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Abstract 

The objective of this thesis was to study the thermoelectric properties of copper 

chalcogenide-based materials with mixed chalcogen atom sites. Herein, the effect of different 

concentrations of chalcogen atoms on the physical property measurements and the 

performance of the thermoelectric materials with two different crystal structures were 

investigated. In addition, stability studies of two materials with different chalcogen atoms (S 

and Se) surprisingly revealed substantially different behavior. 

 

Due to the stability issues as a consequence of Cu ion conductivity at elevated 

temperatures, the thermoelectric application of Cu2-xS and ɓ-Cu2-xSe is restricted at these 

temperatures. Taking that into consideration, quaternary copper chalcogenides with additional 

large atoms, Ba and Te, were synthesized. The quaternary barium copper selenide- tellurides, 

Ba3Cu16-xSe11-yTey, were synthesized with different x and y values by a melting and slow 

cooling process. Measurement of the thermoelectric properties revealed changes during 

repeated measurements of the same samples. Further investigations including single crystal 

studies after the measurements proved that this is likely a consequence of Cu ion conductivity 

in these materials. The reproducibility of the data was investigated by varying the maximum 

temperature as well as the current density. As a result, decreasing the maximum temperature 

and current density led to full stability. Finally, their figure-of-merit, zT, only reached a 

maximum value of 0.49 at 690 K. 



 

 v 

 Furthermore, thermoelectric properties of the barium copper sulfide-tellurides, 

Ba3Cu16-xS11-yTey, were studied. Among three different studied compositions, hot-pressed 

Ba3Cu15.3S7.5Te3.5 has the highest power factor, 4.6 µW cmï1Kï2, which is almost 50% higher 

than that of the best cold-pressed sample, Ba3Cu16S9Te2 with 2.4 µW cmï1Kï2 at 700 K. These 

quaternary sulfide-tellurides are bestowed with an extraordinarily low total thermal 

conductivity, which is below 0.6 W mī1Kī1 throughout the entire studied temperature range. 

In contrast to the selenides, the sulfides are stable under the applied measurement conditions. 

In addition, their higher stability at elevated temperatures compared to Cu2S and ɓ-Cu2Se with 

high zT values renders them more feasible for thermoelectric devices. Among the three studied 

materials, the one with the highest Te content, Ba3Cu15.3S7.5Te3.5, exhibited the lowest thermal 

conductivity and the highest electrical conductivity, which resulted in zT = 0.88 at 745 K. This 

zT value is also almost two times larger than the zT of Ba3Cu16-xSe11-yTey. 

 

 The quaternary barium copper selenide-tellurides, BaCu6-xSe1-yTe6+y have been 

reported earlier to be p-type semiconductors, when x = 0.1 and y = 0. Here, we studied the 

properties after varying the Cu and the Se/Te concentrations. At first, materials with the same 

nominal Cu concentration, 5.9 Cu per formula unit, and different Se/Te ratios were prepared. 

The different thermoelectric properties indicated that the Se/Te ratio strongly affected the Cu 

deficiency, which is directly responsible for the charge carrier concentration. Single crystal 

structure data revealed the Cu amount to be less than 5.8 per formula unit when y = 0.4; 

therefore, a sample of nominal composition ñBaCu5.74Se0.46Te6.54ò was also studied. This 

sample exhibited an electrical conductivity of 685 ɋī1cmī1 at room temperature, which is 
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almost three times larger than in case of ñBaCu5.9SeTe6ò, in accord with the lower Cu amount 

causing a larger hole concentration. The larger mass fluctuation on the Se/Te site resulted in a 

lower lattice thermal conductivity, but the decreased Seebeck coefficient mitigated a 

performance increase in form of a higher figure-of-merit. In contrast to the binary Cu 

chalcogenides, Cu2-xS and ɓ-Cu2-xSe, the data are stable under the measurement conditions. 
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1. Introduction 

 

1.1 Thermoelectric Phenomena 

 In todaysô society, energy plays a vital role as it is a necessity for everyday life. Fossil 

fuels are a natural resource that our society is heavily dependent on for energy production. 

However, more than half of the energy manufactured is wasted as heat. Also, fossil fuels are 

non-renewable and their cost is ever-increasing due to their depletion.1 Therefore, converting 

this heat into useful energy with inexpensive materials could prove to be very beneficial to 

society. Thermoelectric materials can help solve this issue as they can directly generate useful 

electricity from waste heat. 

 

 One fundamental aspect of thermoelectrics is the Seebeck effect. In 1821 Thomas 

Seebeck noticed a deviation in a compass needle in a loop with a temperature difference 

between the two dissimilar materials in vicinity of it. Although he falsely related this 

phenomenon to the magnetism at the beginning, he studied this effect in a multiple number of 

materials, i.e. metals and semiconductors later on. This so-called Seebeck effect is in essence 

the fundamental of thermoelectrics, which has been used in thermoelectric series to generate 

electricity from heat for several decades.2 The Seebeck coefficient (a) is the voltage difference 

(æV) caused by an applied temperature gradient (æT) at a thermoelectric junction (Equation 

1.1). The automotive industry intends to use this effect by converting waste heat generated 

from gasoline engines into useful energy.3ï6 Dongfeng Trucks,7 Gentherm Incorporated,8 
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SANGO Co., Ltd.,9 Tenneco Inc.,10 and Valeo11 are examples of companies that have tested 

thermoelectric devices in the automotive industry. The Seebeck effect has also been proven to 

be useful in the space industry.6,12 For example, by utilizing the Radioisotope Thermoelectric 

Generators (RTG) in missions such as Apollo, Viking and Voyager, the heat caused by the 

natural decay of Plutonium-238 was successfully converted into electricity.12 

 

 
Ў

Ў
      (1.1) 

 

The opposite effect of the Seebeck, with the application in cooling systems, is called 

the Peltier effect. Almost a decade after the discovery of the Seebeck effect, Peltier discovered 

that the difference in voltage at a thermoelectric junction would result in a temperature 

difference at that junction. This in fact is a result of the generation or absorption of heat while 

the current is passing the junction of two different materials. The Peltier effect, ,́ is computed 

from Equation 1.2, where Q is the heat carried by charges and I is the current across the 

junction. Few examples of the commercialized applications of Peltier effect include car seats, 

coolers and referigerators.13 Companies such as European Thermodynamics14 and II -VI 

Marlow15 have utilized the Peltier effect in some of their products. 

 

“         (1.2) 

 

In 1851, Lord Kelvin (William Thomson) correlated the Seebeck and Peltier effect 
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thermodynamically. In this effect which is known as the Thomson effect, the absorption or 

production of heat is explained based on the direction of the passing current to the thermal 

gradient (Equation 1.3).2 In order, Ŭ, ,́ and T are the Seebeck coefficient, the Peltier effect, 

and the absolute temperature in this equation. 

 

         (1.3) 

 

1.2 Thermoelectric Efficiency and Dimensionless Figure-of-Merit 

 The dimensionless figure-of-merit, zT, of a thermoelectric material is defined in 

Equation 1.4.16 

 

ᾀὝ Ὕ                (1.4) 

 

In the equation above, thermal conductivity, ə , is inversely related to the figure-of-

merit. The power factor of a thermoelectric material, a2s, is the product of the square of the 

Seebeck coefficient, a, and electrical conductivity, s, and thereby a measure for the electrical 

performance of the thermoelectric material. 

 

 The power generator6 and the cooling refrigeratorôs maximum efficiency17 denoted as 

ɖmax and űmax respectively, are shown in Equation 1.5 and Equation 1.6. 
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–
Ὕ( Ὕ#
Ὕ(

ρ ὤὝρ

ρ ὤὝ
Ὕ#
Ὕ(

   (1.5) 

•
Ѝ

Ѝ
   (1.6) 

 

In both equations, ὤὝ is the average figure-of-merit of the device, which is at best the 

average of the zT values of the p-type and n-type materials, averaged over the applied 

temperature range. In order, TH and TC refer to the mean temperature at the hot end and the 

cold end. Thus, improving the zT values of the thermoelectric materials is one of the most 

important areas of thermoelectric studies. Indeed, this is very challenging as all the parameters 

which define the materialôs zT are interrelated. 

 

1.3 Thermoelectric Properties Interdependence 

 In order for a material to achieve larger zT values, the electrical conductivity and the 

Seebeck coefficient should increase, and the thermal conductivity should decrease. However, 

optimizing one parameter typically precludes the optimization of others. 

 

 Excluding lattice thermal conductivity, əL, the rest of the thermoelectric key properties 

are related to the charge carrier density or charge carrier concentration, n, which is expressed 

in Equations 1.7 to 1.10. 

 

    s = n e m     (1.7) 
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    k = kL + ke     (1.8) 

    ke = L0 s T     (1.9) 

    k = kL + L0 n e m T    (1.10) 

 

Where s is the electrical conductivity, e is the elementary charge (1.602 × 10-19 C), n 

is the carrier concentration and m is the charge carrier mobility. In order, ə, əL and əe are 

thermal conductivity, lattice thermal conductivity and electronic thermal conductivity. In the 

equations above, T is the absolute temperature and L0 is the Lorenz number. Equation 1.9 is 

known as the Wiedemann-Franz relation.18 Based on the equations above, increasing n causes 

s and ə to increase. In order for a material to be considered as an effective thermoelectric, the 

carrier concentration should range between 1019 cmï3 - 1021 cmï3 (typical heavily doped 

semiconductors).19 Tuning carrier concentration via doping a compound with electron donors 

or acceptors is the most popular way to effectively optimize n in that compound. 

 

 The number of the available states that could be occupied by electrons at each energy 

level in a material is known as density of states (DOS). Electrical conductivity increases 

proportionally to the available density of states near the Fermi level, DOS(E) (Equation 1.11). 

On the other hand, the Seebeck coefficient is directly related to the first derivative of DOS(E), 

and inversely proportional to DOS(E) (Equation 1.12).20 

 

„ᶿὈὕὛὉȿ     ρȢρρ 
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   (1.12) 

 

Therefore, a large DOS at the Fermi level with a positive impact on the electrical 

transport properties would potentially enhance the efficiency of the thermoelectric material. In 

general, a material that possesses a band structure with concurrent flat bands (larger effective 

mass and larger a) and parabolic bands (larger electron mobility, larger s) are the most ideal 

for thermoelectric performance. In most thermoelectric materials with complexity in their band 

structures, high DOS(E) does not occur with a high electrical conductivity at the same time. In 

contrast, a large Seebeck coefficient attributed to a large number of spikes close to the Fermi 

level is expected. In addition, high complexity of the crystal structure and the band structure is 

favorable for the material to achieve a low thermal conductivity. 

 

According to the Equation 1.8, the thermal conductivity of a thermoelectric material is 

a sum of the electronic, əe, and the lattice, əL, thermal conductivity. The contribution of the 

electronic thermal conductivity to the thermal conductivity in heavily doped semiconductors 

with a large number of charge carriers is noteworthy. This in part affects the thermoelectric 

properties adversely. 

 

The ratio of ə/(sT), known as Lorenz number, L, was first calculated theoretically by 

Drude; applying the ideal gas law in Equation 1.13. 
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‖ ὰ‡ὅ  ‡ʐὅ   (1.13) 

 

Where l is the phonon mean free path, ɡ is the average phonon velocity and CV is the 

volume heat capacity. The phonon mean free path is a product of Ű, the relaxation time, and ɡ. 

Finally, Drude found the ratio of ə/ů based on the assumptions for the kinetic energy and the 

heat capacity calculated from the kinetic energy (ά‡  ὯὝ) and heat capacity (Ὧὲ) 

with n being number of the electrons per unit volume (Equation 1.14).21  

 

 
ὒ ρȢρρ  ρπ  WÝ Kï2  (1.14) 

 

 The L value from Drudeôs model is calculated as 1.11 × 10-8 WÝ Kï2. However, this 

is less than half of the accepted value used nowadays. Based on the Fermi-Dirac statistics for 

a free electron, L is calculated as per Equation 1.15; which was initially presented by 

Sommerfeld.22 

 

ὒ  ςȢττ  ρπ WÝ Kï2   (1.15) 

 

 Here, the applied heat capacity is lower than the heat capacity of the ideal gas in 

Drudeôs calculation by a factor of Ὕ , as it is shown in (Equation 1.16).  
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ὅ ὝὲὯ    (1.16) 

 

In addition, equation 1.15 is based on the corrected estimation of the classical 

mean square velocity, ɡ, by a factor of EF/kBT. 

 

The Lorenz number is expressed as L0 if the electrons are highly degenerate, which 

typically occurs at very low temperatures in metals. However, depending on the type of 

scattering mechanisms in electrical and thermal conductions, L might become smaller or larger 

than L0. At lower temperatures, the electron mean free path is equal for electrical and thermal 

conductivity, le and l t, respectively. These values are equal because only elastic scattering 

occurs at low temperatures. As a result, L = L0 = 2.44 × 10-8 WÝ Kï2 in Equation 1.17. 

 

ὒ ὒ    (1.17) 

 

 At higher temperatures where the scattering process is inelastic, l t  le and therefore L 

 L0.
23 Similar to metals and alloys, deviations from L0 in heavily doped semiconductors 

mainly depend on the temperature of the temperature dependent scattering mechanisms, and 

the level of doping. The value of L for semiconductors is in the range of 1.50 × 10-8 WÝ Kï2 

(non-degenerate limit) and 2.44 × 10-8 WÝ Kï2 (Sommerfeld value; degenerate limit). 
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1.4 Strategies to Reduce the Lattice Thermal Conductivity 

 Lattice thermal conductivity can be decreased in several ways. According to the theory 

proposed by Slack,24 which relates əL to crystallographic results, Equation 1.18 is deduced. 

 

‖  θ
 

Ѝ  g Ⱦ
   (1.18) 

 

 Based on the Equation 1.18, low melting point (Tm), short atomic distances (ŭ), large 

average masses (ά) and a large number of atoms per unit cell (Natom) could assertively suppress 

the lattice thermal conductivity. In this equation, g is the Grüneisen parameter, which relates 

the phonon frequency to volume variation in crystals.25 In general, most efforts to reduce əL 

involve shortening the phonon mean free path. As such, any mechanism of scattering, which 

affects phonons more than electrons, would decrease əL more than the electrical conductivity. 

The term PGEC (Phonon-Glass Electron-Crystal) refers to an ideal thermoelectric material, 

which behaves as glass towards phonons and behaves as crystal with respect to electrons.26 To 

follow up with this concept and according to Equation 1.18, some of the approaches to achieve 

a low əL are listed as follows: utilization of materials with the rattling effect, large mass 

fluctuations, heavier atoms, complex crystal structures, larger lattice defects and fine-grained 

materials for scattering phonons through grain boundaries. Moreover, the extension of PGEC, 

so-called PLEC (Phonon-Liquid Electron-Crystal) which is a result of eliminating all 

vibrational modes, has an outstanding impact on minimizing əL.
27 
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1.4.1 Rattling Effect 

 Type I inorganic clathrates and filled skutterudites are well-known for their low lattice 

thermal conductivity due to the rattling motion of atoms inside cage-like structures. This is 

referred to as the rattling effect. This in turn leads to high thermoelectric performance of these 

materials at elevated temperatures.28,29  

 

 Type I clathrates with the general formula of A8E46 (A = group I or II elements, E = 

group XIII and XIV elements) are classified as Zintl compounds.30 The structure of these 

compounds is composed of a cage-like framework formed by covalent bonding of the host 

atoms, which is filled with a non-bonded ionic so-called ñrattlingò guest atom.31 The rattling 

atom with a large anisotropic atomic displacement parameter (ADP), scatters the phonons and 

lowers əL accordingly.32 The crystal structure of cubic Ba8Ga16Si30 is displayed in Figure 1.1. 
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Figure 1.1 Crystal structure of Ba8Ga16Si30. Space group: cubic Pm3¯n. 

Ba atoms are in black, Ga/Si atoms are in green.33 

 

Two types of cages, pentagonal dodecahedra and tetrakaidecahedra, can be found in 

clathrates I (Figure 1.2). The pentagonal dodecahedral cage contains the atom A1 while the 
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larger tetrakaidecahedron with two hexagonal and twelve pentagonal faces includes the atom 

A2. Hence, A1 and A2 possess very large coordination numbers of 22 and 24, respectively. 

 

 

Figure 1.2 Ba1-centered dodecahedron (left), Ba2-centered tetrakaidecahedron (right). 

Ga/Si atoms are in green. 

 

The electropositive atom, A, donates valence electrons to the E atoms. The A and E 

atoms are also referred to as the ñguest atomsò and the ñhost atomsò respectively. In this 

structure, each E atom is connected to another four E atoms in a three-dimensional anionic 

framework.34 Valence-balanced semiconducting clathrates such as Ba8Ga16(Si,Ge)30 contain 

184 total valence electrons, which are assigned to the host atoms. Since mixed occupied sites 

of E = Ga/(Si,Ge) are present in these structures, the reduced formal balance for all of the E 

anions is one per bond; allowing a valence balanced formula to be achieved.30 Clathrates 

contain free charge carriers as a consequence of valence-imbalance. By varying the 

concentration of the host atoms, these materials can adopt different properties. For example, 

Ba8Ga16-xGe30+x behaves as a p-type semiconductor when x > 0 and n-type when x < 0. The 
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experimentally obtained lattice thermal conductivity of both n-type and p-type materials is ~ 

1.0 W mī1Kī1.35 As mentioned earlier, the relatively low thermal conductivity of clathrates is 

a consequence of the rattling guest atom, thereby the heat-carrying phonons interact with the 

vibrational modes of the rattling atoms to lower the lattice thermal conductivity to around that 

of the glass-like thermal conductivity.36,37 

 

Skutterudites, another example of materials with rattling atoms, crystallize in a cubic 

ReO3-related crystal structure with a space group of Im3¯. In contrast to ReO3, the MQ3 (M = 

transition metals of groups 8 - 10 and Q = pnicogen atoms) octahedra are tilted. As a result of 

the existence of the distorted octahedra, skutterudites are comprised of planar Q4 units and two 

Q12 icosahedra in one unit cell.34 These Q12 icosahedra could be treated similar to the host 

cages in clathrates. In the filled skutterudites, these polyhedra may be either filled with alkaline 

or rare earth elements. The filled skutterudites with the general formula of RM x́M4-xQ12 (R = 

rare earth group,) have a low thermal conductivity due to the existence of the rattling atoms R. 

The crystal structure of the first filled antimonide skutterudite (LaFe4Sb12) and the LaSb12 

icosahedron are depicted in Figure 1.3. 
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Figure 1.3 Crystal structure of cubic LaFe4Sb12. Space group: cubic Im3¯. (La = blue, Fe = 

green and Sb = red) (left), LaSb12 icosahedron (right).38  

 

1.4.2 Materials with Complex Structures 

Materials with complex crystal structures have smaller phonon mean free paths, and 

lower lattice thermal conductivity values. In addition, a low mobility of the charge carriers 

leads to a smaller electrical conductivity of these materials.31,34 

 

ɓ-Zn4Sb3 crystallizes in a rhombohedral crystal structure (space group Rσc). This 

structure is composed of ZnSb4 tetrahedral units. It is also composed of linear chains of Sb 

atoms with distances of 2.82 Å and 3.38 Å. The occupancies of three out of four Zn sites, were 

refined as 4% - 6%; and the occupancy factor of the remaining Zn site was refined as 90% 
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(also deficient). Therefore, the formula was refined as Zn3.83Sb3.
39 Since Sb atoms are in the 

form of isolated anions (Sb3ī) and pairs (Sb4
2ī), using the Zn site with the largest occupancy, 

namely Zn1, and ignoring the three other Zn deficient sites, the crystallographic formula 

(Zn1)6(Sb1)3(Sb2)2 is deduced. Therefore, the charge-balanced formula based on the assigned 

charges is (Zn2+)6.5(Sb3ī)3(Sb)2
4ī for Zn3.9Sb3. Thus, the refined formula of Zn3.83Sb3 is Zn-

deficient. As a result, ɓ-Zn4Sb3 with a band gap of 0.3 ï 0.4 eV is a p-type semiconductor.40,41 

A very low lattice thermal conductivity of 0.65 W mï1Kï1 at room temperature could be mainly 

attributed to a complex structure as well as the presence of many disordered Zn sites and 

vibrations within the Sb atom chains.39,42 A zT of 1.3 at 670 K was attained mostly because 

this material possesses low thermal conductivity.43,44 

 

 Yb14MnSb11 is another example of a material with complexity in its crystal structure. 

This compound crystallizes in a Ca14AlSb11 type structure (space group I41/acd).45 This 

structure is composed of MnSb4 tetrahedral units and a linear Sb3
7- unit with a single bond 

distance of 3.20 Å between Sb atoms (Figure 1.4). A low thermal conductivity of 0.9 - 0.7 W 

mï1Kï1 in a temperature range of 300 K ï 1275 K allows this material to perform well at 

elevated temperatures with a peak zT of 1.1 at 1275 K.46 
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Figure 1.4 Crystal structure of Yb14MnSb11. Space group: I41/acd. Yb atoms are in blue, Mn 

atoms are in green, and Sb atoms are in red. Only MnïSb and SbïSb bonds are shown.45 

 

1.4.3 Heavy Element Containing Materials 

Two of the most famous conventional bulk thermoelectric materials used in 

thermoelectric industries are lead telluride (PbTe) and bismuth telluride (Bi2Te3). PbTe 

crystallizes in the simple cubic rock salt structure. Undoped PbTe with a band gap of 0.32 eV 

and melting point of 1197 K at 300 K serves as a typical semiconductor.47 According to 

Equation 1.18, a low lattice thermal conductivity of ~ 2.0 W mī1Kī1 can be explained by a 

large average mass of 167.4 g molï1 for this material. Therefore, carrier concentration 

optimization through one of the commonly used methods, doping, in conjunction with the 
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relatively low əL led to a large zT. Hence, the n-type PbTe1-xIx and p-type NaxPb1-xTe revealed 

a zT value of 1.4 at 750 K.48,49 The isostructural PbSe also performs as an outstanding 

thermoelectric material at elevated temperatures. This again is in part a result of the 

surprisingly low əL of PbSe, which resulted in a zT of 1.2 at 850 K in case of Na0.007Pb0.993Se.50 

The lower əL of PbSe as compared to PbTe is related to larger anharmonic vibrations of the 

PbSe lattice.51 Recently, layered SnSe, which crystallizes in a three-dimensionally distorted 

NaCl structure, was revealed to possess a remarkably low əL < 0.4 W mī1Kī1 at 923 K. This 

materialôs low lattice thermal conductivity was attributed to large phonon-phonon scattering 

due to a large anharmonicity.52 The proportionality constant that relates the atom displacement 

to the potential energy is called the spring constant. In this case with large anharmonicity, 

increasing atom displacements from equilibrium causes a variation in spring constant and an 

enhancement of the phonon-phonon scattering accordingly. Consequently, a zT of 2.3 for the 

undoped SnSe along the b-axis at 923 K was achieved.53 

 

Bi2Te3-based materials are still known as one of the state-of-the art materials with 

substantial thermoelectric properties around room temperatures and above. Bi2Te3 crystallizes 

in a layered rhombohedral structure with layer orders of éTe-Bi-Te-Bi-Teé along the 

crystallographic c-direction. Therein, each Te atom is coordinated by six Bi atoms, and each 

Bi atom is similarly coordinated by six Te atoms (Figure 1.5). At the outside of this 5-layer 

package, each Te atom is surrounded by only three Bi atoms. Due to the anisotropic crystal 

structure, the physical properties are also anisotropic. For example, the value of the thermal 
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conductivity measured perpendicular to the c-axis is 1.5 W mī1Kī1, which is over two times 

larger than the one along the c-axis, 0.7 W mī1Kī1.54 

 

 

Figure 1.5 Layered crystal structure of Bi2Te3; octahedral BiTe6 polyhedra are highlighted.54 

 

1.4.4 Mass Difference (Mass Fluctuation) 

Mass difference scattering, which is also known as mass fluctuation scattering, is one 

of the most important phonon scattering mechanisms. The strength of the phonon scattering 

caused by the mass fluctuation is expressed by 

 

ː  ВὪ ρ   (1.19) 



 

 19 

 Where ɻ is the strength of the phonon scattering, fi is the fractional concentration of the 

impurity mass, Mi is the impurity mass and ὓ  ВὪὓ  is known as the mean atomic mass. 

Here, impurities are atoms with a different size and mass than that of the host atoms.55 Further 

reductions to the lattice thermal conductivity of Bi2Te3 were accomplished by the formation of 

the solid solutions such as Bi2(TexSe1-x)3 and (Bi1-xSbx)2Te3, which crystallize in the 

rhombohedral structure. By reducing the lattice thermal conductivity due to the mass 

fluctuation (alloy disorder), a maximum zT of 1.0 at 300 K for n-type Bi2Te2.7Se0.3 and p-type 

Bi0.5Sb1.5Te3 was achieved. 54 

 

 Silicon-germanium alloy, Si1-xGex, could be utilized in thermoelectric applications at 

temperatures greater than 800 K with no significant deterioration. These alloys possess 

remarkably lower lattice thermal conductivity, namely 10 W mī1Kī1 for Si0.7Ge0.3, than 

elemental Si, 150 W mī1Kī1, and Ge, 63 W mī1Kī1.56 The largest zT of around 1.0 was reached 

for the n-type Si0.8Ge0.2 at 900 K, whereas the so far maximum zT value of the p-type Si1-xGex 

materials is only 0.6.57 

 

 The materials studied in chapters 3 and 4 of this thesis, Ba3Cu16-xSe11-yTey and Ba3Cu16-

xS11-yTey, possess low lattice thermal conductivities as a result of mass fluctuation and complex 

structures. 
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1.4.5 Nanomodifications 

 Nanostructuring is a proven technique to improve the ratio of the electrical transport 

properties to thermal conductivity. Ideally, this technique decreases the short to medium 

phonon mean free paths due to scattering via grain boundaries, thereby effectively reduces the 

lattice thermal conductivity. Furthermore, enhancement of the Seebeck coefficient through 

energy filtering while the electrical conductivity chiefly remains unchanged, improves the ratio 

of the electrical transport properties to the thermal conductivity. A scheme of the effect of 

different nanoparticles and interfaces on mean free paths of the phonons and electrons is 

presented in Figure 1.6.58ï60  

 

 

      Figure 1.6 Effect of particles and interfaces on mean free paths of phonons and electrons. 

Reprinted with permission from ref.61 Copyright 2019 Elsevier. 

 




















































































































































































































