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Abstract: Thermoelectric (TE) materials are among the promising renewable energy sources and have 
recently received significant attention. Thermoelectric materials are expected to play a dual role, viz; 
power generation and energy conversion, and the performance of these functions rely on the efficiency of 
the materials. The efficiency of the materials depends on Seebeck coefficient (S), electrical conductivity 
(σ) and thermal conductivity (k), whose cumulative effect gives rise to figure of merit (ZT). In this review 
paper, the concept of these veritable tools (S, σ and k) is x-rayed. For an effective performance of a TE 
material, large S, high σ and low k are required. However, nature does not provide these expected 
properties for any material. Therefore, a mutual correlation must be established amongst these 
anticipated properties to optimise the ZT. 
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1. Introduction 

About 90% of the world’s electricity is generated by heat energy which on average 
operates at 30-40 % efficiency thereby losing an approximate of 15 Terawatts (1.5 x 1013 Watts) 
of power in form of heat per year to the surroundings [1], [2]. Thermoelectric devices such as 
thermoelectric power generator (TEG) converts some of this heat into useful electricity. 
Thermoelectric power generators (TEGs) are solid-state devices that directly convert waste-heat 
(thermal energy) into useable electrical energy using the Seebeck effect [3]–[10].  It has been 
calculated that if 20 % of waste heat from automobiles, power and incineration plants could be 
converted to electricity, 35,000GWh of power will be obtained in a year [11], [12]. 
 The performance of TEGs on a large extent depends on the efficiency of the 
dimensionless figure of merit (ZT) of the material [13]. ZT contains both electrical and thermal 
contributions to the properties of the TE materials and is given as: 
 

ZT =
 

              (1) 

where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature 
at which the properties are measured and k is the total thermal conductivity [14]. Since ZT 
describes the material’s performance, it is therefore, a prerequisite for a good thermoelectric 
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material. In a simple term, ZT is a measure of the competition between electronic transport  and 
thermal transport  in a material [15]. The electronic transport is the power factor, PF while the 
thermal transport represents the total thermal conductivity. In equation 1, 𝑆 𝜎 is known as the PF 
and is the determination of the capacity of electronic transport in a material for thermoelectric 
applications [16]. Therefore, PF is a measure of the power anticipated from a TEG [17]. 
 A good TE material for a TEG is required to exhibit a high dimensionless figure of merit 
(ZT). For a high ZT to be achieved, large Seebeck coefficient, high electrical conductivity and 
low total thermal conductivity is essential [14], [18]. 
1.1 Seebeck Effect 

Electrically conductive materials exhibit three types of effects, namely the: Seebeck; 
Peltier and Thomson effects. These effects are collectively known as thermoelectric effects [19]. 
The functionality of thermoelectric power generation thermoelectrics is fundamentally dependent 
on the Seebeck effect, hence the focus of this review is on the Seebeck effect as applied in TEGs. 
Seebeck effect is the establishment of a thermal gradient across a material which leads to 
generation of a voltage. It involves the conversion of temperature differences across a conductive 
material directly into electricity and vice versa [19].  

Thomas John Seebeck the discoverer of Seebeck effect in 1821 in his experiment 
observed that when two different conductors such as A and B are joined together, and the 
junctions are held at different temperatures such as T1 and T2, a voltage difference, ∆V is 
developed (Figure 1a). The ratio of the ∆V to temperature difference, ∆T (T2 – T1) is given as; 
 

−
∆

∆
= S                                     (2) 

where, S is the constant of proportionality called the Seebeck coefficient (thermopower), while 
∆V and ∆T are the voltage and temperature differences, respectively between the hot and cold 
junctions. The Seebeck coefficient is a measure of the quantity of potential difference for a given 
temperature difference generated across a material [20]. The negative sign in equation 2 is a 
representation of electron as a negative charge and the convention of current flow in a circuit. If 
the open ends are closed as illustrated in Figure 1b, an electric current (I) will be developed 
which flows along the loop. As ∆T between T1 and T2 approaches zero, a linear relationship 
between ∆T and ∆V is established [21]: 

 

S =
∆

∆
                                                                 (3) 

 
Considering equation 1, equation 3 can be re-written as; 
 

𝑆 = 𝑆 − 𝑆 =
∆

∆
−

∆

∆
                                           (4)  

where, SAB is the constant of proportionality called the relative Seebeck coefficient (expressed in 
units of μV/K or μV/oC) of the A-B circuit., SA and SB are the absolute Seebeck coefficients of 
materials A and B, respectively. 
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Figure 1. A diagram illustrating the Seebeck effect in (a) an open circuit, and (b) a closed circuit with different 
conducting materials (A and B) and temperatures (T1 and T2) maintained at the joints (a and b) [21]. 

 
 

2. Seebeck Coefficient 
Seebeck coefficient is an important property for evaluating the performance of TE 

materials as shown in equation 2. Different materials have different Seebeck coefficients. For 
example, in metals, S is given as the product of electronic specific heat (Cel) and the temperature 
(T) divided by the carriers’ number (N) [22] ;  
      

S =                                                        (5) 

Equation 5 holds because carrier concentration and the position of Fermi level of metals are 
unchanged relative to temperature, hence; 
 

𝑆 ≃ =                                          (6) 

where q is the charge of the carrier, KB is the Boltzmann constant, e is the charge electron, EF is 

the Fermi energy, = 87μVK  is the thermopower of a classical electron gas. For metals, S < 

87 μV/K and increases with increasing temperature and vice versa. 
 In a semiconductor, the charge carriers in the hot joint possess more thermal energy than 
those in the cold joint leading to the diffusion of the carriers. This implies that the charged 
particles will excite across the energy, EG, hence [22]; 
 

𝑆 = ≈                                                   (7)    

For semiconductors, S > 87μVK  and decreases with increasing temperature and vice versa. 
Semiconducting materials exhibit either electron conductivity, σe (electron dominated charge 
carrier) with negative thermopower (Se) or hole conductivity, σp (hole dominated charge carrier) 
with positive thermopower (Sp).  
 Generally values of Seebeck coefficient, S required of a good TE materials are 150 -250 
μV/K or greater with a corresponding electrical conductivity, σ values of 500-2000 S/cm [15]. 
Ideally, insulators and semiconductors by nature exhibit large Seebeck coefficients because they 
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possess low carrier concentrations [23].  For a large S to be obtained, only majority carriers 
(either holes or electrons) devoid of bipolar contributions (mixture of majority and minority 
carriers) are required in the lattice [24]. 
 
 
 

2.1 Boltzmann transport theory 
The Boltzmann transport theory describes electronic and thermal transport of most solid 
materials. In this theory, the concept of Seebeck coefficient is expressed in the Mott equation [5], 
[25]: 

   S =  dln
( )

⎮E = E                                        (8) 

where e is the charge electron, and σ (E) is the electrical conductivity determined as a function of 
the Fermi energy, Ef. In the simple model of the electron transport, the Seebeck coefficient is 
stated as [26]: 

s =  m⋆ T 1 + E               (9) 

 
where h is the Planck’s constant, n is the carrier concentration, m* is the effective mass and λs is 
the scattering distance [27]. It has been shown that large carrier effective mass materials 
correspond to high Seebeck coefficient, hence desirable for TE applications. However, large 
effective mass leads to low carrier mobility, μ [15] resulting to low electrical conductivity. This 
implies that carrier mobility is inversely related to effective mass as shown below: 
 

μ =
∗
                                             (10) 

where τ is the scattering time or the mean scattering between collisions of carriers (carrier 
lifetime). 
 

3. Electrical Conductivity 
Electrical conductivity (σ) is an important property in TE applications since current flow 

is required to provide the needed electrical power. Electrical conductivity is the inverse of 
electrical resistivity and a measure of the ability of a material to conduct an electric current or to 
allow the passage of electric current. It is related to carrier concentration, n, and its mobility, μ as 
follows [28]: 
 
𝜎 = 𝑛𝑒𝜇                                                  (11) 
 

Using the Drude model [22], [29] which involves combination of equations 8 and 9, σ can be 
defined as: 
 

𝜎 =
⋆

                                (12) 
 

where e is the charge carrier with positive for a hole and negative for an electron. 
Electrical conductivity in metals emanates from the constant motion of the ions and 

decreases with increase in temperature. σ of metals is very high because they possess optimum 
charge carriers, about 𝑛 ≈ 10  Carriers/cm3. 
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3.1 Electrical Conductivity in semiconductors 
 The electrical conductivity of semiconductors lies between metals and insulators. For an 
electrical conduction to occur in semiconductors, the charge carriers must be excited across a gap 
and by the contributions of electrons and holes. Therefore, the σ is given as: 

𝜎 ≈ 𝜎 exp +                                                     (13) 

𝜎 = 𝑛𝑒𝜇 + 𝑝𝑒𝜇                                        (14) 
where n, p, μe and μh are the electron concentration, hole concentration, electron mobility and 
hole mobility, respectively.  
 

In semiconductors, the electrical conductivity increases with increase in temperature, 
while in metals, the reverse is the case. Semiconductors and insulators exhibit low electrical 
conductivity with high Seebeck coefficient due to possession of low carrier concentration. In 
order to achieve high σ in semiconductors, two basic methods are applicable, viz; creation of a 
very small gap for excitation of charge carriers (EG < KBT) or having a very high mobility carrier 
[22].  
 

4. Thermal conductivity  
Thermal conductivity generally is the description of energy transport in the form of heat 

through a material because of temperature gradient. In thermoelectrics, thermal conductivity is 
the transfer of heat via a material either by charge carriers or by phonons travelling through the 
lattice. Therefore, total thermal conductivity, k is associated with carrier or electronic thermal 
conductivity (kE) and lattice thermal conductivity (kL), hence;  
 k = k + k                                                                 (15) 

 

Total thermal conductivity in metals is dominated by kE and it is attributed to presence of 
high carrier concentration. Therefore, metals are the best electrical and thermal conducting 
engineering materials. In semiconductors (and insulators) kL dominates the total thermal 
conductivity. 

 
 
 

4.1. Wiedemann-Franz law 
According to Wiedemann-Franz law, the ratio of the electronic contribution of the total 

thermal  conductivity (κE) to the electrical conductivity (σ) of the majority of TE materials  is 
proportional to the temperature (T) [28], [30]: 
k = LσT                                                                 (16) 
where L is the constant of proportionality known as Lorentz number (factor) and it is given by: 
 

L =  = 2.45 x 10-8 WΩK-2                   (17) 

The Wiedemann-Franz law exposes the impediment for a TE material to achieve high 
temperature efficiency by simultaneously increasing σ and decreasing kE. An attempt to suppress 
kE eventually reduces the electrical conductivity, leading to undesirable low ZT. Therefore, TE 
materials with kL dominated are desirable since the σ will be preserved while k can be reduced 
through other techniques. 
 The lattice contribution to the total thermal conductivity is given by a classical kinetic 
theory as [13], [31]: 
 

K =
 

                                                                  (18) 
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where C is the specific heat capacity, l is the mean free path of the phonons and Vg is the group 
velocity of the phonons. Equation 18 shows that not only kL depends on the electronic structure 
of the material. For a favorable low k to be obtained, low C, short l and a low Vg are required. 
 

4.2. Heat Capacity and Mean Free Path 
 Heat capacity (C) is a measure of the ability of a material to absorb thermal energy. It is 
represented as the ratio of heat added (dQ) or removed from a material or system relative to a 
change in temperature, dT (equation 19).  

C =                                                                              (19) 

 From Debye theory, heat capacity has a weak temperature dependence above Debye 
temperature (θD) at high temperature. At θD, the highest normal mode of vibration of the material 
is achieved, above which the vibrational modes of the material are occupied and heat capacity 
approaches the Dulong-Petit limit [13], [32]. 
 Mean free path (MFP) of the phonons is the average distance through which phonons 
travel between two scattering centres [13]. An introduction of scattering centres (defects) into the 
lattice can modify the thermal conductivity of a material.  These lattice defects, e.g. vacancies, 
substitutions, doping, etc. shorten the MFP, cause a decrease in k and consequently improve the 
ZT of TE materials [13], [33]. Research has shown  that at high temperature (T > ~ 300 K), Vg 
and C are temperature independent in typical materials [14], consequently only MFP of phonons 
determine the size and temperature-dependence of kL. Three basic approaches required to reduce 
kL without lowering σ are: 
i. Introduction of point defects (rattling structures) [34]–[37] 
ii. Designing of complex structures with the intention of scattering phonons without 

disrupting electron transport [38]–[41], and  
iii. Creation of nanostructures to decrease MFP of phonons [13].  
These approaches give rise to 2D structures (superlattices), 1D structures (nanowires), 0D 
structures or quantum dots and thin film materials  [42]–[44].  
 

5. Conclusion 
Seebeck coefficient, electrical conductivity and thermal conductivity as fundamental 

variables in the effective performance of thermoelectric materials are studied.  The review paper 
shows that large S, high σ and low k are required for a good TE material to exhibit a high ZT. 
Unfortunately, nature does not provide materials with these expected properties for 
thermoelectric applications.  A mutual correlation must be established amongst these variables 
(large S, high σ and low k) to optimise the ZT. The balance therefore lies on the carrier 
concentration, hence a good TE material requires a high carrier concentration (1019-1021 cm-3)  
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