
 

1 

 

 
THE UNIVERSITY OF QUEENSLAND 

Bachelor of Engineering Thesis  

Environmental-friendly Thermoelectric Materials 
 

 

 

A thesis submitted in partial fulfilment of the requirements of the Bachelor of Engineering degree in 

specialization of Mechanical and Materials Engineering 

 

 

` 

  

CORE Metadata, citation and similar papers at core.ac.uk

Provided by University of Queensland eSpace

https://core.ac.uk/display/83976932?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


 

3 

 

Abstract 

Since decades ago, thermoelectric materials have been recognized as a potential energy 

conversion technology due to its ability to convert heat into electricity directly. Despite that, 

the low efficiency and the complexity in fabrications of thermoelectric devices restrict their 

applications commercially. Other than that, some thermoelectric materials such as lead telluride 

or bismuth telluride pose threat to the environments due to their toxicity in their substance. 

While the current research to obtain an environmental friendly and yet abundance 

thermoelectric materials to be used in large quantities are currently scarce and less interested 

due to the lower efficiency of the materials. In this final report, I will do a complete literature 

review and summarize environmental friendly thermoelectric material (silicide- based). First 

of all, I will introduce the basic principles of thermoelectric materials, and then followed by 

discussing several methods to improve the ZT value of thermoelectric materials. After that a 

detailed overall summary of types of silicon-based thermoelectric materials will be elaborated. 

Finally, conclusion and future progresses in accordance to the review will be specified. 

Upon reviewing the research papers, it was found that: 

 Current highest achievement of ZT is 3 at 550 K by PbTe quantum superlattices. 

 In terms of silicide based, highest experimental achievement of ZT is by double doping 

n-type Mg2Si0.75Sn0.25 with Al and Sb at 850 K. Peak ZT of 1.4 is achieved from 

significant enhancement of the carrier concentration. 

 Magnesium silicide, HMS and SiGe have been proven to achieve reasonable 

dimensionless figure of merit by doping and nanostructuring. 

  Other types of silicides such as FeSi2, CrSi2, ReSi1.75, CoSi and Ru2Si3 are included as 

potential thermoelectric materials for future industrial applications. However, not 

much experimental results are available in current research paper as the most results 

are obtained are calculated theoretically.  

 Future recommendation is to analyse other types of thermoelectric material such as 

metal oxides and organic TE materials.  

In general, this thesis report consists of a concise justification and description on the silicide-

based environmental friendly thermoelectric materials.  
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Chapter 1:  Introduction 

In today worlds, constant increasing of energy demands, sudden climate change and depletion 

of fossil fuel resources has driven the demand for obtaining more sustainable technologies for 

efficiency use, conversion and recovery of energy. The global demands of fossil fuels and oil 

are continuously increasing over the years [21], while there are lack of renewable energy in the 

market and current available renewable energy such as combustion/gasoline engine has low 

efficiency. In fact, current modern gasoline engines have only 25-30% maximum thermal 

efficiency used to power a vehicle while 70-75% is rejected as waste heat [22]. Approximately 

half of the rejected heat is carried away by exhaust gases and another half passes through 

cylinder walls into engines cooling system and is lost to the atmosphere by radiation, friction, 

noise and air turbulence [23]. Furthermore, according to US Department of Energy [24], the 

waste energy assessment on United States indicated that more than 2/3 of fossil fuel (~64%) 

used to generate power and electricity is wasted as heat to the atmosphere. Other environment 

assessment by European environment Agency (EEA) stated that emissions from electrical 

power plant such as carbon dioxide, carbon monoxide, sulphur and methane poses high 

environmental problems resulting in pollution and global warming [25]. Therefore, the 

development of technologies for waste to heat recovery systems has high potential in future 

industry of power generation and cooling systems. 

Thermoelectric materials with low cost (silicides, oxides or skutterudites) and high chemical 

stability (silicides and oxides) exhibit promising potential for current commercial applications 

where low price and high durability are an important consideration. Other advanced 

nanomaterials such as nanowires, nanocomposites or superlattices have increased the 

possibility of attaining better performance for optimization of thermoelectric generators [26]. 

The conversion efficiency of thermoelectric materials is strongly related to figure of merit (ZT) 

of the thermoelectric material. ZT is given by Eq. (1) as follows [27]: 

𝑍𝑇 =
𝑆2𝜎𝑇

𝑘
=

𝑆2𝑇

𝑘𝜌
=

𝑆2𝑇

(𝑘𝑒+𝑘𝑙)𝜌
        (1) 

Where S is the Seebeck coefficient, 𝜎 is the electrical conductivity, 𝑘 is thermal conductivity, 

T is the absolute temperature, 𝜌 is electrical resistivity. Seebeck coefficient (known as 

thermopower) is a metric that evaluates the ability of TE materials to convert heat into 

electricity directly. It has a unit of volts per kelvin (V/K). however, in most cases microvolts 



 

10 

 

per kelvin (µ V/K) are used. Seebeck coefficient often depends on structural, chemical and 

thermodynamic properties such as molecular structure, carrier concentration and effective mass 

[28]. 

Electrical conductivity is a measure of how good a material can accommodate to the movement 

of electrical charge. The SI unit of electrical conductivity is Siemens per meter (S/m). The 

values of electrical conductivity are affected by chemical composition or the state of crystalline 

structure [29]. 

Thermal conductivity is denoted as the capability of transferring heat through a material. As 

shown in equation 1, in order to achieve high ZT, low thermal conductivity is required. Thermal 

conductivity 𝑘 consists of two parts: electric thermal conductivity 𝑘𝑒 and lattice thermal 

conductivity 𝑘𝑙. Due to that, decreasing of thermal conductivity will lower the electrical 

conductivity too. One way to overcome this is using phonon scattering process [28].  

In order for the efficiency of power generation and cooling system to be high, the ZT value of 

thermoelectric materials must be enhanced to a certain level. As a consequence, thermoelectric 

research and experiment have been focussed on the optimization of improving the figure of 

merit. In order to maximize ZT, which in turn maximizing the efficiency of a material, both 𝜎 

and S are required to be large while 𝑘 must be minimized [30].  

 

Figure 1: Thermoelectric energy conversion as a function of ZT, assuming the cold side temperature = 300 K. 
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Fig. 1 shows the dependence of conversion efficiency of ZT. It can be seen that in order for 

thermoelectric materials to be in the same competence as conventional heat engines hence 

applicable in commercial use, ZT of TE materials much be > 3 (~40% of Carnot efficiency). 

Several significant progresses in improving the thermoelectric properties are shown in fig. 2, 

which includes major milestones achieved for ZT over several decades as a function of year. 

 

Figure 2: ZT of current bulk thermoelectric material as a function of year indicating significant development of thermoelectric 

materials. Highest achievement of ZT = 3 is achieved by quantum-dots Bi-doped n-type PbSeTe/PbTe at 550 K [31]. Bi2Te3 

[32]; Bi2Te3 [33]; β-Zn4Sb3 [34]; Bi2Te3/Sb2Te3 super lattices [35]; AgPb18SbTe20 [36]; DOS distortion PbTe [37]; p-type 

nano-Bi2Te3 [38]; Silicon NW [39]; Single phase ZnSb [40]; Nano-SiGe (p-type) [41]; Nano-SiGe (n-type) [42]; PbTe1 − xSex 

[43]; multiple co-fillers Skutterudites CoSb3 [44]; Cu2Se1-xIx [45]; SnSe [46]; Cu2–xS [47]. Currently, no material has yet to 

achieve ZT > 3. 

Fig. 2 summarizes achievement of ZT values over past several decades as a function of year. 

There was not much improvement on the research on the TE material from 1960s to 1990s. 

The research of thermoelectric materials has finally found a turning point when Hicks and 

Dresselhaus [48] verified that the improvement of ZT in two dimensional Bi2Te3 is possible 

due to the quantum confinement effects. They also proved that ZT of a highly anisotropic 

material can be increased significantly by layering the super lattice to scatter phonons resulting 

in the decrease of thermal conductivity. Currently, the highest achievement of ZT (ZT = 3 at 

550 K) was reported by Harman et al. [31] in 2005 by doping n-type PbSeTe/PbTe quantum 

dot superlattice (QDSL) doped with bismuth.  
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Nanostructured thermoelectric materials have been a significant research subject since few 

decades ago. Several good reviews have been conducted including bulk nanostructured 

thermoelectric materials [27, 49], bulk materials [50] and environmental friendly TE materials 

such as oxide-based [2, 51], organic based [52-55], silicide-based [56, 57] and etc. Although 

there existed several good reviews on single environmental friendly TE material, there were 

not much overall review on the whole environmental material itself. Hence, I will do a detailed 

review on environmental friendly thermoelectric materials and highlighted significant progress 

of environmental friendly TE material in the past several decades. The organization of the 

review is as follows. Firstly, I will discuss on the fundamental methodology to improve the 

performance of thermoelectric material. Next, I will focus on addressing and summarizing 

silicon-based thermoelectric materials including magnesium silicides, high manganese 

silicides, silicon germanium, iron disilicides, chromium disilicide, cobalt monosilide, rhenium 

silicide and ruthenium silicide. Finally, conclusion and future progress will be justified. 

Chapter 2: Literature Review 

2.1  Methodology for improving figure of merit (ZT) 

Equation (1) demonstrates that material with high ZT can be achieved by improving the 

Seebeck coefficient and electrical conductivity, while maintaining thermal conductivity as low 

as possible. Electrical conductivity 𝜎 of TE materials can be expressed as follows: 

𝜎 =
1

𝜌
= 𝑛𝑒𝜇     (2) 

Where n is the carrier concentration, e is the charge of unit carrier and 𝜇 is the carrier mobility. 

Electrical conductivity can be enhanced through addition of chemical dopants. Doping will 

decrease the charge carrier’s mobility due to the increased of scattering between the dopants 

and carriers. In addition, each dopant’s atom has one more/less valence electron compared to 

the host atoms therefore can increase the density of charge carriers [3]. According to Powell 

and Vaqueiro [4], good thermoelectric material usually is heavily doped narrow bandgap 

semiconductor with charge carrier densities in the range of 1019 to 1021 cm3 as shown in Fig. 

3(a). 

In order to ensure large Seebeck coefficient, only a single type of carrier (either n-type or p-

type) is remained. Mixed n-type or p-type carriers will affect both of the carrier to remain at 
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the cold sides resulting in the opposite of Seebeck effect hence low thermopower. Large 

Seebeck coefficient can be existed in low carrier concentration insulators/semi-conductors with 

electrical conductivity as a trade-off. While high carrier concentration metals have high 

electrical conductivity but sacrificing their Seebeck coefficient [3]. The comparison of 

thermoelectric properties of metals, semiconductors and insulators at room temperature is 

shown in table 1. Though metals have good electrical conductivity, but their low Seebeck 

coefficient and large thermal conductivity decreasing the TE properties of metals. Insulator 

with large bandgaps have high Seebeck coefficient but extremely low electrical conductivity 

resulting in low power factor and small ZT. Therefore, optimum value of power factor is 

located between the carrier concentrations of metals and semi-conductor as shown in fig. 3(b).  

TE property Metals Semi-conductor Insulator 

Seebeck Coefficient ∼ 200-300 µV/K 

[58] 
∼ 0-3 µV/K [58] ∼ 1000 µV/K [59] 

Electrical 

conductivity 
> 105 (s.m)-1 [60] 

10-6 < σ < 105 (Ω.m)-1 

[60] 
< 10-6 (Ω.m)-1 [60] 

Carrier concentration High Low Low 

Table 1: Comparison of thermoelectric properties of metals, semi-metals and non-metals at 300K 

The relationship between Seebeck coefficient and carrier concentration can be expressed in 

equation (8) as follows: 

𝑆 =
8𝜋2𝐾𝐵

2

3𝑒ℎ2 𝑚∗𝑇 (
𝜋

3𝑛
)

2

3
     (3) 

Where m* is effective mass of the charge carrier, KB and h are Boltzmann constant and Planck 

constant, respectively. 

In order to achieve high ZT value, an effective TE material required to have low thermal 

conductivity. Thermal conductivity can be decreased by increasing the phonon scattering 

between the phonon-boundary, phonon-defects and phonon-phonon. Thermal conductivity of 

TE material consists of electron thermal conductivity (ke) arising from the heat carrying charge 

carriers travelling through crystal lattice and lattice thermal conductivity (kL) resulting from 
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heat transporting phonon travelling through the crystal lattice [49, 61]. The relationship 

between ke and kL is shown as follows: 

𝑘𝑡𝑜𝑡 = 𝑘𝑒 + 𝑘𝐿    (4) 

Electron thermal conductivity is related to Weidemann-Franz Law [62] as shown in equation 

(10) below: 

𝑘𝑒 = 𝐿𝜎𝑇     (5) 

Where L is Lorenz number. Figure 3(b) shows that electrical thermal conductivity ke is 

proportional to electrical conductivity hence reducing ke is not always a reliable choice as it 

will affect the electrical conductivity resulting in minor or no improvement of figure of merits. 

Therefore, in semiconductors of thermoelectric materials, usually >90% of total thermal 

conductivity is originated from lattice thermal conductivity (kL), hence reducing lattice thermal 

conductivity will lead in improvement of the thermoelectric properties [49, 61]. 

 

Figure 3: Maximizing efficiency (ZT) of TE involves compromising thermal conductivity (k) and Seebeck coefficient (S) with 

electrical conductivity (σ). Good thermoelectric materials are typically heavily doped semi-conductors with a carrier 

concentration between 1019 and 1021 carriers per cm3. Thermoelectric power factor (S2σ) maximizes at higher carrier 

concentration than ZT. Trends shown were modelled from Bi2Te3. Reproduced from Ref.[3]; (b) Illustration of variation of 

Seebeck coefficient (S), electrical conductivity (σ), power factor (S2σ), electronic thermal conductivity (ke), and lattice thermal 

conductivity (kL) on the charge carrier concentration n, for bulk material. Reproduced from Ref.[4]. 
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2.2  Recent progress in environmental friendly TE materials 

As illustrated in figure 2, the development of thermoelectric materials is becoming more 

established since 1950. Although there are many types of TE materials that were found to 

achieve high ZT such as PbTe [31, 37, 50, 63, 64], Bi2Te3[35], and PGEC thermoelectric 

materials [49], most-state-of-the-art high-performance TE materials are toxic, harmful, 

expensive and non-environmental friendly. Fig. 4a shows the periodic table of various elements 

in terms of metal compositions. Circled elements indicated they are highly toxic and not 

suitable to be used in this category. Elements highlighted in red, yellow and green are 

considered as heavy metal, and hence they are toxic and their usage must be controlled and 

monitored. Other elements have minor negative or non-negative impacts on environment 

depending on their amounts [65]. Fig. 4b shows various thermoelectric materials for waste heat 

harvest and refrigeration applications in terms of temperature range of operations. According 

to He, Liu et al [2], silicides and oxides are considered as eco-friendly thermoelectric materials 

due to its low contaminants and abundance 

level in the nature. Other materials such as SnTe (an alternatives TE material for replacing 

PbTe) and organic TE materials such as PEDOT, polyacetylene and polyaniline are considered 

in this category too. In this report, our scope is only up to silicon-based TE materials while 

others material specified above will not be included in the review.  

 

 

Fig.4 (a) Densities of metal in each elements of periodic table. Reproduced from Ref. [1]; (b) Application temperature range 

of waste heat and cooling system for different types of TE materials. Reproduced from Ref [2].   
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 2.2.1 Silicon-based TE materials 

Silicon is one of the most common and widely used semiconductor in industrial processes due 

to its environmental friendly, low-cost and high abundance in earth crust [66, 67]. However, 

due to its high thermal conductivity (kL = 140W/m K) at room temperature, bulk silicon is 

known as poor TE material with ZT = 0.01 at 300 K [68]. This drawback was overcome by 

reducing the grainsize using nanotechnology. Recently, Hochbaum et al [69] reported 100-fold 

decrease in lattice thermal conductivity in silicon nanowires resulting in ZT=0.6 at room 

temperature. According to Hochbaum et al [69] the reduction of lattice thermal conductivity 

(kL) of nanostructured Si is due to the strong phonon scattering from the increase of surface 

and interfaces from nanotechnology.  

In 2009, Bux, Blair et al [70] also reported a ZT of 0.7 at 1275 K for n-type nanostructured 

bulk Si by reducing its thermal conductivity from nanostructuring the silicon with limited 

degradation in its electron mobility. This result shows a 90% reduction in its kL due to 

interfacial phonon scattering. Similarly as stated by Hochbaum et al, Yang et al [71] 

commented that in silicon nanocomposites the value of kL is minimised by the increasing of 

phonon scattering while preserving electron transport resulting in higher ZT. Yang et al also 

reported that nanoporous Si with randomly distributed pores exhibits very low kL (< 0.1 W/m 

K) at 300 K, ~ three orders of magnitude lower than the bulk counterpart, leading nanoporous 

Si has a bright prospect in thermoelectric applications. 

Yang and Li [41] in 2011 used nanothermodynamics model to calculate lattice thermal 

conductivity of nanoporous, nanocrystalline and nanostructured bulk Si. They found that 1) 

from boundary scattering and intrinsic size effect can significantly decrease lattice thermal 

conductivity by order of 1-2; 2) due to porosity effect, nanoporous Si exhibits smaller kL 

compare to Si nanowires; 3) fully dense Si nanocomposites with finer grain size have 

comparable kL with Si nanowires. 

As stated above, silicon nanostructured materials exhibit promising future in TE applications 

due to its low cost, abundance, non-destructive to environment and the possess large effective 

mass and mobility to achieve high ZT hence they are deemed suitable for commercialised 

applications especially in semiconductor industry. Nielsch and Bachmann et al [72] considered 

silicon nanostructured as an emerging candidates for high efficiency and large volume 

production in the TE applications. In addition, the performances of Si nanostructures can be 
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further enhanced by doping with metals such as with germanium, manganese, chromium, iron 

and magnesium. 

Crystal structure of silicon based thermoelectric materials are shown in table 2 below. The table 

show that magnesium silicide has cubic symmetry while other types of silicides have lower 

symmetries. Although most silicide possesses different crystal structure, most of these 

structures (expect for CrSi2) are considered as deformed of a tetragonal structure. Hence, the 

possibility of finding anisotropy material properties are high. 

Material Syngony a (nm) b (nm) c (nm) ao reference 

Mg2Si Cubic 0.6338 - - - [73] 

FeSi2 Orthorhombic 0.9863 0.7791 0.7833 - [74] 

CrSi2 Hexagonal 0.4431 - 0.6364 - [75] 

Ru2Si3 Orthorhombic 1.1074 0.8957 0.5533 - [76] 

Mn4Si7 Tetragonal 0.5525 - 1.7463 - [77] 

ReSi1.75 Monoclinic 0.3138 0.312 0.767 89.9 [19] 

Table 2: Crystal structure of silicides thermoelectric materials. 

 

2.2.1.1 Mg2Si-based TE materials 

Mg2Si belongs to the family of magnesium (IV) compounds with that crystallises in 

antiflouride structure with FCC Si positions and tetrahedral Mg sites. Since 1960s, Mg2Si-

based thermoelectric materials have been regarded as potential thermoelectric material in the 

mid-temperature range from 500 to 900 K due to their high achievement in figure of merit ZT 

=1.3 [66, 78, 79]. Compared to other TE materials that have the same operating temperature 

range such as PbTe and CoSb3, Mg2Si are considered as a more attractive material for TE 

applications due to their low toxicity, thermal stability, relative abundance (Fig.5b shows the 

abundance of Mg and Si), higher resistance to oxygen and low production cost [61, 66, 80]. In 

addition, Mg2Si is consisted of relatively light metals hence it has a low density (~1.99 g/m3) 

which makes Mg2Si a promising feature in the automobile heat recovery applications [8].  
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Figure 5: (a) Unit cell of Mg2Si. It is a face centred (Fm3m) lattice, with Mg simple cubic lattice such that each Mg (larger 

grey circles) is coordinated by four Si atom in tetrahedron, while Si (smaller black circles) is surrounded by eight cubic atoms 

of Mg. Reproduced from Ref. [5]; (b) abundance elements in Earth’s upper contiental crust as a function of atomic number. 

Both Mg and Si are highly abudance rock forming elements. Reproduced from Ref. [6]. 

Due to the extremely close of the boiling point of pure Mg (1363 K) and the melting point of 

Mg2Si (1358 K), processing and handling of Mg2Si is difficult [81]. This conditions restrict the 

use of arc melting method for synthesizing the compounds. Therefore, other methods such as 

ball-milling, spark plasma sintering (SPS), combustion methods, hydrogen synthesis and 

mechanochemical sintering were used to synthesized Mg2Si. Another problem with Mg2Si is 

the high vapour pressure and the high reactivity of Mg leading to poor control over 

stoichiometry which can lead to vacancies and defects that can affect the carrier concentration 

and mobility. However, this condition can be solved by mechanochemical method. In 2011, 

Bux et al [66] doped Mg2Si with Bi and synthesized using mechanochemical process. They 

reported a peak ZT of 0.7 at 775 K when 0.15 at% of Bi is added into Mg2Si. The enhancement 

in the ZT is due to the significant decrease in the lattice thermal conductivity from the point 

defect scattering.  

The ease of volatilization and oxidation of Mg restricted obtaining of high quality Mg2Si. 

Fusion methods were used but were unable to control the composition, structure and 

performance of Mg2Si due to the oxidation and volatilization. Segregation due to the difference 

in melting points and specific gravities of Mg, with the presence of Si might increase the 

difficulty in controlling the composition and adjusting the relationship between the Mg2Si 

structure. Hence, spark plasma sintering (SPS) is used in most study due to the extremely large 

diffusion velocity at low temperature hence the oxidation of Mg can be avoided [82]. Hu, 

Mayson and Barnett [7] used SPS method to synthesized Mg2Si with Al as dopant at 750oC. 
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They reported max ZT of 0.58 at 844 K for Mg(AZ)2Si due to the increased in power factor 

and electrical conductivity from the high carrier concentration and mobility from Al dopant. 

Figure 6 below shows the dimensionless figure of merit of Mg2Si and Mg(AZ)2Si bulk samples, 

being prepared at 750 °C for 10 min. 

 

Figure 6: Dimensionless thermoelectric figure of merit, ZT for Mg2Si and Mg(AZ)2Si bulk samples as a function of 

temperature. Reproduced from ref:[7] 

Hu et al also commented that the possibility of higher electrical conductivity achieved in Mg2Si 

is resulted from full densification of the material under SPS and low level of MgO. Using 

similar synthesis method, Tani and Kido [83] doped Mg2Si with phosphorus and characterized 

by Hall effect measurements at room temperature for the electrical resistivity, Seebeck 

coefficient and thermal conductivity at (300-900K). From that, they calculated max ZT of 0.33 

at 865K. Although Phosphorus (P) has the same Vb group as Sb and Bi hence it is considered 

as an attractive n-type dopant for Mg2Si, the difficulty to fabricate due to the low melting point 

of P and high vapour pressure lowers the future research prospect for P-doped Mg2Si.  At the 

same year, similar processes has been done by the same research group [84] with Sb as dopant 

instead of P. Using same calculation technique and approaches, Tani and Kido reported a ZT 

of 0.56 at 862 K.   

Undoped of Mg2Si has narrow bandgap (~0.77eV) hence the ZT value of undoped Mg2Si is 

very low (~0.1). The thermoelectric performance of Mg2Si can be significantly enhanced when 

it is doped with proper dopants such as: for n-type dopants (Al, Sn and Bi); p-type dopants (Ag 

and Cu). 
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In 2010, Sakamoto et al [85] doped polycrystalline Mg2Si with Al and Bi and achieved ZT of 

0.77 at 862 K. At the same experiment, Sakamoto et al also doped Mg2Si with 3 at % of Ag to 

achieved p-type Mg2Si with lower achievement of ZT (0.11 at 873 K) compared to n-type 

Mg2Si. The significant low Seebeck coefficient of Ag-doped Mg2Si is the main reason for the 

low ZT obtained. In 2010, Isoda et al [86] investigated Mg2Si0.25Sn0.75 doped with Li and Ag. 

Comparing the double doped samples with single doped samples, the double doped 

Mg2Si0.25Sn0.75 has higher Seebeck coefficient compared to the single Li-doped Mg2Si. Double 

doping also doubled the carrier concentration comparing to single doped. In 2014, Isoda et al 

[87] found highest ZT value of Al + Sb double doping of n-type Mg2Si0.75Sn0.25 at 850 K using 

hot-pressing and liquid solid reaction synthesis. The carrier concentration is significantly 

enhanced by doping. Therefore, Sb is considered as effective dopants for increasing the carrier 

concentration in Mg2Si.  

 

Figure 7: Maximum figure of merit values of p-type and n-type magnesium silicides with temperature range from 200 to 900oC. 

Highest achievement of ZT is by Sb-doping of Mg2Si0.4Sn0.6Sbx solid solutions [80] while un-doped Mg2Si achieved ZT of 0.1; 

other solid solution achieved ZT >1 are n-type Mg2Si0.4Sn0.6 [88] and Mg1.96Al0.04Si0.97Bi0.03 [8] while ZT <1 is Mg2-

xLaxSi0.58Sn0.42 [89],  Doping is added to enhance the ZT of Mg2Si: Al- doping of Mg(AZ)2Si [7];phosphorus-doping [83]; Bi-

doping [66]; Sb-doping [84]; Ag-doping [85]; and Al & Bi co-doping [85]. Nanostructure approach were conducted to 

improve the TE performances [71]. 

There are few ways to increase ZT of Mg2Si: (1) Adding various elements as dopants such as 

Al, Sb, Bi and Na; (2) formation of homogenous solid solution of Mg2Si1-xGex and Mg2Si1-

xSnx; (3) by nanostructuring [61]. Kim et al [8] co-doped polycrystalline  Mg2Si with Bi and 

Al via solid solution reaction and spark plasma sintering (SPS). They reported a maximum ZT 

of 1.02 is observed at 873 K in Mg1.96Al0.04Si0.97Bi0.03 due to the increase in power factor by 

Sb-doped 
Mg29Si0.4Sn0.6Sbx

Nanoscale Bi-doped Mg2Si

n-type Mg2Si0.4Sn0.6
Mg1.96Al0.04Si0.97Bi0.03

Ag-doped

Co-doping of Al 
and Bi

Sb-doped
P-doped 

Mg(AZ)2Si 

Bi-
doped 

(0.15%)

Mg1.995La0.005Si0.58Sn0.42 

un-doped Mg2Si

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 200 400 600 800 1000

Fi
gu

re
 o

f 
m

er
it

 (
ZT

)

Temperature (C)



 

21 

 

engineering density of states (DOS) and decrease in lattice thermal conductivity by point defect 

phonon scattering. Kim et al also found that addition of Al dopants on mg sites will increase 

the solubility limit of Bi on Si sites hence better thermoelectric performance can be achieved.  

 

Figure 8: Temperature dependence of dimensionless figure of merit ZT for Mg2-xAlxSi1-yBiy (x = 0, 0.02, 0.04; y = 0.03, 

0.04). Peak ZT is achieved at 1.02 at 873 K for Mg1.96Al0.04Si0.97Bi0.03. Reproduced from ref: [8] 

Fedorov and co-workers [88] reported a ZT of 1.1 at 780 K for n-type Mg2Si0.4Sn0.6 solid 

solutions. Zheng et al [80] fabricated Sb-doped Mg2Si0.4Sn0.6Sbx solid solutions with 

combining mechanical alloying twice and SPS. They reported highest ZT of 1.40 of 

Mg2(Si0.4Sn0.6) Sb0.018 at 673 K. The significant enhance in the ZT is due to the decrease in 

lattice thermal conductivity by phonon scattering. Zhang and Zhao et al [89] doped 

Mg2−xLax(Si, Sn) composites with La by in situ coating the Mg2Si-rich bulk grain with Mg2Sn-

rich layer to increase the electrical conductivity and decrease the thermal conductivity. They 

achieved ZT ~0.82 at 810 K of Mg2−xLaxSi0.58Sn0.42 composites with composition of x = 0.005. 

According to Zhang et al, further improvement of figure of merit can be done by optimising 

the compositional and microstructure of the composites in mid-temperature range. Yang et al 

[71] used SPS to synthesize the mixture of nanoscale and micro-size of 0.7 at% of Bi-doped 

Mg2Si powders. According to Yang et al, the nanocomposite structure of Mg2Si helps to reduce 

thermal conductivity and increase the Seebeck coefficient, though its nanograin hinders the 

electrical conduction. Overall TE performance is enhanced and a maximum ZT of 0.8 is 

achieved at 823 K. This result ~is 63% higher than Mg2Si without nanocomposite structure. 
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2.2.1.2 SiGe-based TE materials 

Since the last several decades, silicon germanium (SiGe) are considered as a significant 

thermoelectric material for elevated temperature applications. Hence, great attention has been 

paid in order to study the thermoelectric properties of this material. SiGe alloys possesses high 

mechanical strength, high melting point, low vapour pressure and good resistance to 

atmospheric oxidation [90]. Other advantages of SiGe alloys includes environmental friendly 

and low lattice thermal conductivity due to the addition of germanium in silicon matrix. The 

addition of Ge in Si will induce large differences in the mean free path between its electrons 

and phonons hence significantly reduce the thermal conductivity and increase the ZT. This 

material is currently the best thermoelectric material for power generation at high temperatures 

(~1173 K), therefore SiGe has been used in radioisotope thermoelectric generators (RTG) in 

space mission application and other elevated temperatures applications [9]. 

 

Figure 9: Overview of most promising of both p-type and n-type SiGe alloys from 1960 to 2015.  

Since 1960s, several attempts have been done in order to increase the ZT in SiGe alloys, with 

peak ZT of n-type SiGe reaching 1 (~0.95) at 900-950°C. On the other hand, the maximum 

figure of merit of p-type SiGe remained pretty low [9]. Current space applications of p-type 

SiGe are reported to have a peak ZT of ~0.5 while the highest reported p-type SiGe achieved 

a peak ZT of ~0.65 [91]. Recently, significant enhancement of ZT in both p-type and n-type 

SiGe alloys have been achieved via nanostructuring approach by enhancing the phonons 

scattering at the grain boundaries to reduce the thermal conductivity [10, 91, 92]. Joshi et al [9] 

achieved ZT of 0.95 at 800-900oC in p-type nanostructured bulk Si80Ge20 doped with boron 
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powder, this achievement is around 50% enhancement compared to the previous highest record 

and ~90% enhancement compared to current used SiGe in radioisotope applications. According 

to Joshi et al, the significant enhancement of ZT is due to significant reduction of thermal 

conductivity due to the increased of phonon scattering from high density nanograin interfaces 

in the nanocomposite combined with the enhancement of power factor at elevated temperature.  

 

Figure 10: Dimensionless figure of merit (ZT)of 0.95 in p-type nanostructured bulk Si80Ge20 doped with boron powder, which 

is ~90% larger than currently used in space flight missions and 50% higher than the reported record I p-type SiGe alloys. The 

enhancement of the ZT is due to large decrease in the thermal conductivity due to increase of phonon scattering at grain 

boundaries as well as an increased in power factor at elevated temperature. Reproduced from ref: [9] 

In the same period, Wang, Lee et al [10] added 2.0 mol % of phosphor into SiGe and 

synthesized with ball-milling and hot-pressing at 1000-1200°C. From the experiment, they 

reported a peak ZT of 1.3 at 900°C in n-type nanostructured Si80Ge20P2, which is around 40% 

enhancement over the previous highest record of n-type SiGe (~0.93). 

 

Figure 11: Temperature dependence of (a) the thermal conductivity, and (b) dimensionless ZT on both as-pressed 

nanostructured samples and RTG reference sample (solid line) after annealing at 1050oC for 2 days in open air. Peak ZT of 
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1.3 is obtained in n-type Si80Ge20P2, this is around 40% enhancement over the previous highest record of n-type SiGe. 

Reproduced on ref: [10] 

In order to reduce the production costs and enhance the application properties, several attempts 

have been conducted to decrease the concentration of germanium due to the high cost and less 

abundance of germanium itself. Dismukes et al [93] used boron and phosphorus as dopants 

with 15% of Ge and 85% of Si. They calculated a maximum ZT of 0.8 for p-type Ge15Si85 alloy 

and ZT of 1 for n-type Ge15Si85 alloy at 1200 K. In 2009, Zhu et al [94] conducted an 

experiment by adding only 5 at % of Ge into Si matrix and doped with 2.5 at % of phosphorus 

by nanocomposite approach. They reported a ZT of ~0.94 at 900°C which is almost the same 

value as bulk SiGe achieved in RTG. According to Zhu et al, 5at % Ge is sufficient to reduce 

the thermal conductivity of n-type nano-Si by a factor of 2. The reduction in thermal 

conductivity is due to the enhancement of boundary phonon scattering. This achievement is 

quite significant considering only small amount of Ge is used hence reducing the total 

fabrication cost. However, if Ge is removed entirely, the maximum ZT of pristine nano-Si will 

reduce from 0.94 to 0.7 at 1000°C due to the trade-off between cost and thermoelectric 

performance of SiGe alloys [94, 95].  

Another way to achieve high ZT in SiGe nanocomposites is through modulation doping 

approach. According to Yu and Chen et al [95], in the beginning, modulation doping was 

theoretically proposed and experimentally proved to enhance the power factor of 

nanocomposites (Si80Ge20)70 (Si100B5)30 by mainly increasing the carrier mobility but not the 

ZT due to the increased in the thermal conductivity of the nanoparticles of pure silicon. In 

2012, an alternative design of 3-D modulation doping is introduced by the same research group 

using Si70Ge30 alloy instead of pure Si as the nanoparticles and Si95Ge5 as the matrix to 

significantly increase the power factor while the thermal conductivity remained low, leading 

to peak ZT of ~1.3 at 900oC. The enhancement of power factor is due to the increased in 

electrical conductivity from the enhancement in carrier mobility and the lattice thermal 

conductivity remained low is due to the low thermal conductivity of the Si70Ge30 nanoparticles. 

Yu et al [95] also commented that the modulation-doping approach can be further enhanced by 

using a thin spacer layer to reduce the diffusion hence improving the measured performance.   

Besides experimental approach, theoretical investigations on SiGe TE properties have been 

conducted by several research groups. In 2012, Lee et al [96] computed the TE properties of 

nanoporous SiGe and predicted ZT of 2.2 at 800 K and ZT of ~0.46 at the 450 K from single 

SiGe nanowires. This is achieved by simultaneously measuring the electrical, thermal 
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conductivity and the thermopower. According to Lee et al, the improvement in ZT is due to the 

significant decrease in the thermal conductivity to as low as ~1.2 W/m K at 450 K. Three years 

after that, Yi and Yu [97] proposed an improved models for predicting the thermoelectric 

properties of heavily doped SiGe NWs at wide range of temperature based on the Boltzmann 

transport equation with relaxation time approximation. The study of the SiGe NWs by Yi and 

Yu resulted in good agreement with the experimental data of both bulks and NWs of SiGe 

alloys.  The maximum calculated results suggested a ZT of 1.9, 1.5, 1.2 and 0.8 is achieved at 

800 K, 600 K, 450 K and 300 K respectively for optimum ionized impurity concentrations of 

Si0.73Ge0.27 NWs with 10 nm in diameter. These results summarized the possible direction of 

nanostructured SiGe-based thermoelectric materials to be used in future applications. 

 

2.2.1.3 High manganese-based TE materials 

Higher manganese silicide (HMS) is considered as a promising thermoelectric material due to 

its two naturally abundant elements in the Earth’s crust, non-toxic and possess high Seebeck 

coefficient, low resistivity and high oxidation resistance at high temperature [98-100]. HMS 

belong to a family of Nowotny chimney ladder (NCL) phases with general structure of MnnSi2n-

m and is structurally related to TiSi2 and RuGa2 [11]. HMS are the only known compounds with 

the amounts of Si exceeding the Mn (63-53 at% of Si) [101]. Up to date, higher manganese 

silicide is represented by at least five phases: Mn4Si7, Mn11Si19, Mn15Si26, Mn26Si45, Mn26Si45 

and Mn27Si47. These phases have similar properties and have tetragonal crystal structure with 

long C-axis as the Nowothy chimney ladder phases with energy gap of 0.4-0.7 eV [100].  
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Figure 12: Crystal structures of Nowotny chimney ladder (NCL) phases of HMS and their comparison with TiSi2. (a) General 

NCL structure formed by the combination of one sub-lattice of transition metal atoms with the sub-lattice of main group atoms; 

(b) NCL structures of MnSi2-x with Si sub-lattice forming the ladder and Mn sub-lattice as the chimney; (c) Effects of the 

periodicity of sub-lattice on unit cell size for the four phases of HMS have completely characterized crystallographically with 

atomic positions. Reproduced from Ref. [11]. 

Due to the complex structure of HMS, the thermal conductivity of higher manganese silicides 

exhibits low and constant values between 2 and 4 W/m K from 300 K – 1000 K. Combination 

of low thermal conductivity and high power factor leading the ZT of ~0.4 at 800 K for un-

doped HMS [101]. In 2014, Girard et al [102] reported un-doped single crystal of HMS by 

synthesizing high-purity MnSi-free single crystal of HMS by SPS and chemical vapour 

transport and achieved improvement in ZT of 0.52 ± 0.08 at 750 K. This achievement is due to 

the higher hole mobility owing to the high purity of HMS single crystal. Itoh and Yamada [103] 

synthesized Mn and Si by mechanical alloying, ball-milling and pulse discharge sintering under 

different conditions (at 200rpm for 36ks and 400 rpm for 36 ks). They reported mechanically 

alloyed MnSi1.73 achieved max ZT of 0.47 at 873 K. Apart from single crystal HMS, several 

experiments on polycrystalline HMS have been attempted to achieve an improvement in the 

thermoelectric properties. An and Choi et al [100] synthesized polycrystalline HMS by SPS at 

1123 K and achieved max ZT of 0.41. The high achievement in the figure of merit is attributed 

to the low thermal conductivity of polycrystalline HMS. 
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Various experiments and research have been conducted to improve the thermoelectric 

performances of HMS compounds such as doping with Al [104, 105], Ge [12], and etc. In 2011, 

Luo et al [105] reported a maximum ZT of 0.65 at 850 K (~40% higher than the un-doped 

sample) by doping HMS with Al. According to Luo et al, the addition of Al in HMS increases 

the carrier concentration and number of defects thereby increasing the electrical conductivity 

and lower the total thermal conductivity leading to an improvement in the ZT value. Ikuto et 

al [104] agreed with the reported results by Luo et al [105]. According to Ikuto, the doping of 

HMS with Al can improve the thermoelectric properties of bulk HMS by increasing the 

electrical conductivity from the increase in carrier density. They also added that Al doping will 

lower the thermal conductivity of the compounds.   

In 2005, Aoyama et al [106] observed the effect of Ge doping on the morphology of MnSi in 

higher manganese silicides single crystal. They found that by addition of Ge into HMS single 

crystal, the volume concentration of MnSi shows initial increase and then decrease which is 

correlated to the change of TE properties. In 2009, Zhou et al [12] doped polycrystalline HMS 

with Ge by induction melting and hot-pressing and achieved maximum ZT of 0.6 at 833 K. 

According to them, the addition of 0.8% of Ge into HMS increases the electrical conductivity 

due to the enhancement of phonon scattering from the defects The dimensionless figure of 

merit of this optimized HMS polycrystalline has shown a 30% improvement compared to pure 

HMS compounds. 

 

Figure 13: Temperature dependence of dimensionless figure of merit ZT of Mn(Si1-xGex)1.733. Peak ZT of 0.6 

is obtained at 833 K when x=0.8% due to an increased in the power factor and electrical conductivity 

from phonon scattering. This shown an improvement of >30% compared to pure HMS. Reproduced from 

ref: [12] 
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Apart from Al and Ge dopants, Ru is also used as dopants to HMS to tune the thermoelectric 

properties. Koyama et al [107] doped polycrystalline HMS with Ru to form Ru1-xMnxSi1.7. 

From the experiment, they reported maximum ZT of 0.76 at 880K by substituting Ru with Mn 

to form the Ru1-xMnxSi1.7 compounds.  This is due to the significant increase in the power factor 

when the Mn content is kept at high amount (x > 0.75).  

Norouzzudah et al [108] attempted to reduce lattice thermal conductivity of HMS by 

nanostructuring. They predicted the influence of grain size on the TE properties of HMS. 

According to them, ZT will be enhanced as long as the reduction in thermal conductivity due 

to the phonons scattering exceeded the reduction in the power factor due to enhancement of 

charge carrier scattering.  

Although much research has been made in the study of HMS, for the thermoelectric 

applications, the ZT value (which is < 1) needs to be improved such as by tunning the carrier 

concentrations by doping, designing new preparation and synthesis methods, and optimizing 

synthesis conditions to reduce the unwanted side products that contaminates the compounds. 

 

2.2.1.4 FeSi2-based TE materials 

Iron silicide is considered to have great potential as thermoelectric conversion devices for mid 

temperature range (230 – 630oC) without any driving mechanism [109]. Among several phases 

of iron silicide, semiconducting β- FeSi2 has been widely known and well received as TE 

material for power generators, thermal sensor and optoelectronic applications since 1964 [110]. 

Semiconductor iron disillicide (β- FeSi2) is one of the potential thermoelectric materials for 

high temperature range application due to it high resistance to oxidation, thermally stable, 

abundance as raw material and also its non-toxic properties [110, 111]. Other than that, it is 

also considered as one of the cheapest thermoelectric material [13]. However, compared to 

other non-environmental friendly materials such as Bi2Te3, PbTe and CoSb3, the thermoelectric 

performance of β- FeSi2 is not satisfying for practical applications [111]. To improve the 

thermoelectric performances of β- FeSi2, various elements have been doped to iron disilicide 

during the experiment. In 1964, Ware and McNeill doped β- FeSi2 with Co to obtained n-type 

β- FeSi2. They found that the lattice thermal conductivity of the doped sample was decreasing 

with increasing of Co content. The reduction in the thermal conductivity was probably due to 

the point defect scattering. Similar test was performed by the same research group with Al as 
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dopants to form p-type β- FeSi2. The results obtained were in good agreement as the n-type 

with the decreased of lattice thermal conductivity in the iron disilicide. However, due to the 

low solubility and high oxidation of aluminium, Al doping in semiconductor iron silicides is 

not widely used. Ur and Kim et al [109] conducted an experiment in 2002 by doping β- FeSi2 

with cobalt through mechanical alloying process and vacuum hot pressing. According to Ur et 

al, mechanical alloying materials will have a finer grain size hence may reduce the lattice 

thermal conductivity and improving the thermoelectric efficiency. From the results, both 

mechanical properties and thermoelectric properties (Seebeck coefficient and power factor) of 

n-type Fe0.98Co0.02Si2 are significantly enhanced due to the β phase transformation and sintering 

effect during isothermal annealing.  

In 1999, Watanabe and Hasaka [112] doped β- FeSi2 (doping with 1 at %  of  either Mn or Co) 

into silver nitrate solution and sintered at 1373 K for 18 ks in vacuum. They examined the 

thermoelectric performance of the samples and reported that the power factor of β- FeSi2-1 at% 

Co containing 3 at% of Ag was 6 times larger than the β- FeSi2-1 at% Co at 573 K due to 

significant reduction of the electrical resistivity. Six years after that, Morimura et al [113] co- 

doped β-FeSi2 with Ag and Co by induction melting and hot-pressing in vacuum. Their 

experimental results were in good agreement with Watanabe and Hasaka results. Morimura et 

al reported significant increase in the power factor due to the decrease in electrical resistivity 

by Ag addition. In 2003, Kim et al [114] reported that the ZT value of β- FeSi2 prepared by 

powder metallurgy technique has improved from 0.19 x 10-4 K-1 (binary β- FeSi2) to 1.3 x 10-

4 K-1 by co-doping with Cr, Co and Ge. They reported max ZT of 1.3 x 10-4 K-1 in 

Fe0.95Co0.05Si1.958Ge0.042 at 845 K by decreasing the lattice thermal conductivity by addition of 

Ge and increasing the electrical conductivity by addition of all the dopants. 

Although current highest achievement of iron disilicide has only maximum efficiency of ZT = 

0.4 for n-type β-FeSi2 and ZT=0.25 for p-type β-FeSi2 [115, 116], it is still recognized as an 

important thermoelectric material due to the highly natural abundance of Fe and Si and also its 

environmental friendly material.  

 

2.2.1.5 CrSi2-based TE materials 

Chromium disilicide (CrSi2) is a hexagonal p-type silicides semiconductor with narrow band 

gap of 0.29 – 0.35 eV [75, 117]. One specific features of chromium disilicide is its hole mobility 
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is 100 larger than its electron mobility. Due to the highly abundance of its constituent elements, 

good mechanical properties, non-toxicity, good oxidation resistance in air, thermal stability at 

high temperature and light weight, CrSi2 is considered as a potential thermoelectric material 

for high temperature range application for waste heat recovery system [118, 119]. Although 

CrSi2 exhibits good electrical conductivity (σ = 105 S m-1) and thermopower (S = 100µVK-1 at 

300 K), its large thermal conductivity (k = 10 Wm-1K-1) significantly lowers the figure of merit 

of CrSi2. Maximum ZT of 0.2 - 0.25 at 600oC is achieved in un-doped CrSi2 [119, 120]. Figure 

14 shows the thermoelectric properties of un-doped CrSi2. Several research has shown that the 

thermoelectric properties of thermoelectric materials can be enhanced significantly by doping. 

Fundamentally, doping increases the carrier concentration and decreases the lattice thermal 

conductivity of the material. As a result, the ZT value can be improved by proper control of 

doping.  However, according to Fedorov [13], currently there are no papers available on the 

systematic study of the thermoelectric properties of doped CrSi2. Pandey and Singh [119] used 

density functional theory to show that the defect transition levels from dopants can control the 

thermoelectric properties of doped CrSi2. According to them, addition of Al or Mn dopants in 

CrSi2 will increase the thermopower by lowering the overall carrier concentration. They also 

reported that higher thermopower is obtained in n-type rather than the p-type doped CrSi2. 

Varying the stoichiometry and composition is one of the way to enhance the figure of merit of 

CrSi2. In 2013, Perumal et al [121] attempted to find the optimum composition from CrSi2-x 

ingots (with 0< x < 0.1) at 300 to 800 K to improve the thermoelectric performance. They 

reported that the electrical resistivity and Seeback coefficient is significantly decreased when 

x > 0.04 (silicon deficiency) due to the formation of metallic secondary phase in CrSi2 matrix 

phase, while the total thermal conductivity of CrSi2-x samples is minimum when the x = 0.04 

and continue to decrease when Si deficiency is increased. As a result, peak ZT of 0.1 is 

observed at 650 K for CrSi1.98. In the same period, the same research group attempted to co-

substitute Mn and Al with polycrystalline CrSi2 by substituting Mn at Cr site and Al at Si site 

at temperature range of 300 to 800 K by arc melting (in Ar atmosphere) and hot-pressing [122]. 

From the results, they found that the lattice parameters are increasing with Mn and Al contents. 

The presence of Al atoms in Si site decreases the electrical resistivity of Cr1-xMnxSi2-xAlx solid 

solution due to the increase in hole carrier density. The Seebeck coefficient also decreases with 

increasing of Al concentration due to the decrease of hole mobility, while with Mn dopant, the 

Seebeck coefficient remained the same. Co-substitution of Mn and Al have also significantly 

decreases the total thermal conductivity of Cr1-xMnxSi2-xAlx solid solution hence the figure of 
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merit is enhanced to ZT = 0.13 for x = 0.1. This value has increased >40% compared to pure 

un-doped CrSi2 (ZT ~0.09). 

 

Figure 14: Thermoelectric properties of un-doped CrSi2. Reproduced from Ref. [13] 

According to Perumal et al [118], there are several approaches to process CrSi2: (i) formation 

of precipitates/lamellar patterns via solid state phase transformation at very high driving force, 

(ii) rapid solidification by melt-spinning, (iii) solution-synthesis routes for nanocomposites and 

nanocrystallized bulk materials, (iv) mechanical alloying (MA) via high energy ball-milling 

followed by hot pressing or SPS. However, the high melting point of CrSi2 (> 1490oC) makes 

the melt-spinning, solid state phase transformation and tailoring nanostructure of CrSi2 not 

possible. Hence, only mechanical alloying approach with ball-milling or SPS are the most 

appropriate way to process CrSi2. Kajikawa et al [123] combined SPS and hot pressing 

approach to process CrSi2 at 1573 K. They observed non-dimensional ZT of 0.45 and 0.59 at 

900 K for SPS and SPS + hot pressing approach of CrSi2 thermoelectric materials due to the 

reduction of hole concentration and phonon scattering by SPS processing. Dasgupta and Umarji 

[124] synthesized CrSi2 via mechanical alloying at high speed to minimised the impurity 

contamination from iron that will cause the decrease in ZT value. They reported peak ZT of 
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0.2 at 600 K by increasing the milling speed to 500 rpm. This obtained value has shown an 

increase of ZT compared to the arc melting method. 

Other approaches such as single crystal CrSi2 nanowires were still on investigation for their 

effects on the enhancement of ZT on future thermoelectric applications [125, 126].  

 

2.2.1.6 Ru2Si3--based TE materials 

Semiconductor ruthenium silicide (Ru2Si3) that can be grown in epitaxial direction on silicon, 

has received attention from researcher in the prospects of high temperature space power 

applications in thermoelectric materials [127]. Ruthenium silicide is similar to iron disilicide 

with phase transition at 967oC [128]. In low temperature range, ruthenium silicide is in alpha 

phase (α- Ru2Si3) with orthorhombic structure while in high temperature range, ruthenium 

silicide has beta phase (β- Ru2Si3) with tetragonal structure. Both of the alpha and beta phases 

are semiconductor materials [13]. Fedorov M. I [13] also added that crystal structure of Ru2Si3 

is similar to high manganese silicide with plate-like precipitates. In terms of the directional 

axis, in the reference of β- Ru2Si3 by Poutcharovsky et al [129], the plate-like precipitates of 

Ru2Si3 were orthogonal to [010] axis while according to Souptel et al [130], the precipitates 

were orthogonal to either [100] or [001]. Figure 15 and 16 below shows the thermoelectric 

properties of crystal structure of Ru2Si3 with [010] direction measured by Simkin et al [14]. 

According to Simkin et al, p-type Ru2Si3 with [010] direction has superior thermoelectric 

properties which is consistent with its band structure models. N-type doped Ru2Si3 has higher 

Seebeck coefficients along the [001] orientation axis, while thermal conductivity is not strongly 

dependent on the sample orientation much. 
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Figure 15: Measured TE properties of as grown crystalline of ruthenium silicide: a) Seebeck Coefficient; b) electrical 

resistivity; c) thermal conductivity; d) calculated dimensional figure of merit ZT. Reproduced from ref: [14] 

 

 

Figure 16: Thermoelectric properties of ruthenium silicide in [010] direction. Reproduced from ref:[13] 

Thermoelectric ruthenium silicide has high thermal stability, high resistance to chemical 

exposure hence it is highly applicable to be used in elevated temperature space applications 

similar to SiGe. According to C.B Vining in his conference paper in 1992 [131], un-doped 

single crystal of ruthenium silicide was grown and analysed theoretically. Vining stated that 

the possibility of Ru2Si3 to achieve higher figure of merit compare current state-of-art SiGe. 
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Furthermore, Vining and Allevato [132] added that p-type Ru2Si3 has the potential for 

improvement in the figure of merit ZT of a factor of 3 and n-type Ru2Si3 may be 50% better 

than current SiGe standard. Despite that, current experimental efforts to achieve ZT> 1 have 

not yet successful due to the poor quality of the specimen used [127]. Therefore, in order to 

obtain higher values of figure of merits ZT, dopants must be identified and added for both p 

and n-type Ru2Si3. 

In 2003, Ivanenko et al [15] doped single crystal Ru2Si3 with Mn by floating zone method and 

studied its behaviour theoretically and experimentally. According to Ivanenko et al, 

experimentally, the electrical resistivity of Mn-doped Ru2Si3 is much lower than the undoped 

single crystal. Other than that, doping with Mn has increase the carrier mobility by a factor of 

two compared to undoped pristine Ru2Si3. While in theoretical estimation, there are slight 

difference between the charge carrier mobility especially in the temperature range of 300 to 

500 K. Figure 17 below shows the obtained results of effect of Mn doping on the thermoelectric 

properties of Ru2Si3. 

 

Figure 17: Temperature dependence of: a) carrier mobility; b) carrier concentration; c) electrical resistivity in un-doped 

(circles) and Mn-doped (squares) Ru2Si3 single crystal. Reproduced from ref:[15]  
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In another paper published by Ivanenko et al [133] in 2004, they found that pure Mn-doped of 

Ru2Si3 has achieved Seeback coefficient with twice larger values than corresponding un-doped 

Ru2Si3 in room temperature. The highest dimensionless figure of merit (ZT) obtained at 800 K 

is calculated to be 0.2 and 0.27 for un-doped and Mn-doped Ru2Si3. Krivosheev et al [127] did 

the similar experiment as Ivanenko by doping Ru2Si3 with manganese by zone arc melting 

combines with optical heating. Table 3 below shows the comparison of the thermoelectric 

properties obtained from their experiments. 

TE properties Un-doped Mn-doped Comments 

Electrical resistivity 22 Ω 15 Ω Increasing the carrier mobility 

Seebeck coefficient 300 µV/K 400 µV/K Negative Seebeck for un-doped 

sample and positive Seebeck for Mn-

doped at 500 K. 

Thermal conductivity 5 W/ K m 5 W/ K m At room temperature, the thermal 

conductivity of un-doped and doped 

sample are similar. However, at 

temperature below 100 K, thermal 

conductivity of doped sample is 

much higher than un-doped one. 

ZT 0.2 0.3 Mn-doped has higher ZT due to 

higher Seebeck coefficient. 

Table 3: Comparison of thermoelectric properties of un-doped and Mn-doped single crystal of Ru2Si3. 

Using the similar floating zone and arc melting methods, Arita et al [16] doped Ru2Si3 with 

ruthenium-rhodium-silicon (Ru1.92Rh0.08Si3) and compared their thermoelectric properties with 

un-doped sample. According to them, floating zone sample has higher ZT due to its high 

improvement in the electrical conductivity especially in n-type Rh-doped Ru2Si3. The 

comparison between figure of merit for n-type and p-type doped Ru2Si3 is shown in figure 18 

below. 
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Figure 18: Calculated figure of merit ZT for Rh doped Ru2Si3 as a function of carrier density. Reproduced from ref:[16] 

Apart from manganese and rhodium, titanium is also used as dopants to obtain higher 

thermoelectric properties. Vining and Allevato [132] doped Ru2Si3 with Ti by growing on the 

stoichiometric melts in boron nitride crucibles using Bridgeman-like methods for synthesis. 

Based on the results obtained, titanium doping has successfully decreased the electrical 

resistivity when T>500 K, this result is similar as what Mn dopants did as mentioned earlier. 

However, the obtained hall coefficient was unusual especially when the temperature is below 

500 K. Due to that, carrier concentration calculated from hall coefficient has unusual values. 

The effects of different dopants and synthesis methods were discussed in the paragraph earlier 

from a number of papers [13-16, 107, 127, 129, 132]. Due to several samples used, most of the 

results have extrapolation elements for the calculation of their dimensionless figure of merit. 

Nonetheless, a complete study for this type of silicide has not been accomplished yet. 

 

2.2.1.7 Cobalt monosilicide-based TE materials 

Cobalt monosilicide is an n-type semi metallic, abundant, low cost and environmental friendly 

thermoelectric material for mid-range temperature applications (200-700oC). It is regarded as 

potential thermoelectric materials due to its high electrical conductivity (1 m Ω cm) and decent 

Seebeck coefficient (~80 µ V/K at 300 K). The power factor of CoSi is relatively similar to 

those observed in the state-of-the-art TE materials such as bismuth tellurite [17, 18, 134]. 

Furthermore, the calculations of its band-structure shows narrow band gap indicating its 

potential as good thermoelectric materials [135]. However, the thermal conductivity of CoSi is 

too high to achieve optimum ZT to be used in commercial applications. In order to enhance the 



 

37 

 

thermoelectric performance and increase the overall ZT, several strategy can be optimized: 

increases the charge carriers by adding different dopants; enhancement of phonon scattering 

by promoting crystallographic disorder; and nanostructuring [17, 18, 134, 135].  

Nanostucturing has been widely used to increase the TE performance by lowering the lattice 

thermal conductivity from reduction of lattice contribution [17]. According to Bux et al [70], 

nanostructuring has managed to reduce the lattice thermal conductivity of doped Si materials 

by 90%. Although nanostucturing has successfully enhanced ZT of some TE materials such as 

Mg2Si, CrSi2 and SiGe, the effect of nanostructuring on the thermoelectric performance of 

CoSi have yet been investigated much. A few widely used of nanostructuring techniques 

includes mechanical alloying, SPS or arc melting [17, 134]. He et al [136] synthesize CoSi by 

mechanical alloying and investigated on the CoSi properties and compositions. Longhin et al 

[17] commented that shorter milling time during the synthesis process will obtain less 

contaminations and smaller crystal of CoSi. Longhin and group has successfully proved the 

effectiveness of using MA technique by obtaining pure and homogenous powder from CoSi 

ingots. Furthermore, the thermal stability of nanostructured CoSi was achieved in the mid-

range temperature applications.  

Figure 19 below shows the obtained TEM images of mechanical milling of CoSi powders by 

Longhin et al. The analysis from TEM confirmed the nanostucturing of the CoSi grains with 

the dimension of the powder range from 6 nm to 6 micrometers. Particles with small grain size 

(nm) are usually consist of single-crystal while particles larger than 30nm usually are 

considered as poly-crystalline. The dark-field images on figure 12 (c) shows the identification 

of different types of crystalline in the clusters. 



 

38 

 

 

Figure 19: Images of nanometric arc-melted MM powders obtained from TEM: a) multi-crystal agglomerate, b) within the 

selected area of diffraction pattern, c) Dark-field image. Reproduced from ref: [17] 

One year after, the same research group led by Longhin [134] performed nanostucturing of 

CoSi by spark plasma sintering (SPS). They managed to reduce the total thermal conductivity 

by 35% from SPS treatment. However, this led to an increase in the grain boundary density 

hence lowers the electrical conductivity of CoSi nanostructured material. From the results 

obtained, Longhin et al commented that the probability of increasing the electrical conductivity 

can be enhanced by adding small amounts of boron to segregate the grain boundaries hence 

increase the electrical conductivity and overall ZT values.  

Other than nanostructuring, several attempts have been conducted to increase the 

thermoelectric performances of CoSi. In 2006, He et al [136] used hydrogen storage alloys of 

CoSi prepared by ball milling in aqueous KOH solution and examined the thermoelectric 

properties. Hsu et al [135] investigated the effects of partial substitution of germanium for Si 

on the binary compounds of CoSi. According to Hsu et al, doping of Ge in CoSi enhances the 

lattice phonon scattering by point defect scattering which led to an enhancement in the 

thermoelectric performances and ZT value by increasing the power factor and lowering the 

total thermal conductivity.  
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Similarly to what has been conducted by Hsu et al, Lue et al [18] partially substituted Al to 

CoSi binary compounds and analysed the changes in the thermoelectric properties. From the 

experiments, they found that the substitution of 15 % of Al in Si has significantly reduced the 

electrical resistivity (by 20 times) by increasing the hole carriers. Other than that, doping of Al 

in CoSi has changed the sign of the Seebeck coefficient from negative to positive. Furthermore, 

Al substitution introduced point defects scattering hence significantly lower the lattice thermal 

conductivity and improving the total dimensional figure of merits. Figure 20 below shows the 

obtained results of the thermoelectric properties of CoSi1-xAlx when (x=0-0.015). 

 

Figure 20: a) Electrical resistivity, b) Seebeck Coefficient, c) total thermal conductivity, d) Dimensionless figure of merit of 

CoSi1-xAlx as a function of temperature. Reproduced from ref: [18] 

In order to further enhance the thermoelectric properties of CoSi single crystal, co-doping 

approach was performed by several research groups. In 2006, Pan et al [137] co-doped CoSi 

single crystal with aluminium and phosphor and compared the TE properties with undoped 

sample. Based on the theoretical calculations of the electronic structure, they found that by 

increasing the Al and P concentration on CoSi sample, there are significant increase in the 

density of hole carriers hence decreasing the electrical resistivity. From this, Pan et al 
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commented on the high possibility of increasing the overall dimensionless figure of merit bu 

this co-doping. However, due to limited data obtained, the exact ZT enhancement have yet to 

be obtained. 

Due to limited research papers published on this type of thermoelectric material and less 

popularity compared to Mg2Si, HMS or SiGe, the overall summaries of cobalt monosilicide 

are only limited to several research groups and mostly conducted from complex theoretical 

calculations.   

 

2.2.1.8 Rhenium silicide -based TE materials 

Similar to other types of silicide materials, rhenium silicide (ReSi1.75) is considered as potential 

thermoelectric materials for microelectronic applications [20]. Rhenium silicide has small 

band-gap varying from 0.11-0.36 eV [115, 138]. The thermoelectric properties of rhenium 

silicide are highly anisotropic with p-type behaviour measured along [100] and n-type 

behaviour measured along [001] for single crystals [19]. The Seebeck coefficient of ReSi1.75 

along the [100] is moderate (150-200 µ V/K), but when it is along [001] direction, the Seebeck 

increase to ~250-300 µ V/K. Due to that, high ZT value of 0.7 (n-type) are achieved at 800oC 

when it is measured along [001] direction while ZT of 0.2 are achieved at [100] direction (p-

type). [19]. 

Rhenium silicide (ReSi1.75) has monoclinic crystal structure with organized arrangement of the 

Si vacancies in the underlying C11b structure (with lattice parameters of a= 0.3139 nm, 

b=0.3121 nm, c= 0.7670 nm and β=89.97o). Figure 21 shows the C11b structure of ReSi1.75. 

 

Figure 21: Unit cell of C11b structure. For rhenium silicide, some of the Si atoms are absent from their original positions. The 

Si vacancies are organized in order in the unedrlying C11b structure. Reproduced from ref: [19] 
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In 2003, Harada et al [139] investigated the effects of Mo doping on crystal structure and TE 

performances of ReSi1.75. Based on the results obtained, they found that the concentration of 

silicon vacancies was significantly decreased by increasing of Mo contents. Additional of 2% 

Mo has managed to obtain ZT of 0.8 at 1073 K. Three years after, Haruyuki [140] investigated 

the TE properties of binary and ternary of ReSi1.75 with Mo as dopant as well. The result 

obtained was in agreement with Harada et al, for binary case, ZT of 0.8 is achieved for n-type 

ReSi1.75 due to extensive shear operation on its nano-scale. 

Qiu et al [20] carried out theoretical studies and calculations on Al and Mo doped ReSi1.75. The 

results obtained were similar with Harada et al and Haruyuki, they found that the power factor 

along [100] direction for p-type doped ReSi1.75 and [001] direction for n-type doped ReSi1.75 

are significantly larger compared with un-doped ReSi1.75 compounds. Although the lattice 

thermal conductivity was found to be independent of doping, large decrease in the power factor 

has significantly enhanced the figure of merit of ReSi1.75 compound.  

Other than doping, synthesis techniques were used to improve the thermoelectric performances 

of ReSi1.75. Filonov et al [141] used floating-zone melting method to grow un-doped and Al-

doped single crystal of ReSi1.75 to study the thermoelectric properties theoretically and 

experimentally. Although the highest Seebeck coefficient for undoped and Al-doped sample 

are 130 µ V/K and 100 µ V/K at 800 K which contributed to low ZT value, Al-doped ReSi1.75 

sample has successfully decrease the electrical resistivity by 3 fold compared to undoped 

sample. The precise data of figure of merit was not included in the paper, however, due to low 

electrical resistivity, the possibility of enhancing the figure of merit is high.  
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Figure 22: Thermoelectric properties at different axis directions calculated from the band structure of ReSi1.75 at 600 K as a 

function of carrier concentration; a) electrical conductivities relatives to relaxation time, b) power factor relative to relaxation 

time as a function of doping. Reproduced from ref: [20] 

Chapter 3: Conclusion 

Silicides are one of the most promising thermoelectric materials in current industry due to their 

low cost, environmental friendly, highly abundance and the ability to achieve high 

thermoelectric figure of merit. High ZT that was achieved by those state-of-art thermoelectric 

materials such as Bi2Te3 and PbTe can be achieved in Mg2Si, SiGe and HMS silicide materials. 

The probability of achieving higher ZT in silicide based materials can be enhanced by optimum 

alloying and doping in single or polycrystalline material. Lower band gap silicide such as CrSi2 

and ReSi2 are receiving slightly less attention, however current research has increased the 

possibility of turning those material into advantageous thermoelectric materials for commercial 

applications. 
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Ru2Si3 are important semiconductor material due to its ability to be used in high temperature 

applications such as in space power application. However, currently too little information that 

are available regarding their thermoelectric performance in order to estimate the ZT values.  

Other silicide such as germanides (SiGe) are expected to achieve higher figure of merit. 

Although germanides tend to have small band gaps that restrict their usage in some 

applications, they possess low thermal conductivity, high mechanical strength and high melting 

point which enabled their application in elevated temperature such as radioisotope TE 

generators in space application. 

Based on the summary above, the study for silicides thermoelectric material still require a lot 

of improvement in order to achieve satisfying ZT values. Some of the silicide has achieved 

high figure of merit while others possess high anisotropic properties that are significant in 

anisotropic applications. Hence, fully understanding on the behaviour of these aspects can lead 

to further improvement on its thermoelectric performances. 

 

Chapter 4:  Outlook and Future Challenge  

Environmental friendly thermoelectric materials provide solution for current energy crisis and 

environmental pollution. However, the conversion of thermoelectric efficiency is still low and 

only limited to the laboratory experiment instead of commercial applications. In order to be 

commercialised, the efficiency must be > 40% or ZT must be > 3. To reach ZT of greater than 

3, it would be difficult and complicated as it will need impressive increase in the power factor 

by enhancing the electrical conductivity and lowering the total thermal conductivity.  

Although new technique and technology were implemented to enhance the dimensionless 

figure of merit and thermoelectric efficiency, other issues and difficulties regarding the new 

innovation will need to be overcome. For example, by promoting distortion on the density of 

states and band convergence can increase the carrier effective m* and Seebeck coefficient as 

well, however this will result in large decrease in the carrier mobility. As mentioned in chapter 

2, one way to increase the thermoelectric performances is through nanostructuring approach. 

Using nanostructuring, total thermal conductivity can be decreased, however decreasing the 

thermal conductivity will enhance the carrier scattering.    

Other challenge is to implement the thermoelectric waste heat recovery technology into 

industrial applications. In order to fulfil this, continuous effort in the research for more efficient 
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and inexpensive thermoelectric materials must be conducted. Furthermore, it must be non-toxic 

and sustainable. Silicides based thermoelectric materials have been acknowledged as one of 

the most promising materials for this applications. Furthermore, some silicides such as SiGe 

has pinpointed itself as thermoelectric material with reasonable ZT to be used in space RTG 

applications. Magnesium silicide based are believed to be a promising material for the next 

generation of TE materials for waste-to-heat recovery systems especially in automotive 

industry. It is highly abundant, light weight non-toxic material which is significant for the 

application in transportation field. One drawback of this material is the limitation to be used at 

high temperature applications.  

Other materials apart from silicide such as oxide and organic thermoelectric materials have 

gain large interest as a potential candidate for future thermoelectric application. With the 

growing in technologies, new and better techniques in the nanostructuring might be able to 

develop higher thermoelectric efficiency in the future. 
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Chapter 6: Appendices 

Nomenclature 

ZT Dimensionless figure of merit 

σ Electrical conductivity 

S Seebeck coefficient 

k Thermal conductivity 

kl Lattice thermal conductivity 

ke Electric thermal conductivity 

ρ electrical resistivity 

T  absolute temperature 

n carrier concentration 

μ carrier mobility 

e unit of charge carrier 

Tc cold side temperature 

TH Hot side temperature 

ɳH efficiency of power generation 

ɳC efficiency of cooling system 

L  Lorentz number 

V Thermoelectric voltage 

 

 


