of electrical transport properties (Seebeck coefficient, electrical
conductivity, carrier thermal conductivity) and thermal transport sourced from phonons.
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been reported by several groups [2, 13, 15, 17, 30–33]. Moreover, there have been
significant improvements in portable electronics and intelligent society based on the
internet of things (IoTs), and the internet of nano things (IoNTs) however recharge-
able lithium-ion batteries are inconvenient for applications. At this point, by generat-
ing electricity from the temperature difference between the human body and the
environment, high-efficiency nano-based thermoelectric materials can be an ideal
solution to replace lithium-ion batteries in IoTs and IoNTs [34–39].

There are so many different thermoelectric materials however among all of them
the materials working in the middle-temperature range (namely from 400 K to
800 K) are widely used for thermoelectric applications. Generally, in commercial
practice Bi2Te3-, PbTe-, CoSb3-, and GeTe-based thermoelectric compounds are
mainly used whereas they have toxic constituent elements and are scarce [40–43].
The present market search for cheap, environmentally friendly, and non-toxic ther-
moelectric materials due to safety regulations. Compared to other middle-temperature
thermoelectric materials Magnesium-based materials (Mg2X; X = Si, Ge, Sn) have
been regarded as promising candidates for high efficiency and large-scale application
owing to their high availability, low-cost, reasonable high efficiency, non-toxicity, and
low mass density. In Figure 4, the highest ZT values of the state-of-the-art medium-
to-high temperature thermoelectric materials are given to compare with Mg-based
thermoelectric materials.

Mg2X materials are intermetallic alloys that have been investigated for decades as
high-efficiency thermoelectric candidates [44, 45]. Mg2X compounds crystallize in
the cubic anti-fluorite structure (space group of Fm3m #225) phase with X in face-
centered cubic position and Mg in tetrahedral sites with three atoms per primitive unit
cell in that one X atom is located at a(0 0 0) and 2 Mg atoms are located at a(0.25,
0.25, 0.25) and a(0.75, 0.75, 0.75). The crystal structure model of Mg2X and schematic
illustration of the band structures of Mg2X around Γ and X points are shown in
Figure 5a and b, respectively.

Figure 4.
High-efficient hermoelectric materials working in the middle-to-high temperature range. Reproduced from Ref.
[40] with permission from the Royal Society of Chemistry.
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In addition to that, in Table 1, electronic and physical properties are listed for
Mg2X-based binary alloys.

The overview of the highest reported ZT values for Mg-based thermoelectric
materials (in the form of binary, ternary, and quaternary n- and p-type doped) is
illustrated in Figure 6.

Figure 5.
(a) Crystal structure model of Mg2X (X = Si, Ge, Sn), and (b) schematic illustration of Mg2X around Γ and X points.

Properties/Parameters Mg2Si Mg2Ge Mg2Sn

a (ÅÞ 6.338 6.385 6.765

Eg (eV) at 0 K 0.77 0.74 0.35

ΔE (eV) at 0 K 0.4 0.58 0.16

Melting point (K) 1375 1388 1051

γ 1.32 1.38 1.27

κph (W m K�1) 7.9 6.6 5.9

Table 1.
List of electronic (lattice parameters, band gaps, and energy offsets), physical (melting points), and phononic properties
(Grüneissen parameter, and phonon thermal conductivity) of Mg2X (X = Si, Ge, Sn) binary alloys [46–48].

Figure 6.
State-of-the-art ZT values for Mg-based thermoelectric materials from different works in the literature [49–63].
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As stated above combining the advantages of using low-dimensionalization and Mg-
based thermoelectric materials can lead to highly efficient thermoelectric applications.
Despite this, in the literature, there have been very limited theoretical investigations of
low-dimensional effects on thermoelectric transport properties of Mg-based materials in
detail. Therefore, in this book chapter, unlike the related literature, a comprehensive
explanation of the temperature-varied Fermi levels (both at extrinsic and intrinsic
regimes) will first be presented for bulk and low-dimensional Mg-based materials.
Then, by following the linearized Boltzmann transport equations temperature depen-
dence of electronic transport properties (Seebeck coefficient, electrical conductivity,
and carrier thermal conductivity) of bulk and low-dimensional Mg-based materials
under the energy-dependent relaxation time approximation will be defined. Also, by
employing Debye’s isotropic continuum model within the single mode relaxation time
approximation including various phonon relaxation rates contributed by different scat-
tering mechanisms the lattice thermal contribution will be explained meticulously. By
presenting a detailed theoretical background of the dimensionality effect on thermo-
electric efficiency and highlighting the temperature dependencies of transport proper-
ties of low-dimensional systems we shed light on the challenges and perspectives for
promoting the development of future Mg-based thermoelectric applications.

2. Thermoelectric transport properties of bulk and low-dimensional
systems

The theory of transport properties in thermoelectric materials deals with the tem-
perature dependence of electrical and thermal transport properties. Here, we intro-
duce the theoretical background of thermoelectric transport properties in bulk and
low-dimensional systems, respectively.

As stated in the above section, the dimensionless figure of merit includes three
interdependent transport properties of S, σ, and κtotal and which impedes the maxi-
mization of ZT in bulk systems. To avoid this problem, in 1993, Hicks and Dresselhaus
examined the effects of using low-dimensional structures on the ZT with the assump-
tion of parabolic bands and constant relaxation time in a one-band material [29]. To
summarize Hicks and Dresselhaus’ approach and describe the effects of dimensiona-
lization as a bird’s eye view, by defining a dimensional factor N (N = 1, 2, and 3 for 1
dimensional (1D), 2 dimensional (2D), and 3 dimensional (3D) systems, respectively)
the dimensionality dependence of ZT can be written for the case of conduction along
the x direction as [29, 64],

ZNT ¼
N
2 SN

FN=2

FN=2�1
ζ ∗

� �2
FN=2�1

1
BN

þ Nþ4
2

� �

FN=2þ1 � βN
F2
N=2

FN=2�1

(1)

where ζ ∗ is the reduced chemical potential, SN ¼ 14�6NþN2

3 , βN ¼ 34�9Nþ2N2

6 , and the

Fermi-Dirac function Fi is given by Fi ζ
∗ð Þ ¼

Ð

∞

0
xidx

exp x�ζ ∗ð Þþ1. The material property

dependent parameter BN is expressed as,

BN ¼ γN
2kBT
ℏ
2

� �N=2 k2BTμx
eκph

(2)
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where kB is the Boltzmann constant and ℏ is the reduced Planck’s constant,

γ1¼
2
πa2 mxð Þ1=2 for 1D systems, γ2¼

1
2πa mxmy
� �1=2 for 2D systems, and

γ3¼
1
3π2 mxmymz
� �1=2 for 3D systems, respectively. Heremx,my, andmz are the effective

mass components for the x, y, and z directions, μx is the mobility in the x direction,
and a is the width of a 2D quantum well or 1D nanowire. From these equations, we can
conclude that ZT depends on ζ ∗ and BN parameters. For bulk materials, ZT can be
improved by optimizing ζ ∗ with suitable doping and BN with reducing κph and/or
increasing μx. From the above equations, it is seen that in low-dimensional systems,
ZT can be enhanced by adjusting the width/thickness of wells and wires, respectively.
Decreasing the width/thickness of the quantum well or nanowire gives rise to bound-
ary scattering mechanisms which lead to a dramatic reduction in phonon thermal
conductivity. In Figure 7, the quantum well thickness and quantum wire diameter
dependences of ZT are represented for quantum wells and wires of Bi2Te3 fabricated
along the x, y, and z directions [64].

After emphasizing the importance of using low-dimensional materials briefly, we
can now move on to examine the detailed transport properties of thermoelectric
materials both in bulk and low-dimensional structures to understand the detailed
physical background behind these temperature-dependent transport properties and
carrier scattering mechanisms. Based on the semiclassical model we follow the
Boltzmann transport equation approach to investigate the thermoelectric transport
phenomena quantitatively and explain how the temperature variations of carriers and
phonons. All the electronic transport properties of thermoelectric materials are
dependent on temperature-varied Fermi levels (EF) in extrinsic and intrinsic regimes.
Therefore, simpler schemes leading to expressions for the Fermi level in bulk semi-
conductors have been given in the book by McKelvey [65],

Eext
F n� type
� �

¼ 1
2

Ec þ Edð Þ þ kBT
2

ln
Nd

2Uc
� kBT sinh �1

ffiffiffiffiffiffiffiffiffi

Uc

8Nd

s

exp � ∆Ei

2kBT

� �

" #

(3)

Eext
F p� type
� �

¼ 1
2

Ea þ Evð Þ þ kBT
2

ln
Na

2Uv
� kBT sinh �1

ffiffiffiffiffiffiffiffiffi

Uv

8Nd

s

exp � ∆Ei

2kBT

� �

" #

(4)

Figure 7.
Enhanced ZT values as a function of (a) the quantum well thickness, and (b) the quantum wire diameter. Here
quantum wells are fabricated in the x-y plane and the x-z plane while quantum wires are fabricated along the x,
y, and z directions (data are read from Ref. [64]).
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where Ec is the conduction band edge, Ev is the valence band edge, Ed is the
donor energy level, and Ea is the acceptor energy level, ΔEi is given as Ec � Edð Þ for
the donor ionization and expressed as Ea � Evð Þ for the acceptor ionization energies.
Also, Ndand Na are the concentrations of donor impurity and acceptor impurity

atoms, respectively. Uc andUv parameters are given as Uc ¼ 2 m ∗
n kBT

� �

= 2πℏ2
� �� �3=2

and Uv ¼ 2 m ∗
p kBT

� �

= 2πℏ2
� �

� �3=2
where m ∗

n is for the electron mass and m ∗
p is for

the hole mass. At high enough temperatures donors at the Ed or acceptors at the Ea

levels become ionized and the material turns out to be an intrinsic semiconductor.
The temperature dependence of EF for both types of doped semiconductors is
expressed as [65],

Eint
F n� and p� types
� �

¼ 1
2

Ev þ Ecð Þ þ 3
4
kBT ln

m ∗
p

m ∗
n

� �

: (5)

The temperature dependence of the Fermi level for semiconductors can be sum-
marized as; in n-type doped semiconductors, the EF is in the middle of the Ed and Ec at
0 K, and when the temperature rises the EF first rises slowly and then decreases
through the Ed and reaches the center of the gap; similarly, in p-type doped semi-
conductors the EF is in the middle of the Ea and Ev at 0 K and when the temperature
rises the EF first goes down slightly and then increases through the Ea. For both types
of doped semiconductors when the donor/acceptor levels are almost completely
ionized the EF approaches to Eint

F . Moreover, the energy dispersion function at the
Brillouin zone center is determined as

E kx, ky, kz
� �

¼ ℏ
2k2x

2m ∗
x
þ

ℏ
2k2y

2m ∗
y
þ ℏ

2k2z
2m ∗

z
(6)

where kx, ky, and kz are the propagation vector component along thex,y, and z
axes, respectively. The effective mass tensor components of the constant energy
surfaces are denoted as m ∗

x , m
∗
y , and m ∗

z .
In this book chapter, we consider low-dimensional systems as 2D quantum wells

and 1D quantum wires and present the theoretical modeling of the temperature
dependence of thermoelectric transport properties in these systems. First, in 2D
quantum well systems, we assume that the system has B/A/B layers of material A (as a
well material with nA atomic layers of thickness a each and total thickness dA) and
material B (as a barrier with nB atomic layers of thickness b each and total thickness
dB) also band gap differences materials A and B to confine the current carriers to the
well material and system is grown in the z-direction. The electronic dispersion in the
z-direction is given as,

E kx, ky
� �

¼ ℏ
2k2x

2m ∗
x
þ

ℏ
2k2y

2m ∗
y
þ Ej, (7)

where the quantum confinement term Ej in the jth quantum sublevel is expressed as

Ej ¼
ℏ
2π2

2m ∗
z d

2
A

j: (8)
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Assuming the carrier concentration does not change whereas the well thickness
varies and up to jth quantum sub-level is occupied by carriers the temperature varia-
tion of EF for 2D quantum wells can be defined as

Eext=int
f 2DQWL

� �

¼ Eext=int
f 3DBULKð Þ � Ej: (9)

in both extrinsic and intrinsic regimes [66]. Moreover, the energy band gap of this
2D system is given as

Eg 2DQWL
� �

¼ Eg 3DBULKð Þ þ ℏ
2π2

2d2A

1
m ∗

z,e
þ 1
m ∗

z,h

 !

(10)

where Eg 3DBULKð Þ ¼ Ec � Ev and m ∗
z,e and m ∗

z,h are electrons and holes effective
masses in the growth direction, respectively.

In 1D quantum wire systems, we assume that carrier confinement in the y and z
directions and free-electron-like motion in the x direction also a is the width of the
wire considered to have a square cross-section. The electronic dispersion relation for
the 1D system is given as,

E kxð Þ ¼ ℏ
2k2x

2m ∗
x
þ Ei,j, (11)

where the quantum confinement terms Ei,j in the ith and jth quantum sublevel are
expressed as

Ei,j ¼
ℏ
2π2

2m ∗
y d

2
A

iþ ℏ
2π2

2m ∗
z d

2
A

j, (12)

with the width of the wire dA assumed to have a square cross-section. Similar to 2D
quantum wells, for 1D quantum wire systems the temperature dependence of EF can
be written as

Eext=int
f 1DQWR

� �

¼ Eext=int
f 3DBULKð Þ � Ei,j (13)

both in extrinsic and intrinsic regimes. Additionally, the band gap of 1D systems is
given as

Eg 1DQWR
� �

¼ Eg 3DBULKð Þ þ ℏ
2π2

2d2A

1
m ∗

y,e
þ 1
m ∗

y,h

 !

þ ℏ
2π2

2d2A

1
m ∗

z,e
þ 1
m ∗

z,h

 !

: (14)

As shown in Figure 8, the carrier energy dependence of the density of states
(DOS) per unit volume for a single bad with the subband in bulk, quantum well, and
quantum wire systems by assuming transport is along the direction of the x-axis.
Compared to the 3D system g Eð Þ enhances at E0 owing to the rise of carriers both with
confinement effect in 2D and 1D systems.

The theoretical expressions of electronic transport properties for thermoelectric
materials (namely the Seebeck coefficient, electrical conductivity, and electronic
thermal conductivity) are explained by following the Boltzmann transport equation.
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Presenting the theoretical background of each transport coefficient can help to
understand the physical origin of these properties in relation to temperature and
carrier concentration for bulk, quantum well, and quantum wire systems.

Assuming an isotropic solid within the nearly free electron/hole model under the
consideration of an electric field and a temperature gradient is applied the thermo-
electric transport properties can be determined by solving the linearized Boltzmann
equation. Here, considering both heat and electricity currents flow in the x-direction,
the electric current density ix and the rate of flow of heat per unit cross-sectional area
(carried by carriers) wx are given [65–70].

ix ¼ ∓

ð

∞

0
evxf Eð Þg Eð ÞdE (15)

wx ¼
ð

∞

0
vx E� Ef
� �

f Eð Þg Eð ÞdE (16)

where �e is the electronic charge, vx is the velocity of charge carriers in thex
direction for an isotropic conductor, f Eð Þ is the Fermi distribution function, g Eð Þ is the
density of state function, and E� Ef represents the total energy transported by a
carrier. At equilibrium, carrier distribution follows the Fermi Dirac statistics through

f 0 Eð Þ ¼ exp E�Ef

kBT

� �

þ 1
h i�1

where Ef is the Fermi energy. The above equations can be

re-written by replacing f with f � f 0 (since there is no transport ix ¼ wx ¼ 0 when
f ¼ f 0) as

ix ¼ ∓

ð

∞

0
ev2xτg Eð Þ ∂f 0

∂E
∂Ef

∂x
þ
E� Ef

T
∂T
∂x

� �

dE (17)

wX ¼ �
Ef

e
ix þ

ð

∞

0
Ev2xg Eð Þτ ∂f 0

∂E
∂Ef

∂x
þ
E� Ef

T
∂T
∂x

	 


dE: (18)

Figure 8.
The electronic density of states for 3D, 2D, and 1D systems in relation to carrier energy (E0 corresponds to the
energy at the bottom of the conduction band).
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Here, the assumptions are τx ¼ μxm
∗
x

e with μx is the carrier mobility in the x-direc-
tion and v2x ¼ 2E

3m ∗
x
. By taking the condition ix ¼ 0 as the Seebeck coefficient is written

S ¼ �∆V
∆T

¼ εx

∇T
¼ 1

e
∂Ef=∂x
∂T=∂x

(19)

where the electric field Ex is given as εx ¼ � 1
e

∂Ef

∂x and S is expressed as

S ¼ � 1
e

ð

∞

0
v2xτxg Eð Þ ∂f 0

∂E
E� Ef

T
dE=

ð

∞

0
v2xτxg Eð Þ ∂f 0

∂E
dE

	 


(20)

here + sign and � sign represent p- and n-type semiconductors, respectively. The
electrical conductivity expression in the extrinsic regime can be defined by setting the
temperature gradient as ∂T=∂x ¼ 0 and expressed as

σext ¼
ix
εx

¼ �
ð

∞

0
e2v2xτxg Eð Þ ∂f 0

∂E
dE: (21)

Additionally, in the intrinsic regime, the electrical conductivity of semiconductors
is given by

σint ¼ eNi μn þ μp

� �

¼ Ae�Eg=2kBT (22)

where Ni is the equilibrium carrier density, A is a temperature-independent
adjustable parameter, μn and μp is the electron and hole mobility, respectively. Lastly,
the total thermal conductivity is the sum of three contributions from carriers (elec-
trons or holes), bipolar (electron-hole pairs), and phonons. The electronic thermal
conductivity is related to the electrical conductivity by the Wiedemann-Franz law as
κc ¼ LσT where L is the Lorenz number namely a relatively complex transport
parameter. The carrier thermal conductivity comes from monopolar carriers (elec-
trons or holes), is determined under the condition of ix ¼ 0, and is given as [71].

κc ¼ � wx

∂T=∂x
¼ �

ð

∞

0
v2xEg Eð Þτx

∂f 0
∂E

∂Ef=∂x
∂T=∂x

þ
E� Ef

T

� �

dE: (23)

By determining these integrals we can now write expressions for the temperature
dependence of electronic transport properties of 3D, 2D, and 1D systems. As the
dimension of a system changes the above integrals need to be varied by the electronic
density of states. In Table 2, the expressions for temperature-varied electronic trans-
port properties are listed for bulk, quantum well, and wire systems.

In Figure 9a–d, the electronic transport properties of bulk and quantum wire
structures (with wire widths taken as dA ¼ 6, 7, and 8 nm) of
Mg3.2�yCoy(Sb0.3Bi0.7)1.99Te0.01 (y = 0.05) are presented in the temperature ranges
between 300 and 850 K. Additionally the experimental measurements of the temper-
ature dependence of See beck coefficient and electrical conductivity results for bulk
system reported by Ref. [72] are included to compare our theoretical results with
experiments. As seen from the Fermi level results in Figure 9a, both bulk and quan-
tum wire systems show extrinsic and intrinsic regimes in the whole temperature
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Electronic transport property 3D bulk system 2D quantum well system 1D quantum wire system

S V=Kð Þ � kB
e

5
3
F3=2

F1=2
�

Ef

kBT

	 


� kB
e

2F1

F0
�

Ef

kBT

	 


� kB
e

3F1=2

F�1=2
�

Ef

kBT

	 


σext Ω:mð Þ 1
2π2

2kBT
ℏ
2

� �3=2

m ∗

x m
∗

y m
∗

z

� �1=2
eμxF1=2

kBT

ℏ
2πdA
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Table 2.
Temperature variation of electronic transport properties (Seebeck coefficient S, electrical conductivity in extrinsic σext and intrinsic σint regimes, and carrier thermal conductivity κc) of
3D, 2D, and 1D systems as a function of Fermi integrals described as Fi ¼

Ð

∞

0 xidx= ex�ζ ∗ þ 1
� �

where energy (x) and the reduced Fermi energy (ζ ∗ ) of carriers normalized to the
thermal energy are x ¼ E=kBT and ζ ∗ ¼ Ef =kBT, respectively.

13 E
ffects

of
D
im

en
sion

a
lity

R
ed
u
ction

for
H
igh

-E
fficien

cy
M
g-B

a
sed

T
h
erm

oelectrics
D
O
I:h

ttp
://d

x
.d
oi.org/10

.5772
/in

tech
op
en
.110239



range. While the critical extrinsic-to-intrinsic turnover temperature is around 500 K
for bulk sample, the temperature shifts to around 600 K for nanowire systems.
In Figure 9b, the temperature variations of Seebeck coefficients are illustrated
for both 3D and 1D systems. From these results, it is clearly seen that by decreasing
the quantum wire width the maximum value of |S| can be improved from 241.1
μV=Kð Þ at 510 K upto 276.2 μV=Kð Þ at 593 K by using dA ¼ 6 nm quantum wire
instead of bulk structure. The temperature dependence of electrical conductivity for
all systems is seen in Figure 9c. From theoretical calculations, it is seen that a
dramatic enhancement can be gained in electrical conductivity by choosing low-
dimensional systems. The maximum value of σ at 600 K is found to be 3.4x104 S/m
for bulk sample whereas it is found as 14.2x104 S/m for dA ¼ 6 nm quantum wire
sample. Lastly, the temperature variation of the thermoelectric power factor for all
samples is shown in Figure 9d and the highest PF values are 18.5 μWcm�1K�2 at
550 K for the bulk sample and 130.1 μWcm�1K�2 at 590 K for dA ¼ 6 nm quantum
wire sample.

In Figure 10a and b, the temperature dependence of electronic thermal conduc-
tivity of bulk and quantum wire structures (with different quantum wire widths taken
as dA ¼ 6, 7, and 8 nm) of Mg3.2�yCoy(Sb0.3Bi0.7)1.99Te0.01 (y = 0.05) samples are
represented in the temperature range of 300–850 K. From our theoretical calculations
at room temperature it is found that while the minimum value of κc is 0.051
Wm�1 K�1 for bulk sample, a dramatic decrease is gained for quantum wire samples
with the minimum value of κc is 2.1 � 10�5 Wm�1 K�1 for dA ¼ 6 nm sample. As seen
from these temperature-varied electronic properties calculations, choosing low
dimensional structured thermoelectric materials rather than bulk leads to enhanced

Figure 9.
The electronic transport properties of bulk Mg3.2�yCoy(Sb0.3Bi0.7)1.99Te0.01 (y = 0.05) and its quantum wire
structure with the wire widths of dA = 6 nm, 7 nm, and 8 nm. The temperature variation of (a) Fermi level, (b)
Seebeck coefficient, (c) electrical conductivity, and (d) power factor. Dashed lines are theoretical calculations and
the star symbol is the experimental measurements read from ref. [72].
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thermoelectric power factor values which will help to get a more efficient thermo-
electric material with a higher thermoelectric figure of merit.

The bipolar diffusion process is determined as at sufficiently high temperatures
electron-hole pairs occur by excitation across the forbidden gap hence a continuous
stream of charges flows in the direction of temperature gradient. High-efficiency
thermoelectric materials are heavily doped narrow-band gap semiconductors andκbp
plays a crucial role above room temperature in these small-band-gap thermoelectrics.
In the assumption of an idealized semiconductor, has parabolic valence and conduc-
tion bands in that carriers only undergo acoustic mode lattice scattering, theκbp is
defined by Glassbrenner and Slack

κbp ¼ b

1þ bð Þ2
Eg

kBT
þ 4

	 
2 kB
e

	 
2

σintT (24)

here the ratio of electron to hole mobility is determined with the parameter b. This
expression is simplified by Yelgel and Srivastava [65].

κbp ¼ FbpT
p exp �Eg=2kBT

� �

(25)

where Fbp and p are adjustable parameters vary with doping level and dopant type.
When a material’s dimension is changed to low dimensional structures in the expres-
sion of κbp the band gap property should be updated.

The most dominant contribution on the total thermal conductivity is sourced from
lattice vibrations namely the phonon thermal conductivity κph in degenerately doped
and small-band-gap semiconductors. In thermal equilibrium condition, the average
number of phonons in the qth mode and at temperature T is defined by the Bose-
Einstein distribution function given as nq ¼ 1

exp ℏω qð Þ=kBTð Þ�1
where ω q

� �

is the angular

frequency of phonons, q is phonons wae vector, and nq is the average number of
phonons in the qth mode. At low temperatures (ℏω≫ kBT), there is an exponentially
small probability for a phonon to be present with n≃ exp �ℏω=kBTð ). Besides, as the
temperature rises and reaches the high temperatures (kBT≫ ℏω), the number of
phonons increases linearly with temperature as n≃ kBT=ℏω. Following the linearized
phonon Boltzmann equation, the phonon contribution can be expressed by employing
Debye’s isotropic continuum model within the single-mode relaxation time approxi-
mation as [73].

Figure 10.
Temperature variation of the electronic thermal conductivity of (a) bulk Mg3.2�yCoy(Sb0.3Bi0.7)1.99Te0.01
(y = 0.05) and (b) its quantum wire structure with the wire widths of dA = 6, 7, and 8 nm. Dashed lines are
theoretical calculations and the star symbol is the experimental measurements done by Ref. [72].
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κph ¼ ℏ
2q5D

6π2kBT2

X

s
c4s

ð1

0
x4τqsnqs nqs þ 1

� �

dx (26)

where τ is the phonon relaxation time, cs is the velocity of phonons for polarization
branch s,qD is the Debye radius, and x ¼ q=qD is the reduced wave number. Within
the Matthiessen’s rule, the total contribution to the phonon lifetime is given by

τ�1
qs ¼

X

i

τ�1
qs,i (27)

with τ�1
qs,i represents contributions from the ith scattering mechanism. Different

scattering rates considered for Mg-based bulk and low-dimensional structured ther-
moelectric materials can be written as

τ�1
qs totalð Þ ¼ τ�1

qs bsð Þ þ τ�1
qs mdð Þ þ τ�1

qs dpð Þ þ τ�1
qs anhð Þ þ τ�1

qs imsð Þ þ τ�1
qs idsð Þ (28)

where scattering mechanisms are sourced from boundary τ�1
qs bsð Þ, mass-defect-

τ�1
qs mdð Þ, deformation potential τ�1

qs dpð Þ, anharmonic τ�1
qs anhð Þ, interface-mass-mixing

τ�1
qs imsð Þ, and interface-dislocation τ�1

qs idsð Þ. Theoretical expressions for these phonon
scattering mechanisms in bulk, quantum well, and quantum wire structured materials
are listed in Table 3.

The temperature dependence of thermoelectric figure of merit for bulk
Mg3.2�yCoy(Sb0.3Bi0.7)1.99Te0.01 (y = 0.05) and its quantum wire structure with the
wire widths of dA = 6, 7, and 8 nm is represented in Figure 11 with the experimental
measurements reported by Ref. [72] for bulk Mg3.2�yCoy(Sb0.3Bi0.7)1.99Te0.01
(y = 0.05) sample. As seen from our theoretical results, our thermoelectric transport
modeling can successfully explain the experimental measurement of ZT; while for the
bulk sample the maximum value of ZT is theoretically found to be 1.07 at 550 K, its
experimental measured value reported as 0.96 at 575 K by Ref. [72]. Additionally,
using low dimensional quantum wires structure of Mg3.2�yCoy(Sb0.3Bi0.7)1.99Te0.01
(y = 0.05) with different wire widths, the highest value of ZT at 600 K can be reached
to 5.5, 3.7, and 2.7 for dA = 6 nm, dA = 7 nm, and dA = 8 nm, respectively. Therefore
low structured thermoelectric materials warrant dramatically enhanced thermoelec-
tric efficiency compared to bulk materials.

In Figure 12, for the comparison the temperature-varied dimensionless figure of
merits of n- and p-type Zn4Sb3 and Bi2Te3 nanowire-based thermoelectric materials,
the state-of-the-art bulk and layered structured Sn(Se,S) and Mg-based thermoelec-
tric materials and our theoretical Mg-based quantum wire systems are presented
together.

2.1 Summary and future perspectives

Thermoelectric materials are very useful in various types of applications owing to
their advantages as already discussed above. One of the current goals in thermoelec-
tric research area is to find new and innovative thermoelectric material systems.
During the last decades, a significant advancement in both theoretical and experi-
mental studies has been achieved in the progress of high-efficient thermoelectric
materials. Especially, recent advances in nanotechnology have brought with
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promising methods that cause fundamental mechanisms to get enhanced thermoelec-
tric efficiencies. In particular, low dimensional quantum well and quantum wire
systems are niche applications in electronics as micro- and nano-generators due to a
lower energy requirements. Although a tremendous progress has been achieved in the
past few years, a number of fundamental questions about theoretical background on
thermoelectric transport properties in low-dimensional systems still need to be

Scattering

mechanism

Expression

Boundary
scattering

τ�1
qs bsð Þ ¼ cs=L; (L: phonon mean free path)

Mass defect
scattering τ�1

qs mdð Þ ¼ ΓmdΩ

4πc3
ω4

qs
� �

; Γmd ¼
P

if i
ΔMi

M

� �2

(c: average phonon speed; f i : the

percentage of ith isotope present in the crystal; ΔMi ¼ Mi �M; M ¼ f iMi)

Deformation
potential
scattering

τ�1
qs dpð Þ ¼ 3

8
ffiffiffi

π
p E2

df

ρc2l ℏ
4 2m ∗

c kBT
� �3=2 (Edf : deformation potential; ρ: mass density; cl :

longitudinal acoustic phonon velocity; m ∗
c : effective mass of a charge carrier)

Anharmonic
scattering τ�1

qs anh, BULKð Þ ¼ ℏq5Dγ
2

4πρc2
X

s0 s00ε

cscs0

ð

dx0x02x00þ 1� ϵþ ϵ CxþDx0ð Þ½ � nq
0s0 n00þ þ 1
� �

nqs þ 1
� � þ 1

2

ð

dx0x02x00� 1� ϵþ ϵ Cx�Dx0ð Þ½ � nq
0 s0n00�
nqs

" #

(γ: Grüneisen constant; x0 ¼ q0=qD; x
00
� ¼ Cx�Dx0; n00� ¼ n x00�

� �

, C ¼ cs=cs00 ;D ¼ cs0=cs00 )

τ�1
qs anh,QWLð Þ ¼ τ�1

qs anh, BULKð Þ nA þ nBð Þ2=3

(nA : number of well layers; nB : number of barrier layers)
τ�1
qs anh,QWRð Þ ¼ 1=A Tð Þω2

A Tð Þ ¼ kB
2π2cκBULKph

ð

ωD

0

ℏω=kBTð Þ2eℏω=kBT

eℏω=kBT � 1ð Þ2
dω

Interface
dislocation
scattering
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(β00: the fraction of broken bonds in the interface region.)

Interface
mass-mixing
scattering

τ�1
qs ims,QWLð Þ ¼ ΓimsΩ

4πc3
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Γims ¼
2β0
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(d: interlayer distance; li : layer distance from interface; l0:z coordinate of the interface;
β0 : mass-mixing fraction at the interface; eB=eA the ratio of the amplitudes of
eigenvectors in materials B and A.)

eB
eA

¼

1
M0

� Δ
1
M

� �	 


cos lzqz
� �

1
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� �2

cos 2 lzqz
� �

þ Δ
1
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2

sin 2 lzqz
� �

( )1=2

� Δ
1
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1
M0

¼ 1
2

1
MA

þ 1
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� �

; Δ
1
M

� �

¼ 1
2

1
MA

� 1
MB

� �

; lz ¼ dA þ dB

Table 3.
Expressions for different phonon scattering mechanisms [65, 73–76].
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investigated. Therefore, in this book chapter, we aim to explore the temperature
variation of the thermoelectric transport properties of bulk and low dimensional
materials systematically. We first start our theoretical investigation with the
temperature-dependent Fermi level both in extrinsic and intrinsic regimes. Following
the linearized Boltzmann transport equations the temperature variant electronic
transport properties under the energy-dependent relaxation time approximation are

Figure 11.
Temperature dependence of thermoelectric figure of merit ZT for bulk Mg3.2�yCoy(Sb0.3Bi0.7)1.99Te0.01
(y = 0.05) and its quantum wire structure with the wire widths of dA = 6, 7, and 8 nm. Dashed lines are our
theoretical calculations and the symbols are the experimental measurements done by Refs. [72, 77–80].

Figure 12.
Comparison of the dimensionless figure of merit for Mg-based nanowire structured thermoelectric materials reported
in this work with n- and p-type Zn4Sb3 and Bi2Te3 nanowire-based thermoelectric materials [81–85], and the state
of the art bulk and layered structured Sn(Se,S) and Mg-based thermoelectric materials [25, 47, 86–90] in the
literature.
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discussed for bulk and low dimensional systems. The thermal conductivity contribu-
tions from bipolar and phonon mechanisms are also discussed in detail. Phonon
scattering rates sourced from boundaries, mass defects, anharmonicity, deformation
potential, interface mass-mixing, and dislocation are given rigorously.

Among thermoelectric materials Mg-based thermoelectric materials have attracted
intense interests owing to their enhanced ZT values at low-to-medium temperature
range, together with the non-toxic, low-cost, earth abundant, low-density, and envi-
ronmentally friendly. Here some major outlooks are listed:

i. Mg-based compounds show highly degenerated conduction bands and can be
alloyed and/or doped to form a wide range of compositions, providing
enhanced ZT values.

ii. Thermoelectric devices, applied for both power generation and refrigeration,
have been successfully fabricated using Mg-based materials and can obtain
high conversion efficiency.

iii. Low-dimensional Mg-based systems (quantum wells and quantum wires)
suggest even more enhanced ZT values than bulk systems with the help of
quantum confinement effect.

iv. As stated above, the main reason having higher ZT values in low-dimensional
systems is having extremely low phonon thermal conductivity and high
thermoelectric power factor at the same time.

v. Since there are more intensely experimental studies in Mg-based
thermoelectric materials in the literature it is essential to imply further
theoretical investigations on Mg-based thermoelectric devices. Therefore, this
chapter will be a possible guide to focus on thermoelectric transport
properties of Mg-based bulk and low-dimensional systems.

Investigations on thermoelectric transport properties both in bulk and low-
dimensional materials are becoming more prominent for solving today’s energy chal-
lenges. Collabrations from scientists among different areas such as materials science,
physics, and chemistry will have clear advantages in this global competition owing to
interdisciplinary nature of thermoelectric research. In the light of these outlooks, devel-
oping Mg-based thermoelectric devices are well worthy of systematic study which
should speed up their practical applications for energy harvesting. Hereby, the present
book chapter comprises an overview of fundamental attainments and breakthroughs in
experimental and theoretical thermoelectric research based on Mg-based materials. By
presenting a detailed theoretical background on Mg-based 3D, 2D, and 1D systems it is
clear that using low-dimensional systems certainly helps us to reach higher thermoelec-
tric efficiencies. This also encourages experimentalists to use low dimensional struc-
tured Mg-based systems more often in new-generation thermoelectric devices.
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