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Lay Abstract 

In recent decades, renewable energy has attracted a lot of attention due to an increase in 

the global energy use and depletion of fossil fuel reserves. Thermoelectric materials are 

expected to play a vital role as green energy generators to overcome the upcoming energy 

crisis as they can directly convert waste heat into electricity through the Seebeck effect. 

In this dissertation, the main goal is optimizing the thermoelectric performance of SnTe for 

the above room temperature applications. Different doping/ substituting/alloying strategies 

were applied to improve the performance. The obtained thermoelectric properties of the 

SnTe-based materials were rationalized in terms of the charge carrier behavior, changes in 

the electronic structure, and phonon propagation.  
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Abstract 

The lead-free tin telluride (SnTe) is considered as a potential candidate to substitute lead 

telluride (PbTe) for thermoelectric power generation based on their similar crystal and 

electronic structures. However, the relatively high lattice thermal conductivity and low 

Seebeck coefficient of pristine SnTe are detrimental for real-life applications. This 

dissertation explored elements-doping/substituting of SnTe to overcome those 

shortcomings and improve SnTe thermoelectric performance. 

A series of the Sn1-xGexTe phases were synthesized and studied. When the Ge amount 

reaches 50% or higher, Sn1-xGexTe undergoes a phase transition from the rock-salt structure 

(Fm3̅m) to the rhombohedral one (R3m). The Sn0.5Ge0.5Te phase was explored in more 

details because it delivers the best thermoelectric performance with the Sn1-xGexTe series. 

The electron-richer Sb and Bi were substituted on the Sn/Ge site to optimize the charge 

transport properties, and Cu2Te was added into the matrix to improve the thermoelectric 

performance further. 

 The In/Sb and In/Bi co-doping on the Sn/Ge sites was employed for Seebeck coefficient 

optimization. A comparative study of the electronic structure of the Sn0.5Ge0.5Te-based 

samples was performed. The calculations indicated a band convergence and changes in the 

valence band, thus providing insight into the co-doping effects. 

Suppression of the lattice thermal conductivity of SnTe was performed via alloying with 

AgSnSe2 and PbTe, which introduced strong atomic disorder. Additionally, AgSnSe2 

showed a hole donor behavior in SnTe, and the increased carrier concentration 
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compensated for the reduction in the carrier mobility, thus rendering a decent electrical 

conductivity in alloyed samples. As a result, the alloying effectively improved the samples' 

thermoelectric performance. 
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Chapter 1. Introduction 

Today, fossil fuels are still a significant energy source; however, only around 40% of their 

energy is used, and the rest is rejected into the environment as waste heat.1 If this waste 

heat could be captured and converted into electricity, this would significantly increase the 

overall efficiency of energy consumption processes and, thereby, reduce our carbon 

footprint. Thermoelectric materials can directly convert heat into electricity through the 

Seebeck effect, and they are expected to play a vital role as green energy generators in the 

future.2 

1.1  Thermoelectric effects 

In the thermoelectric field, the Seebeck, Peltier, and Thomson effects are the fundamental 

principles that explain the relationship between temperature gradient, electric voltage and 

current.3 

1.1.1 Seebeck effect 

In 1822, the German physicist Thomas Johann Seebeck observed that a magnetic field was 

produced when a closed circuit was made of two dissimilar metals with a temperature 

gradient at the junction. As a result, the needle of a nearby magnetic compass was deflected. 

Upon further experimentation, Seebeck concluded the phenomenon was due to changes in 

a magnetic field, and the degree of deflection of the magnetic compass needle is 

proportional to the temperature gradient applied on the junction of two dissimilar metals.4 

Seebeck named this phenomenon is a Seebeck effect. Unfortunately, he didn’t realize the 
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electrical nature of the effect, so the Seebeck effect was classified as a thermomagnetic 

effect until 1823.  

The Danish physicist Hans Christian Ørsted reported the current generated in a closed 

circuit made of two dissimilar metals when a temperature gradient is applied at the 

junctions of the circuit.5 Today, the Seebeck effect is described as the potential difference 

induced by a temperature gradient in a closed circuit made of two dissimilar metals, and 

the Seebeck coefficient α (referenced as thermopower) is expressed by the potential 

difference (∆𝑉 ) against the temperature gradient (∆𝑇) at the linked junctions of two 

dissimilar metal, as given by equation (1-1).6 

𝛼 = −
∆𝑉

∆𝑇
 (1-1) 

The sign of the Seebeck coefficient is dependent on the dominant charge carriers in a 

material; this coefficient is negative for an n-type material and positive for a p-type 

material.7 

1.1.2 Peltier effect 

In 1834, the French scientist Jean Charles Athanase Peltier discovered the Peltier effect, 

which can be understood as the reverse phenomenon of the Seebeck effect. Peltier observed 

a temperature difference between two junctions when an electrical current was applied in 

a closed circuit made of two dissimilar metals.6,7 The definition of Pletier effects was 

completed by Russian scientist Heinrich Friedrich Emil Lenz in 1839; he reported that the 

absorption/dissipation of heat at junctions is related to the direction of the electrical current 
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in the closed circuit.8 The mathematical expression of the Peltier effect is shown by the 

equation (1-2),7 where Π is the Peltier coefficient, Q is the heat flow, and I is the electrical 

current.  

𝛱 =
𝑄

𝐼
 (1-2) 

 

Figure 1.1. A schematic diagram of (a) Seebeck effect and (b) Peltier effect. 

1.1.3  Thomson Effect 

The British mathematical physicist William Thomson discovered the Thomson effect and 

published this effect in 1854.9 Unlike the Seebeck and Peltier effects which are observed 

in a closed circuit made of two dissimilar metals, the Thomson effect is defined by 

absorption/dissipation of heat along a homogeneous conductor when an electrical current 

is applied with a temperature gradient.6–8 Heat energy Q that is produced for a current 

density j across a non-isothermal homogeneous conductor is given by the equation (1-3).8,10 

𝑄 = −𝑇𝑗 ∙ 𝛻𝛼 (1-3) 
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Where T is the absolute temperature, 𝑗 is current density, and 𝛻𝛼 is the change of Seebeck 

coefficient with the temperature, multiplied by the temperature gradient 𝛻𝑇  in a 

homogeneous conductor (1-4). 

𝛻𝛼 = (
𝑑𝛼

𝑑𝑇
)𝛻𝑇 (1-4) 

By combing equations (1-3) and (1-4):  

𝑄 = −𝑇𝑗 ∙ (
𝑑𝛼

𝑑𝑇
)𝛻𝑇 (1-5) 

Based on equation (1-5), the Thomson coefficient 𝜏𝑇  is defined as: 

𝜏𝑇 = 𝑇(
𝑑𝛼

𝑑𝑇
) (1-6) 

 

 

Figure 1.2. A schematic diagram of Thomson effect. 

Thomson also established mathematical relationship between the Seebeck and Peliter 

coefficients:8 

𝛱 = 𝛼𝑇 (1-7) 
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1.2  Thermoelectric Materials 

The thermoelectric (TE) devices are made from both an n- and a p-type semiconductors, 

and they can directly convert electricity into thermal energy via the Peltier effect or thermal 

energy into electrical current via the Seebeck effet.11 Figure 1.4 (a) shows the refrigeration 

mode; holes follow the direction of the current and electrons follow the inverse direction 

of the current applied in the loop, and the heat is absorbed or released at each end of the 

junction. Figure 1.4 (b) shows the power generation mode; charge carriers follow the 

temperature gradient from the hot side to the cold side, and an electrical current is generated 

in the loop. 

 

Figure 1.3. (a) The refrigeration mode and (b) the power generation mode for a 

thermoelectric generator. 
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1.2.1 Thermoelectric Figure of Merit 

In 1949, the Russian physicist Abram Fedorovich Ioffe defined the figure of merit of 

thermoelectricity by using the dimensional parameter ZT.8,12 In Figure 1.3 (a), the total heat 

energy 𝑄𝑐  absorbed at the cold junction of a thermoelectric cooler is given by the 

equation:13 

𝑄𝑐 = (𝛼𝑝 − 𝛼𝑛)𝐼𝑇𝑐 − 𝐾𝑡𝑜𝑡∆𝑇 −
1

2
𝐼2𝑅𝑡𝑜𝑡  (1-8) 

Where 𝛼𝑝 𝑎𝑛𝑑 𝛼𝑛 is the Seebeck coefficient of the p- and n-type branches (note: the n-

type semiconductor presents a negative Seebeck coefficient, which leads to a negative 

Peltier heat flow), I is the current applied in the loop, 𝑇𝑐 is the temperature at the cold 

junction, Ktot is the total thermal conductance, ∆𝑇 is the temperature difference between 

hot and cold junction, and 𝑅𝑡𝑜𝑡  is the total electrical resistance of the thermoelectric 

generator. And the Ktot  and  𝑅𝑡𝑜𝑡 can be described by equations (1-9) and (1-10).13 

𝐾𝑡𝑜𝑡 = 𝑘𝑝
𝐴𝑝

𝐿𝑝
+ 𝑘𝑛

𝐴𝑛

𝐿𝑛
 (1-9) 

𝑅𝑡𝑜𝑡 = 𝜌𝑝
𝐿𝑝

𝐴𝑝
+ 𝜌𝑛

𝐿𝑛

𝐴𝑛
  (1-10) 

Where  𝑘𝑝 𝑎𝑛𝑑 𝑘𝑛,  𝐴𝑝 𝑎𝑛𝑑 𝐴𝑛, 𝐿𝑝 𝑎𝑛𝑑 𝐿𝑛  and 𝜌𝑝 𝑎𝑛𝑑 𝜌𝑛 are the thermal conductivity, 

the cross area, the thermoelement length, and the electrical resistivity of the p- and n-type 

branches. 

The maximum current 𝐼𝑚𝑎𝑥  of the cooling mode can be calculated by taking the 1st 

derivative of 𝑄𝑐 with respect to I and setting it to zero:13 
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𝐼𝑚𝑎𝑥 =
(𝛼𝑝−𝛼𝑛)𝑇𝑐

𝑅𝑡𝑜𝑡
  (1-11) 

Based the equation (1-8) and (1-11), the maximum temperature differences ∆𝑇𝑚𝑎𝑥 can be 

written as:13 

∆𝑇𝑚𝑎𝑥 =
(𝛼𝑝−𝛼𝑛)

2𝑇𝑐
2

2𝐾𝑡𝑜𝑡𝑅𝑡𝑜𝑡
  (1-12) 

Then the temperature-dependent figure of merit, z, is defined by the equation (1-13).13 

𝑧 =
(𝛼𝑝−𝛼𝑛)

2

𝐾𝑡𝑜𝑡𝑅𝑡𝑜𝑡
  (1-13) 

Based on the equation (1-13), z is only depended on the properties of n- and p-type legs. 

Due to 𝑅𝑡𝑜𝑡 and Ktot are both dependent on the dimensions of the legs, the equation (1-13) 

can be expanded by plugging equations (1-9) and (1-10) into equation (1-13). 

𝑧 =
(𝛼𝑝−𝛼𝑛)

2

𝑘𝑝𝜌𝑝+ 𝑘𝑝𝜌𝑛(
𝐿𝑛𝐴𝑝

𝐿𝑝𝐴𝑛
)
1
2+𝑘𝑛𝜌𝑝(

𝐿𝑝𝐴𝑛

𝐿𝑛𝐴𝑝
)
1
2+𝑘𝑛𝜌𝑛

 (1-14) 

When  

𝐿𝑛𝐴𝑝

𝐿𝑝𝐴𝑛
=
𝑘𝑝𝜌𝑝

𝑘𝑛𝜌𝑛
 (1-15) 

the equation (1-14) can be optimized to  

𝑧 =
(𝛼𝑝−𝛼𝑛)

2

[(𝑘𝑝𝜌𝑝)
1
2+(𝑘𝑛𝜌𝑛)

1
2]2
 . (1-16) 

For a single n- and p-type semiconductor, the thermoelectric figure of merit is defined by 

the equation (1-17).13 



Ph.D. Thesis – Shaochang Song; McMaster University – Chemistry and Chemical 

Biology 

8 
 

𝑧𝑇 =
𝛼2𝑇

𝜌𝑘
 (1-17) 

And the power factor for a single n- and p-type semiconductor is defined as the equation 

(1-18).13 

𝑃𝐹 =
𝛼2

𝜌
= 𝛼2𝜎 (1-18) 

Where 𝜎 is the electrical conductivity. 

1.2.2 Thermoelectric Efficiency 

In 1909, the German scientist Edmund Altenkirch satisfactorily formulated the efficiency 

η of a thermoelectric generator via equation (1-19).14 

𝜂 =
𝑊𝑜𝑢𝑡

𝑊𝑖𝑛
=
𝑊𝑜𝑢𝑡

𝑄ℎ
=
𝐼2𝑅𝐿 

𝑄ℎ
 (1-19) 

Where 𝑊𝑜𝑢𝑡 and 𝑊𝑖𝑛 are the work output and input. In Figure 1.4 (b), 𝑊𝑖𝑛 equals to the 

total heat energy drawn from the heat source, 𝑄ℎ ,of the thermoelectric generator (equation 

(1-20)), and the 𝑊𝑜𝑢𝑡 can be calculated by the load resistance, 𝑅𝐿.
15  

𝑄ℎ = (𝛼𝑝 − 𝛼𝑛)𝐼𝑇ℎ + 𝐾𝑡𝑜𝑡∆𝑇(1-20) 

Assuming ∆𝑇 = 𝑇ℎ − 𝑇𝑐, then the equation can be expanded to  

𝜂 =
𝐼2𝑅𝐿 

𝑄ℎ
=

𝐼2𝑅𝐿 

(𝛼𝑝−𝛼𝑛)𝐼𝑇ℎ+𝐾𝑡𝑜𝑡(𝑇ℎ−𝑇𝑐) 
 (1-21). 

In the thermoelectric system, the generated electrical current can be described by  

𝐼 =
(𝛼𝑝−𝛼𝑛)(𝑇ℎ−𝑇𝑐)

𝑅𝑡𝑜𝑡+𝑅𝐿
 . (1-22)14 
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Let’s define parameter, m, as the ratio of the load resistance to the total resistance of the 

thermoelectric generator.14 

𝑚 =
𝑅𝐿

𝑅𝑡𝑜𝑡
 (1-23) 

Then equations (1-22) and (1-23) can be substituted in equation (1-21) leading to  

𝜂 =
𝑇ℎ−𝑇𝑐 

𝑇ℎ

𝑚

𝑚+1
 

1+
𝐾𝑡𝑜𝑡𝑅𝑡𝑜𝑡(𝑚+1)

𝑇ℎ(𝛼𝑝−𝛼𝑛)
2  

 .  (1-24) 

And the maximum efficiency 𝜂𝑚𝑎𝑥  of the thermoelectric generator can be derived by 

calculating the 1st derivative of the equation (1-24) with respect to m, through 
𝑑𝜂

𝑑𝑚
= 014 

𝜂𝑚𝑎𝑥 =
𝑇ℎ−𝑇𝑐 

𝑇ℎ

√1+𝑍�̅�−1

√1+𝑍�̅�+
𝑇𝑐
𝑇ℎ
 
 (1-25) 

with �̅� =
𝑇ℎ+𝑇𝑐

2
. The thermoelectric efficiency would approach the Carnot efficiency when 

𝑍�̅� approaches infinity.14 

1.3  Theory 

1.3.1 Electron Transport in Crystals 

The “Free-Electron Gas” approximation is a good model for electron transport in metals. 

In this model, all electrons are delocalized and there are no interactions between electrons 

the ion cores. The electrons move freely in a three-dimensional cube of an edge 𝐿𝑐𝑢𝑏𝑒 with 

an infinite barrier at the surfaces.16,17 With these boundary conditions, the behavior of 

electrons can be described by the time-independent Schrӧdinger equation:16,17 
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−
ℏ2

2𝑚𝑒
𝛻2𝜓𝑘(𝒓) = 𝐸𝑘𝜓𝑘(𝒓) (1-26) 

Where 𝜓𝑘(𝒓) is the wavefunction of the electron, 𝑚𝑒 is the mass of an electron, and 𝐸𝑘 is 

energy of the electron. Solution of the time-independent Schrӧdinger equation provides 

possible energy states of the electron:16,17 

𝐸𝑘 = 
ℏ2𝒌2

2𝑚𝑒
= 

ℏ2

2𝑚𝑒
(𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2) (1-27) 

Where 𝒌 is the wavevector that is quantized by the principal quantum number 𝑛𝑝:16,17 

𝑘 =  
𝜋

𝐿𝑐𝑢𝑏𝑒
𝑛𝑝 (1-28) 

While the “Free-Electron” model can give us insights into the electrical properties of metals, 

it is inadequate to explain some transport phenomena in semiconductors (e.g., energy gap). 

The “Nearly-Free Electron” (NFE) model was derived based on the “Free-Electron” model, 

and it describes the carrier’s transport in semiconductors more appropriately. In the NFE 

model, the interactions between delocalized electron waves with the ion cores are modeled 

by a periodic potential, and the potential has the same periodicity as the crystal lattice.18,19 

In the NFE model, the periodic boundary conditions over a cube of side 𝐿𝑐𝑢𝑏𝑒 is defined 

as 𝑘𝑥 = 𝑘𝑦 = 𝑘𝑧 =  0,±
2𝜋

𝐿𝑐𝑢𝑏𝑒
… ,±

2𝜋

𝐿𝑐𝑢𝑏𝑒
𝑛 (𝑛 = 1,2,3… ) .18,19 And the possible energy 

state of an electron move in a three-dimensional cube of an edge 𝐿𝑐𝑢𝑏𝑒 can be described by 

the equation (1-27) with the periodic boundary conditions. The wavefunction for an 

electron with a periodic potential in a crystal lattice is given by the Bloch’s theorem:18,19  

𝜓𝑘(𝒓) =  𝑢𝑘(𝒓)𝑒
𝑖𝑘·𝒓 (1-29) 
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Where 𝑢𝑘(𝑟) is a function that has the same periodicity as the crystal lattice. According to 

equation (1-29), the wave of electron oscillates periodically from one unit cell to the 

next.18,19  

1.3.1.1 Energy gap in a Physicist’s View 

Energy gaps in electron band structure is an essential characteristic of semiconductor. 

However, the “Free-Electron” model cannot describe the energy gap formation. In the NFE 

model, the energy gap formation can be clearly explained by Bragg’s reflection of electron 

waves in crystals.18,19 The Bragg reflection is an essential character of a wave propagating 

in crystals,20 and the equation (1-30) describes the condition for the Bragg reflection in a 

linear monatomic lattice with the lattice constant 𝑎 within the NFE model.18,19 

𝑘 =  ±
𝜋

𝑎
𝑛 (𝑛 = 1,2,3… ) (1-30) 

Based on the equation (1-30), the 1st Brillouin zone is defined at the region between +
𝜋

𝑎
 

and −
𝜋

𝑎
 in the 𝐸𝑘 versus 𝒌 plot, and the 1st energy gap occur at ±

𝜋

𝑎
. The wavefunctions at 

the edges of 1st Brillouin zone (𝑘 = ±
𝜋

𝑎
) contribute equally to the wave traveling to the left 

and to the right.  The condition of Bragg reflection is also satisfied by a traveling wave at 

𝑘 = ±
𝜋

𝑎
, so the counter-propagating “Bragg-reflected” waves can be formed. Two standing 

waves 𝜓+and 𝜓−are formed at = ±
𝜋

𝑎
, these two sanding waves can be represented as the 

superposition of an incoming and a reflected wave. Two standing waves are formed and 

shown by equation (1-31) and (1-32).18,19 
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𝜓+ = 𝑢𝑘(𝒓)2cos (
𝜋𝒓

𝑎
) (1-31) 

𝜓− = 𝑢𝑘(𝒓)2𝑖sin (
𝜋𝒓

𝑎
) (1-32) 

The delocalized electrons in the state 𝜓+ have the maximum charge density at the ion cores, 

and in the state 𝜓− between the ion cores. As these two standing waves pile up electrons at 

different regions, the potential energies of electrons in 𝜓+  and 𝜓−  are different. The 

difference in the potential energy is represented as a deviation from the free-electron energy 

parabola in the 𝐸𝑘 versus 𝒌 plot, and this energy difference is called “Energy Gap”.18,19 

The Figure 1.4 schematically describes the energy gap 𝐸𝑔 associated with the splitting of 

the free-electron energy parabolas at 𝑘 = ±
𝜋

𝑎
.  

 

Figure 1.4. Illustration of the energy gap 𝐸𝑔 associated with the 1st Bragg reflection at ±
𝜋

𝑎
 

in the 𝐸𝑘 versus 𝒌 polt.18 
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1.3.1.2 Energy gap in a Chemist’s View 

Hydrogen atoms or hydrogen molecules in a one-dimensional linear chain will be 

employed as a model to explain the energy gap formation. For the hydrogen atoms model, 

equally-spaced atoms are aligned periodically in a one-dimensional linear chain, and two 

hydrogen atoms are assumed within one unit cell of edge 2𝑎.  Figure 1.5 (a) shows that the 

unit cell contributes two bands: the upper and lower bands stems from the anti-bonding 

and bonding combinations. The most bonding combination and anti-bonding combination 

are both observed at 𝑘 = 0, and the non-bonding combinations are observed at 𝑘 =
𝜋

𝑎
.21 

 For the hydrogen molecule, instead of having a linear chain of equal-spaced hydrogen 

atoms, there is a linear chain of dimerized hydrogen atoms in the unit cell of edge 2𝑎. Now 

the atoms within the unit cell are closer than the atom between the unit cells, therefore the 

bonding interactions in the unit cell will be stronger than the anti-bonding between the unit 

cells at 𝑘 =
𝜋

𝑎
. As a result, the energy of the bonding combinations is reduced at  𝑘 =

𝜋

𝑎
 on 

the 𝐸𝑘 versus 𝒌 plot. A similar argument can be used to explain the increasing energy of 

the anti-bonding combination at  𝑘 =
𝜋

𝑎
. The energy separation of bands is called a Peierls 

distortion, and it leads to the energy gap. 
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Figure 1.5. (a) Electronic structure of hydrogen atoms in a one-dimensional linear chain, 

and (b) the resulting Peierls distortion.21 

1.3.2 Effective Mass of Carriers 

Electrons in a crystal are not free, instead they interact with the periodic potential of the 

lattice. Thus, an electron in a crystal can behave as if it had a mass different from the free 

electron mass. Generally, the electron effective mass (𝑚𝑏
∗ ) of a single parabolic band is 

defined by the inverse of the curvature of the band in the k space. The mathematic 

expression of the 𝑚𝑏
∗  can be derived by the nearly free electrons (NFE) model:22,23 

1

𝑚𝑏
∗ = 

1

ℏ
2

𝑑2𝐸(𝑘)

𝑑2𝑘
 (1-33) 

Where ħ is the reduced the Planck’s constant (
ℎ

2𝜋
), 𝐸(𝑘) is the energy of the charge carrier 

at the wavevector k, and 𝑚𝑏
∗  is a band effective mass. Based on the equation (1-33), the 

band with a high curvature (light band) has a small effective mass, and the band with a low 

curvature (heavy band) has a larger effective mass. Also, the 𝑚𝑏
∗  can be a negative value 

when the electron sits near the top of a valence band (concave shape). To avoid using an 
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electron with negative mass, the concept of holes is involved: a particle with a positive 

charge and a positive mass. 

In a degenerate semiconductor, the charge carrier transport is generally dominated by 

degenerate bands. The density of state (DOS) effective mass (𝑚𝐷𝑂𝑆) is introduced, it is 

proportional to the 𝑚𝑏
∗ :24,25 

𝑚𝐷𝑂𝑆 = 𝑁𝑉

2

3𝑚𝑏
∗  (1-34) 

Where 𝑁𝑉 is the number of conducting valleys, and it can be separated into two parts: 𝑁𝑉 =

𝑁𝑏𝑎𝑛𝑑 · 𝑁𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦.24,25 Where 𝑁𝑏𝑎𝑛𝑑 is the number of valleys that are converged at the 

energy level and 𝑁𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 is the number of the degeneracy of the high symmetry point 

in the Brillouin zone. Figure 1.6 shows the Fermi surface of SnTe with a rock-salt structure 

(Fm3̅m) in the 1st Brillouin zone.26 The conducting valley exists at L with 𝑁𝑏𝑎𝑛𝑑 = 1 and 

𝑁𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 = 4, and at Σ with 𝑁𝑏𝑎𝑛𝑑 = 1 and 𝑁𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 = 12. 

 

Figure 1.6. The Fermi surface of the L and Σ bands in the pristine SnTe (Fm3̅m) in the 1st 

Brillouin zone.26  
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1.3.3 Electrical Conductivity 

The electrical conductivity (𝜎) is ability to conduct electrical current, and it has an inverse 

relationship with the electrical resistivity (𝜌):  

𝜎 =
1

𝜌
=

𝑙𝑠

𝑅𝑜·𝐴𝑠
 . (1-35) 

Where 𝑅𝑜  is the electrical resistance, 𝑙𝑠 is the length and  𝐴𝑠  is the cross area of the 

specimen.27  

Based on the electrical conductivity, materials can be classified as metals (𝜎 > 104 S m-1), 

semiconductors (10-3 S m-1 < 𝜎 < 104 S m-1) and insulators (𝜎 < 10-3 S m-1).27  

1.3.3.1 Electrical Conductivity Estimated by Drude Model 

In highly electrically conductive materials, the Drude model assumes electrons behave like 

an ideal gas, and an individual electron will be scattered every τ second.17 According to the 

Drude model,17 the electrical conductivity can be expressed by 

𝜎 =  
𝑛𝑒2𝜏

𝑚𝑏
∗ . (1-36) 

Where 𝑛 is the carrier concentration, 𝑒 is the electron charge, τ is the relaxation time of 

charge carriers, and 𝑚𝑏
∗  is the band effective mass. The carrier mobility, μ, is defined as 

𝜇 =  
𝑒𝜏

𝑚𝑏
∗ . (1-37) 

Then the expression of electrical conductivity can be simplified as. 

𝜎 =  𝑛𝑒𝜇 (1-38) 
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For metal-like conductors and intrinsic semiconductors, the temperature dependence of 

electrical conductivity is generally different. 

 

Figure 1.7. The temperature dependence of electrical conductivity in a metal-like conductor 

and an intrinsic semiconductor.28 

The electrical conductivity of metal-like conductors decreases with temperature; such 

behavior is related to the temperature-dependent phonon-electron interactions, i.e. to the 

electron scattering induced by atomic vibrations.29 In the intrinsic semiconductor, the 

electrical conductivity increases as more electrons are excited from the valence band into 

the conduction band at higher temperatures.17 
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1.3.4 Seebeck coefficient 

Within the nearly free electrons (NFE) model, the Seebeck coefficient for metals and 

degenerate semiconductors can be represented by the Mott formula:30,31 

𝛼 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2
𝑚𝐷𝑂𝑆𝑇(

𝜋

3𝑛
)
2

3 (1-39) 

Where 𝑘𝐵 is the Boltzmann constant, h is the Planck’s constant, 𝑚𝐷𝑂𝑆 is the density of 

states (DOS) effective mass, T is the temperature, and n is the carrier concentration. This 

equation shows the 𝛼 is linearly dependent on T and 𝑚𝐷𝑂𝑆 , however, 𝛼 has an inverse 

relationship with n. 

Generally, both electrons and holes are present in a material, the total Seebeck coefficient 

(𝛼𝑡𝑜𝑡) is given by:32,33 

𝛼𝑡𝑜𝑡 =
𝜎ℎ𝛼ℎ+𝜎𝑒𝛼𝑒

𝜎ℎ+𝜎𝑒
 (1-40) 

Where 𝜎ℎ and 𝜎𝑒 is the electrical conductivity of holes and electrons, and 𝛼ℎ and 𝛼𝑒 is the 

Seebeck coefficient contributed by holes and electrons. The 𝛼𝑡𝑜𝑡 can be negatively affected 

by the minority charge carriers and temperature. The concentration of minority charge 

carriers potentially increases with temperature, which increases their contribution to the 

Seebeck coefficient and electrical conductivity. As a result, larger temperatures decrease 

the nominator (𝛼ℎ  and 𝛼𝑒  are positive and negative, respectively) and increase the 

denominator in equation (1-40).  
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Increased contribution of the minor carriers is known as bipolar effect. Bipolar effect is 

easily observed during thermopower and electrical conductivity measurement: |𝛼𝑡𝑜𝑡| 

reaches a peak value and 𝜎ℎ + 𝜎𝑒 reaches a bottom value at certain temperature.34 The 

bipolar effect is widely observed in SnTe, GeTe and PbTe based thermoelectric (TE) 

materials with a small band gap.35–38 

1.3.5 Thermal Conductivity 

The total thermal conductivity (𝑘𝑡𝑜𝑡) is the sum of two components: electronic thermal 

conductivity (𝑘𝑒) and lattice thermal conductivity (𝑘𝑙).
39 

𝑘𝑡𝑜𝑡 = 𝑘𝑒 + 𝑘𝑙 (1-41) 

1.3.5.1 Electronic Thermal Conductivity 

In metals, the 𝑘𝑒  is the amount of heat carried by conducting electrons at a given 

temperature (T), and the mathematical expression for such process is:40 

𝑘𝑒 = 
𝜋2𝑛𝑘𝐵

2𝜏

3𝑚𝑏
∗ 𝑇 (1-42) 

Where n is the carrier concentration, 𝜏𝑒 is the relaxation time of carriers, and 𝑚𝑏
∗  is the 

band effective mass. By dividing equation (1-42) divided by (1-38), the following 

relationship between 𝑘𝑒 and 𝜎 is obtained (also known as the Wiedmann-Franz Law41). 

𝑘𝑒

𝜎
= 

𝜋2𝑘𝐵
2

3𝑒2
𝑇 (1-43) 

The constant (
𝜋2𝑘𝐵

2

3𝑒2
) is called the Lorenz number (L). Thus, the electronic conductivity is 

proportional to the electrical conductivity, and the equation (1-43) can be re-written as: 

𝑘𝑒 =  𝐿𝜎𝑇 (1-44) 
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For semiconductors, the electronic structure can be affected by temperature, thus the L will 

be temperature dependent. As the result, the effective Lorenz number (𝐿𝑒𝑓𝑓) is widely used 

to estimate the thermal conductivity in semiconductors, and its value is calculated by:42 

𝐿𝑒𝑓𝑓 =  1.5 + exp [−
|𝛼|

116
]  (1-45) 

Where 𝐿𝑒𝑓𝑓 is in 10-8 𝑊𝛺K-2, and 𝛼 is in µV/K. 𝛼 is the only variable in this estimation, 

and the error of predicted results is lower than 26%.42 

1.3.5.2 Lattice Thermal Conductivity and Heat Capacity 

The lattice thermal conductivity is the phononic contribution to the thermal conductivity, 

and it can be described by:43 

𝑘𝑙 = 
1

3
𝑐𝑣𝑣𝑠𝑙𝑝 =

1

3
𝑐𝑣𝑣𝑠

2𝜏𝑝  (1-46) 

Where 𝑐𝑣  is the specific heat capacity under constant volume, 𝑣𝑠  is the speed of sound, 𝑙𝑝 

is the mean free path of phonons, and is 𝜏𝑝 the relaxation time of phonons. Normally, the 

heat capacity at the constant pressure, 𝐶𝑝 , and is measured experimentally. Since the 

volume of a solid material does not really change with pressure (under the pressures 

experimentally used), the heat capacity at the constant volume 𝐶𝑣 is similar to 𝐶𝑝, which is 

generally used for the analysis.44 𝐶𝑣 is temperature dependent, and the Debye model is used 

to describe its temperature dependence:45 

𝐶𝑣 = 9𝑅(
𝑇

𝜃𝐷
)3 ∫

𝑥4𝑒𝑥

(𝑒𝑥−1)2

𝜃𝐷
𝑇
0

𝑑𝑥 (1-47) 

𝜃𝐷 = 
ℎ𝑣𝐷

𝑘𝐵
  (1-48) 
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𝑥 =  
ℎ𝑣𝑇

𝑘𝐵𝑇
 (1-49) 

Where 𝑅  is the universal gas constant,  𝜃𝐷  is the Debye temperature, 𝑣𝐷  is the Debye 

frequency, i.e. the maximum atomic vibration frequency in a crystal, and 𝑣𝑇  is the 

frequency of an atomic vibration at a given temperature. 

If the temperature is much higher than 𝜃𝐷  ( 𝑇 ≫ 𝜃𝐷 ), the integral part becomes 

1

3
(
𝜃𝐷

𝑇
)3 (∫

𝑥4𝑒𝑥

(𝑒𝑥−1)2

𝜃𝐷
𝑇
0

𝑑𝑥 ≈
1

3
(
𝜃𝐷

𝑇
)3). Therefore, the equation (1-47) can be simplified to the 

equation (1-50). This result is in agreement with Dulong-Petit law for 𝑇 ≫ 𝜃𝐷.46 

𝐶𝑣 = 9𝑅(
𝑇

𝜃𝐷
)3
1

3
(
𝜃𝐷

𝑇
)3 = 3𝑅 (1-50) 

For temperatures much smaller than 𝜃𝐷 (𝑇 ≪ 𝜃𝐷), the lattice/phononic contribution has a 

linear relationship with 𝑇3. At such temperatures, contribution from conduction electrons 

becomes noticable, and this contribution is linearly dependent on 𝑇:47,48 

𝐶𝑣,𝑒𝑙𝑒 = 𝛾𝑒𝑙𝑒𝑇 (1-51) 

Where 𝛾𝑒𝑙𝑒 is the Sommerfeld constant that depends on the material.41 Then the 𝐶𝑣 can be 

written as the sum of electronic and phononic contributions:47,48 

𝐶𝑣 = 𝛾𝑒𝑙𝑒𝑇 + 𝐴𝑇
3 (1-52) 

𝐴 is constant characteristic of the material. 
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1.3.5.3 Phonons 

Lattice thermal conductivity is tightly related to the presence of phonons. A phonon is a 

quantized vibration mode in a crystal lattice, and phonons can be divided into acoustic and 

optical phonons.49 Figure 1.8 schematically describes an acoustic phonon, which is an in-

phase movement of atoms, and an optical phonon, which is an out-of-phase movement of 

atoms in a crystal lattice.50  For a unit cell consisting of 𝑛𝑐𝑒𝑙𝑙  atoms, there are total 3 

acoustic phonon modes and 3𝑛𝑐𝑒𝑙𝑙 − 3 optical phonon modes. Moreover, the acoustic and 

optical phonon modes can be further divided into the longitudinal acoustic (LA), transverse 

acoustic (TA), longitudinal optical (LO) and transverse optical (TO) modes, 

respectivelly.49 

 

Figure 1.8. (a) Acoustic and optical phonon modes a crystal lattice.51 

1.3.5.4 Phonon Scattering  

As the lattice thermal conductivity depends on the relaxation time of phonons, 𝜏𝑝, it is 

important to understand how 𝜏𝑝 is affected by different phonon scattering mechanisms. 

Generally, phonons are scattered by grain boundaries and lattice imperfections, which 
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would be temperature independent.52,53 The lattice thermal conductivity contributed by the 

phonon scattering can be estimated by Callaway model:54,55 

𝑘𝑙 = ∫ 𝐶𝑠
𝜔𝑝 𝑚𝑎𝑥 
0

(𝜔𝑝 )𝑣𝑔(𝜔𝑝 )
2
𝜏𝑟𝑒𝑙(𝜔𝑝 )𝑑𝜔𝑝 (1-53) 

Where 𝜔𝑝 is the phonon vibration frequency, 𝐶𝑠(𝜔) is the heat capacity under constant 

pressure per unit volume, 𝑣𝑔(𝜔) is the phonon group velocity which can be estimated by 

𝑑𝜔𝑝 

𝑑𝑘𝑣𝑒𝑐𝑡𝑜𝑟
 ( 𝑘𝑣𝑒𝑐𝑡𝑜𝑟  is the wave vector), 𝜏𝑟𝑒𝑙(𝜔)  is the relaxation time. In the current 

thermoelectric research, only acoustic phonons are considered in boundary scattering and 

point defects scattering. The optical phonons are ignored since their group velocity is too 

low.50,56 However, optical phonons can interacted with acoustic phonons which is typically 

known as the Umklapp scattering.53,57 Such contribution from optical phonons is important 

since such interactions can reduce the phonon mean free path. 

The relationship between the total relaxation time of phonons 𝜏𝑡𝑜𝑡 and the relaxation time 

due to different phonon scattering mechanism, 𝜏𝑖, can be estimated as:53 

1

𝜏𝑡𝑜𝑡
= ∑

1

𝜏𝑖
   (1-54) 

Since the grain boundary scattering occurs at the interface between two grains (crystallites) 

in a polycrystalline material, and the relaxation time due to phonon-grain boundary 

scattering, 𝜏𝑔𝑟𝑎𝑖𝑛, is given by:53 

𝜏𝑔𝑟𝑎𝑖𝑛 = 
𝑑𝑔𝑟𝑎𝑖𝑛

𝑣𝑔
 (1-55) 
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Where 𝑑𝑔𝑟𝑎𝑖𝑛 is the grain sizes, and 𝑣𝑔  is the phonon group velocity. Based on this 

equation, the phonon-grain boundary scattering is independent of the phonon frequency. 

The phonon-grain boundary scattering can be effectively enhanced by decreasing the grain 

size of polycrystalline materials. 

Phonon point defect scattering is due to the presence of foreign atoms in doped or alloyed 

compounds. Such foreign atoms lead to the mass contrast and strain field fluctuations in a 

host lattice and thus significantly affect the phonon point defect scattering. The relaxation 

time due to the  phonon point defect scattering 𝜏𝑃𝐷 is given by:53 

1

𝜏𝑃𝐷
= 

𝑉𝑎𝜔𝑝
4

4𝜋𝑣𝑝
2𝑣𝑔
∑𝑓𝑖([1 −

𝑚𝑖

�̅�
]
2

+ [1 −
𝑟𝑖

�̅�
]
2

) (1-56) 

Where 𝜔𝑝 is the phonon vibration frequency, 𝑣𝑝 is the phonon phase velocity, 𝑉𝑎 is the 

volume per atom, 𝑓𝑖 is the fraction of the doping/alloying atoms with mass 𝑚𝑖 and radius 𝑟𝑖, 

and �̅� and �̅� are the average mass and radius of the site. Based on this equation, the phonon 

point defect scattering depends strongly on 𝜔𝑝 (𝜏𝑃𝐷 ∝ 𝜔𝑝
−4), thus the phonon point defect 

scattering is pronounced at a high 𝜔𝑝. 

For phonon-phonon scattering, a new wavevector 𝑘3⃗⃗⃗⃗  can be formed by the interaction 

between the wavevectors 𝑘1⃗⃗⃗⃗  and 𝑘2⃗⃗⃗⃗  at low temperature, which is named a Normal process: 

𝑘1⃗⃗⃗⃗ + 𝑘2⃗⃗⃗⃗ = 𝑘3⃗⃗⃗⃗   as shown in Figure 1.9 (a).58 The amplitude of wavevector 𝑘1⃗⃗⃗⃗  and 𝑘2⃗⃗⃗⃗  can be 

increased with increasing temperature, therefore the wavevector sum  𝑘3⃗⃗⃗⃗   can exceeds the 

1st Brillouin zone above a certain temperature. A wavevector outside the 1st Brillouin zone 

is brought back by a reciprocal wavevector 𝐺 , as a result a new wavevector 𝑘3
′⃗⃗⃗⃗  with the 
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opposite direction to the original wavevectors is formed: 𝑘1⃗⃗⃗⃗ + 𝑘2⃗⃗⃗⃗ = 𝑘3
′⃗⃗⃗⃗ + 𝐺  as shown in 

Figure 1.9 (b).58 This process is named an Umklapp process and is temperature-

dependent.59,60 The relaxation time, 𝜏𝑈, due to the Umklapp scattering is given by:53 

𝜏𝑈 ∝
�̅�𝑣𝑔𝑣𝑝

2

𝑉𝑈

1
3𝛾2𝜔𝑝2𝑇

 (1-57) 

Where �̅� is the average atomic mass, γ is the Grüneisen parameter that is used to describe 

the strength of anharmonicity, and 𝑉𝑈 is the unit cell volume. As shown by this equation, 

the relaxation time of Umklapp scattering is inversely proportional to the square of the 

phonon vibration frequency (𝜏𝑈 ∝ 𝜔𝑝
−2). Figure 1.9 (c)53 schematically describes the 

frequency dependance of the relaxation time for the different phonon scattering 

mechanisms. As shown, boundary scattering is dominant at low frequencies, while point 

defect and Umklapp scatterings at high frequencies. 
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Figure 1.9. (a) Normal and (b) Umklapp processes in the 1st Brillouin zone. (c) The 

relationship between the relaxation time and phonon vibration frequencies for the different 

scattering mechanisms.53 

1.3.6 Landauer Perspective on Carrier Transport 

The Landauer approach is a method to study the performance of a thermoelectric material 

affected by its electronic structure.61–65 In the Landauer approach, electrons in materials 

are assumed in thermodynamic equilibrium. The probability that an electronic state with 

energy E near the Fermi energy EF is occupied at temperature, T, is given by the Fermi-

Dirac distribution:64 

𝑓(𝐸) =  
1

𝑒

(𝐸−𝐸𝐹)
𝑘𝐵𝑇 +1

 （1-58） 
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Within the Landauer approach, the electrical conductivity at energy, σ(E) can be described 

by the number of conduction channels M(E), the mean-free-path for backscattering λ(E), 

and the derivative of the Fermi-Dirac function with respect to the energy (
𝑑𝑓(𝐸)

𝑑𝐸
), as shown 

by equation (1-59).62 

𝜎(𝐸) =  
2𝑞2

ℎ
∫ 𝜆(𝐸)

𝑀(𝐸)

𝐴𝑠
(−

𝑑𝑓(𝐸)

𝑑𝐸
)𝑑𝐸 (1-59) 

Where 𝑞 is the elementary charge, ℎ is the Planck constant, and 𝐴𝑠 is the cross-sectional 

area. Here, the number of channels for conduction, M(E), is proportional to the carrier 

velocity v(E) times the density of state D(E):61 

𝑀(𝐸) ∝ 𝑣(𝐸)𝐷(𝐸) (1-60) 

 In the Landauer approach, the transport distribution function, ΣE,  is proportional to the 

product of M(E) and λ(E):62 

𝛴𝐸 = 
2

ℎ
𝜆(𝐸)

𝑀(𝐸)

𝐴𝑠
 (1-61) 

The expression for the electrical conductivity can be simplified by plugging equation (1-

61) into equation (1-59), and the result is given by equation (1-62).62 

𝜎(𝐸) =  𝑞2 ∫𝛴𝐸(−
𝑑𝑓(𝐸)

𝑑𝐸
)𝑑𝐸 (1-62) 

Here, electrical conductivity involves the derivative of the Fermi-Dirac function. 

According to this equation, energies for which the derivative is nonzero are those where 

the current is flowing.63 Therefore, −
𝑑𝑓(𝐸)

𝑑𝐸
 is defined as the “Fermi window” and 
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mathematically describes why the carrier transport properties depend on the carriers near 

the Fermi energy. Figure 1.10 shows the “Fermi window” and Fermi-Dirac distribution.64 

 

Figure 1.10. Illustration of Fermi window” and Fermi-Dirac distribution at T>0. 

In the Landauer approach, if all the conduction channels are assumed at energy 𝐸, the 

Seebeck coefficient can be described as the energy at which the current flows with respect 

to the Fermi energy 𝐸𝐹 at temperature T:62 

𝑆 = −
(𝐸−𝐸𝐹)

𝑞𝑇
 (1-63). 

Figure 1.11 schematically shows the Fermi level for metals, n-type and p-type 

semiconductors.66 For metals, the 𝐸𝐹 is deep inside the band, and the current flows at the 

“Fermi window” that is very close to 𝐸𝐹. There is little difference between the energy of 

the current flow 𝐸𝐽 and 𝐸𝐹; as the result, 𝑆 is approaching zero. For n-type semiconductors, 

the current will flow at 𝐸𝐽  near the bottom of the conduction band (CB), and since 𝐸𝐹 is 

lower, the S will be negative. For p-type semiconductors, 𝐸𝐹 is above the valence band 

(VB) and the states that carry the current are below 𝐸𝐹, thus 𝑆 is positive.  
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Figure 1.11. Illustration of the Fermi level and energy 𝐸𝐽 of the current flow for a) metals, 

b) n-type and  c) p-type semiconductors.66 

Figure 1.12 schematically describes the electrical conductivity and Seebeck coefficient 

versus the Fermi energy, 𝐸𝐹.66 If the current flow is assumed at the energy 𝐸𝐽, the electrical 

conductivity increases when 𝐸𝐹 approaches 𝐸𝐽. However, the magnitude of the Seebeck 

coefficient is larger when 𝐸𝐹 is far away from the 𝐸𝐽. 

 

Figure 1.12. Illustration of the electrical conductivity (dash line) and Seebeck coefficient 

(solid line) as a function of 𝐸𝐽. The values of  𝐸𝐽 are with respect to the Fermi energy 𝐸𝐹.66  
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1.3.7 Single Parabolic Band Model 

The single parabolic band (SPB) model is a well-known model for thermoelectric materials 

that provides insights into the understanding of charge carrier transport properties. This 

model assumes a single parabolic band for energy states in the k space and a constant carrier 

effective mass, and the influence of the minority carriers on the charge carrier transport is 

negligible.67,68 Since the SPB model disregards the optical scattering of the charge carriers, 

acoustic scattering is assumed to be the limiting factor for the electron mobility during the 

phonon-electron scattering.  Using the SPB model, optimum carrier concentration can be 

estimated based on the experimental Hall mobility 𝑢𝐻, Hall concentration 𝑛𝐻 and Seebeck 

coefficient α.  

As 𝑛𝐻 and 𝑢𝐻 are different from the carrier concentration 𝑛 and carrier mobility 𝑢𝑐, the 

SPB model ways to relate these parameters by numerically solving equation (1-64) to (1-

67).67,68 

𝐹𝑛(𝜂) = ∫
𝑥𝑛

1+𝑒𝑥−𝜂
𝑑𝑥

∞

0
 (1-64) 

𝑟𝐻 =
3

2
𝐹1

2⁄

𝐹−1
2⁄

2𝐹0
2  (1-65) 

𝑛 =
𝑛𝐻

𝑟𝐻
 (1-66) 

𝑢𝑐 = 𝑢𝐻
2𝐹0

𝐹−1
2⁄

 (1-67) 

Where η, 𝐹𝑛(𝜂) and e represent reduced chemical potential, nth order Fermi integral, and 

electron charge, respectively. 
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In the SPB model, the density of state effective mass 𝑚𝐷𝑂𝑆  can be determined by 

numerically solving equation (1-68) to (1-69).67,68  

𝛼 = ±
𝑘𝐵

𝑒
[
(𝑟+3 2⁄ )𝐹𝑟+3 2⁄

(𝜂)

(𝑟+3 2⁄ )𝐹𝑟+1 2⁄
(𝜂)
− 𝜂] (1-68)               

𝑚𝐷𝑂𝑆 =
ℎ2

2𝑘𝐵𝑇
[

𝑛

4𝜋𝐹1
2

(𝜂)
]
2

3 (1-69) 

Here, r is a scattering factor and is -½, if only the acoustic phonon scattering is considered 

within a SPB model.67 The effective Lorenz number (𝐿𝑆𝑃𝐵) can be also obtained using the 

SPB model with acoustic phonon scattering. This approach is widely used in 

semiconductors, and the Lorenz number is given by equation (1-70). 

𝐿𝑆𝑃𝐵 = (
𝑘𝐵

𝑞
)2
3𝐹0𝐹2−4𝐹1

2

𝐹0
2  (1-70) 

Due to its simplicity, the SPB model is widely applied in thermoelectric materials for 

charge carrier transport properties estimation.68–73 However, multiple bands and band 

degeneracy is usually observed in thermoelectric materials.74–79 Therefore, inaccuracies 

arise when the SPB model is applied to materials that have a complex band structure. 

1.4  State-of-the-art Chalcogenide Thermoelectric Materials 

Over the past few decades, chalcogenide (group VI) materials consisting of group IV and 

V elements have been widely utilized for thermoelectric applications.39,80–84 Most 

chalcogenide-based materials can be doped into n- or p-type ones, allowing the 

thermoelectric devices to be assembled from similar materials.36,85–89 Moreover, 

chalcogenide-based materials consisting of heavy elements possess low thermal 
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conductivity, which is essential for thermoelectric performance.38,90–92 Furthermore, 

chalcogenide-based materials adopt various structures: cubic rock-salt, or lower symmetry 

rhombohedral, orthorhombic ones, which provide a good platform for doping and 

substitution. Some of the known chalcogenide materials are discussed in the following 

section. 

1.4.1 Bismuth Telluride 

Bi2Te3-based compounds are the most promising room-temperature n- and p-type 

thermoelectric materials. Pristine Bi2Te3 has a rhombohedral structure (R3̅m) with lattice 

parameters a = 4.383 Å, c = 30.545 Å, α = 90˚, γ = 120˚ at room temperature and 

atmospheric pressure.93 The Bi2Te3 structure consists of quintuple layers stacked in order 

Te-Bi-Te-Bi-Te along the c axis, and the adjacent quintuple layers are mainly connected 

via van der Walls forces.94 

 

Fig 1.13. Crystal structure of Bi2Te3.
93 The quintuple layer is highlighted in the dashed 

square. 
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The Bi2Te3-based materials show a strong anisotropy in electrical and lattice thermal 

conductivities; the electrical conductivity along the basal plane (a and b directions) is 

around six times higher in n-type and three times in p-type Bi2Te3 than along the c direction, 

and the lattice thermal conductivity along the c direction is around half of that along the 

basal plane.94–96 Bi2Te3 is usually alloyed with isostructural Sb2Te3 and Bi2Se3 for p- and 

n-type materials, respectively. A p-type Bi0.52Sb1.48Te3 with a peak ZT of ~ 1.56 at 300 K 

was prepared via a melt spinning followed by a spark plasma sintering (by Xie et al.).97 

The authors mentioned that the high thermoelectrical performance benefits from the 

extremely low lattice thermal conductivity of ~ 0.26 Wm-1K-1 at 300 K, which consists of 

nanocrystalline domains embedded in the sample matrix.97  Unlike p-type Bi2Te3-based 

materials, less progress has been achieved for the n-type Bi2Te3.
94,98–100 The textured n-

type Bi2Te2.2Se0.8 with a peak ZT of ~ 1.1 at 474 K and an average ZT of  ~ 0.97 from 325 

to 575 K was fabricated using spark plasma sintering (by Pan et al.).85 The thermoelectrical 

performance improved mainly due to the enhanced carrier mobility, which is brought about 

by a weaker electron scattering at the grain boundaries along the textured direction.85 

1.4.2 Tin Selenide 

Pristine SnSe adopts two stable phases: α-SnSe and β-SnSe. α-SnSe is stable below 800 K, 

and has a layered orthorhombic structure (Pnma) with the lattice parameters a = 11.500 Å, 

b = 4.152 Å and c = 4.445 Å.101 Above 800 K, the α-SnSe (Pnma) converts to β-SnSe 

(Cmcm) with the lattice parameters a = 4.293 Å, b = 11.620 Å and c = 4.282 Å according 

to neutron diffraction experiments.102 
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The α-SnSe is a p-type semiconductor and has a layered structure consisting of two atom-

thick SnSe slabs with a zigzag accordion-like geometry in the bc plane. The adjacent SnSe 

slabs are connected to each other by van der Waals forces along the a axis.103 The distorted 

SnSe7 coordination polyhedron with three short and four long Sn-Se bonds can be observed 

in the structure, which reflects a large anharmonicity in SnSe. Benefiting from this 

anharmonicity, the single crystal SnSe shows an ultralow thermal conductivity: 0.46, 0.70 

and 0.68 Wm-1K-1 along the a, b and c axis at room temperature, respectively.104 And the 

thermal conductivity of single crystal SnSe even further decreases with temperature, 

resulting in an exciting ZT = 2.6 at 923K along the b axis, as reported by Zhao et al.104 

 

Fig 1.14. Crystal structure of SnSe (Pnma) at room temperature (a) along the a-axis, (b) b-

axis, and (c) c-axis.101 (d) The SnSe7 coordination polyhedron.105 
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Both the poor mechanical properties and cost of crystal growth restrict industrial 

applications of SnSe single crystals. To avoid these issues, researchers focused on 

polycrystalline SnSe. Unlike the single crystal, the polycrystalline SnSe always shows a 

relatively high thermal conductivity ~ 0.9-1.35 Wm-1K-1 at room temperature.106,107 The 

higher thermal conductivity is attributed to surface oxidation in polycrystalline SnSe; SnO2 

has an extremely high thermal conductivity of ~ 98 Wm-1K-1 at room temperature.105 Zhou 

et al.108 showed that removal of tin oxide from the p-type Na-doped SnSe polycrystalline 

sample yielded a ZT of 3.1 at 783K. 

1.4.3 Skutterudites 

Binary skutterudites have a general formula MX3 (M = Co, Rh or Ir; X = P, As, or Sb) and 

adopt the CoAs3 structure with the space group Im3̅. The structure contains X4
4-

 rectangular 

anionic rings formed by tilting the MX6 octahedra.109–111 Large voids present in the 

structure can be filled by electropositive atoms, and filled skutterudites with the general 

formula, AyM4X12 are obtained.112 

The most studied binary skutterudite is CoSb3 because of its excellent electrical transport 

properties.113–116 However, the thermoelectric performance of pristine CoSb3 is low due to 

its high thermal conductivity (~ 2.3 Wm-1K-1 at room temperature).113,116 The pristine 

CoSb3 shows an n-type behavior and a peak ZT of ~ 0.1 at ~ 700 K.113,116To optimize its 

lattice thermal conductivity, guest atoms are introduced into the voids, and this leads to 

significant phonon scattering.116–120 A n-type Ba0.08La0.05Yb0.04Co4Sb3 with a peak ZT of ~ 

1.7 at 850 K was reported by (Shi et al.).119 The fillers, e.g. Ba, La, and Yb, not only 
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introduce extra phonon scattering but also provide additional electrons; as a result, the 

thermoelectric performance is improved. 

Mixed ternary skutterudites with the formula AX1.5Y1.5 result from the isoelectronic 

substitution on the anion site of binary skutterudites. CoGe1.5Y1.5 (Y = S, Se) is the first 

member of this family reported by Korenstein et al.121, and its structure was studied by 

Vaqueiro et al. using powder neutron diffraction.122 in 2006. The study of the ternary 

skutterudites CoGe1.5Te1.5 was stimulated by its large Seebeck coefficient of ~ -380 μV K-

1 at 423 K.123 However, it also displays low electrical conductivity (𝜎𝑚𝑎𝑥 of ~ 52 S cm-1) 

that limits its thermoelectric performance.124,125 

In contrast to the binary skutterudites CoSb3, which has only one crystallographicly distinct 

rectangular ring ([Sb4]
4-),126 the ternary skutterudites CoGe1.5Te1.5 has two 

crystallographicly distinct four-membered rings ([Ge2Te2]
4-), in which the Ge and Te atoms 

are trans to each other.122 In CoGe1.5Te1.5, the four-membered rings([Ge2Te2]
4-) are 

diamond-like rather than rectangular.122 Also, as indicated in the powder neutron 

diffraction study of CoGe1.5Te1.5, the anions are ordered in the layers perpendicular to the 

[111] direction of the unit cell. This arrangement, along with the distortion of the anion 

ring, leads to the symmetry reduction from the cubic Im-3 to rhombohedral R-3  one.122 At 

610°C, CoGe1.5Te1.5 undergoes a phase transition from rhombohedral R-3 to Im-3, as 

shown by Kaltzoglou et al.123 An n-type CoGe1.45Te1.45Sb0.1 with a peak ZT of ~ 0.65 at 

723 K was reported by (Valiyaveettil et al.).127 They mentioned that the Sb-doping not only 

increases the electron concentration but also promotes the valence band convergence that 

improves the carrier effective mass and as a result the thermoelectric performance. 
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Figure 1.15. Crystal structure of (a) CoSb3
126 and (b) CoGe1.5Te1.5

128. In CoGe1.5Te1.5, the 

Ge sites have some Te atoms and vice versa. (c) A four-membered rectangular ring ([Sb4]
4-) 

in CoSb3 and two crystallographically distinct diamond-like rings ([Ge2Te2]
4-) in 

CoGe1.5Te1.5. Reproduced with permission from reference [110].125 

1.4.4 Lead Telluride and Germanium Telluride 

Pristine PbTe adopts a rock salt structure (Fm3̅m) with a lattice parameter a = 6.462 Å129 

and is a p-type semiconductor with a direct band gap 𝐸𝑔~ 0.32 eV.130 Benefiting from the 

strong anharmonic coupling between the longitudinal acoustic and transverse optical 

phonons, pristine PbTe shows a relatively low bulk lattice thermal conductivity of ~ 2 Wm-

1K-1 at room temperature.131 In the past few decades, p-type PbTe was investigated as a 

high-performance thermoelectric material in the mid-temperature range. One of the famous 

PbTe-based materials is Lead Antimony Silver Tellurium, named LAST-m: 

AgPbmSbTe2+m (m = 0 to 18). LAST-18 shows an outstanding ZT ~ 2.2 at 800K; this is 

mainly contributed by the nanocrystals of the Ag-Sb-rich phase embedded in the PbTe 

matrix, significantly lowering the lattice thermal conductivity.132,133  Up to date, the highest 

ZT value of a p-type PbTe-based material is reported by Tan et al.;134 the Na-doped 
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PbTe/SrTe with a peak ZT of ~ 2.5 at 923 K. n-type PbTe-based materials also show high 

thermoelectric performance; Lee et al.135 reported that Bi-doped PbTe/Ag2Te achieves 

peak ZT of ~ 2 at 800K. 

Pristine GeTe has a rhombohedral structure (R3m) with lattice parameters a = 4.164 Å, c 

= 10.690 Å, α = 90˚, γ = 120˚ (rhombohedral angle is 58.35°) at room temperature. It 

undergoes a phase transition at ~ 673 K to a higher-symmetry rock salt structure (Fm3̅m) 

with lattice parameters a = 6.009 Å, as confirmed by neutron powder diffraction 

experiments.136 The rhombohedral GeTe (R3m) structure can be understood as a distortion 

of the cubic GeTe structure (Fm3̅m) along the [111] direction. The directional distortion 

results in off-center shifts of Ge atoms in the octahedra formed by six Te atoms, which 

splits six Ge-Te bonds into three shorter (2.844 Å) and three larger bonds (3.156 Å).136 The 

bond angles between the Ge-Te bonds deviate from 180° or 90° due to the different bond 

lengths. 

Pristine GeTe is a p-type semiconductor with a high hole concentration of ~ 1021 cm-3  (due 

to the intrinsic Ge vacancies) and an indirect band gap 𝐸𝑔 ~ 0.21eV.84,137,138 The 

(GeTe)x(AgSbTe2)100-x (TAGS-x)  based materials are well known and used as the p-type 

leg radio-isotope thermoelectric generators in the NASA space mission,39 and a peak ZT of 

~ 1.9 is achieved in the TAGS-80 at 800 K.139 In 2018, Li et al. reported a record high 

device figure of merit ZT of ~ 2.4 at 600 K in the Bi/Pb co-doped GeTe.137 They attributed 

such good performance to synergistic optimization: valence band convergence 
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significantly improves the carrier effective mass, and lattice thermal conductivity is 

effectively suppressed by acoustic-optical phonon interactions due to the Bi/Pb co-doping. 

 

Figure 1.16. (a) Crystal structure of cubic PbTe and high temperature GeTe. (b) Crystal 

structure of rhombohedral GeTe.37 

1.5  Materials in Focus 

Pristine SnTe addopts a rock-salt structure (Fm3̅m) with lattice parameter a = 6.318 Å at 

𝑇 > 100 𝐾.90 Intrinsic Sn deficiencies result in a p-type semiconducting behavior with a 

high hole concentration of 1020 to 1021 cm-3,140 which negatively affects the Seebeck 

coefficient and produces a high carrier thermal conductivity in pristine SnTe.141,142 

Moreover, the pristine SnTe has a higher lattice thermal conductivity due to the lighter 

atomic mass of Sn when compared to Pb. 

Both the valence band maximum (VBM) and conduction band minimum (CBM) are 

located at the L point, giving a direct band gap 𝐸𝑔 (~0.18 eV).143 Below the VBM, there is 
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a heavy Ʃ band with the highest point along the Γ→K direction, and the energy separation, 

𝐸𝐿−Ʃ, between the VBM and Ʃ band is ~ 0.36 eV.143 Since the 𝐸𝐿−Ʃ is larger than the band 

gap in pristine SnTe, carriers from the heavy Ʃ band do not contribute much to the transport 

properties in the pristine SnTe, which causes a low Seebeck coefficient. In combination, 

all these factors render an inferior figure, ZT, of 0.4 at 850 K for pristine SnTe. 

 

Figure 1.17. (a) Crystal structure of SnTe.90 (b) Calculated electronic band structure of the 

cubic Sn4Te4. 

In this dissertation, doping/substituting/alloying was employed for band engineering and 

thus to optimize the Seebeck coefficient for SnTe. The resulting valence band convergence, 

band inversion and resonance states at the Fermi level improved the Seebeck coefficient in 

SnTe.  The electronic structures of pristine and doping/substituting/alloying samples were 

calculated by the tight-binding-linear-muffin tin orbital method (TB-LMTO) with the 

atomic sphere approximation (ASA) or density functional theory (DFT). The carrier 

effective mass was calculated using the single parabolic band model (SPB). To enhance 
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the phonon scattering and optimize the lattice thermal conductivity, the extra atomic 

disorder was introduced by point defects, precipitates, and lattice distortion in SnTe. 

  



Ph.D. Thesis – Shaochang Song; McMaster University – Chemistry and Chemical 

Biology 

42 
 

Chapter 2. Methodology and Experimentation 

2.1 Synthetic Approach 

In this dissertation, solid-state synthetic approaches were used to prepare samples. Since 

starting reagents and products are easily oxidized in air at elevated temperatures, inert 

atmosphere is required for the reactions. The stoichiometric mixtures of elements were 

weighted and loaded into silica tubes with a diameter of 10 mm. The tubes were evacuated 

below 0.002 Toor and flamed sealed. The air-sensitive elements were handled in an argon-

filled glove box, and the tubes were closed with a valve, transferred to a vacuum line and 

flamed sealed. The SnTe samples were heated to 1000 °C at 100 °C/h and annealed for 12 

h. They were then quenched in an ice-water bath to avoid the formation of SnTe with 

varying elemental compositions in the homogeneity region.144 

Densification of samples was done using spark plasm sintering (SPS). SPS is performed 

by applying uniaxial pressure while heating the sample with a pulsed direct electrical 

current of few hundreds amps and of low voltage.  

The SPS process proceeds through three stages: plasma heating, joule heating, and plastic 

deformation.145,146 For plasma heating, the electrical discharge between powder particles 

generates localized and momentary heating of powder particle surfaces. At the joule 

heating stage, the sample powder particles are heated through resistive heating. The heated 

sample undergoes plastic deformation under uniaxial pressure.  
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Unlike the hot press, where the sample is heated by an external source; the SPS allows heat 

to be generated internally by a pulsed direct electrical current. Therefore, the SPS can 

achieve a rapid heating rate (up to 1000 K/min), which significantly decreases the sintering 

time and diminishes grain growth. 

 

Figure 2.1. (a) Schematic representation of spark plasma sintering (SPS). (b) The SPS 

heating mechanism: plasma heating and Joule heating.145,146 

2.2 X-ray Diffraction 

During powder or single crystal X-ray diffraction (XRD), a material is irradiated with a 

monochromatic X-ray beam, and a detector is used to collect information about the 

interference pattern generated by diffracted beams. Due to the rapid data collection, low-

cost, and non-destructive properties, XRD is widely used for phase identification of 

polycrystalline samples and structural studies on single crystals. 
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2.2.1 Basic Theory 

2.2.1.1 Bragg’s Law and Ewald’s sphere 

X-rays are scattered by electrons of atoms in lattice planes, and constructive interference 

occurs when Braggs’ law is obeyed. The Braggs’ law is given by equation (2-1) and 

schematically described in Figure 2.2.147 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 (2-1) 

Where 𝑛 is an integer, 𝜆 is the wavelength of the radiation X-ray, 𝑑ℎ𝑘𝑙 is the interplanar 

distance between adjacent planes with the (hkl) Miller indeces, and 𝜃 is the angle between 

the incident beam with the Miller planes. 

 

Figure 2.2 Derivation of Bragg’s Law. The constructive interference occurs when the 

path difference (red line) is equal to an integral multiple of the wavelength 𝜆.148 

Crystalline materials have a periodic arrangement of atoms in real space. The basic 

building block is defined as a unit cell with three lattice vectors, 𝒂, 𝒃 and 𝒄, and three 

angles, α, β and γ. However, the XRD data are usually analyzed in the reciprocal space 
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rather than real space. The German crystallographer and physicist Paul Peter Ewald 

connected the real and reciprocal lattices through the following relationships:149 

𝒂∗ = 
𝒃×𝒄

𝑉𝑢𝑛𝑖𝑡
, 𝒃∗ = 

𝒂×𝒄

𝑉𝑢𝑛𝑖𝑡
, 𝒄∗ = 

𝒂×𝒃

𝑉𝑢𝑛𝑖𝑡
 (2-2) 

Here, 𝒂∗, 𝒃∗ and 𝒄∗ are the reciprocal lattice vectors, and 𝑉𝑢𝑛𝑖𝑡 is the unit cell volume in 

the real space. 

The reciprocal vector 𝒅𝒉𝒌𝒍
∗  which represents the corresponding Miller plane is related to 

the reciprocal lattice vectors:149 

𝒅𝒉𝒌𝒍
∗ = ℎ𝒂∗ + 𝑘𝒃∗ + 𝑙𝒄∗, |𝒅𝒉𝒌𝒍

∗ | =  
1

|𝒅𝒉𝒌𝒍|
 (2-3) 

Diffraction from a lattice can be presented using the reciprocal lattice and Ewalds’ sphere. 

Ewald’s sphere has the radius of 
1

𝜆
 and is placed at the origin of the diffraction (Figure 2.3). 

The incident, 𝒌𝟎, and diffracted, 𝒌𝟏, beam wavevectors are of the same length 
1

𝜆
  and are  

2𝜃 apart. When the diffracted beam 𝒌𝟏, terminates at a lattice point on the Ewalds sphere, 

the diffraction even occurs. This can be also rephrases as when the reciprocal lattice point 

touches the Ewald’s sphere, the diffraction occurs. One can show that such geometric 

conditions lead to the satisfaction of Bragg’s law. 
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Figure 2.3 Schematic diagram of diffraction event. Diffraction only occurs whenever the 

Braggs’ law is satisfied if the reciprocal lattice points exist on the surface of the Ewald’s.  

In case of a single crystal in a given orientation, there will be only some reciprocal lattice 

points represented by 𝒅ℎ𝑘𝑙
∗  that satisfies Braggs’ law. In polycrystalline or powder samples, 

there are many crystallites in random orientations, and there will be many crystallites that 

satisfy Braggs’ law for any given 𝑑ℎ𝑘𝑙
∗ . In such case, the diffraction events for a given 𝑑ℎ𝑘𝑙

∗  

will be collected as one Debye ring.  

2.2.1.2 The Structure Amplitude  

The structure amplitude 𝐹ℎ𝑘𝑙 play an essential role in the crystal structure determination as 

it carries information about the relative occupation of atomic sites, atomic displacements 

and most importantly about atomic positions.  The mathematical expression of  𝐹ℎ𝑘𝑙  is 

given by:150,151  
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𝐹ℎ𝑘𝑙 = ∑ 𝑔𝑗𝑡𝑗
𝑛
𝑗=1 𝑓𝑗𝑒

[2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)]. (2-5) 

Where h, k, l are the Miller indices and 𝑥𝑗,  𝑦𝑗, 𝑧𝑗  are the fractional coordinates in real space 

for the jth atom. 𝑔𝑗 is the occupancy factor for the jth atom; the site is fully occupied when 

𝑔𝑗 = 1. 𝑡𝑗 is the atomic displacement parameter, which describes vibrations of the jth atom. 

The atomic scattering factor, 𝑓𝑗, for the jth atom is proportional to the number of electrons.  

The exponential part in the equation (2-5) can be expanded into the sin and cosine terms 

by the Euler’s formula (equation (2-6)). The 𝐹ℎ𝑘𝑙 can be plotted as a vector with phase 

angle 𝛼ℎ𝑘𝑙 =  2𝜋(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗) in a 2D space with real and imaginary axes. 

𝐹ℎ𝑘𝑙 = ∑ 𝑔𝑗𝑡𝑗
𝑛
𝑗=1 𝑓𝑗𝑐𝑜𝑠[2𝜋(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)] + 𝑖 ∑ 𝑔𝑗𝑡𝑗

𝑛
𝑗=1 𝑓𝑗𝑠𝑖𝑛[2𝜋(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)] 

(2-6) 

2.2.1.3 Phase Problem  

The intensity of the diffracted beam is proportional to |𝐹ℎ𝑘𝑙|
2. Thus, it is |𝐹ℎ𝑘𝑙|

2 that is 

experimentally measured, but the information on phase angle 𝛼ℎ𝑘𝑙  is absent. The 

diffraction data by themselves are not sufficient to determine the atomic structure, as the 

𝛼ℎ𝑘𝑙 is also needed to derive the electron density distribution:  

𝜌𝑥𝑦𝑧 = 
1

𝑉𝑢𝑛𝑖𝑡
∑ ∑ ∑ |𝐹ℎ𝑘𝑙

𝑜𝑏𝑠|cos [2𝜋(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧𝑙=+∞
𝑙=−∞

𝑘=+∞
𝑘=−∞

ℎ=+∞
ℎ=−∞ ) - 𝛼ℎ𝑘𝑙]. (2-7) 

Here, 𝜌𝑥𝑦𝑧 is the electron density at the (x, y, z) point in the unit cell, and |𝐹ℎ𝑘𝑙
𝑜𝑏𝑠| is the 

absolute value of the structure amplitude and is obtained from the intensity of the diffracted 

beam.151 
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The solution of the phase problem can be divided into approaches: one for a 

centrosymmetric structure and another for a non-centrosymmetric one. In a 

centrosymmetric crystal structure, an (x, y, z) atom has a symmetrically equivalent atom 

with coordinates (-x, -y, -z). Based on the properties of sin and cos functions, the imaginary 

part of 𝑭ℎ𝑘𝑙  will be zero in the equation (2-6). Thus, the structure amplitude is only 

dependent on the real component 𝑅ℎ𝑘𝑙 for a centrosymmetric crystal structure: 

𝐹ℎ𝑘𝑙 = ∑ 𝑔𝑗𝑡𝑗
𝑛
𝑗=1 𝑓𝑗𝑐𝑜𝑠[2𝜋(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)] (2-8) 

𝛼ℎ𝑘𝑙 is either 0 or π for a centrosymmetric structure while it can adopt any value between 

0 and 2π in a non-centrosymmetric structure (Figure 2.4). In case of a centrosymmetric 

structure, the electron density equation (2-7) can be simplified to  

𝜌𝑥𝑦𝑧 = 
1

𝑉𝑢𝑛𝑖𝑡
∑ ∑ ∑ 𝑠ℎ𝑘𝑙|𝐹ℎ𝑘𝑙

𝑜𝑏𝑠|cos [2𝜋(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧𝑙=+∞
𝑙=−∞

𝑘=+∞
𝑘=−∞

ℎ=+∞
ℎ=−∞ )]. (2-9) 

Where 𝑠ℎ𝑘𝑙 is 1 for 𝛼ℎ𝑘𝑙 = 0 or -1 for 𝛼ℎ𝑘𝑙 = 𝜋. 
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Figure 2.4 Schematic diagram of structure amplitude 𝐹ℎ𝑘𝑙 in the two dimensional space 

with a real and an imaginary axis for (a) non-centrosymmetric and (b) centrosymmetric 

structures.151 

2.2.1.4 Patterson Method and Direct Method 

Patterson and direct methods are used to crystal structures. Phase angles are not required 

for the Patterson function calculations, and the Fourier transformation is applied directly 

to  |𝐹ℎ𝑘𝑙|
2.152 The Patterson function reveals the distribution of interatomic vectors rather 

than the distribution of atoms in a unit cell. Although the Patterson method can avoid the 

difficultly of phase angle determination, the associated structural solution has some 

drawbacks. The first difficulty is that the number of Patterson peaks is 𝑛(𝑛 − 1) for a unit 

cell with 𝑛 atoms, which makes it difficult to solve structures with complicated unit cells. 

Secondly, Patterson peaks are commonly broader than electron density peaks. These two 

drawbacks can cause peak overlap for different interatomic vectors. Moreover, the 

Patterson function is always centrosymmetric; as a result, non-centrosymmetric structures 

cannot be solved correctly. 

In the direct method, the phase angle of a reflection can be derived from other two 

reflections using the triplet relationship. The three reflections are defined as (h, k, l), (h’, 

k’, l’) and (h-h’, k-k’, l-l’).152 In case of a centrosymmetric structure, the phase angle 𝛼ℎ𝑘𝑙 

is either 0 or π, and the corresponding signs are + and -. The signs of two reflections can 

provide the sign of the third reflection through the Sayre equation: 

𝑠ℎ𝑘𝑙 ≈ 𝑠ℎ′𝑘′𝑙′𝑠(ℎ−ℎ′)(𝑘−𝑘′)(𝑙−𝑙′).
152 (2-10)  
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In case of a non-centrosymmetric structure, the relationship between phase angles of a 

triplet can be described by Sayre equation: 

𝛼ℎ𝑘𝑙 ≈ 𝛼ℎ′𝑘′𝑙′  + 𝛼(ℎ−ℎ′)(𝑘−𝑘′)(𝑙−𝑙′).
152 (2-11)  

In both cases, the phases of the two reflections must be known in order to obtain the phase 

of the third reflection. In centrosymmetric structures, the phase angles of some reflections 

are set at 0 or π to fix the origin. The phase angle determination is much more complicated 

in non-centrosymmetric structures because the phase angles of two reflections of a triplet 

may have values between 0 and 2.152 As the result, a few possible arrays of phases are 

generated for a non-centrosymmetric structure, and they are tested until the correct solution 

is obtained. 

2.2.2 Powder X-ray Diffraction 

Powder X-Ray Diffraction (PXRD) analysis was performed at temperature on a 

PANalytical X’Pert Pro diffractometer equipped with a CuKα1 source and an X’Celerator 

linear detector. The samples were finely grinded into powders using a mortar and pestle 

and evenly deposited on a zero-background silicon sample holder. 

A ceramic vacuum sealed X-ray tube is employed for X-ray generation. Inside a tube, a 

tungsten heated filament works as the cathode, and it emits electrons. Electrons are 

accelerated by the electric potential (in tens of kV) applied to a tube. When high-speed 

electrons strike the anode, the inner-shell electrons of metal atoms can be knocked. As the 

outer-shell electrons fill the inner shell vacant, X-ray photons of characteristic 
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energy/wavelength are emitted. For this study, copper was employed for the anode, and a 

germanium single crystal monochromator was used to filter the CuKα2 and white radiation. 

 

Figure 2.5. Schematic diagram of (a) a X-ray tube and (b) generation of characteristic X-

ray.153 

The PXRD data were analyzed and refined using the Rietveld technique (Rietica 

program154). For the lattice parameter and sample purity determination, the profile 

parameters (background and peak shape), lattice parameters, and sample displacement 

were refined. The literature data were used for the atomic parameters and occupancies. The 

least-squares method was employed to estimate the quality of refinement, and the 

mathematical expression of the profile 𝑅𝑝 , weighted profile 𝑅𝑤𝑝 , and goodness 𝜒2 

parameters are:154 

𝑅𝑝 =
∑ |𝑦𝑜−𝑦𝑐|

∑𝑦𝑜
 (2-12) 

𝑅𝑤𝑝 = √
∑𝑤𝑖(𝑦𝑜−𝑦𝑐)

2

∑𝑤𝑖𝑦𝑜
2  (2-13) 
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𝜒2 =
∑𝑤𝑖(𝑦𝑜−𝑦𝑐)

2

𝑁−𝑃
 (2-14) 

Where 𝑦𝑜  and 𝑦𝑐  are the observed and calculated intensities, and 𝑤𝑖  is the weighting 

parameter,155 N is the total number of data points, and P is the number of adjusted 

parameters. 

2.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

Spectroscopy (EDS) 

SEM and EDS are non-destructive analytical techniques widely used for materials 

characterization. SEM is a type of electron microscope in which a specimen’s image is 

directly produced by scanning the surface with a beam of focused electrons. An EDS 

analyzer is an attachment to the SEM and is used for elemental analysis. 

2.3.1 Principles 

Generally, there are two modes of electrons in SEM: secondary and backscattered electrons. 

Secondary electrons are generated from inelastic scattering events, and they are electrons 

knocked out from the atom’s inner shell by the primary electrons.156 The intensity of the 

secondary electron signal is directly related to the number of secondary electrons detected; 

the secondary electrons mode is generally used for the topography analysis. 

Backscattered electrons are the primary electrons reflected from the specimen by elastic 

scattering.156 The trajectories of primary electrons are deviated by the atomic nuclei; the 

heavier nuclei, the more significant deviation of the primary electrons, and the more 

backscattered electrons are observed. Thus, the intensity of the backscattered electron 
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signals is proportional to the atomic number Z, and backscattered electron mode is 

generally used to analyze the spatial elemental/phase distribution in samples. 

 

 

Figure 2.6 Schematically describes the (a) secondary electrons and (b) backscattered 

electrons. 

The EDS analytical technique uses characteristic X-ray emitted from the specimen for 

elemental analysis. Generation of characteristic X-ray is described in Figure 2.5 (b), in the 

previous chapter, 2.2.2. The position of X-ray peaks (i.e. energy of the peaks) indicates the 

element, and the intensity of the peaks gives the element’s concentration.157 Due to the low 

energy resolution, the characteristic peaks from the elements with close atomic numbers 

can overlap; as a result, the quantitative analysis becomes difficult and the EDS is 

considered a semi-quantitative technique.  
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2.3.2 Instrumentation 

The SEM-EDS analysis was performed on a TESCAN VEGA II LSU scanning electron 

microscope (20 kV accelerating voltage) equipped with an X-MAX (80mm2) X-ray EDS 

spectrometer (Oxford Instruments), located at the Canadian Center for Electron 

Microscopy, McMaster University, Hamilton, ON. A pure nickel metal was used for signal 

calibration. Samples were finely polished with 800 and 1200 grit sandpapers, and a layer 

of double-sided carbon tape was used to mount samples on the SEM sample holders.  

2.4 Thermoelectric Property Measurements 

To calculate the figure of merit, ZT, Seebeck coefficient, electrical resistivity/conductivity, 

and thermal conductivity must be determined. The Hall coefficient and mobility are also 

measured to gain better understanding of the Seebeck coefficient and electrical 

resistivity/conductivity. 

2.4.1 Seebeck Coefficient and Electrical Conductivity Measurements 

A ULVAC-RIKO ZEM-3 instrument was used for Seebeck coefficient and electrical 

resistivity measurement. The instrument is located at CanmetMATERIALS, Natural 

Resources of Canada, Hamilton, ON. All samples were cut into bars (3mm × 3mm × 10mm) 

using a revolving diamond blade and kerosene as a lubricant. Measurements were under a 

helium atmosphere; a sample was heated and held at a specified temperature.  The 

temperature difference heating is used to provide a temperature difference (∆𝑇 = 𝑇1 − 𝑇2) 

to the sample bar, and the temperature difference obeys the limitation: ∆𝑇 (
∆𝑇 

𝑇1+𝑇2
2

≪ 1).158 
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Seebeck coefficient was derived from the temperature difference at the two thermocouples 

without application of current and voltage difference ∆𝑉𝑠  between the two 

thermocouples159 according to equation (1-1). The electrical resistivity 𝜌 was measured 

using a dc 4-probe method, in which a constant current I was applied to the sample while 

maintaining the temperature difference and a voltage difference ∆𝑉  between the two 

thermocouples was measured. To eliminate the Seebeck coefficient contribution ∆𝑉𝑠 to the 

measured voltage, ∆𝑉, between the two thermocouples, a resistive voltage difference ∆𝑉𝐼 

is calculated by: 

∆𝑉𝐼 = ∆𝑉 − ∆𝑉𝑠 (2-15). 

And the electrical resistivity 𝜌 is then calculated: 

𝜌 =
∆𝑉𝐼𝐴

𝐼𝑙0
 (2-16). 

A is the effective cross area, 𝐼 is a constant current is applied to both ends of the sample 

and 𝑙0 is the effective distance between the two thermocouples. 
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Figure 2.7 Schematically describes the ULVAC-RIKO ZEM-3 instrument.160 

2.4.2 Thermal Conductivity Determinations 

The thermal conductivity of samples was calculated by: 

𝑘 =  𝑐𝑝𝜌𝑘𝐷 (2-17). 

𝑐𝑝 is the specific heat capacity obtained from the Neumann-Kopp rule161, which states that 

a compound’s molar specific heat capacity equals the sum of its constituent molar heat 

capacities. The sample density 𝜌𝑘 was measured using a home-built Archimedes setup at 

room temperature. And D is the thermal diffusivity measured by the laser flash method, in 

which a laser pulse irradiates one side of the sample, and an infrared detector records the 

thermal response on the other side. The thermal diffusivity of samples can be determined 

by  

𝐷 =  
ln (4)𝑑

𝜋2𝑡1
2

 (2-18). 

Where 𝑡1
2

 is the time required for the recording surface to reach half of the maximum 

temperature rise, and 𝑑 is the thickness of the sample.162 

Laser flash experiments were performed on 10 mm × 10 mm × 1 mm plate samples under 

a nitrogen atmosphere using a Netzsch LFA 457 instrument in the laboratory of Dr. Kuei-

Hsien Chen, Department of Physics, National Central University, Taoyuan City 32001, 

Taiwan, by Dr. Suneesh Meledath Valiyaveettil. Some laser flash experiments were also 

performed on round samples (Diameter = 12.75 mm and thickness = 1 mm) under a 
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nitrogen atmosphere using a Netzsch LFA 467 instrument located at Automotive Resource 

Center, McMaster University, Hamilton, ON. 

2.4.3 Hall Effect Measurements 

The Hall effect is generation of a voltage difference across a conductor when an electrical 

current is passed through it and a magnetic field perpendicular to the current is applied. 

Hall effect measurements were performed on square plate samples (1 mm × 10 mm × 10 

mm) using a home-built instrument with the Van der Pauw geometry, at room temperature 

and in air. The instrument is equipped with a GMW 5403 electromagnet and with AC 

excitation and detection from a Stanford Research SR830 lock-in amplifier.  The 

instrument is located at the CanmetMATERIALS, Natural Resources of Canada, Hamilton, 

ON. During the measuremens, a magnetic field (B) swapped from -1.3 T to 1.3 T, and a 

AC current (I) was fixed at 5 mA. The measured Hall voltage VH, the thickness of the 

sample, d, were used to determine the Hall coefficients RH : 

𝑅𝐻 =
𝑑 × 𝑉𝐻

𝐼 ×𝐵
 (2-19).163 

The Hall coefficient is positive if holes dominate carrier transport, and it is negative when 

electrons dominate the carrier transport. To eliminate the experimental errors, a linear fit 

was applied to a scatter graph with VH as the y-axis and B as the x-axis. The slope obtained 

was used to derive the Hall coefficient. The derived RH was employed to calculate the Hall 

carrier concentration, 𝑛𝐻, and Hall carrier mobility, 𝜇𝐻,: 

𝑛𝐻 =
1

𝑒𝑅𝐻
  (2-20).163 
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𝜇𝐻 =
𝑅𝐻

𝜌
  (2-21),163 

where e is an electron charge, and 𝜌 is the electrical resistivity. 

 

Figure 2.8. Schematic representation of the Hall effect measurements. Magnetic field is 

applied perpendicular to the current; the current is applied between contacts 1 and 3, and 

the voltage is measured between 2 and 4. 

2.5. Electronic structure calculations 

Knowledge of the electronic structure is necessary to understand and manipulate material's 

transport properties. For example, the Seebeck coefficient is sensitive to the changes in the 

electronic band structure, and the researchers have used band convergence, band 

degeneracy, band inversion, and resonant states to tune the thermopower. In this 

dissertation, the tight-binding, linear-muffin tin orbital method with the atomic sphere 

approximation (TB-LMTO-ASA) was used for the SnTe and Co4Ge4Te6 phases, and 

density functional theory (DFT) was employed for Sn0.5Ge0.5Te. 
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2.5.1 Tight-Binding-Linear-Muffin Tin Orbital Method with the Atomic Sphere 

Approximation 

 TB-LMTO-ASA is an efficient method for electronic structure calculations. For the tight-

binding (TB) model, electrons are assumed to be tightly bound to the atom to which they 

belong, and the influence of the neighbor atoms on these electrons are ignored.164–166 The 

linear-muffin tin orbital (LMTO) approximation is a standard method for the orbital basis 

set determination. To determine the basis set, each ion core is located at the center of a 

“muffin tin” sphere with a radius 𝑅𝑙 . The muffin tin geometry has two distinct spatial 

regions: inside and outside the muffin tins; the outside regions is also called the interstitial 

region. The potential is assumed to be spherically symmetric inside the muffin tins and flat 

(constant) in the interstitial region.166 Atomic sphere approximation (ASA) assumes all 

atoms to be spherical, and empty spheres are placed into the interstitial region, allowing 

spherical potentials to describe all spatial regions.167  

 

Figure 2.9. Schematics of the muffin tin geometry: the space is divided into muffin tin 

spheres, and the region between these spheres is the interstitial region.  
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The TB-LMTO-ASA168 calculations were performed on the room-temperature structures 

of SnTe,90 GeTe90 and Co8Ge12Te12.
128 Space-filling empty spheres were included into the 

unit cell by the automatic sphere generation to satisfy the overlap criteria of the TB-LMTO-

ASA model. For SnTe and GeTe, 4d, 5s, and 5p ones of Sn, 3d, 4s, and 4p ones of Ge, and 

4d, 5s, and 5p ones of Te were employed during the calculations. For Co8Ge12Te12, the 3d, 

4s orbitals of Co, 3d, 4s, and 4p ones of Ge and 4d, 5s, and 5p ones of Te were employed. 

2.5.2 Density Functional Theory Calculations 

Density functional theory (DFT) plays a vital role in studying the electronic structure of 

solid-state materials. Unlike the LMTO approach, the potential around the atoms is 

complex in the DFT, which produces more accurate results for the electronic structure 

calculations for materials with complex structures. Generally, the kinetic energy 𝑇𝑘𝑖𝑛𝑒𝑡𝑖𝑐 

and electrostatic interactions 𝐸𝑒𝑠𝑡𝑎𝑡 of the electrons with their charge density and with the 

nuclei are counted as the significant contribution to the total electronic energy 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 

in the DFT.169  Also, the remaining electronic energy not included in 𝑇𝑘𝑖𝑛𝑒𝑡𝑖𝑐 and 𝐸𝑒𝑠𝑡𝑎𝑡 is 

described by the exchange-correlation energy, 𝐸𝑒𝑥𝑐.
170 The mathematical expression for  

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 is given by: 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 = 𝑇𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝐸𝑒𝑠𝑡𝑎𝑡 + 𝐸𝑒𝑥𝑐. (2-22) 

The DFT calculations of Sn14Ge13Te27, Sn13Ge13InTe27, Sn16Ge14SbInTe32, and 

Sn16Ge14BiInTe32 were performed with the Quantum Espresso software171,172 in 

collaborator with Yang Zan. The electron-ion interaction for the Ge, In, Sb, Bi, and Te 

atoms were modeled by the projector-augmented wave (PAW) technique.173 Perdew-
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Burke-Ernzerhof (PBE) approximation was chosen to describe the exchange-correlation 

energy, and the cutoff energy for the wave functions was set to 50 Ry.174 Calculations were 

performed on the 3 × 3 ×3 rhombohedral supercells containing 27 Ge sites and 27 Te sites 

and the 2 × 2 ×2 cubic phase supercell containing 16 Ge sites, 16 Sn sites, and 32 Te sites. 

Only the Ge substitution was considered since the dominant defect in the phases studied is 

Ge vacancy. Two Ge sites were randomly chosen to be replaced by Bi, In, or Sb. Both cell 

parameters and atomic positions were fully relaxed until the force on each atom was less 

than 0.001eV/Å. 
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Chapter 3. Enhancing Thermoelectric Performance of 

Sn0.5Ge0.5Te via Doping with Sb/Bi and Alloying with Cu2Te. 

Optimization of Transport Properties and Thermal 

Conductivity 

This chapter encompasses the manuscript “Enhancing Thermoelectric Performance of 

Sn0.5Ge0.5Te via Doping with Sb/Bi and Alloying with Cu2Te. Optimization of Transport 

Properties and Thermal Conductivity”, which was published in Dalton Transactions 

(Dalton Trans. 2020, 49 (18), 6135–6144). Partial electrical properties measurements were 

collected by Dr. Chun-Wan Timothy Lo and Mr. Masoud Aminzare at 

CanmetMATERIALS, Natural Resources of Canada, Hamilton, ON. Mr. Suneesh 

Meledath Valiyaveettil collected the thermal diffusivities, specific heat capacity, and 

density of materials at the Department of Physics, National Central University, Taoyuan 

City 32001, Taiwan. The candidate completed the experimental procedures, sample 

characterization, electronic structure calculations, data interpretation, and manuscript 

preparation. 

 

 

Reproduced with permission from Song, S.; Lo, C.-W. T.; Aminzare, M.; Tseng, Y.-C.; 

Valiyaveettil, S. M.; Mozharivskyj, Dalton Trans. 2020, 49 (18), 6135–6144. Copyright 

by 2020 Royal Society of Chemistry 
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This work provides a comparative study of the thermoelectric properties for the 

Sn0.5Ge0.5Te phases doped with Sb and Bi and alloyed with Cu2Te. The Sn0.5Ge0.5Te 

composition was chosen because it delivers the highest ZT value within the Sn1-xGexTe 

series (x ≤ 0.5). Doping Sn0.5Ge0.5Te with electron-richer Sb and Bi improves both the 

charge transport properties and thermal conductivity. Further alloying with Cu2Te 

optimizes the thermoelectric performance of the samples even further, yielding the ZT 

value of 0.99 for (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05 at 500 oC. Hall measurements were 

performed to understand the effects of doping and alloying. 

3.1 Introduction 

Nowadays, fossil fuels still retain a dominant position in the energy production. However, 

60% of the energy generated is expelled into environment as waste heat.1 If  some of this 

waste heat were converted into electricity, it would greatly reduce green-house emissions 

and improve efficiency of many energy-intense processes at the same time.175 High-

temperature thermoelectric power generation can successfully tackle this issue and the 

research in the field has attracted significant attention.7 Thermoelectric materials can 

directly convert heat into electricity and they are expected to play a vital role as green 

energy generator, thereby mitigating future energy challenges.2,176  

The efficiency of thermoelectric materials at a given temperature T is represented by the 

figure of merit, 𝑍𝑇 =
𝛼2𝜎

𝜅𝑡𝑜𝑡𝑎𝑙
𝑇, where α is the Seebeck coefficient and σ is the electrical 

conductivity. 𝜅𝑡𝑜𝑡𝑎𝑙 is the total thermal conductivity and consists of the electronic (𝜅𝑒) and 
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lattice (𝜅𝑙) thermal conductivities. An ideal thermoelectric material should have a low, 

glass-like thermal conductivity and a high-power factor (𝛼2𝜎) to achieve suitable ZT values. 

However, parameters α, σ and 𝜅𝑒 are interrelated with each other. For example, Seebeck 

coefficient is inversely proportional to the charge carrier concentration (𝑛 ) via 𝛼 =

8𝜋2𝑘𝐵
2

3𝑒ℎ2
𝑚∗𝑇(

𝜋

3𝑛
)
2

3, while electrical conductivity, 𝜎 = 𝑛𝑒𝜇, is directly proportional to n.39 

Additionally, the  electronic thermal conductivity, 𝜅𝑒 = 𝐿σT,39  is related to the electrical 

conductivity via Wiedemann-Franz law, and thus has the same linear dependence on n.  

The current thermoelectric research focuses on optimization of the power factor and lattice 

thermal conductivity. Strategies for the power factor improvement include introduction of 

resonant levels at the Fermi level,177–179 convergence of electronic bands and presence of 

degenerate valleys,75,180–182 and adjustment of the carrier concentration.183 The lattice 

thermal conductivity could be optimized via nano-precipitation in the matrix,184–186 

introduction of point defects and nanoscale grain boundaries to enhance phonon 

scattering.187–190  

p-Type lead telluride (PbTe) based phases are excellent thermoelectric materials within the 

500 to 800 K range.178,187,191,192 However, their industrial applications are becoming more 

restricted because of the lead toxicity. Instead, tin telluride (SnTe) is being explored as a 

potential substitute for PbTe for thermoelectric power generation. While the two materials 

have similar crystal and electronic structures,193,194  there are some differences, which 

negatively affect the transport properties of SnTe. One of them is the energy separation 

between the higher energy, light hole L band and the lower energy, heavy hole Ʃ band, 
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both of which are located at the top of the valence band. In the pristine SnTe, this separation 

is larger (≈0.35 eV)143 than in PbTe (≈0.17 eV),130 which leads to the dominance of light 

holes (with a low effective mass) in the transport properties, and to a low Seebeck 

coefficient as the result.195 In addition, intrinsic Sn deficiency creates a high hole 

concentration of 1020 to 1021cm-3 and subsequently a low Seebeck coefficient.196 Moreover, 

SnTe possesses a much higher lattice thermal conductivity stemming from the lighter 

atomic mass of Sn, which leads to a faster sound velocity.197,198  

Another potential substitute for PbTe is GeTe. Similar to SnTe, GeTe possesses significant 

Ge vacancies, and as a result, a very high hole concentration (~1021 cm-3) and a high 

electronic thermal conductivity.199,200 It is worth mentioning that a theoretical band gap of 

GeTe is small (Eg ~0.24 eV)199 and the energy separation (∆EL−Σ ~0.27-0.38 eV) is large. 

In summary, GeTe displays the charge transport problems similar to those in SnTe, and 

thus the same optimization approaches can be applied to both systems.201,202 

3.2 Materials and Methods 

3.2.1 Synthesis 

Pieces of tin, germanium, antimony, bismuth and tellurium (purity 99.9 wt.% or better) 

were used for the solid state synthesis of Sn1-xGexTe (x=0.10-0.50), (Sn0.5Ge0.5)1-1.5xSbxTe 

(x=0.02, 0.06 and 0.10), (Sn0.5Ge0.5)1-1.5xBixTe (x=0.02 and 0.06), Sn0.5Ge0.5Te(Cu2Te)x 

(x=0.03, 0.05), (Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)x (x=0.03, 0.05), 

(Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)x (x=0.03, 0.05) Starting materials with appropriate ratios 

were loaded into silica tubes, which were evacuated to 0.02 torr and flamed sealed. To 
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eliminate temperature variances, all samples were placed in the same furnace. The samples 

were slowly heated to 1000 °C to ensure elemental mixing, and kept at this temperature for 

12 hours. The samples were quenched in an ice bath. 

3.2.2 Spark Plasma Sintering (SPS) 

To obtain high-density samples suitable for property measurements, the alloys were hand 

grinded in an agate mortar and loaded into a 15 mm diameter graphite die. A layer of 

graphite paper was placed between the sample powders and graphite plungers. During the 

SPS, the samples were heated under a pressure of 45 MPa. The heating profile was as 

follows: 

𝑅. 𝑇.
100°C/mins
→        600 °C 

5𝑚𝑖𝑛𝑠
→     600°C

𝑁𝑜 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑛𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 
→                          𝑅. 𝑇. 

3.2.3 Density 

The geometrical and Archimedean density of each sample are measured by a 

𝟏𝟎𝒎𝒎× 𝟑𝒎𝒎× 𝟑𝒎𝒎  bar sample. These samples have been soaked overnight in 

distilled water before Archimedean measurement. 

Table 3.1 Geometrical and Archimedean density of samples 

 Geometrical 

Density 

(g/cm3) 

Archimedean 

Density 

(g/cm3) 

Compactness 

(%) 

Sn0.9Ge0.1Te 6.32 6.47 97.66 

Sn0.7Ge0.3Te 6.21 6.34 98.05 

Sn0.5Ge0.5Te 6.28 6.38 98.48 

(Sn0.5Ge0.5)0.97Sb0.02Te                                        6.17 6.28 98.23 

(Sn0.5Ge0.5)0.91Sb0.06Te                                        6.17 6.29 98.13 

(Sn0.5Ge0.5)0.85Sb0.1Te                                        6.21 6.34 97.82 

(Sn0.5Ge0.5)0.97Bi0.02Te                                        6.20 6.32 98.06 
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(Sn0.5Ge0.5)0.91Bi0.06Te                                        6.23 6.38 97.66 

Sn0.5Ge0.5Te(Cu2Te)0.03 6.41 6.49 98.73 

Sn0.5Ge0.5Te(Cu2Te)0.05 6.39 6.46 98.90 

(Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05                                        6.21 6.29 98.70 

(Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05                                        6.32 6.44 98.08 

 

3.2.4 X-ray Powder Diffraction 

All samples were analyzed by X-ray powder diffraction (PXRD) on a PANalytical X’Pert 

Pro diffractometer with CuKα1 and an X’Celerator detector at room temperature. For data 

collection, the samples were finely grinded using a mortar and pestle and deposited on the 

zero background silicon discs. The diffraction data were collected between 20° to 140°. 

Rietveld refinement (Rietica program)154 was used to determine the lattice parameters and 

amounts of impurities. 

3.2.5 Thermoelectric Measurements 

For Seebeck coefficient and electric conductivity measurements, the SPS samples were cut 

into 3mm x 3mm x 10mm rectangular bars using a diamond saw. Kerosene was used as a 

lubricant to prevent sample oxidation. Electrical conductivity and Seebeck coefficient were 

simultaneously measured under He atmosphere from room temperature to 500 ˚C on an 

ULVAC-RIKO ZEM-3 instrument system. 

The 10mm x 10mm x 1mm plates were cut for the measurements of thermal conductivity 

and Hall effect. The total thermal conductivity is calculated by κtotal=D×Cp×ρ. Thermal 

diffusivity D was measured in the range 25-500 ˚C by using the laser flash diffusivity 

method on a Netzsch LFA 457 instrument. The temperature dependent heat capacity, Cp, 
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was derived using a standard pyroceram on the same LFA 457 instrument, and the density, 

ρ, of these samples was measured by the Archimedes method.  

The hole concentration, np, was calculated from np = 
1

𝑒𝑅𝐻
, where e is an electron charge and 

RH is Hall coefficient. Concerning RH, the RH = 
𝑡∗𝑉𝐻

𝐼∗𝐵
 formula was used, with t being the 

thickness of the sample, I the fixed AC current (5mA), B magnetic field swapped from -

12800 G to 12800 G, and VH Hall voltage measured at room temperature. A scatter graph 

was plotted based on the Hall voltage (y axis) and magnetic field (x axis) with a linear fit 

applied to minimize the measurement errors. The slope of the linear fit was taken as 
𝑉𝐻

𝐵
 in 

the RH formula. The carrier mobility, μh, was calculated from μh = 
𝑅𝐻

𝜌⁄ , where 𝜌 is the 

sheet resistance measured by the Van der Pauw method. 

3.2.6 Computational Details 

In order to understand the relationship between the composition and physical properties, 

tight-binding linear-muffin-tin-orbital calculations using the atomic sphere approximation 

(TB-LMTO-ASA)168 were performed on the room-temperature structures of SnTe and 

GeTe.90 Space-filling empty spheres were included into the unit cell by the automatic 

sphere generation in order to satisfy the overlap criteria of the TB-LMTO-ASA model. 

Valence and semicore electronic states were 4d10 5s2 5p2 for Sn, 3d10 4s2 4p2 for Ge and 

4d10 5s2 5p4 for Sn. 
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3.3 Results and discussion 

3.3.1 Ge-substituted SnTe 

According to the powder X-ray diffraction (PXRD) results in Figure 3.1 (a), Sn1-xGexTe 

undergoes a phase transition from the cubic (Fm3m) to rhombohedral (R3m) structure at 

room temperature when the Ge amount is 50% and above. Additionally, the unit cell 

volume decreases with an increasing Ge amount, which is manifested by the shift of the 

diffraction peaks to higher angles (Figure 3.1 (a)). This tendency can be mainly attributed 

to a smaller Pauling radius of Ge2+ (1.223 Å) compared with Sn2+(1.399 Å).203 The cubic 

structures of SnTe, Sn0.9Ge0.1Te and Sn0.7Ge0.3Te are the cubic close packing of the Te2- 

anions with Sn2+ and Ge2+ in octahedral voids.  In the Sn0.5Ge0.5Te and GeTe structures, Sn 

and Ge atoms shift from (½, ½, ½) to (½-x, ½-x, ½-x).211 This dislocation reduces the 

symmetry from Fm3m to R3m and distorts the 90˚ angles of the unit cell to 88.35˚.90,200,204  

 

Figure 3.1 (a) Powder X-ray diffraction patterns at room temperature. (b) Primitive unit 

cell volume of Sn1-xGexTe (x = 0.1 to 0.5).  
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In order to understand how the Ge substitution affects the carrier concentration, mobility 

and effective mass, we measured Hall and Seebeck coefficients for SnTe, Sn0.5Ge0.5Te and 

GeTe. The experimental values of the Seebeck coefficient and carrier concentration (from 

Hall measurements) at room temperature were used to derive the Fermi integral,205 which 

was employed to calculate the carrier effective mass (Equation (3.3)): 

                 𝛼 = ±
𝑘𝐵

𝑒
[
(𝑟+3 2⁄ )𝐹𝑟+3 2⁄

(𝜂)

(𝑟+3 2⁄ )𝐹𝑟+1 2⁄
(𝜂)
− 𝜂  (3.1) 

                 𝐹𝑛(𝜂) = ∫
𝑥𝑛

1+𝑒𝑥−𝜂
𝑑𝑥

∞

0
 (3.2) 

                        𝑚∗ =
ℎ2

2𝑘𝐵𝑇
[

𝑛

4𝜋𝐹1
2

(𝜂)
]
2

3  (3.3) 

h, 𝑘𝐵 , η, 𝐹𝑛(𝜂), r and e represent Planck constant, Boltzmann constant, reduced Fermi 

energy, nth order Fermi integral, scattering factor and electron charge, respectively. In our 

case, the scattering factor is -½ because only the acoustic phonon scattering is considered 

within a single parabolic band model.206  

Table 3.2 Carrier concentration, carrier mobility and effective mass of SnTe, Sn0.5Ge0.5Te 

and GeTe at room temperature. 

 

 

As shown in Table 3.2, the Sn0.5Ge0.5Te sample has the largest carrier concentration, 

followed by GeTe. According to powder X-ray results, Ge precipitates are present both in 

the Sn0.5Ge0.5Te (0.94(9) mol. %) and GeTe (0.40(6)%) samples. The higher carrier density 

Composition Concentration 

(1021*cm-3) 

Mobility 

(cm2V-1s-1) 

𝑚∗
𝑚0⁄  

SnTe 0.40(6) 100(2) 0.44 

Sn0.5Ge0.5Te 1.75(4) 11.2(3) 3.00 

GeTe 1.38(3) 25.4(5) 2.25 
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in Sn0.5Ge0.5Te stems from larger Ge vacancies. In terms of the carrier mobility, the trend 

is different: SnTe has the highest carrier mobility, followed by GeTe. A lower mobility in 

Sn0.5Ge0.5Te can be attributed to a more disordered structure; a Sn/Ge disorder will scatter 

electrons more efficiently, thus shortening their relaxation time.207,208 Moreover, the charge 

carriers are heavier in Sn0.5Ge0.5Te, which further reduces the carrier mobility. The 

presented data suggest that the Ge substitution has a significant impact on the charge 

transport properties and that the carrier mobility is affected the most. 

Figure 3.2 (a) displays the electrical conductivity of Sn1-xGexTe within the 100 – 500 ˚C 

temperature range. Generally, the electrical conductivity of the substituted samples 

decreases with an increase in the Ge amount. Interestingly, all the Sn/Ge mixed samples 

show lower electrical conductivity below 200 oC, which can be attributed to a reduced 

carrier mobility stemming from the Sn/Ge disorder and associated charge carrier scattering, 

which is temperature independent.188 In contrast, carrier scattering (and mobility) in SnTe 

and GeTe is dominated by phonon-electron interactions, which are temperature 

dependent.29 As a result, the conductivity of SnTe and GeTe decrease more rapidly with 

temperature and drops below that of the mixed Sn/Ge samples above 200 ˚C.  
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Figure 3.2 (a) Electrical conductivity; (b) Seebeck coefficient and (c) power factor of SnTe, 

Sn0.9Ge0.1Te, Sn0.7Ge0.3Te, Sn0.5Ge0.5Te and GeTe.  

Seebeck coefficients (Figure 3.2 (b)) are positive for all samples, suggesting that holes are 

the dominant charge carriers, in agreement with the literature data.137,195An increase in the 

thermopower for larger Ge amounts at lower temperatures can be attributed primarily to 

the changes in the carrier effective mass. As shown in Table 3.2, the carrier effective mass 

in SnTe is 0.44 m0, in Sn0.5Ge0.5Te is 3.00 m0 and in GeTe is 2.25 m0. The trends in the 

effective mass were verified through the band structure calculations (Figure 3.3). 

Compared to SnTe, the valence band maximum (VBM) in GeTe moved from the L point 

to the Г point and the band around the Fermi level became flatter. This suggests an 

increased effective mass for the Ge-substituted SnTe, which is in agreement with the 

experimental values.   
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Figure 3.3 The calculated band structure of (a) SnTe and (b) GeTe. 

Figure 3.2 (c) shows the temperature dependent power factors of Sn1-xGexTe. GeTe 

displays the highest power factor due to its high Seebeck coefficient and high electrical 

conductivity. The temperature dependence of the total (ktotal), charge carrier (kc), and lattice 

(kL) conductivities is presented in Figure 3.4. The carrier contribution is estimated from the 

Wiedemann-Franz law (kc=LσT), where L is the Lorenz factor defined from:  

                                                   L= 1.5 + exp (-
|𝑆|

116⁄ ).42  (3-4)  

Within 100-200 ˚C, Sn0.5Ge0.5Te has the lowest kc due to the strong point defect scattering 

of the charge carriers.207,208 However above 250 ˚C, pristine SnTe and GeTe have a lower 

kc due to the dominance of the phonon-electron scattering. The lattice contribution, kL, is 

estimated by 

                                                      kL= ktotal - kc (3-5). 

The temperature dependence of kL is shown in Figure 3.4 (b). All Ge-containing samples 

have a lower lattice thermal conductivity than SnTe due to the point defect scattering, 
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stemming from the Sn/Ge mixture. The lattice thermal conductivities of Sn0.9Ge0.1Te and 

Sn0.5Ge0.5Te have a negative slope with temperature, which is driven by the Umklapp 

scattering.60 The lattice conductivity of the cubic Sn0.7Ge0.3Te phase is almost temperature 

independent and is lower than those of other samples below 350 oC. Such reduction in kL 

can be attributed to significant scattering of acoustic phonons by ferroelectric lattice 

instability.131,209,210 Total thermal conductivity is illustrated in Figure 3.4 (c). Sn0.7Ge0.3Te 

has the lowest thermal conductivity within 100 ˚C to 350 ˚C due to its lowest lattice 

contribution. In the 350 to 425 ˚C range, Sn0.5Ge0.5Te offers the lowest thermal 

conductivity and, above 425 ̊ C, Sn0.9Ge0.1Te takes over due to its optimized carrier thermal 

conductivity. 

Figure 3.4 (d) summarizes the ZT values. All Ge-containing samples have higher figure-

of-merit values than SnTe, with the pristine GeTe displaying the best performance and 

Sn0.5Ge0.5Te being second. Considering a high market price for germanium (two times 

more than that for tin), we focused on optimizing the thermoelectric properties of 

Sn0.5Ge0.5Te via targeted doping. 
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Figure 3.4 Temperature dependent (a) carrier thermal conductivity, (b) lattice thermal 

conductivity, (c) total thermal conductivity and (d) ZT values for SnTe, Sn0.9Ge0.1Te, 

Sn0.7Ge0.3Te, Sn0.5Ge0.5Te and GeTe. 

3.3.2 Sb- and Bi-doped on Sn0.5Ge0.5Te 

The doping of Sn0.5Ge0.5Te with Sb and Bi was performed according to the (Sn0.5Ge0.5)1-

1.5xSbxTe and (Sn0.5Ge0.5)1-1.5xBixTe formulas, i.e. for one fraction of Sb or Bi, 50% more 

of Sn/Ge were removed. This was done in accordance with the dominant oxidation states 

of cations in tellurides, which are Sn2+, Ge2+, Sb3+ and Bi3+. Based on the X-ray diffraction 

data (Figure 3.5 (a) and (b)), Sb and Bi doping increases the symmetry from R3m to Fm3m. 
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(Sn0.5Ge0.5)0.97Sb0.02Te and (Sn0.5Ge0.5)0.97Bi0.02Te exhibit clear splitting of the diffraction 

peaks characteristic of the rhombohedral symmetry. In (Sn0.5Ge0.5)0.91Sb0.06Te and 

(Sn0.5Ge0.5)0.91Bi0.06Te, the peaks started to coalesce, and in (Sn0.5Ge0.5)0.85Sb0.1Te they are 

fully merged (Fm-3m).   

 

Figure 3.5 Powder X-ray diffraction patterns of (Sn0.5Ge0.5)1-1.5xSbxTe (a) and (Sn0.5Ge0.5)1-

1.5xBixTe (b) at room temperature.  

Figure 3.6 (a) and (b) display electrical conductivities of the (Sn0.5Ge0.5)1-1.5xSbxTe and 

(Sn0.5Ge0.5)1-1.5xBixTe samples in the 100 - 500 ˚C range.  Both Sb- and Bi-doping reduces 

the electrical conductivity. In the case of the Sb-series, the doping level of x=0.1 yields the 

electrical conductivity (and thermopower) similar to those of x=0.06. For that reason, we 

did not pursue higher doping levels. To understand the changes in charge transport 

properties, the carrier concentration, mobility and effective mass of Sn0.5Ge0.5Te, 

(Sn0.5Ge0.5)0.91Sb0.06Te and (Sn0.5Ge0.5)0.91Bi0.06Te were analyzed. As shown in Table 3.3, 

both (Sn0.5Ge0.5)0.91Sb0.06Te and (Sn0.5Ge0.5)0.91Bi0.06Te possess a much lower carrier 
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mobility than Sn0.5Ge0.5Te. The two main reasons are heavier charge carriers (Table 3.3) 

and increased atomic disorder on the Sn/Ge site due to the doping.207,211 Moreover, 

(Sn0.5Ge0.5)0.91Bi0.06Te has a lower carrier mobility than (Sn0.5Ge0.5)0.91Sb0.06Te likely due 

to the bigger size and heavier mass of Bi.207,211 These two factors will enlarge the strain 

field and mass fluctuation scattering parameters, and as a result, the carrier relaxation time 

and mobility will be lower.188 

To explain the decrease in the carrier concentration, we performed the X-ray phase analysis 

of the polycrystalline samples. The powder X-ray patterns of (Sn0.5Ge0.5)1-1.5xSbxTe and 

(Sn0.5Ge0.5)1-1.5xBixTe (Figure 3.5 (a) and (b)) indicate a decrease in the Ge precipitates, 

with the Ge amounts being lower for smaller Sb or Bi doping. As such, Ge vacancies and 

carrier concentration are slightly suppressed upon the Sb and Bi doping. 

Table 3.3 Carrier concentration, carrier mobility and effective mass of Sn0.5Ge0.5Te, 

(Sn0.5Ge0.5)0.91Sb0.06Te and (Sn0.5Ge0.5)0.91Bi0.06Te at room temperature. 

Composition Concentration 

(1021*cm-3) 

Mobility 

(cm2V-1s-1) 

𝑚∗
𝑚0⁄  

Sn0.5Ge0.5Te 1.75(4) 11.2(3) 3.00 

(Sn0.5Ge0.5)0.91Sb0.06Te 1.53(3) 7.8(2) 3.81 

(Sn0.5Ge0.5)0.91Bi0.06Te 1.42(3) 6.7(1) 3.73 
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Figure 3.6 (a) and (b) Electrical conductivity, (c) and (d) Seebeck coefficient of 

(Sn0.5Ge0.5)1-1.5xSbxTe and (Sn0.5Ge0.5)1-1.5xBixTe.  

Seebeck coefficients of (Sn0.5Ge0.5)1-1.5xSbxTe and (Sn0.5Ge0.5)1-1.5xBixTe are shown in 

Figure 3.6 (c) and (d), respectively. p-Type behavior (positive thermopower) is observed 

for all samples. An increase in the Seebeck coefficient in the doped samples may be 

attributed to a larger effective mass and lower carrier concentration, with the former 

potentially being more consequential as judged from the data in Table 3.3. It is worth 

mentioning that the Sb- and Bi- doping tends to reduce rhombohedral distortion of the 

structure (Figure 3.5 (a) and (b)), thus leading to the valence band convergence,212 an 

increase in the valence band degeneracy,194 and a subsequent increase in the thermopower. 
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Figure 3.7 (a) and (b) display the power factors, PF. The highest PFs are observed for 

x=0.06 and they stem from the optimized Seebeck coefficient. 

 

Figure 3.7 Power factor of (Sn0.5Ge0.5)1-1.5xSbxTe (a) and (Sn0.5Ge0.5)1-1.5xBixTe (b).  

The total thermal conductivity (Figure 3.8 (a)) of (Sn0.5Ge0.5)0.91Sb0.06Te and 

(Sn0.5Ge0.5)0.91Bi0.06Te is much lower than that of undoped Sn0.5Ge0.5Te. An increase above 

450 ̊ C is likely related to the rhombohedral-to-cubic structural transformation, but this will 

have to be confirmed via HT structural studies. The carrier thermal conductivity in Figure 

3.8 (b) was calculated using the Wiedemann-Franz law (𝑘𝑒 = 𝐿𝜎𝑇); and it is lower for 

(Sn0.5Ge0.5)0.91Sb0.06Te and (Sn0.5Ge0.5)0.91Bi0.06Te. The lattice thermal conductivity of 

Sn0.5Ge0.5Te decreases with temperature, which is characteristic of the Umklapp scattering. 

On the other hand, the lattice conductivity of (Sn0.5Ge0.5)0.91Sb0.06Te and 

(Sn0.5Ge0.5)0.91Bi0.06Te is almost temperature independent, which suggests that point defect 

scattering of phonons is likely a dominant scattering mechanism.104,213 Moreover, this type 

of scattering should be more pronounced in the Bi-doped samples, and this is consistent 
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with data in Figure 3.8 (c). Figure 3.8 (d) shows the temperature dependent thermal 

conductivities and ZT values of (Sn0.5Ge0.5)0.91Sb0.06Te, (Sn0.5Ge0.5)0.91Bi0.06Te and 

Sn0.5Ge0.5Te. 

 

Figure 3.8 (a) Total, (b) carrier, and (c) lattice thermal conductivity and (d) ZT values of 

Sn0.5Ge0.5Te, (Sn0.5Ge0.5)0.91Sb0.06Te and (Sn0.5Ge0.5)0.91Bi0.06Te. 

3.3.3 Cu2Te-containing (SnGe)0.5Te, (Sn0.5Ge0.5)0.91Sb0.06Te and (Sn0.5Ge0.5)0.91Bi0.06Te 

Cu2Te can be introduced into the PbTe214 and SnTe phases36,215,216 to optimize their thermal 

conductivity. In this study, Cu2Te is incorporated into Sn0.5Ge0.5Te to reduce its lattice 

thermal conductivity. Sn0.5Ge0.5Te(Cu2Te)0.03 and Sn0.5Ge0.5Te(Cu2Te)0.05 samples have a 

rhombohedral structure (R3m) and they contain Ge and Cu1.79Te precipitates as seen in 

their X-ray diffraction patterns (Figure 3.9 (d)). 
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The electrical conductivity of the Sn0.5Ge0.5Te(Cu2Te)0.03 and Sn0.5Ge0.5Te(Cu2Te)0.05 

samples is lower than that of Sn0.5Ge0.5Te (Figure 3.9 (a)) and decreases with temperature. 

Seebeck coefficients of the pristine and Cu2Te-containing samples are identical and 

increase with temperature (Figure 3.9 (b)). Since both electrical conductivity and 

thermopower depend on the carrier concentration and effective mass (although in the 

opposite ways), we have measured Hall effect of Sn0.5Ge0.5Te(Cu2Te)0.05 and Sn0.5Ge0.5Te 

to gain insights into different behaviors of the transport properties.  

 

Figure 3.9 (a) Electrical conductivity, (b) Seebeck coefficient and (c) power factor of 

Sn0.5Ge0.5Te, Sn0.5Ge0.5Te(Cu2Te)0.03 and Sn0.5Ge0.5Te(Cu2Te)0.05. (d) Powder X-ray 

diffraction patterns of Sn0.5Ge0.5Te(Cu2Te)x  at room temperature.  
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Table 3.4 Carrier concentration, carrier mobility and effective mass of Sn0.5Ge0.5Te and 

Sn0.5Ge0.5Te(Cu2Te)0.05 at room temperature. 

Composition Concentration 

(1021*cm-3) 

Mobility 

(cm2V-1s-1) 

𝑚∗
𝑚0⁄  

Sn0.5Ge0.5Te 1.75(4) 11.2(3) 3.00 

Sn0.5Ge0.5Te(Cu2Te)0.05 1.64(3) 8.6(2) 2.95 

Sn0.5Ge0.5Te(Cu2Te)0.05 has only a slightly lower carrier concentration and effective mass 

than Sn0.5Ge0.5Te (Table 3.4). According to the Mott equation,30 𝛼 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2
𝑚∗𝑇(

𝜋

3𝑛
)
2

3, 

their thermopower will be similar, which is observed experimentally. A slightly lower 

carrier concentration in Sn0.5Ge0.5Te(Cu2Te)0.05 may be related to a lower deficiency of the 

Sn/Ge site upon Cu2Te doping,232 although it has to be stated that both Ge and Cu1.79Te 

precipitates were detected in the X-ray power diffraction patter of Sn0.5Ge0.5Te(Cu2Te)0.05 

(Figure 3.9 (d)), and thus the deficiency level is not clear. The lower electrical conductivity 

of Sn0.5Ge0.5Te(Cu2Te)0.05 stems primarily from the lower carrier mobility (Table 3.4), 

which in turn results from the increased carrier scattering by additional atomic disorder and 

presence of the impurities. The power factor, PF, (Figure 3.9 (c)) is the lowest for 

Sn0.5Ge0.5Te(Cu2Te)0.05 due to its low electrical conductivity. Since the PF of Sn0.5Ge0.5Te 

alloyed with Cu2Te was inferior to that of the Sb- and Bi-doped Sn0.5Ge0.5Te, we did not 

measure its thermal conductivity. Instead, we have proceeded to explore the Cu2Te alloying 

of the (Sn0.5Ge0.5)0.91Bi0.06Te and (Sn0.5Ge0.5)0.91Sb0.06 phases, which showed improvements 

in the PF and ZT values over Sn0.5Ge0.5Te (see above). (Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05  

and (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05 still have a rhombohedral structure (R3m), however, 
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the peaks started to coalesce in their X-ray diffraction patterns (Figure 3.10 (d)). And they 

also contain Ge and Cu1.79Te precipitates. 

 

Figure 3.10 (a) Electrical conductivity, (b) Seebeck coefficient, (c) power factor of 

(Sn0.5Ge0.5)0.91Bi0.06Te, (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05, (Sn0.5Ge0.5)0.91Sb0.06Te and 

(Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05, respectively. (d) Powder X-ray diffraction patterns of 

(Sn0.5Ge0.5)0.91X0.06Te(Cu2Te)0.05 at room temperature.  

The temperature dependent electrical conductivity, Seebeck coefficients and power factors 

are shown in Figure 3.10 (a), (b) and (c), respectively. The Cu2Te-containing samples have 

a lower electrical conductivity and a higher Seebeck coefficient compared to those without 

Cu2Te. For (Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05  and (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05, the 
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slope in the electrical conductivity changes after 350 ˚C, which could be related to the 

rhombohedral-to-cubic phase transition.209,217,218 

 The Hall effect of (Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05  and 

(Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05  were measured at room temperature and the parameters 

derived are given in Table 3.5. Most likely, the electrical conductivity is reduced due to the 

increased scattering of charge carriers by extra disorder. The changes in the Seebeck 

coefficient can be explained by a larger effective mass. The increased carrier 

concentrations can be related to higher amounts of the impurity precipitates (Figure 3.10 

(d)), and subsequently more deficient Sn/Ge site. 

Table 3.5 Carrier concentration, carrier mobility and effective mass of 

(Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05 and (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05  at room 

temperature. 

Composition Concentration 

(1021*cm-3) 

Mobility 

(cm2V-1s-1) 

𝑚∗
𝑚0⁄  

(Sn0.5Ge0.5)0.91Sb0.06Te 1.53(3) 7.8(2) 3.81 

(Sn0.5Ge0.5)0.91Bi0.06Te 1.42(3) 6.7(1) 3.73 

(Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05 1.75(8) 7.0(1) 4.17 

(Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05 1.67(5) 6.4(2) 4.74 

 

Figure 3.11 (a) and (b) show total thermal conductivity, carrier and lattice contributions for 

the (Sn0.5Ge0.5)0.91Sb0.06Te, (Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05, (Sn0.5Ge0.5)0.91Bi0.06Te and 

(Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05 samples over the 100 - 500 ˚C range.  Presence of Cu2Te 

in the (Sn0.5Ge0.5)0.91Sb0.06Te and (Sn0.5Ge0.5)0.91Bi0.06Te matrixes reduces their carrier and 
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lattice thermal conductivities below 350-400 oC; but only (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05 

maintains a lower lattice thermal conductivity in the entire temperature range.  

Figure 3.11 (c) compares the ZT values of the Sb-containing samples and Sn0.5Ge0.5Te. The 

ZT value of (Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05 reaches 0.92 at 500 ˚C and it is 

approximately 7% larger than the highest ZT of (Sn0.5Ge0.5)0.91Sb0.06Te, observed at 450 ̊ C. 

The average ZT of (Sn0.5Ge0.5)0.91Sb0.06Te is improved from 0.45 to 0.47 within the 100-

500 ˚C range upon alloying with Cu2Te. The ZT value of (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05 

reaches 0.99 at 500 ˚C (Figure 3.11(d)), which is 22% higher than that of 

(Sn0.5Ge0.5)0.91Bi0.06Te at the same temperature. From 100 ˚C to 500 ˚C, the average ZT of 

(Sn0.5Ge0.5)0.91Bi0.06Te is improved from 0.52 to 0.63 upon incorporation of Cu2Te.  
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Figure 3.11. (a-b) Thermal conductivity, charge carrier and lattice contributions; (c-d) ZT 

of (Sn0.5Ge0.5)0.91X0.06Te and (Sn0.5Ge0.5)0.91X0.06Te(Cu2Te)0.05 (X=Sb or Bi) in comparison 

to Sn0.5Ge0.5Te. 

3.4 Conclusions 

Thermoelectric performance of the explored phases is summarized in Figure 3.12 in terms 

of the highest ZT values achieved and the average ZT values over the 100-500 ˚C range. 

The current data suggests that the thermoelectric performance of the SnTe-based materials 

can be greatly increased; e.g., the average ZT value of Sn0.5Ge0.5Te is more than doubled. 

It is also obvious that the property optimization may require combination of substitution, 

doping and alloying, which targets different aspects of the transport properties. In our study, 
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we found the Sb and Bi doping can optimize both the charge transport and thermal 

conductivity, and the subsequent alloying with Cu2Te disrupts the phonon propagation 

even further, thus yielding a superior material. Such approach can be applied to other 

phases in the Sn1-xGexTe series. 

 

Figure 3.12 (a) The highest and (b) average ZT at 100 to 500 ˚C of SnTe, GeTe, 

Sn0.5Ge0.5Te, (Sn0.5Ge0.5)0.91Sb0.06Te, (Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05, 

(Sn0.5Ge0.5)0.91Bi0.06Te and (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05. 
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3.5 Supporting Information 

Expanded view of the X-ray powder diffraction patterns. 

 

Fig 3.S1: Powder X-ray diffraction patterns of (Sn0.5Ge0.5)1-1.5xSbxTe in the (a) 40-80˚, (b) 

80-140˚ 2θ range at room temperature. The peak splitting is representative of the 

rhombohedral symmetry. 
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Fig3.S2: Powder X-ray diffraction patterns of (Sn0.5Ge0.5)1-1.5xBixTe in the (a) 40-80˚, (b) 

80-140˚ 2θ range at room temperature. The peak splitting is representative of the 

rhombohedral symmetry. 

 

Fig 3.S3: Powder X-ray diffraction patterns of Sn0.5Ge0.5Te(Cu2Te)x in the (a) 20-40˚, (b) 

40-80˚, (c) 80-140˚ 2θ range at room temperature. The peak splitting is representative of 

the rhombohedral symmetry.  
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Fig 3.S4: Powder X-ray diffraction patterns of ((Sn0.5Ge0.5)0.91X0.06Te (Cu2Te)0.05 in the (a) 

20-40˚, (b) 40-80˚, (c) 80-140˚ 2θ range at room temperature. The peak splitting is 

representative of the rhombohedral symmetry. The peak splitting in the 

(Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05 sample is small but still present.  
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Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS). 

 

Fig 3.S5: (a) Back-scattered electron image; and (b-d) elemental mappings of Te, Sn and 

Ge of Sn0.9Ge0.1Te. Composition of the selected areas in (a) 46.3(3) of Sn, 5.0(6) of Ge, 

and 48.7(5) at.% of Te.  
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Fig 3.S6: (a) Back-scattered electron image; and (b-d) elemental mappings of Te, Sn and 

Ge of Sn0.7Ge0.3Te. Composition of the selected areas in (a) 37.2(1) of Sn, 14.2(4) of Ge, 

and 48.6(2) at.% of Te.  
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Fig 3.S7: (a) Back-scattered electron image; and (b-d) elemental mappings of Te, Sn and 

Ge of Sn0.9Ge0.1Te. Composition of the selected areas in (a) 25.9(1) of Sn, 25.1(2) of Ge, 

and 49.0(2) at.% of Te.  
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Fig 3.S8: Schematic diagram of (Sn0.5Ge0.5)0.97Sb0.02Te SEM-EDS result. (a-d) 

Composition analysis of these area, gave Sn, Ge, Te and Sb with 24.7(5), 23.7(9), 50.2(1) 

and 1.4(3) Atomic% respectively.  
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Fig 3.S9: (a)Back-scattered electron image; and (b-e) elemental mappings of Sn, Ge, Te 

and Sb of (Sn0.5Ge0.5)0.97Sb0.02Te.  
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Fig 3.S10: (a) Back-scattered electron image; and (b-e) elemental mappings of Sn, Ge, Te 

and Sb of (Sn0.5Ge0.5)0.91Sb0.06Te. EDS analysis of the selected areas in (a) yielded Sn, Ge, 

Te and Sb with 23.2(9), 22.9(6), 50.7(7) and 3.2(3) at. %, respectively. 
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Fig 3.S11:(a) Back-scattered electron image; and (b-e) elemental mappings of Sn, Ge, Te 

and Sb of (Sn0.5Ge0.5)0.85Sb0.1Te. EDS analysis of the selected areas in (a) yielded Sn, Ge, 

Te and Sb with 23.3(1), 21.0(1), 50.1(1) and 5.6(1) at. %, respectively. 
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Fig 3.S12:(a) Back-scattered electron image; and (b-e) elemental mappings of Sn, Ge, Te 

and Bi of (Sn0.5Ge0.5)0.97Bi0.02Te. EDS analysis of the selected areas in (a) yielded Sn, Ge, 

Te and Bi with 25.2(1), 24.6(4), 49.1(3) and 1.1(2) at. %, respectively. 
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Fig 3.S13:(a) Back-scattered electron image; and (b-e) elemental mappings of Sn, Ge, Te 

and Bi of (Sn0.5Ge0.5)0.91Bi0.06Te. EDS analysis of the selected areas in (a) yielded Sn, Ge, 

Te and Bi with 24.3(3), 23.3(3), 49.3(4) and 3.1(2) at. %, respectively. 
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Fig 3.S14:(a) Back-scattered electron image, Cu1.8Te as a secondary phase that gray spots 

in green circle, Ge as a tertiary phase that black spots in red circle; and (b-e) elemental 

mappings of Sn, Ge, Te and Cu of Sn0.5Ge0.5Te(Cu2Te)0.03. EDS analysis of the selected 

areas in (a) yielded Sn, Ge, Te and Cu with 24.9(6), 23.9(3), 48.3(4) and 2.9(3) at. %, 

respectively. 
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Fig 3.S15:(a) Back-scattered electron image, Cu1.8Te as a secondary phase that gray spots 

in green circle, Ge as a tertiary phase that black spots in red circle; and (b-e) elemental 

mappings of Sn, Ge, Te and Cu of Sn0.5Ge0.5Te(Cu2Te)0.05. EDS analysis of the selected 

areas in (a) yielded Sn, Ge, Te and Cu with 24.2(3), 23.4(4), 47.6(2) and 4.8(1) at. %, 

respectively. 
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Fig 3.S16: (a) Back-scattered electron image, Cu1.8Te as a secondary phase that gray 

spots in green circle, Ge as a tertiary phase that black spots in red circle; (b-f) elemental 

mappings of Sn, Ge, Te, Sb and Cu of (Sn0.5Ge0.5)0.91Sb0.06Te(Cu2Te)0.05. EDS analysis of 

the selected area in (a) yielded Sn, Ge, Te, Sb and Cu with 22.1(5), 21.4(5), 49.3(5), 

2.8(4) and 4.4(8) at. %, respectively. 
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Fig 3.S17: (a) Back-scattered electron image, Cu1.8Te as a secondary phase that gray spots 

in green circle, Ge as a tertiary phase that black spots in red circle; (b-f) elemental mappings 

of Sn, Ge, Te, Bi and Cu of (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05. EDS analysis of the selected 

area in (a) yielded Sn, Ge, Te, Bi and Cu with 22.6(6), 21.2(2), 49.0(3), 2.9(3) and 4.3(6) 

at. %, respectively. 
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Chapter 4. Enhancing Thermoelectric Performance of 

Sn0.5Ge0.5Te via Doping with In/Zn, In/Sb and In/Bi.  

This chapter encompasses the manuscript “Enhancing Thermoelectric Performance of 

Sn0.5Ge0.5Te via Doping with In/Zn, In/Sb and In/Bi”, which was published in Journal of 

Solid State Chemistry (Journal of Solid State Chemistry 2021, 302, 122444). Mr. Zan Yang 

collected electronic structure calculations, and partial sample preparations were performed 

by Mr. Yuyang Huang at the laboratory of Dr. Yurij Mozharivskyj, Department of 

Chemistry and Chemical Biology, McMaster University, Hamilton, ON. Mr. Suneesh 

Meledath Valiyaveettil collected the thermal diffusivities, specific heat capacity, and 

density of materials at the Department of Physics, National Central University, Taoyuan 

City 32001, Taiwan. The candidate completed the experimental procedures, sample 

characterization, electrical properties measurements, data interpretation, and manuscript 

preparation. 

 

 

 

 

Reproduced with permission from Song, S.; Yang, Z.; Huang, Y.; Tseng, Y.-C.; 

Valiyaveettil, S. M.; Chen, K.-H.; Mozharivskyj, Journal of Solid State Chemistry. 2021, 

302, 122444. Copyright by 2021 Elsevier 
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This work provides a comparative study of the thermoelectric properties for the 

Sn0.5Ge0.5Te phases doped with In, and subsequently with Zn, Sb and Bi. The In doping on 

the Sn/Ge site induces resonant levels around the Fermi level, and thus, enhances the 

thermopower. Further doping with Sb and Bi in (Sn0.5Ge0.5)0.98In0.2Te leads to the valence 

band convergence (thus increasing the thermopower) and optimizes the thermal 

conductivity. Comparison of the results for (Sn0.5Ge0.5)0.89In0.02Bi0.06Te and pristine SnTe 

reveal significant improvements in the average and highest ZT values by 446% (0.71 vs. 

0.13) and 125% (0.80 vs. 0.36), respectively, within 100-500 ˚C. 

4.1 Introduction 

Today, fossil fuels still play a dominant role as an energy source in numerous industries, 

which expel massive amounts of waste heat into the environment. Thermoelectric 

technology can convert this waste heat into useful electricity, thus reducing the 

environmental impact of burning fossil fuels and increasing the efficiency of various 

processes. Efficiency of thermoelectric materials, which are at the heart of thermoelectric 

technology, is represented by the figure of merit, ZT: 𝑍𝑇 =
𝛼2𝜎

𝜅𝐶+𝜅𝑙
𝑇, where 𝛼, 𝜎, 𝜅𝐶, 𝜅𝑙 and 

T are Seebeck coefficient, electrical conductivity, carrier thermal conductivity, lattice 

conductivity, and absolute temperature respectively.219 The ideal thermoelectric material 

is expected to have a high metal-like electrical conductivity, a low, glass-like thermal 

conductivity, and a large Seebeck coefficient.39 However, it is challenging to find a single, 

simple material that satisfies all the above-mentioned properties since parameters 𝛼, 𝜎, 𝜅𝐶 

are interrelated. For 
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example, 𝛼 is inversely proportional to n, but 𝜎 is directly proportional to n. Also, 𝜅𝐶 and 

𝜎 are linearly related via the Wiedemann-Franz law: 𝜅𝐶 = 𝐿σ𝑇.39 

In the last decade, thermoelectric research focused on decoupling these interdependent 

parameters and improving the figure of merit. Efforts have been made to improve the power 

factor (𝛼2𝜎)177,201,220,221 and optimize the lattice thermal conductivity.36,84,141,209,222,223 Lead 

tellurides have been developed as high-performance thermoelectric materials at mid 

temperatures (400-900K). However, their industrial applications are becoming restricted 

due to the Pb toxicity. Instead, other tellurides, such as SnTe and GeTe, with similar crystal 

structures are explored as potential replacements for lead telluride (PbTe). However, 

pristine SnTe has a much higher lattice thermal conductivity and a much lower Seebeck 

coefficient.80,141,201To optimize the SnTe properties, band structure engineering75,76,184,224–

227 and nano-structuring183,228–230 are employed. Still, the TE performance of the SnTe-

based materials falls below that of the PbTe-based materials.83,230–232 

Germanium telluride (GeTe) is another potential candidate. But similarly to SnTe, the TE 

performance of GeTe is limited by its very high p-type carrier density (~1021cm-3) and 

lattice thermal conductivity.37,84 Doping with In,179 Sb,199 and Bi199,233 has been shown to 

suppress the hole concentration in GeTe. Also, the lattice thermal conductivity of GeTe 

could be effectively optimized by nano-structuring.234–238 Since the high cost of germanium 

cannot be ignored in real industry applications, many research groups are exploring Sn(1-

x)GexTe alloys.201,209,223,239–241 In our previous work, we observed that Sn0.5Ge0.5Te shows 

the largest power factor, PF, and lowest thermal conductivity among the Sn1-xGexTe 
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(x≤0.5) phases from 100°C to 500°C.223  In this work, we explore the Sn0.5Ge0.5Te-based 

thermoelectric materials further; we employ In doping to introduce resonant levels at the 

valence band edge, and the In/Sb and In/Bi co-doping to optimize the thermopower and 

thermal conductivity. 

4.2 Experimental 

4.2.1. Synthesis 

Polycrystalline samples of (Sn0.5Ge0.5)1-1.5xInxTe (x = 0.02, 0.04), 

(Sn0.5Ge0.5)0.96In0.02Zn0.02Te, (Sn0.5Ge0.5)0.89In0.02Sb0.06Te, (Sn0.5Ge0.5)0.935In0.02Bi0.03Te and 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te were made by solid state synthesis of the elemental tin, 

germanium, tellurium, antimony, bismuth and indium (purity of all elements was 99.99 wt.% 

or better). The elements with the desired ratios were loaded into silica tubes, that were 

evacuated below 0.002 torr and flame sealed. The samples were heated to 1000 °C and 

kept at 1000 °C for 12 hours to achieve compositional homogeneity. The samples were 

quenched in the water-ice bath. 

4.2.2. Spark Plasma Sintering (SPS) 

For the SPS, finely grinded samples were loaded into a graphite die 15 mm in diameter. To 

avoid a direct contact between the sample and graphite plungers, a layer of graphite paper 

was placed in between. The samples were heated up to 600 °C at 100 °C/min under the 45 

MPa pressure and kept at this temperature for 5 minutes. After that, the samples were 

cooled to room temperature. 
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4.2.3. X-ray Powder Diffraction 

All samples were analyzed by X-ray powder diffraction (PXRD) on a PANalytical X’Pert 

Pro diffractometer with the CuKα1 radiation and an X’Celerator detector. The samples were 

finely grinded using an agate mortar and pestle and deposited on zero-background silicon 

discs. The diffraction data were collected in the 2θ range of 20° to 140°. Rietveld 

refinement (Rietica program154) was used to determine the sample purity and lattice 

parameters. We have refined the profile parameters (background, peak shape), sample 

displacement, lattice parameters, and atomic displacement parameters. 

4.2.4. Thermoelectric Measurements 

Samples were cut into 3mm × 3mm × 10mm rectangular bars for the Seebeck coefficient 

and electrical conductivity measurements.  Cutting was done with a low-speed diamond 

saw, and kerosene was used as a lubricant to prevent sample oxidation during cutting. 

Electrical conductivity and Seebeck coefficient were measured on a ULVAC-RIKO ZEM-

3 instrument. The 10 mm × 10 mm × 1 mm plates were prepared for measurements of 

thermal conductivity, carrier concentration and Hall carrier mobility. Thermal diffusivity, 

D, was measured using the laser flash diffusivity method on a Netzsch LFA 457 instrument, 

and the total thermal conductivity was calculated by κtotal = D × Cp × ρ. For the temperature 

dependent specific heat capacity Cp measurements, the standard sample (pyrocrearm) was 

used as a reference. The density ρ of the samples was measured by the Archimedes method. 

The hole concentration was calculated based on the equation of np = 
1

𝑒𝑅𝐻
, where e is an 

electron charge and RH is the Hall coefficient. The Hall coefficient was calculated from 
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RH= 
𝑡 × 𝑉𝐻

𝐼 ×𝐵
, where t is the thickness of the sample, I is the AC current fixed at 5 mA, B is 

the magnetic field swapped from -1.3 T to 1.3 T, VH is the Hall voltage measured at room 

temperature. To eliminate measurement errors, a scatter graph was plotted based on the VH 

as the y axis and B as the x axis, and the Hall coefficient was derived from with the linear 

fit. The Hall carrier mobility μH was calculated by μH = 
𝑅𝐻

𝜌⁄ , where 𝜌  is the sheet 

resistance measured by the Van der Pauw method.  

4.2.5. Density Functional Theory (DFT) calculation 

Band structure and density of state (DOS) calculations were performed with the density 

functional theory via the Quantum Espresso software.171,172 Projector-augmented wave 

(PAW) technique was chosen to model the electron-ion interaction for the Ge, In, Sb, Bi 

and Te atoms.173 The exchange-correlation energy was chosen in the form of the  Perdew-

Burke-Ernzerhof (PBE) approximation and the cutoff energy for the wave functions was 

set to 50 Ry.174 Calculations were performed on the 3 × 3 ×3 rhombohedral supercells 

containing 27 Ge and 27 Te sites and the 2 × 2 ×2 cubic phase supercell containing 16 Ge, 

16 Sn and 32 Te sites. Since the dominant defects in the phases studied are Ge vacancies, 

only the Ge substitution was considered. 2 Ge sites were randomly chosen to be replaced 

by Bi, In or Sb. Both cell parameters and atomic positions were fully relaxed until the force 

on each atom was less than 0.001 eV/Å.  
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4.2.6. Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

The samples were polished with 800 and 1200 grit sand papers and attached to the SEM 

sample holders using a double-sided carbon tape. The SEM images and EDS data were 

collected on a TESCAN VEGA II LSU scanning electron microscope (20 kV accelerating 

voltage) equipped with an X-MAX (80 mm2) X-ray EDS spectrometer (Oxford 

Instruments). Pure nickel metal was used as a calibration standard during the EDS analysis. 

4.3 Results and Discussion 

4.3.1 In-doped Sn0.5Ge0.5Te 

Resonant levels around the Fermi level can increase the DOS effective mass, and thus 

improve the thermopower and performance of thermoelectric materials.177,179,242–244 In-

doping has been shown to introduce resonant levels at the top of the valence band in 

SnTe177 and GeTe,179 and the same phenomenon can  be expected in the Sn0.5Ge0.5Te 

system. The In doping of Sn0.5Ge0.5Te was done according to the (Sn0.5Ge0.5)1-xInxTe 

formula, i.e. an equimolar substitution was pursued. This substitution does not follow the 

charge balance expected from the 3+ oxidation state of indium. However, previous 

experimental studies on the In-containing SnTe system indicate that In acts as an electron 

donor at low levels but becomes an electron acceptor at higher concentrations.177 It has 

been suggested that first In fills in the Sn vacancies and provides extra electrons to the 

valence band (the resulting hole concentration is lower), but upon further doping, it 

substitutes for Sn and reduces the Fermi level in the valence band (the hole concentration 

becomes larger).245,246 Such reduction is possible if the s electrons of In act as core ones 
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and only one p electron (instead of 2 from Sn) is donated to the valence band. In the light 

of this uncertainty, we have decided to pursue equimolar substitution with In.  

SEM-EDS images (Figures 4.S10-4.S12) show a homogenous distribution of elements in 

the Sn0.5Ge0.5Te, (Sn0.5Ge0.5)0.98In0.02Te and (Sn0.5Ge0.5)0.96In0.04Te samples. Based on the 

room temperature X-ray powder diffraction patterns (Figure 4.1 (a)), (Sn0.5Ge0.5)0.98In0.02Te 

adopts a rhombohedral symmetry as indicated by peak splitting (R3m), while a cubic 

symmetry (Fm3̅m) is observed for (Sn0.5Ge0.5)0.96In0.04Te. More crystallographic data are 

provided in the Supporting Information. It must be stated that while the macroscopic 

symmetry in (Sn0.5Ge0.5)0.96In0.04Te is cubic, the local atomic environment may be still 

distorted as in the rhombohedral structure. The indication for this comes from the lattice 

thermal conductivity that has an uptake above 450 oC, which is associated with the 

rhombohedral to cubic transition (see below).247  

Electrical conductivity, Seebeck coefficient and power factor of the In-doped samples in 

comparison to Sn0.5Ge0.5Te are shown in Figure 4.1 (b-d). From 100 to 500 ̊ C, the electrical 

conductivity of all samples decreases with temperature, indicating a typical degenerate 

semiconductor behavior. Upon In doping, the electrical conductivity is reduced 

pronouncedly, while the Seebeck coefficient is improved throughout the whole 

temperature range. The power factor of the In-doped samples is higher at lower 

temperatures but drops below that of Sn0.5Ge0.5Te at higher temperatures (Figure 4.1 (d)). 

To understand how the charge transport properties are affected by the In doping, we 

measured the Hall effect at room temperature. Using the Hall carrier concertation and 

Seebeck coefficient, the Density of States (DOS) effective mass was derived by assuming 
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the single parabolic band (SPB) model.67 Using the relationship md
* = Nv 

2/3 mb
* between 

the DOS (md
*) and conductivity (mb

*) effective masses  and the expression for the carrier 

mobility =e/mb*,25,248 we can draw some conclusions. As judged from the data in Table 

4.1, an increase in the effective mass does not scale up with a drop in the mobility between 

(Sn0.5Ge0.5)0.98In0.02Te and Sn0.5Ge0.5Te, both of which adopt the rhombohedral structure. 

Thus, there must be a decrease in the relaxation time, , due to the increased point defect 

scattering in (Sn0.5Ge0.5)0.98In0.02. A further decrease in the carrier mobility of 

(Sn0.5Ge0.5)0.96In0.04Te is more challenging to rationalize, as (Sn0.5Ge0.5)0.96In0.04Te adopts 

a cubic structure, and a direct comparison of its DOS effective mass to those of 

(Sn0.5Ge0.5)0.98In0.02 and Sn0.5Ge0.5Te is not suitable. Additionally, the lower carrier 

mobility of (Sn0.5Ge0.5)0.96In0.04Te can be in part related to the more pronounced impurity 

scattering249 due to the larger In substitution. Also, a larger amount of Ge precipitates in 

(Sn0.5Ge0.5)0.96In0.04Te (2.3(1) mol. % vs 0.94(9) mol. % in Sn0.5Ge0.5Te) may play some 

role, although their impact on the carrier scattering is likely to be smaller in comparison to 

other effects.  
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Figure 4.1 (a) Powder X-ray diffraction patterns of (Sn0.5Ge0.5)1-xInxTe at room temperature. 

(b) Electrical conductivity, (c) Seebeck coefficient and (d) power factor of ((Sn0.5Ge0.5)1-

xInxTe. 
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Table 4.1 Hall concentration, Hall mobility, carrier concentration, carrier mobility and 

DOS effective mass of Sn0.5Ge0.5Te, (Sn0.5Ge0.5)0.98In0.02Te and (Sn0.5Ge0.5)0.96In0.04Te at 

room temperature. 

Composition Carrier 

concentration (1021 

cm-3) 

Carrier 

mobility 

(cm2V-1s-1) 

𝑚∗
𝑚0⁄  

Sn0.5Ge0.5Te 1.75(4) 11.2(3) 3.00 

(Sn0.5Ge0.5)0.98In0.02Te 1.57(5) 6.0(2) 4.21 

(Sn0.5Ge0.5)0.96In0.04Te 1.80(9) 4.2(2) 6.26 

 

An increase in the DOS effective mass is relatively large and this is discussed in more 

details. DOS 𝑚∗ is 3.00 m0 for Sn0.5Ge0.5Te, 4.21 m0 for (Sn0.5Ge0.5)0.98In0.02Te and 6.26 m0 

for (Sn0.5Ge0.5)0.96In0.04Te. Such heavier holes can be attributed to the In resonant levels 

around the Fermi level as revealed by the calculations provided below. Such conclusions 

would be in line with other published data.177,179 It also has to be noted that 

(Sn0.5Ge0.5)0.96In0.04Te is cubic (the other two phases are rhombohedral) and its larger DOS 

𝑚∗ maybe also in part due to the increased band degeneracy and band convergence,199,248 

i.e. multiple bands, some with heavier carriers, may contribute to the charge transport 

properties. But this assumption will have to be verified through detailed electronic structure 

calculations. 

In order to understand the effects of the In doping on the transport properties, electronic 

structure of the rhombohedral Sn14Ge13Te27 and Sn13Ge13InTe27 were calculated by the 

density-functional theory (DFT). The band structure with and without spin-orbit coupling 
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(SOC) for Sn14Ge13Te27 are shown in Figure 4.2 (a). The SOC, produced by the coupling 

between the orbital and spin angular momenta,250 is significant in the Sn14Ge13Te27 phase. 

Due to the strong SOC effects, we will analyze only the results obtained with the SOC 

calculations. Figure 4.2 (b) shows the projected DOS of Sn14Ge13Te27; the Te 5p orbitals 

have the dominant contribution to the valence band and the Sn 5p and Ge 4p are dominant 

in the conduction band.  

The band structure and projected DOS of Sn13Ge13InTe27 for Ge, Sn, In and Te are shown 

in Figures 4.2 (c) and (d), respectively. The calculations yielded the Fermi level ca. 0.2eV 

deep into the valence band. For comparison purposes and to remove effects of the In 

concentration on the Fermi energy, we placed the Fermi level at the top of valence band. 

The principal valence band maximum (VBM) occurs at L+ δ along the L→P direction. The 

changes in the electronic structure of Sn13Ge13InTe27 in comparison to that of Sn14Ge13Te27 

can be attributed to the In-related levels around the Fermi level.177 This is further explored 

by analyzing the Ge 3d, 4s, 4p, In, Sn, Te 4d, 5s and 5p orbital contributions to the DOS 

in Figure 4.3. It is interesting to note that In orbitals contribute significantly to the states 

around the Fermi level, despite that fact that In is only 1 out of 27 cations in the structure 

(ca. 3.7 at. %). Additionally, most of the In states originate from the s orbitals and they are 

located below the Fermi level. This supports the statement made earlier that In acts as a p-

dopant (due to its +1 oxidation state) when introduced on the Sn/Ge site. The Ge 4p, Sn 

and Te 5p orbitals contribute significantly to the new DOS features around the Fermi level. 

Therefore, the resonant states, while triggered by the In presence, really stem from the s-p 

and p-p orbital mixing involving all the atoms. 
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Figure 4.2 (a) Band structure of the rhombohedral Sn14Ge13Te27 calculated without and 

with SOC; (b) The density of state (DOS) calculated with SOC for the rhombohedral 

Sn14Ge13Te27 phase. The projected DOS is for 3d, 4s and 4p of Ge; 4d, 5s and 5p of Sn; 

and 4d, 5s and 5p of Te. (c) Band structure and (d) projected DOS for the rhombohedral 

Sn13Ge13InTe27 phase. 
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Figure 4.3 The calculated DOS with SOC for (a) 4d, 5s and 5p of Sn; (b) 3d, 4s and 4p of 

Ge and (c) 4d, 5s and 5p of In; (d) 4d, 5s and 5p of Te in Sn13Ge13InTe27. 

The temperature dependence of the lattice (kL), charge carrier (kc) and total (ktotal) 

conductivity is presented in Figure 4.4. The carrier thermal conductivity is estimated from 

the Wiedemann-Franz law (kc=LσT), where L is the Lorentz factor defined from:  L= 1.5 + 

exp (-
|𝑆|

116⁄ ).293 Both In-doping samples have a lower kc compared with Sn0.5Ge0.5Te 

within 100 ˚C to 500 ˚C (Figure 4.4 (a)). The carrier conductivity of (Sn0.5Ge0.5)0.98In0.02Te 

is almost temperature independent, while that of (Sn0.5Ge0.5)0.96In0.04Te increases from 100 

˚C to 500 ˚C. Such behavior in (Sn0.5Ge0.5)0.96In0.04Te can be related to the thermal 

excitation of carriers from the valence band into the conduction band. 
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The lattice contribution, kL, is estimated by kL= ktotal - kc. As indicated by Figure 4.4 (b), 

both In-doping samples have a lower kL than Sn0.5Ge0.5Te within 100 ˚C to 450 ˚C, which 

could be attributed to the additional point defect scattering. The lattice thermal conductivity 

of (Sn0.5Ge0.5)0.98In0.02Te and (Sn0.5Ge0.5)0.96In0.04Te increase rapidly above 450 ˚C; for 

(Sn0.5Ge0.5)0.98In0.02Te such increase can be related to a macroscopic, long-range R3m to 

Fm3̅m structural transformation, while for (Sn0.5Ge0.5)0.96In0.04Te it is likely related to the 

local R3m to Fm3̅m transition.247 These hypotheses will need to be confirmed via HT 

diffraction studies. (Sn0.5Ge0.5)0.96In0.04Te has the lowest total thermal conductivity within 

100 ˚C to 450 ˚C due to its lowest lattice and carrier contribution (Figure 4.4 (c)). 
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Figure 4.4 Temperature dependent (a) lattice thermal conductivity; (b) carrier thermal 

conductivity; (c) total thermal conductivity and (d) ZT values for (Sn0.5Ge0.5)0.98In0.2Te, 

(Sn0.5Ge0.5)0.96In0.4Te and Sn0.5Ge0.5Te.  

The ZT values are shown in Figure 4.4 (d). Based on these results, we may conclude that 

the thermoelectric performance of Sn0.5Ge0.5Te could be effectively improved by doping 

In on the Sn/Ge site. (Sn0.5Ge0.5)0.98In0.02Te has a better thermoelectric performance than 

(Sn0.5Ge0.5)0.96In0.04Te below 400 ˚C. Therefore, (Sn0.5Ge0.5)0.98In0.02Te has been selected 

for further optimization of its thermoelectric properties via Zn, Sb, and Bi doping. 
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4.3.2. Zn-, Sb- and Bi-doped (Sn0.5Ge0.5)0.98In0.02Te 

Sb- and Bi- doping in GeTe induces valence band convergence and enhances valence band 

degeneracy, both of which significantly enhance the Seebeck coefficient in GeTe.138,199,233 

Zn-doping in GeTe suppresses a bipolar effect by increasing the band gap and promotes a 

heavy hole valence band to participate in the charge carrier transport, thereby improving 

the Seebeck coefficient. Therefore, Zn, Sb and Bi were selected as dopants to optimize the 

electronic structure of (Sn0.5Ge0.5)0.98In0.02Te. The SEM results (Figure 4.S13-4.S14) show 

a homogenous elemental distribution in (Sn0.5Ge0.5)0.89In0.02Sb0.06Te and 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te.  

Room temperature X-ray powder diffraction patterns of the Zn-, Sb- and Bi-doped 

(Sn0.5Ge0.5)0.98In0.02Te samples are shown in Figure 4.5 (a). (Sn0.5Ge0.5)0.96In0.02Zn0.02Te 

exhibits a clear peak splitting associated with the rhombohedral symmetry (R3m), while 

(Sn0.5Ge0.5)0.935In0.02Bi0.03Te, (Sn0.5Ge0.5)0.89In0.02Bi0.06Te, and (Sn0.5Ge0.5)0.89In0.02Sb0.06Te 

adopt a cubic (Fm 3̅ m) structure. Ge precipitates are detected in the 

(Sn0.5Ge0.5)0.96In0.02Zn0.02Te, (Sn0.5Ge0.5)0.935In0.02Bi0.03Te and (Sn0.5Ge0.5)0.89In0.02Bi0.06Te 

samples but not in (Sn0.5Ge0.5)0.89In0.02Sb0.06Te. The lattice parameters derived from the 

Rietveld refinement are presented in Table 4.S1.  
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Figure 4.5 (a) Powder X-ray diffraction patterns of (Sn0.5Ge0.5)1-xIn0.02MxTe (M = Zn, Bi or 

Sb) at room temperature. (b) Electrical conductivity, (c) Seebeck coefficient and (d) power 

factor of (Sn0.5Ge0.5)1-xIn0.02MxTe (M = Zn, Bi or Sb).  

The electrical conductivities of the Zn-, Sb- and Bi-doped samples (Figure 4.5 (b)) are 

lower than that of (Sn0.5Ge0.5)0.98In0.2Te, with those of the Sb- and Bi-doped ones being 

noticeably lower than that of the Zn- doped one. Seebeck coefficients (Figure 4.5 (c)) 

suggest a p-type behavior for all the samples. The 2 mol. % Zn doping has almost no 

influence on the Seebeck coefficient, however larger Seebeck coefficients are observed for 

the Sb- and Bi-doped samples. This can be related with the rhombohedral-to-cubic 

transition induced by the Sb and Bi doping. This will increase the valence band 

degeneracy,199 which could lead to a larger DOS effective mass and larger Seebeck 
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coefficient (provided the conductivity effective mass stays the same). Figure 4.5 (d) 

displays the power factors, PF. The highest PF is observed for (Sn0.5Ge0.5)0.89In0.02Bi0.06Te, 

and it stems primarily from the optimized Seebeck coefficient. The power factors of the 

other samples are close to each other.  

The larger PF of the (Sn0.5Ge0.5)0.89In0.02Bi0.06Te sample prompted us to investigate its 

transport properties further. For comparison, the (Sn0.5Ge0.5)0.89In0.02Sb0.06Te sample was 

investigated as well. As shown in Table 4.2, both (Sn0.5Ge0.5)0.89In0.02Sb0.06Te and 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te have lower carrier concentrations, larger carrier mobilities and 

heavier DOS effective masses than (Sn0.5Ge0.5)0.98In0.02Te. The carrier mobility depends 

linearly on the carrier relaxation time and inversely on the conductivity effective mass, 

which in turn depends on the electronic (and crystal) structure. The effective mass reported 

in Table 4.2 is the DOS effective mass, which is proportional to the band degeneracy.248 

As the structure changes from the rhombohedral to cubic one upon the Sb- and Bi-doping, 

the degeneracy parameter increases,137 and the DOS effective mass will follow provided 

the conductivity effective mass stays the same. The complication stems from the fact that 

symmetry changes are rather subtle and the local environment in the cubic structures can 

be similar to those in the rhombohedral one; also, different bands with different 

degeneracies can be occupied in different structures. All of these make a direct comparison 

of the effective masses in Table 4.2 not very straightforward. If we use those values in 

Table 4.2 as guides, we find it difficult to explain the lower mobility of 

(Sn0.5Ge0.5)0.98In0.02Te, considering that additional Sb and Bi on the Sn/Ge site should 

contribute to an increased charge scattering and thus lead to lower mobilities in those 
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phases. We propose that the increased charger carrier scattering in (Sn0.5Ge0.5)0.98In0.02Te 

must be attributed to the rhombohedral distortion in this phase (e.g., formation of 

microscopic twins in the rhombohedral (Sn0.5Ge0.5)0.98In0.02Te may disrupt carrier 

movement). 

Table 4.2 Hall concentration, Hall mobility, carrier concentration, carrier mobility and 

DOS effective mass of (Sn0.5Ge0.5)0.98In0.02Te, (Sn0.5Ge0.5)0.89In0.02Sb0.06Te and 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te at room temperature. 

Composition Carrier 

concentration 

(1021 cm-3) 

Carrier mobility 

(cm2V-1s-1) 

𝑚∗
𝑚0⁄  

(Sn0.5Ge0.5)0.98In0.02Te 1.57(5) 6.0(2) 4.21 

(Sn0.5Ge0.5)0.89In0.02Sb0.06Te 1.26(6) 7.5(4) 5.24 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te 1.29(2) 6.5(1) 6.47 

 

We have performed electronic structure calculations on the cubic Sn16Ge14InSbTe32 and 

Sn16Ge14InBiTe32 (Figure 4.6). It has to be mentioned that while the lattice constants of the 

cubic (Sn0.5Ge0.5)0.89In0.02Sb0.06Te and (Sn0.5Ge0.5)0.89In0.02Bi0.06Te samples were used, the 

symmetry is decreased when the In, Sb and Bi atoms are introduced into the structure. Such 

symmetry lowering lifts the band degeneracy, i.e. bands, that should be overlapped, are 

now separated in energy. This is manifested by having many bands close to each other.  

Such band behavior was also observed for Sn13Ge13InTe27 in Figure 4.2 (c). However, there 

is also a significant difference; while there are only two valence band maxima, VBM, 

around the L point in Sn13Ge13InTe27, there are three and four VBM around the  point in 
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Sn16Ge14InSbTe32 and Sn16Ge14InBiTe32, respectively (Figure 4.6 (a) and (c)). Also, the 

bands are flatter around the Fermi level in Sn16Ge14InSbTe32 and Sn16Ge14InBiTe32; 

additionally, there are multiple bands just below the Fermi level in Sn16Ge14InBiTe32. Such 

band features would suggest a larger carrier effective mass and higher Seebeck coefficient 

for Sn16Ge14InSbTe32 and Sn16Ge14InBiTe32, as experimentally observed. The origin of 

such band changes in Sn16Ge14InSbTe32 and Sn16Ge14InBiTe32 can be attributed to the 

smaller energy separation between the valence and conduction bands, especially in 

Sn16Ge14InBiTe32. This leads to “band inversion” between the multiple bands and 

formation of numerous valence band maxima. This feature is known as a “band inversion” 

and it has been reported previously for the SnTe-based materials.226,251 Figure 4.6 (c) also 

shows that the valence band maximum (VBM) is pushed up above the Fermi level, and 

consequently there is no band gap in the Sn16Ge14InBiTe32. 

The electronic structure analysis was further expanded through the DOS calculations. The 

DOS of Sn16Ge14InSbTe32 (Figure 4.6 (b)) contains two peaks around the Fermi level. 

According to the partial DOS, the one at -0.17 eV is induced by In and the other at 0.15 eV 

by Sb.  In Sn16Ge14InBiTe32, the states associated the with Bi doping moved closer to those 

induced by In, as a result a pronounced DOS dip, present in the Sb-doped phase around the 

Fermi level, is absent in Sn16Ge14InBiTe32. The DOS plots also indicate that incorporation 

of the electron-richer Sb and Bi into (Sn0.5Ge0.5)0.98In0.02Te shifts the Fermi level from the 

valence band into the energy range where a band gap used to be present. Thus, the Sb- and 

Bi-doping should potentially offset increases (if any) in the hole concentration due to the 

In doping. 
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Figure 4.6. Calculated band structures with the SOC of (a) cubic Sn16Ge14SbInTe32; (c) 

cubic Sn16Ge14BiInTe32. Projected densities of state (DOS) with the SOC for (b) cubic 

Sn16Ge14SbInTe32 and (d) Sn16Ge14BiInTe32.  

Figure 4.7 shows the temperature dependent thermal conductivities and ZT values of 

(Sn0.5Ge0.5)0.98In0.02Te, (Sn0.5Ge0.5)0.89In0.02Sb0.06Te and (Sn0.5Ge0.5)0.89In0.02Bi0.06Te. The 

total thermal conductivity of (Sn0.5Ge0.5)0.89In0.02Sb0.06Te and (Sn0.5Ge0.5)0.89In0.02Bi0.06Te 

are much lower than that of (Sn0.5Ge0.5)0.98In0.02Te (Figure 7(a)). The carrier thermal 

conductivity in Figure 4.7 (b) was calculated using the Wiedemann-Franz law (𝑘𝑒 = 𝐿𝜎𝑇). 

While the carrier thermal conductivity is lower for (Sn0.5Ge0.5)0.89In0.02Sb0.06Te and 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te, it increases with temperature, which can be attributed to easier 
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thermal excitation of the charge carriers as their band gaps are reduced. The lattice thermal 

conductivity of (Sn0.5Ge0.5)0.89In0.02Sb0.06Te decreases with temperature, which is 

characteristic of the Umklapp scattering.60 On the other hand, the lattice conductivity of 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te is almost temperature independent at 100 °C to 350 °C, which 

suggest that point defect scattering of phonons is likely a dominant scattering mechanism 

at this temperature range. Both the average and highest ZT of (Sn0.5Ge0.5)0.98In0.02Te are 

improved upon the Sb- and Bi-doping (Figure 4.7 (d)). The (Sn0.5Ge0.5)0.89In0.02Bi0.06Te 

sample achieves the ZT of 0.8 at 400 oC and the average ZT of 0.71. 
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Figure 4.7 (a) Total, (b) carrier, and (c) lattice thermal conductivity and (d) ZT values of 

(Sn0.5Ge0.5)0.98In0.02Te, (Sn0.5Ge0.5)0.89In0.02Sb0.06Te and (Sn0.5Ge0.5)0.89In0.02Bi0.06Te. 

4.4 Conclusion 

Table 4.3 summarizes some of the published maximum, ZTmax, and average, ZTave, figure-

of-merit values for the SnTe- and GeTe-based materials. According to the data, the 

elemental substitution can significantly improve the performance of the pristine SnTe and 

GeTe. In particular, incorporation of Pb yields very high ZT values.137,224,226,252 Because of 

the Pb toxicity, we focused on other elements for property optimization. Our current work 

proves that thermoelectric performance of SnTe can be enhanced via Ge substitution, and 

In/Bi co-doping. However, the performance of our best sample, (Sn0.5Ge0.5)0.89In0.02Bi0.06Te, 

only approaches that of the pristine GeTe.  
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Still, the strategies employed for (Sn0.5Ge0.5)0.89In0.02Bi0.06Te can be transferred to other 

materials. In particular, we found that In doping induces resonant levels around the Fermi 

level in Sn0.5Ge0.5Te, as a result the thermopower is improved. Subsequent Sb and Bi 

doping leads to band inversion, which creates multiple electronic valleys, thereby 

improving the Seebeck coefficient further. The Sb and Bi doping also induce extra atomic 

disorder that optimizes the lattice thermal conductivity.  

Table 4.3 The ZTmax values and Average ZT of SnTe and GeTe based materials. 

Sample Maximum ZTmax Average ZTav Ref. 

Value (~) T (K) Value 

(~) 

T (K) 

SnTe 0.36 773 0.13 373-773 223 

Sn0.5Ge0.5Te 0.53 773 0.25 373-773 223 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te 0.8 673 0.71 373-773 This 

work 

SnTe-20%AgSbSe2 0.92 820 - - 253 

Sn0.98Cd0.02Te0.9 Se0.1 0.78 773 - - 254 

Sn0.98Bi0.02Te-HgInTe2 0.9 850 - - 227 

Sn0.915Mn0.11In0.005Te 1.15 823 0.62 300-823 76 

Sn0.48Cd0.02Ge0.25Pb0.25Te 1.42 873 - - 226 

Sn1.04/3Pb1/3Ge1/3Te-

18%MnTe 

1.75 873 0.98 300-873 224 

GeTe 0.86 773 0.46 373-773 223 

Ge0.85Mg0.05Sb0.1Te 1.84 800 1.2 300-800 255 

Ge0.87Mn0.05Sb0.08Te 1.67 773 0.9 300-773 256 

(GeTe)85(AgSbTe2)15 1.3 773 0.9 300-773 257 

Ge0.74Ag0.13Sb0.11Nd0.02Te 1.65 727 - - 258 

Ge0.86Pb0.1Bi0.04Te 2.4 600 1.6 300-600 137 

GeTe-1.5%Cu2Te-

2%BiTe-8%PbTe 

2.4 650 1.2 300-773 252 
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4.5 Supporting Information 

Expanded view of the X-ray powder diffraction patterns. 

 

Fig 4.S1: Powder X-ray diffraction patterns of (Sn0.5Ge0.5)1-xInxTe in the (a) 20-140˚ 2θ 

range at room temperature. The peak splitting is representative of the rhombohedral 

symmetry.  
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Fig 4.S2: Powder X-ray diffraction patterns of (Sn0.5Ge0.5)1-xIn0.02MxTe (M= Zn, Bi or Sb) 

in the (a) 20-140˚ 2θ range at room temperature. The peak splitting is representative of the 

rhombohedral symmetry.  
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Symmetry and lattice parameters. 

The lattice parameters were derived by the Rietveld refinement of the PXRD data.  

Table 4.S1: Symmetry, lattice parameters and R profile values. 

 Space 

Group 

a (Å3) c (Å3) Cell 

volume 

(Å3) 

Primitive 

cell 

volume 

(Å3) 

Rp 

(%) 

(Sn0.5Ge0.5)Te R3m 4.324

(1) 

10.766(2) 174.33(

4) 

58.11(1) 9.86 

(Sn0.5Ge0.5)0.98In0.02Te R3m 4.336

(1) 

10.714(3) 174.44(

7) 

58.15(2) 10.80 

(Sn0.5Ge0.5)0.96In0.04Te Fm-3m 6.142

(1) 

6.142(1) 231.67(

1) 

57.92(1) 9.69 

(Sn0.5Ge0.5)0.96In0.02Zn0.02Te R3m 4.335

(1) 

10.713(3) 174.38(

8) 

58.13(3) 10.86 

(Sn0.5Ge0.5)0.89In0.02Sb0.06Te Fm-3m 6.142

(1) 

6.142(1) 231.73(

3) 

57.93(1) 7.32 

(Sn0.5Ge0.5)0.935In0.02Bi0.03Te Fm-3m 6.145

(1) 

6.145(1) 232.09(

9) 

58.02(2) 10.90 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te Fm-3m 6.156

(1) 

6.156(1) 233.29(

3) 

58.32(1) 8.70 
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Fig 4.S3: Rietveld refinement of the powder diffraction data of (Sn0.5Ge0.5)Te. Only the 2θ 

= 20-140˚ range is shown. Black crosses and the red line represent observed and calculated 

intensities; the green line is the difference between the intensities. The vertical bars show 

the position of Bragg peaks. 
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Fig 4.S4: Rietveld refinement of the powder diffraction data of (Sn0.5Ge0.5)0.98In0.02Te. Only 

the 2θ = 20-140˚ range is shown. Black crosses and the red line represent observed and 

calculated intensities; the green line is the difference between the intensities. The vertical 

bars show the position of Bragg peaks. 
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Fig 4.S5: Rietveld refinement of the powder diffraction data of (Sn0.5Ge0.5)0.96In0.04Te. Only 

the 2θ = 20-140˚ range is shown. Black crosses and the red line represent observed and 

calculated intensities; the green line is the difference between the intensities. The vertical 

bars show the position of Bragg peaks. 
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Fig 4.S6: Rietveld refinement of the powder diffraction data of (Sn0.5Ge0.5)0.96In0.02Zn0.02Te. 

Only the 2θ = 20-140˚ range is shown. Black crosses and the red line represent observed 

and calculated intensities; the green line is the difference between the intensities. The 

vertical bars show the position of Bragg peaks. 
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Fig 4.S7: Rietveld refinement of the powder diffraction data of (Sn0.5Ge0.5)0.89In0.02Sb0.06Te. 

Only the 2θ = 20-140˚ range is shown. Black crosses and the red line represent observed 

and calculated intensities; the green line is the difference between the intensities. The 

vertical bars show the position of Bragg peaks. 
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Fig 4.S8: Rietveld refinement of the powder diffraction data of 

(Sn0.5Ge0.5)0.935In0.02Bi0.03Te. Only the 2θ = 20-140˚ range is shown. Black crosses and the 

red line represent observed and calculated intensities; the green line is the difference 

between the intensities. The vertical bars show the position of Bragg peaks. 
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Fig 4.S9: Rietveld refinement of the powder diffraction data of (Sn0.5Ge0.5)0.89In0.02Bi0.06Te. 

Only the 2θ = 20-140˚ range is shown. Black crosses and the red line represent observed 

and calculated intensities; the green line is the difference between the intensities. The 

vertical bars show position of Bragg peaks. 

 

 

 

 

 

 



Ph.D. Thesis – Shaochang Song; McMaster University – Chemistry and Chemical 

Biology 

139 
 

Table 4.S2: Geometrical and Archimedes, densities and compactness of the samples 

 Rietveld 

Refinemen

t 

Density 

(g/cm3) 

Geometrica

l Density 

(g/cm3) 

Archimedea

n Density 

(g/cm3) 

Compactnes

s (%) 

(Sn0.5Ge0.5)0.98In0.02Te 6.39 6.13 6.25 98.1 

(Sn0.5Ge0.5)0.96In0.04Te 6.28 6.16 6.27 98.2 

(Sn0.5Ge0.5)0.96In0.02Zn0.02Te 6.42 6.22 6.34 98.1 

(Sn0.5Ge0.5)0.935In0.02Bi0.03Te 6.35 6.17 6.28 98.2 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te 6.58 6.43 6.50 98.9 

(Sn0.5Ge0.5)0.89In0.02Sb0.06Te 6.34 6.20 6.29 98.6 
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Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS).  

 

Fig 4.S10: (a) Back-scattered electron image. Black spots (one shown in the red circle) are 

Ge precipitates. and (b-d) elemental mappings of Te, Sn and Ge of Sn0.5Ge0.5Te. 

Composition of the selected areas in (a) 25.9(1) of Sn, 25.1(2) of Ge, and 49.0(2) at.% of 

Te. 
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Fig 4.S11: (a) Back-scattered electron image; and (b-f) elemental mappings of Sn, Ge, In 

and Te of (Sn0.5Ge0.5)0.98In0.02Te. The average composition of the selected areas in (a) is 

25.0(7) of Sn, 24.5(9) of Ge, 1.2(2) of In and 49.3(4) at.% of Te.  
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Fig 4.S12: (a) Back-scattered electron image of (Sn0.5Ge0.5)0.96In0.04Te. Black spots (one 

shown in the red circle) are Ge precipitates. (b-f) Elemental mappings of Sn, Ge, In and Te. 

The average composition of the selected areas in (a) is 24.7(9) of Sn, 24.2(9) of Ge, 2.1(3) 

of In and 49.0(3) at.% of Te.  
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Fig 4.S13: (a) Back-scattered electron image of (Sn0.5Ge0.5)0.89Sb0.06In0.02Te. Black spots 

(one shown in the red circle) are Ge precipitates. (b-f) Elemental mappings of Sn, Ge, Sb, 

In and Te . The average composition of the selected areas in (a) is 23.5(2) of Sn, 23.2(3) 

of Ge, 2.6(2) of Sb, 0.9(2) of In and 49.8(4) at.% of Te.  
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Fig 4.S14: (a) Back-scattered electron image of (Sn0.5Ge0.5)0.89Bi0.06In0.02Te. Black spots 

(one shown in the red circle) are Ge precipitates.  (b-f) Elemental mappings of Sn, Ge, Bi, 

In and Te. The average composition of the selected areas in (a) is 23.4(9) of Sn, 22.7(9) of 

Ge, 3.2(2) of Bi, 1.0(2) of In and 49.7(7) at.% of Te.  
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Fig 4.S15: Temperature dependent (a) Diffusivity, (b) Specific heat capacity of 

Sn0.5Ge0.5Te, (Sn0.5Ge0.5)0.98In0.2Te, (Sn0.5Ge0.5)0.96In0.4Te, (Sn0.5Ge0.5)0.89In0.02Sb0.06Te and 

(Sn0.5Ge0.5)0.89In0.02Bi0.06Te. 
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Chapter 5. Optimizing thermoelectric performance of SnTe via 

alloying with AgSnSe2 and PbTe 

This chapter encompasses the manuscript “Optimizing thermoelectric performance of 

SnTe via alloying with AgSnSe2 and PbTe”, which was published in  Journal of Alloys and 

Compounds 2023, 947, 169415. Some of the electrical properties were measured by Dr. 

Yu-Chih Tseng at CanmetMATERIALS, Natural Resources of Canada, Hamilton, ON. 

The candidate performed the experimental procedures, sample characterization, charge 

transport and thermal property measurements, data interpretation, and manuscript 

preparation. 

 

 

 

 

 

 

 

 

Reproduced with permission from Song, S.; Tseng, Y.-C.; Mozharivskyj. Journal of Alloys 

and Compounds 2023, 947, 169415. Copyright by 2021 Elsevier 
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This work provides a comparative study of the thermoelectric properties AgSnSe2-alloyed 

SnTe. We attempted to simultaneously optimize the electrical conductivity and thermal 

conductivity of SnTe. A strong atomic disorder was introduced via alloying with AgSnSe2, 

which decreased thermal conductivity significantly. Also, AgSnSe2 showed a donor 

behavior in the AgSnSe2-alloyed SnTe; the increased carrier concentration compensated 

for the decrease in the carrier mobility and rendered a good electrical conductivity in the 

alloyed samples. Based on the experimental data, (SnTe)0.95(AgSnSe2)0.05 shows the best 

thermoelectric performance. To further improve the performance, lead (Pb) was substituted 

for Sn in (SnTe)0.95(AgSnSe2)0.05. 

5.1 Introduction 

To slow down climate change, it is urgent to reduce use of the fossil fuels and improve the 

efficiency of energy-intense processes based on fossil fuels. Thermoelectricity is one of the 

environmentally friendly energy conversion technologies since it can directly convert 

waste heat into electricity.10 The energy conversion efficiency of thermoelectric materials 

is described by the dimensionless figure of merit ZT: 𝑍𝑇 =
𝛼2𝜎

𝜅𝑡𝑜𝑡
𝑇, where 𝛼, 𝜎, 𝜅𝑡𝑜𝑡 and T 

are Seebeck coefficient, electrical conductivity, totally thermal conductivity, and absolute 

temperature, respectively.219 The total thermal conductivity (𝜅𝑡𝑜𝑡) consists of the charge 

carrier and lattice contributions: 𝜅𝑡𝑜𝑡 = 𝜅𝐶+𝜅𝑙.
3  An ideal thermoelectric materials should 

have a high power factor (𝛼2𝜎) and low 𝜅𝑡𝑜𝑡. However, achieving good thermoelectric 

performance is not straightforward, as the 𝜎 and 𝛼 have an inverse dependence on the 

carrier concentration, and a high 𝜎  results in a high 𝜅𝐶 . Over the past few decades, 
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extensive research have been conducted to circumvent this limitations and the following 

strategies have been employed: band engineering,36,75,251,259,260 tuning of carrier 

concentration,86,125,195,201,223,261,262, nano-structuring177,228,236,253 and defect 

engineering.38,263–266 

PbTe-based alloys are one of the best thermoelectric materials at mid temperatures (400-

900 K). However, the widespread use of the PbTe-based alloys is limited by the high 

toxicity of Pb. Among the potential Pb-free replacements, SnTe is of the greatest interest 

as it has a similar crystal and electronic structures.90,267 However, unlike pristine PbTe, 

pristine SnTe shows inferior thermoelectric performance because of the following: (i) a 

larger energy separation (∆EL−Σ ~0.35 eV) between the light hole and heavy hole valence 

bands at the L point,143 which limits the heavy hole participation in the transport properties 

and leads to a low Seebeck coefficient. (ii) Significant intrinsic Sn deficiency results in a 

high hole concentration of 1020 to 1021cm-3,140 subsequently, in a lower thermoelectric 

performance in undoped SnTe.141 (iii) The lattice thermal conductivity of SnTe is larger 

than that of PbTe (SnTe ~ 3.0 W/(mK)268 vs. PbTe ~ 2.2 W/(mK)269 at 300K, as estimated 

by the Debye-Callaway model54,270). Hence, extensive research has been undertaken 

recently to improve the thermoelectric performance of SnTe by optimizing its carrier 

concentration,183,185,195,271 modifying its band structure,142,185,226,259,268 and reducing its 

lattice thermal conductivity.36,228,253 

The lattice thermal conductivity of SnTe can be effectively improved by alloying with the 

Ag-V-VI2 compounds (V = Sb, Bi; VI= Te, Se),36,272–274 which causes strong atomic 

disorder and phonon scattering. Following this approach, we attempted to alloy SnTe with 
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AgSnSe2, that adopts a similar rock-salt crystal structure. Additionally, Liu et all.275 

observed that the lattice thermal conductivity of SnSe2 can be reduced by alloying with 

AgSnSe2, and Liang et all.276 indicated that a strong atomic disorder could be introduced 

into the GeTe matrix through AgSnSe2. Additionally, the low Seebeck coefficient of the 

pristine SnTe also needs to be addressed. It has been shown that 25% substitution of Sn by 

Pb improves the Seebeck coefficient through the band inversion between the valence band 

maximum and conduction band minimum.226,277 Compared with the pristine PbTe, the Pb 

atomic amount decreased from 100% to 25%, which makes this material more suitable for 

applications. Motivated by these results, we pursued limited Pb substitution on the Sn site 

in (SnTe)0.95(AgSnSe2)0.05 prepared during this study. 

 

5.2 Experimental 

5.2.1 Synthesis 

The (SnTe)1-x(AgSnSe2)x (x = 0.01, 0.05 and 0.1), (Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05, and 

(Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05 samples were prepared via a solid-state melting method 

by using stoichiometric mixtures of the elemental tin, tellurium, selenium, silver, lead and 

manganese (purity of all elements was 99.99 wt.% or better). The stoichiometric mixtures 

were weighted and loaded into silica tubes with an inner diameter of 10mm, and this step 

was carried out in an Ar-filled glovebox (O2 and H2O amounts were below 0.1 ppm). The 

tubes were closed with a valve, transferred to a vacuum line, evacuated below 0.002 Torr, 
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and flamed sealed. The samples were heated to 1000 °C at 100 °C/h, annealed for 24 hours, 

and then quenched in ice water. 

5.2.2 Spark Plasma Sintering (SPS) 

The samples were finely ground into powders using a mortar and pestle and then densified 

by SPS. Sample powders were loaded into a 15 mm diameter graphite die, placed into the 

SPS chamber, and evacuated. A layer of graphite paper was placed between the sample 

powder and graphite plungers to avoid direct contact. The samples were pressed under the 

uniaxial pressure of 45 MPa, heated to 550 °C at 100 °C/min, and annealed for 5 minutes, 

then cooling to room temperature, with all the steps being under dynamic vacuum.  

5.2.3 X-ray Powder Diffraction 

The powder X-ray diffraction (PXRD) analysis was performed on a PANalytical X’Pert 

Pro diffractometer with the CuKα1 radiation and an X’Celerator detector, and the 

diffraction data were collected in the 2θ range between 20° and 80° at room temperature. 

The Rietveld refinement (Rietica program154) was used to determine the lattice parameters 

and sample purity. Profile parameters (background, peak shape), lattice parameters, and 

sample displacement were refined. The atomic parameters and occupancies were taken 

from the work by Bauer et al. (for SnTe),90 Schneider et al. and (for Ag2Te),278 and were 

not refined.  
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5.2.4 Thermoelectric Property Measurements 

The electrical conductivity and Seebeck coefficient of all samples were performed on a bar 

shape specimen (3 mm × 3 mm × 10 mm) using a ULVAC-RIKO ZEM-3 instrument. A 

round shape specimen (Diameter = 12.75 mm) was used for the thermal diffusivity (D) 

measurement on a Netzsch LFA 467 instrument. The total thermal conductivity was 

calculated by κtotal = D × Cp × ρ. The heat capacity Cp was obtained from the Neumann-

Kopp rule161, which states that a compound’s molar heat capacity equals the sum of its 

constituent molar heat capacities. The sample density ρ was determined by the Archimedes 

method. 

Table 5.1. Specific heat capacity calculated by Neumann-Kopp rule. 

Compound Cp (J/(g·K)) 

 

(SnTe)0.99(AgSnSe2)0.01 0.213 

 

(SnTe)0.95(AgSnSe2)0.05 0.217 

 

(Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05 

 

0.208 

(Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05 

 

0.200 

 

5.2.5 Hall effect measurements 

A square shape specimen (1 mm × 10 mm × 10 mm) was used for the Hall coefficients RH 

measurement by the Van der Pauw method in an MMR Variable Temperature Hall System 
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(VTHS). The instrument was equipped with an AC excitation and a Stanford Research 

SR830 lock-in amplifier. The magnetic field (B) swapped from -1.3 T to 1.3 T and a fixed 

AC current (I) of 5 mA was applied. 

The Hall coefficient was determined from RH= 
𝑡 × 𝑉𝐻

𝐼 ×𝐵
, where t is the thickness of the sample 

and VH is the Hall voltage measured at room temperature. To eliminate the experimental 

errors, a linear fit was applied to a scatter graph with the VH as the y axis and B as the x 

axis, and the slope gave the Hall coefficient. The hole concentration was determined from 

the equation np = 
1

𝑒𝑅𝐻
, where e is an electron charge; the Hall carrier mobility μH was 

determined from μH = 
𝑅𝐻

𝜌⁄ . 

5.2.6 Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

For the SEM-EDS analysis, the sample was polished with 800 and 1200-grit sandpapers, 

then secured with double sided carbon tape to the SEM sample holders. A pure nickel metal 

was used for signal calibration. The sample analysis was performed on a TESCAN VEGA 

II LSU scanning electron microscope (20 kV accelerating voltage) equipped with an X-

MAX (80 mm2) X-ray EDS spectrometer (Oxford Instruments). SEM results are provided 

in the Supporting Information. 

3. Results and Discussion 

5.3.1 AgSnSe2 alloying of SnTe 

The room temperature X-ray powder diffraction patterns of SnTe,90 (SnTe)1-x(AgSnSe2)x 

(x = 0.01, 0.05 and 0.1), AgSnSe2,
279 and Ag2Te278 are shown in  Fig. 5.2 (a). The Rietveld 
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refinement (Rietica program)154 was used to establish the lattice parameter and sample 

impurity, and the refinement results are shown in the Supporting Information, Table 5.S1. 

The Bragg diffraction peaks of (SnTe)1-x(AgSnSe2)x (x = 0.01, 0.05 and 0.1) could be 

indexed to the rock salt structure (Fm 3̅m). No secondary phases were detected in 

(SnTe)0.99(AgSnSe2)0.01 and (SnTe)0.95(AgSnSe2)0.05, however, an Ag2Te impurity was 

observed in (SnTe)0.9(AgSnSe2)0.1. Presence of Ag2Te in (SnTe)0.99(AgSnSe2)0.01 suggests 

that the solubility limit for (SnTe)1-x(AgSnSe2)x has been reached, and that the final amount 

of AgSnSe2 is different from the loading one. As the amount of AgSnSe2 increases, the cell 

parameter a of (SnTe)1-x(AgSnSe2)x (x = 0.01, 0.05 and 0.1) decreases, which can be 

attributed to the smaller unit cell of AgSnSe2 (a(SnTe) = 6.318(3) Å)90 vs. a(AgSnSe2) = 

5.677(3) Å)279.  

 

Figure 5.1. (a) PXRD patterns of SnTe,90 (SnTe)1-x(AgSnSe2)x (x = 0.01, 0.05 and 0.1), 

AgSnSe2,
279 and Ag2Te278 at room temperature. (b) The cell parameter a of (SnTe)1-

x(AgSnSe2)x (x =0, 0.01, 0.05, 0.1 and 1). 
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Fig. 5.2 (a-c) show the electrical conductivity, Seebeck coefficient, and power factor of the 

SnTe, (SnTe)1-x(AgSnSe2)x (x = 0.01, 0.05 and 0.1) in the 25 – 600 ˚C temperature range. 

The electrical conductivity of the pristine SnTe decreases more rapidly with temperature 

and drops below that of the (SnTe)1-x(AgSnSe2)x samples above 200 ˚C, which can be 

related to different carrier scattering mechanisms. In pristine SnTe, the carrier scattering is 

dominated by phonon-electron interactions, which are temperature dependent.29 In contrast, 

the carrier scattering in (SnTe)1-x(AgSnSe2)x is mainly associated with the atomic disorder, 

which is temperature independent.188 Fig. 5.2 (b) shows a positive Seebeck coefficient for 

all samples, suggesting a p-type semiconductor behavior. The (SnTe)0.9(AgSnSe2)0.1 shows 

the lowest Seebeck coefficient in (SnTe)1-x(AgSnSe2)x; this can be related to the n-type 

Ag2Te impurity. In comparison to pristine SnTe, the (SnTe)1-x(AgSnSe2)x samples show a 

higher Seebeck coefficient below 200 ̊ C but a lower one at 250 – 600 ̊ C. Since the Seebeck 

coefficient is inversely proportional to the carrier concentration;280 the hole concentration 

is likely to be higher upon the AgSnSe2 alloying if we consider the high temperature data. 

This conclusion is supported by the Hall carrier concentration data (Table 5.1). Benefiting 

from the higher Seebeck coefficient in 25 - 200 ̊ C and higher electrical conductivity at 150 

- 600 ˚C, (SnTe)0.95(AgSnSe2)0.05 shows a higher power factor than the pristine SnTe in the 

25 – 600 ˚C temperature range. 
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Figure 5.2. (a) Electrical conductivity, (c) Seebeck coefficient and (d) power factor of SnTe, 

(SnTe)1-x(AgSnSe2)x (x = 0.01, 0.05 and 0.1). 

Increase in the carrier concentration in (SnTe)1-x(AgSnSe2)x is intriguing and most likely 

related to the Sn oxidation state. As was shown for AgSnSe2, the +3 formal oxidation state 

for Sn in AgSnSe2 results from the valence skipping between the +2 and +4 oxidation 

states.281 One can argue, that upon the AgSnSe2 alloying, the Sn from AgSnSe2 tend to 

adopt predominantly the +2 state, identical to that of Sn in pristine SnTe. This leads to a 

higher hole concentration. A similar behavior was observed in GeTe-AgSnSe2.
276 While 

AgSnSe2 alloying increases the carrier concertation, it reduces the carrier mobility (Table 

5.2). The carrier mobility decreases from 107 cm2V-1s-1 in the pristine SnTe to 35 cm2V-1s-

1 in (SnTe)0.95(AgSnSe2)0.05, primarily due to a more disordered structure, which intensifies 

carrier scattering. The carrier mean free path 𝑙𝑐  of (SnTe)1-x(AgSnSe2)x was estimated 

according to 𝑙𝑐 = (
ℏ𝜇𝐻

𝑒
)(3𝜋2𝑛𝐻)

1

3,220,276 where ℏ is the reduced Planck constant and 𝑒 is 

the elementary charge. As seen from the data in Table 5.2, the 𝑙𝑐 decreases significantly 

upon the AgSnSe2 alloying. 
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Table 5.2.  Hall concentration, Hall mobility, carrier concentration, carrier mobility and 

Carrier mean free path 𝑙𝑐 of SnTe, (SnTe)0.99(AgSnSe2)0.01 and (SnTe)0.95(AgSnSe2)0.05 at 

room temperature. 

Composition Carrier 

concentration 𝑛𝐻 

(1020 cm-3) 

Carrier 

mobility 𝜇𝐻 

(cm2V-1s-1) 

Carrier mean 

free path 𝑙𝑐 
(nm) 

SnTe 3.7(1) 107(2) 16.2 

(SnTe)0.99(AgSnSe2)0.01 4.7(3) 69(4) 9.4 

(SnTe)0.95(AgSnSe2)0.05 9.1(4) 35(2) 7.5 

 

The thermal properties were measured for (SnTe)1-x(AgSnSe2)x (x = 0.01, 0.05 and 0.1). 

As shown in Fig. 5.3 (a), the pristine SnTe has a high total thermal conductivity (𝑘𝑡𝑜𝑡𝑎𝑙) of 

~9.1 Wm-1K-1 at 25 ˚C, and it drops steadily with temperature. Below 350˚C, 

(SnTe)0.99(AgSnSe2)0.01 shows a lower total thermal conductivity than the pristine SnTe, 

but a higher valuer after 350 ˚C. On the other hand, SnTe alloyed with 5 mol% AgSnSe2 

displays a lower thermal conductivity in the entire temperature range.  
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Figure 5.3. Temperature-dependent (a) total thermal conductivity; (b) lattice thermal 

conductivity; (c) carrier thermal conductivity, and (d) ZT values for (SnTe)1-x(AgSnSe2)x 

(x = 0, 0.01 and 0.05).  

To better understand effect of AgSnSe2 on the thermal conductivity of SnTe, the carrier 

thermal conductivity was calculated by the Wiedemann-Franz law (𝑘𝑒 = 𝐿𝜎𝑇),
30 where L 

is the Lorentz factor defined from  L= 1.5 + exp (-
|𝑆|

116⁄ ).42 The lattice thermal 

conductivity (𝑘𝑙) was obtained by subtracting  𝑘𝑒 from  𝑘𝑡𝑜𝑡𝑎𝑙. As shown in Fig. S1, 𝑘𝑙 of 

(SnTe)0.95(AgSnSe2)0.05 is lower than 𝑘𝑚𝑖𝑛  of SnTe based materials (~0.5 Wm-1K-1) 

estimated from the model proposed by Chaill et al.344  above 300 ˚C. This can be related to 
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overestimation of the Lorentz factor, which leads to higher  𝑘𝑒 and lower 𝑘𝑙. Since the 

Wiedemann-Franz law cannot be applied to (SnTe)1-x(AgSnSe2)x, the Klemens-Drabble 

model345 was used to predict lattice thermal conductivity. 

𝜅𝑙
𝑎 =

𝑡𝑎𝑛−1𝑢

𝑢
𝜅𝑙
𝑝
 (5-1) 

𝑢2 = (
𝜋2𝜃𝐷Ω

ℎ𝜈2
) 𝜅𝑙

𝑝
𝛤 (5-2) 

𝛤 = 𝑥(1 − 𝑥)[(
∆𝑀

𝑀
)
2

+ 𝜀 (
∆𝑎

𝑎
)
2

] (5-3) 

Where 𝜅𝑙
𝑎, 𝜅𝑙

𝑝
, 𝑢, 𝜃𝐷, Ω, ℎ, 𝑣, 𝛤, 𝑥, and 𝜀 are the lattice thermal conductivity of the alloy 

and pure material, respectively, the disorder scaling parameter, the Debye temperature 

(𝜃𝐷= 140 K for SnTe)282, the average volume per atom, the Plank constant, the sound 

velocity (𝜐 = 1800 m s-1, for SnTe)282, the scattering parameter, alloying fractions, and a 

phenomenological parameter (163 for SnTe209). Moreover, 𝑀 and 𝑎 are the molar mass 

and lattice constant of the alloy, ∆𝑀 and ∆𝑎 are the difference in molar mass and lattice 

constant between the two constituents. The 𝜅𝑙
𝑝
 of SnTe268 was calculated by the Debye-

Callaway model.54,270 

Fig. 5.3 (b) shows the 𝑘𝑙 of SnTe268 calculated by the Debye-Callaway model, and 𝑘𝑙 of 

(SnTe)0.99(AgSnSe2)0.01 and (SnTe)0.95(AgSnSe2)0.05 calculated by the Klemens-Drabble 

model. The lattice thermal conductivity is effectively optimized by alloying with AgSnSe2, 

which could be attributed to the additional phonon scattering induced by point defects and 

mass fluctuation.283 The 𝑘𝑙 of SnTe and (SnTe)0.99(AgSnSe2)0.01 decrease with temperature 

following T-1 law in the 25 – 600 ˚C temperature range, suggesting that the Umklapp 

process dominates the phonon scattering.60 Such behavior is also observed for 
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(SnTe)0.95(AgSnSe2)0.05 at 25 – 450 ˚C. As shown in Fig. 5.3 (a), the 𝑘𝑒 of pristine SnTe 

decrease more rapidly with temperature and drop below that of the AgSnSe2-alloyed 

samples above 150 ˚C, which can be related to the increase phonon-electron scattering.  

The ZT values of the samples are presented in Fig. 5.3 (d). (SnTe)0.95(AgSnSe2)0.05 displays 

the highest performance in the 25 – 600 ̊ C temperature range (Fig. 5.3 (d)), with the largest 

ZT value being 0.81 at 600 oC. Next, we try to optimize the thermoelectric performance 

even further through Pb substitution. 

5.3.2 Pb-substituted (SnTe)0.95(AgSnSe2)0.05 

Based on the room temperature PXRD data (Fig. 5.4 (a)), (SnTe)0.95(AgSnSe2)0.05, 

(Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05 and (Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05 adopt a rock salt 

structure (Fm 3̅m), and no secondary phases could be detected. The cell parameter a 

increase with the Pb amount, which can be attributed to the larger  effective cationic radius 

of Pb2+ (1.19Å vs. 1Å for Sn2+).284 Fig. 5.4 (b-d) shows the electrical conductivity, Seebeck 

coefficient, and power factor of (SnTe)0.95(AgSnSe2)0.05, (Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05 

and (Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05 in the 25 - 600 ˚C range. The electrical conductivity 

decreases with the Pb amount in the whole temperature range, and this stems primarily 

from a lower carrier concentration (Table 5.3). The Seebeck coefficient is slightly 

improved upon the Pb substitution, and (Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05 shows a higher 

Seebeck coefficient than (SnTe)0.95(AgSnSe2)0.05 in the 100 - 600 ˚C range. However, the 

power factor for (Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05 is lower than for (SnTe)0.95(AgSnSe2)0.05 
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in the whole temperature range, and this is primarily due to the decreased electrical 

conductivity. 

 
Figure 5.4. (a) PXRD patterns at room temperature. (b) Electrical conductivity, (c) Seebeck 

coefficient and (d) power factor.  

As shown in Table 5.3, the carrier concentration decreases upon the Pb substitution; this 

can be attributed to the suppression of the Sn cation vacancies.89,277 The carrier mobility 

does not change noticeably between (SnTe)0.95(AgSnSe2)0.05 and the Pb-substituted 

samples. The carrier-carrier scattering is assumed to be suppressed by the Pb substitution 

due to the lower carrier concentration. However, the carrier scattering induced by point 
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defects probably increases due to the extra atomic disorder. Thus, a decrease in 𝑙𝑐 is most 

likely related to the extra atomic disorder. 

Table 5.3.  Hall concentration, Hall mobility, carrier concentration, carrier mobility and 

Carrier mean free path 𝑙𝑐 of (SnTe)0.95(AgSnSe2)0.05, (Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05 and 

(Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05 at room temperature. 

Composition Carrier 

concentration 

𝑛𝐻 (1020 cm-3) 

Carrier 

mobility 𝜇𝐻 

(cm2V-1s-1) 

Carrier mean 

free path 𝑙𝑐 
(nm) 

(SnTe)0.95(AgSnSe2)0.05 9.1(4) 35(2) 7.5 

(Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05 7.8(7) 32(3) 6.6 

(Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05 6.7(3) 31(1) 6.2 

 

Fig. 5.5 shows the room-temperature Seebeck coefficient vs. the Hall carrier concentration 

for the AgSnSe2-alloyed SnTe samples. These data are compared to the theoretical 

Pisarenko plot for the pristine SnTe, computed by using the single parabolic band (SPB) 

model.67,285 Also are shown the previously reported experimental data for the best-

performing SnTe-based samples, with Ag,286 AgBiSe2,
274 AgSbSe2

92 and AgSbTe2
287. All 

of the data points are above the theoretical Pisarenko curve, which suggests a heavier 

density of state (DOS) effective mass than in the pristine SnTe.30,32The increase in the DOS 

effective mass is probably due to the valence band convergence as reported for other SnTe-

based phases.25,248 It should be noted that the Seebeck coefficient and Hall concentration 

of (SnTe)0.95(AgSnSe2)0.05  slightly decrease after the Pb substitution. 
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Figure 5.5. Pisarenko plot for pristine SnTe285 and experimental data points for 

(SnTe)0.99(AgSnSe2)0.01, (SnTe)0.95(AgSnSe2)0.05, (Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05, 

(Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05, Sn0.94Ag0.09Te,286 (SnTe)(AgBiSe2)0.05,
274 

(SnTe)(AgSbSe2)0.25
92 and (SnTe)0.8(AgSbTe2)0.2.

287 

Fig. 5.6 (a) shows thermal conductivity of the Pb-substituted samples. As can be seen, 

presence of Pb lowers thermal conductivity which can be attributed to the increased phonon 

scattering induced by extra atomic disorder and mass fluctuation. 

(Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05 achieves the ZT of 0.86 at 600 ˚C. Fig. 5.6 (c) compares 

our results within 25 - 600 ˚C with the literature ones.92,274,286,287 According to the data, the 

thermoelectrical performance of pristine SnTe can be significantly improved via the AgXY2 

(X = Sn, Sb and Bi, Y = Te and Se) alloying. The experiment data suggests that AgSnSe2-

alloyed SnTe has a slightly better performance than the Ag-doped and AgSbTe2-alloyed 

SnTe. 
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Figure 5.6. Temperature dependent (a) total thermal conductivity and (b) ZT values for 

(SnTe)0.95(AgSnSe2)0.05, (Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05 and 

(Sn0.75Pb0.25Te)0.95(AgSnSe2)0.05. (c) Comparisons of the Highest ZT within 25 - 600 ˚C of 

pristine SnTe, (SnTe)0.95(AgSnSe2)0.05, (Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05, 

Sn0.94Ag0.09Te,286 (SnTe)(AgBiSe2)0.05,
274 (SnTe)(AgSbSe2)0.25

92 and (SnTe) 0.8 

(AgSbTe2)0.2.
287 

5.4 Conclusions 

The thermoelectrical performance of the pristine SnTe is significantly increased through 

the AgSnSe2 alloying, which leads to the improved power factor and thermal conductivity. 

The thermal conductivity of (SnTe)0.95(AgSnSe2)0.05 is further optimized by the Pb 

substitution, and (Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05 achieves the ZT of 0.86 at 600 ˚C. 

Unfortunately, the Pisarenko curve (Fig. 5.5) indicates that the Pb substitution lowers the 

DOS effective mass, which explains why the Seebeck coefficient of 

(Sn0.875Pb0.125Te)0.95(AgSnSe2)0.05 is not improved significantly despite a lower carrier 

concentration. Still, the strategies employed for SnTe can be transferred to other materials. 

In particular, strong phonon scattering induced by the AgSnSe2 alloying can be used to 

optimize the lattice thermal conductivity. 



Ph.D. Thesis – Shaochang Song; McMaster University – Chemistry and Chemical 

Biology 

164 
 

5.5 Supporting Information 

Table 5.S1. R profile values, cell parameter a and impurity phases in (SnTe)1-x(AgSnSe2)x 

(x = 0.01, 0.05 and 0.1). 

Composition Rp 

(%) 

Cell 

parameter 

a (Å) 

Impurity 

phases 

(molar 

%) 

X-ray 

density 

(g/cm3) 

Archimedes 

density 

(g/cm3) 

(SnTe)0.99(AgSnSe2

)0.01 

13.7 6.3067 (2) - 6.49 6.384 

(SnTe)0.95(AgSnSe2

)0.05 

10.8 6.2695 (2) - 6.494 6.422 

(SnTe)0.9 

(AgSnSe2)0.1 

9.9 6.2524 (2) Ag2Te ~ 

2.4(1)  

6.423 6.387 

(Sn0.875Pb0.125Te)0.95

(AgSnSe2)0.05 

9.5 6.2829(1) - 6.723 6.618 

(Sn0.75Pb0.25Te)0.95(

AgSnSe2)0.05 

8.7 6.2988(2) - 6.937 6.827 

(Sn0.93Mn0.07Te)0.95(

AgSnSe2)0.05 

12.4 6.2691(2) MnSe ~ 

9.6(4) 

MnSe2 ~ 

1.1(2) 

6.388 6.269 
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Fig. 5.S1: Temperature dependent (a) carrier thermal conductivity calculated by the 

Wiedemann-Franz law; (c) lattice thermal conductivity calculated by subtracting  𝑘𝑒 from 

𝑘𝑡𝑜𝑡𝑎𝑙. 
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Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

 

Fig. 5.S2: (a) Back-scattered electron image and (b-d) elemental mappings of Sn, Ag, Te 

and Se of (SnTe)0.99(AgSnSe2)0.01. The average composition of the selected areas in (a) is 

49.6(5) of Sn, 0.5(1) of Ag, 48.9(6) of Te and 1.0(1) at.% of Se.  
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Fig. 5.S3: (a) Back-scattered electron image and (b-d) elemental mappings of Sn, Ag, Te 

and Se of (SnTe)0.95(AgSnSe2)0.05. The average composition of the selected areas in (a) is 

47.6(5) of Sn, 2.4(6) of Ag, 45.7(1) of Te and 4.3(4) at.% of Se.  
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Fig. 5.S4: (a) Back-scattered electron image and (b-d) elemental mappings of Sn, Ag, Te 

and Se of (SnTe)0.9(AgSnSe2) 0.1. The average composition of the selected areas in is (a) 

47.3(1) of Sn, 4.5(2) of Ag, 39.4(5) of Te and 8.8(5) at.% of Se.  
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Fig. 5.S5: (a) Back-scattered electron image and (b-d) elemental mappings of Sn, Pb, Ag, 

Te and Se of (Sn 0.875 Pb 0.125 Te)0.95(AgSnSe2) 0.05. The average composition of the selected 

areas in (a) is 41.9(3) of Sn, 5.6(4) of Pb, 2.3(4) of Ag, 45.8(3) of Te and 4.4(3) at.% of Se.  
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Fig. 5.S6: (a) Back-scattered electron image and (b-d) elemental mappings of Sn, Pb, Ag, 

Te and Se of (Sn 0.75 Pb 0.25 Te)0.95(AgSnSe2) 0.05. The average composition of the selected 

areas in (a) is 36.8(8) of Sn, 11.0(1) of Pb, 2.2(2) of Ag, 45.5(7) of Te and 4.5(3) at.% of 

Se. 
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Chapter 6. Converting n-Type Co4Ge6Te6 Skutterudite into p-

Type and Enhancing its Thermoelectric Properties through Fe 

Substitution 

This chapter encompasses the manuscript “Converting n-Type Co4Ge6Te6 Skutterudite into 

p-Type and Enhancing its Thermoelectric Properties through Fe Substitution”, which was 

published in Journal of Alloys and Compounds (Journal of Alloys and Compounds 2022, 

913, 165314). Partial sample preparations and characterization were performed by Mr. 

Yuyang Huang at the laboratory of Dr. Yurij Mozharivskyj, Department of Chemistry and 

Chemical Biology, McMaster University, Hamilton, ON. Mr. Suneesh Meledath 

Valiyaveettil collected the thermal diffusivities, specific heat capacity, and density of 

materials at the Department of Physics, National Central University, Taoyuan City 32001, 

Taiwan. The candidate completed the experimental procedures, sample characterization, 

electrical properties measurements, band structure calculation, data interpretation, and 

manuscript preparation. 

 

 

 

 

Reproduced with permission from Song, S.; Huang, Y.; Tseng, Y.-C.; Valiyaveettil, S. M.; 

Chen, K.-H.; Mozharivskyj, Journal of Alloys and Compounds 2022, 913, 165314. 

Copyright by 2021 Elsevier 
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This study is devoted to converting an n-type mixed anion Co4Ge6Te6 skutterudite into a 

p-type material through partial substitution of Fe for Co. Co4-xFexGe6Te6 (x = 0, 0.04 and 

0.12) samples were prepared by solid-state methods and characterized by scanning electron 

microscopy and powder X-ray diffraction. Thermoelectric properties of the spark plasma 

sintering samples were investigated in the temperature range of 50 to 500 °C. The positive 

Seebeck and Hall coefficients of Co4-xFexGe6Te6 (x = 0.04 and 0.12) suggest that the n-

type Co4Ge6Te6 was successfully converted into a p-type semiconductor via the Fe 

substitution. Also, an increased carrier concentration in Co4-xFexGe6Te6 (x = 0.04 and 0.12) 

leads to a significant increase in the electrical conductivity, which improves the 

thermoelectric performance of the mixed anion Co4-xFexGe6Te6 skutterudite. 

6.1 Introduction 

In recent years, environmental issues prompted a growing interest in thermoelectric 

materials due to their ability to directly convert waste heat into electricity without any 

negative environmental impacts.288 Usually, the efficiency of thermoelectric material is 

determined by the dimensionless figure of merit , ZT: 𝑍𝑇 =
𝛼2𝜎

𝜅𝐶+𝜅𝑙
𝑇, where 𝛼, 𝜎, 𝜅𝐶, 𝜅𝑙 and 

T are Seebeck coefficient, electrical conductivity, carrier thermal conductivity, lattice 

conductivity, and absolute temperature, respectively.219 The ideal thermoelectric material 

is expected to behave as a phonon-glass electron-crystal (PGEC), which has a high, metal-

like electrical conductivity and a low, glass-like thermal conductivity.39 However, since 𝛼, 

𝜎, 𝜅𝐶 are interconnected via the charge carrier concentration and only 𝜅𝑙 could be modified 

independently,39 it is challenging to find a simple material to work as a PGEC. In order to 
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improve the ZT to the fullest extent, the current major strategies target not only 

improvements in the power factor (𝛼2𝜎) by band structure engineering76,184,224,225,229 and 

carrier concertation optimization,195,261,266,271 but also reduction of 𝜅𝑙  by 

alloying223,246,264,266 and introducing nanostructures.228,236,237 

Binary skutterudites have the general formula MX3 and adopt the space group Im3̅ (M = 

Co, Rh or Ir; X = P, As, or Sb). The MX3 structures contain X4 rectangular anion rings 

formed by tilted MX6 octahedra.109–111 Large voids present in the MX3 structures can be 

filled by electropositive atoms, and the composition of these filled skutterudites can be 

represented by the general formula AyM4X12.
112 The binary CoSb3 skutterudite attracted a 

lot of interest as it possesses excellent charge transport properties.35,113  However, it also 

displays high thermal conductivity that limits its thermoelectric performance. The thermal 

conductivity of CoSb3 and other binary skutterudites can be optimized by introducing guest 

atoms into voids  (as in filled  AyM4X12), which  leads to a significant phonon scattering.116–

120 These guest atoms also work as electronic dopants, and as a result they improve 

thermoelectric performance of the CoSb3-based materials.  

Ternary anion-mixed skutterudites with the AX1.5Y1.5 formula result from the isoelectronic 

substitution of the anion site in the binary skutterudites by two aliovalent p elements. 

CoGe1.5Y1.5 (Y = S, Se) is one member of such family,121 and its structure was refined by 

Vaqueiro et al. using powder neutron diffraction.122 Figure 6.1 shows the crystal structures 

of CoSb3 and CoGe1.5Te1.5. Compared with the binary CoSb3, which has only one 

crystallographically distinct four-membered ring ([Sb4]
4-) with a rectangular shape (Figure 

6.1 (c)),126 the ternary CoGe1.5Te1.5 has two crystallographically distinct four-membered 
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rings ([Ge2Te2]
 4-, Figure 6.1 (c)), in which the Ge and Te atoms are trans to the same 

atoms.122 Also, the [Ge2Te2]
4- rings of CoGe1.5Te1.5 are diamond-like rather than 

rectangular.122 According to the powder neutron diffraction study, the anions are ordered 

in the layers perpendicular to the [111] direction in the CoGe1.5Te1.5 unit cell. This 

arrangement along with the distortion of the anion ring leads to the symmetry reduction 

from the cubic Im3̅ to the rhombohedral R3̅ one.122 At 610 °C, CoGe1.5Te1.5 undergoes a 

phase transition from the rhombohedral R3̅ to the cubic Im3̅.123 

 

Figure 6.1 Crystal structure of (a) CoSb3
126 (space group Im3̅) and (b) CoGe1.5Te1.5

128 

(space group R3̅). In CoGe1.5Te1.5, the Ge sites have some Te atoms and vice versa. (c) A 

four-membered rectangular ring ([Sb4]
4-) in CoSb3 and two crystallographically distinct 

diamond-like rings ([Ge2Te2]
4-) in CoGe1.5Te1.5. 

Unlike binary skutterudites, ternary skutterudites display low electrical conductivity, high 

Seebeck coefficient, and low lattice thermal conductivity.123,289–292 Volja et all.293 applied 

first principles calculations to study the electronic band structure of both binary and ternary 

skutterudites. In comparison with the binary CoSb3 skutterudite, Co4Ge6Te6 and Co4Sn6Te6 

each have a larger Seebeck coefficient and a lower electrical conductivity, which were 
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attributed to their multivalley band structure with heavy charge carriers. Also, a much 

lower lattice conductivity was observed in both Co4Ge6Te6 and Co4Sn6Te6, which can be 

attributed to the extra phonon scattering induced by the larger complexity of and significant 

anionic disorder in the unit cell.293  In the past decade, numerous studies explored the n-

type Co4Ge6Te6,
122,123,289,293 however, the p-type Co4Ge6Te6 was not investigated to a 

similar extend. In this work, Fe substitution on the Co site is employed to convert an n-

type Co4Ge6Te6 into a p-type material, and the thermoelectric properties of the p-type Co4-

xFexGe6Te6 (x = 0.04 and 0.12) is reported. 

6.2 Experimental 

6.2.1 Synthesis 

Polycrystalline FexCo4-xGe6Te6 samples (x = 0, 0.04, 0.12 and 0.2) were prepared from 

stoichiometric mixtures of cobalt (99.9 wt.%), germanium (99.99 wt.%), tellurium (99.999 

wt.%) and iron (99.5 wt.%). Germanium and tellurium were ground into fine powders and 

mixed with the cobalt and iron powders inside an Ar-filled glovebox (O2 and H2O amounts 

were below 0.1 ppm). The mixtures were cold pressed into pellets and then loaded into 

carbon-coated silica tubes in the Ar-filled glovebox. The tubes were closed, transferred to 

a vacuum line, evacuated below 0.002 Torr and flamed sealed. The samples were heated 

at 100 °C/h to 400 °C and annealed at this temperature for 12 hours. This was followed by 

heating at 100 °C/h to 1150 °C, where the samples were annealed for 6 hours and then 

quenched in ice water. The solid products were hand-ground and cold-pressed in air.  

Subsequently it was annealed in evacuated silica tubes at 610 °C for 96 hours and quenched 
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in ice water. The last annealing process was repeated one more time to eliminate the 

impurity phases. 

6.2.2 Spark Plasma Sintering (SPS) 

The annealed samples were finely ground into powders and loaded into a 15 mm diameter 

graphite die. A layer of mica paper was placed between the sample and graphite plungers 

to avoid direct contact between them. The samples were heated at 100 °C/min to 550 °C 

and annealed for 25 minutes under the uniaxial pressure of 45 MPa, followed by cooling 

to room temperature.  

6.2.3 X-ray Powder Diffraction 

The powder X-ray diffraction (PXRD) analysis was carried out in a PANalytical X’Pert 

Pro diffractometer with the CuKα1 radiation and an X’Celerator detector. The samples were 

ground into fine powder and loaded on a zero-background silicon disc. The diffraction data 

were collected in the 2θ range of 20° to 80° at room temperature. The sample purity and 

lattice parameters were determined by the Rietveld refinement (Rietica program154). The 

profile parameters (background, peak shape), lattice parameters and sample displacement 

were refined. The atomic parameters and occupancies were taken from the work by 

Vaqueiro et al. (for Co4Ge6Te6),
128 Betzembroeck et al. (for CoTe),294 Muhler et al. (for 

CoTe2),
295

 and Samanta et al. (for GeTe),296 and were not refined.  
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6.2.4 Thermoelectric Measurements 

SPS pellets were cut into rectangular bars (3 mm × 3 mm × 10 mm) for the Seebeck 

coefficient and electrical conductivity measurements, or into squares (10 mm × 10 mm × 

1 mm) for thermal conductivity, Hall carrier concentration and mobility measurements.  

The sample was cut on a low-speed diamond saw, and kerosene was used as a lubricant to 

prevent sample oxidation during cutting.  

Electrical conductivity and Seebeck coefficient measurements were carried out on a 

ULVAC-RIKO ZEM-3 instrument. A Netzsch LFA 457 instrument was used to collect the 

thermal diffusivity (D) of samples, and the total thermal conductivity was calculated by 

κtotal = D × Cp × ρ. The standard sample (pyroceram) was used as a reference for the 

temperature dependent specific heat capacity Cp measurements. The density ρ of the 

Co3.88Fe0.12Ge6Te6 sample was measured by the Archimedes method and it was 96.8% of 

the theoretical density.  

6.2.5 Hall Effect Measurements 

The Hall coefficients RH were measured by the Van der Pauw method in an MMR Variable 

Temperature Hall System (VTHS) modified with AC excitation and detection from a 

Stanford Research SR830 lock-in amplifier. The magnetic field (B) swapped from -1.3 T 

to 1.3 T and the AC current (I) was fixed at 5 mA. The Hall coefficient was calculated from 

RH= 
𝑡 × 𝑉𝐻

𝐼 ×𝐵
, where t is the thickness of the sample and VH is the Hall voltage measured at 

room temperature. A scatter graph plotted with the VH as the y axis and B as the x axis was 

used to obtain a linear fit, the slope of which allowed the Hall coefficient to be derived. 
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The Hall carrier mobility μH was calculated by μH = 
𝑅𝐻

𝜌⁄ , where 𝜌 is the sheet resistance, 

and the hole concentration was calculated based on the equation of np = 
1

𝑒𝑅𝐻
, where e is an 

electron charge.  

6.2.6 Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

For the SEM-EDS analysis, the samples were polished with 800 and 1200 grit sandpapers 

and then secured with double-sided carbon tape on the SEM sample holders. The SEM-

EDS analysis was carried out on a TESCAN VEGA II LSU scanning electron microscope 

(20 kV accelerating voltage) equipped with an X-MAX (80 mm2) X-ray EDS spectrometer 

(Oxford Instruments). The standard sample (pure nickel metal) was used for the signal 

calibration. 

6.2.7 Computational Details 

The room-temperature structure of Co8Ge12Te12
128

 was used for the tight-binding linear-

muffin-tin-orbital calculations using the atomic sphere approximation (TB-LMTO-

ASA)168. Space-filling empty spheres were included into the unit cell by the automatic 

sphere generation to satisfy the overlap criteria. The 3d, 4s orbitals of Co, 3d, 4s, and 4p 

ones of Ge and 4d, 5s, 5p ones of Te were employed during the TB-LMTO-ASA 

calculations. 

6.3 Results and Discussion 

Among the binary skutterudites, the p-type CoSb3-based materials have been extensively 

studied115,115,297–299 due to their excellent electrical properties and their relatively simple 
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solid state synthesis. Among the ternary mixed anion skutterudites, the n-type Co4Ge6Te6  

received a lot of attention as it has a larger Seebeck coefficient123 and a lower thermal 

conductivity than the binary CoSb3.
300 However, the development of p-type Co4Ge6Te6 

was lagging, possibly because of the difficulties in  preparing the Co4Ge6Te6-based 

materials. This work describes our efforts to convert n-type Co4Ge6Te6 into a p-type 

material via partial Fe substitution. Our approach relies on the idea that Fe will adopt a 3+ 

oxidation state like Co, but because of its lower electron count (d5 in Fe3+ vs. d6 in Co3+), 

the Fermi level in the Fe-substituted Co4Ge6Te6 will shift into the valence band, leading to 

the p-type conductivity. 

Based on the room temperature X-ray powder diffraction patterns (Figure 6.2), Co4-

xFexGe6Te6 (x = 0, 0.04, 0.12 and 0.2) adopts a rhombohedral symmetry (R3̅). Three 

impurity phases, CoTe (Pnnm), CoTe2(P63/mmc), and GeTe (R3m), could be detected in 

small quantities. The sample purity and lattice parameter were determined by the Rietveld 

refinement (Rietica program)154, and the refinement results are shown in Table 6.1 With an 

increasing Fe amount, the cell volume of Co4-xFexGe6Te6 (x = 0, 0.04, and 0.12) goes up, 

which can be attributed to a slightly larger effective cationic radius of Fe3+ (0.55Å vs. 

0.545Å for Co3+).284 The smaller cell volume for x = 0.2 in comparison to x = 0.12 suggests 

that the solubility limit for Co4-xFexGe6Te6 has already been reached and some non-

equilibrium processes occur in the sample. While the Fe impurities could be suspected in 

the Co3.80Fe0.20Ge6Te6 sample, the concentration of elemental Fe could not be reliably 

refined due to the overlap of the most intensive (110) peak of Fe with the peaks from Co4-

xFexGe6Te6 and CoTe. To verify the conclusions from the PXRD analysis, the Co4-
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xFexGe6Te6 (x = 0, 0.04, 0.12 and 0.2) sample were analyzed by the SEM-EDS technique. 

As seen in the SEM-EDS images (Figures 6.S.1-6.S.3), the Co4Ge6Te6, Co3.96Fe0.04Ge6Te6, 

and Co3.88Fe0.12Ge6Te6 samples feature a homogenous elemental distribution with small 

amounts of GeTe, CoTe and CoTe2. The Co3.80Fe0.20Ge6Te6 sample contains Fe precipitates 

(Figure 6.S4) in addition to the CoTe and CoTe2 impurities that have already been 

identified through the PXRD.  

Table 6.1 R profile values, unit cell volume and impurity phases of Co4-xFexGe6Te6 (x = 0, 

0.04, 0.12 and 0.2) 

Composition Rp, % Cell volume, 

Å3 

Impurity phases 

(molar %) 

Co4Ge6Te6 4.63 1988.15(7) CoTe~ 0.02 (1) 

CoTe2~ 0.07 (2) 

GeTe~0.2(1) 

Co3.96Fe0.04Ge6Te6 4.80 1988.55(9) CoTe~ 0.03 (2) 

CoTe2~ 0.2 (1) 

GeTe~0.2(1) 

Co3.88Fe0.12Ge6Te6 7.06 1989.49(9) CoTe~ 0.15 (2) 

CoTe2~ 0.3(1) 

GeTe~0.3(1) 

Co3.80Fe0.20Ge6Te6 6.46 1989.08(6) CoTe~ 0.28 (3) 

CoTe2~ 0.9 (1) 

 

Electrical conductivity, Seebeck coefficient, and power factor of the Fe-substituted 

samples in comparison to pristine Co4Ge6Te6 are shown in Fig. 6.2 (b-d). Fe substitution 

leads to an increase in electrical conductivity. The electrical conductivity of 

Co3.8Fe0.2Ge6Te6 almost equals to that of Co3.88Fe0.12Ge6Te6, which supports that the 
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maximum solubility of Fe has already been reached before x = 0.2. For all Fe-doped 

samples, the electrical conductivity decreases with an increasing temperature from 150 to 

400 or 450 °C, which is likely due to the phonon-electron scattering52,283. Above 400 or 

450 °C, the electrical conductivity increases whereas the Seebeck coefficient decreases, 

and both of these changes can be attributed to the bipolar effect.301 The negative 

thermopower of the pristine Co4Ge6Te6 (Fig 6.2 (c)) implies that electrons are the dominant 

charge carriers, and the positive values of the Fe-substituted samples indicates that holes 

are the dominant ones. These data suggest that the n-type Co4Ge6Te6 has been successfully 

converted into a p-type material via Fe substitution. Besides, the power factor of the Fe-

substituted samples is higher than that of the pristine Co4Ge6Te6 (Fig 6. 2 (d)), and this is 

primarily due to the improved electrical conductivity.  



Ph.D. Thesis – Shaochang Song; McMaster University – Chemistry and Chemical 

Biology 

182 
 

 

Figure 6.2 PXRD patterns of Co4Ge6Te6,
128 Co4-xFexGe6Te6 (x = 0, 0.04, 0.12 and 0.2), 

CoTe,294 CoTe2
295 and GeTe296 at room temperature. (b) Electrical conductivity, (c) 

Seebeck coefficient and (d) power factor of Co4-xFexGe6Te6. 

To gain further insights into the charge transport properties, we measured the Hall effect. 

The positive Hall coefficient of Co4-xFexGe6Te6 (x = 0.04, and 0.12, Table 6.2) indicates 
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that holes are the dominant carriers upon the Fe substitution, thus confirming the successful 

conversion of the n-type Co4Ge6Te6 into a p-type material. The carrier concentration of 

Co4-xFexGe6Te6 (x = 0, 0.04, and 0.12) increases with the Fe amount. Using the Hall carrier 

concentration, Seebeck coefficient and employing the single parabolic band (SPB) model67, 

we derived a DOS effective mass at room temperature. The Fe-substituted samples have 

significantly lighter charge carriers, which translates into a higher carrier mobility despite 

the fact that an additional atomic disorder on the Co site should lead to a larger carrier 

scattering and shorter relaxation time. 

Table 6.2 Hall coefficient, Hall concentration, Hall mobility, carrier concentration, carrier 

mobility and DOS effective mass of Co4Ge6Te6, Co3.96Fe0.04Ge6Te6 and Co3.88Fe0.12Ge6Te6 

at room temperature. 

Composition Hall 

coefficient 

(10-6 

mm3/C) 

Carrier 

concentration 

(1018 cm-3) 

Carrier 

mobility 

(cm2V-1s-1) 

𝑚∗
𝑚0⁄  

Co4Ge6Te6 -9.08(1) 0.68(5) 3.2(2) 5.46 

Co3.96Fe0.04Ge6Te6 1.19(1) 5.2(1) 5.0(1) 0.47 

Co3.88Fe0.12Ge6Te6 0.18(1) 33.0(5) 4.3(6) 1.19 

 

Figure 6.3 (a) demonstrates the band structure of Co4Ge6Te6; the Fermi level was placed 

at the bottom of conduction band since the pristine Co4Ge6Te6 is an n-type conductor. The 

conduction band minimum (CBM) is flatter than the valence band maximum (VBM), and 

both are found at the  point. Multiple flat bands are also observed slightly above the Fermi 

level in Co4Ge6Te6, and their occupancy would increase the carrier effective mass. These 
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band features suggest that the n-type Co4Ge6Te6 should have a higher Seebeck coefficient 

than the p-type Co4Ge6Te6, which is consistent with the experimental results. For the Fe-

substituted Co4Ge6Te6, the Fermi level shifts into the valence band, and as the Fe 

concentration increases, the hole concentration increases, and the Fermi level moves deeper 

into the valence band. This also leads to heavier carriers,74,302,303 as now the flatter bands 

just below the VBM can contribute to the transport properties. Figure 6.3 (b) shows the 

density of states (DOS) of Co4Ge6Te6 and projected DOS of Co, Ge and Te. The valence 

band is dominated by the Co states, except for the VBM where the contribution from Te is 

similar. In the light of the Co contribution to the valence band, Fe substitution in the p-type 

Co4-xFexGe6Te6 is expected to disrupt hole transport, leading to the shorter relaxation time, 

. This explains why the carrier mobility ( = e/m*) did not increase commensurately with 

a drop in the carrier effective mass (Table 6.2).  

The calculated band gap (Eg) of Co4Ge6Te6 is 0.46 eV, which is similar to Eg = 0.51 eV 

obtained by D. Volja et al.398 The band gap can be also estimated from the experimental 

data by using the |Smax| = Eg /(2eTmax) equation,32 where Smax is the maximum value of 

Seebeck coefficient, e the electron charge and Tmax is the absolute temperature at which the 

maximum occurs. For the pristine Co4Ge6Te6, the highest |Smax| of 685 μV/K is observed 

at Tmax = 298 K, which yield Eg = 0.41 eV, the value close to the calculated Eg. For the Fe-

substituted samples, the peak in the thermopower shifts to higher temperatures, and the 

calculated Eg values are 0.30 and 0.31 eV for Co3.96Fe0.04Ge6Te6 and Co3.88Fe0.12Ge6Te6, 

respectively. Based on these results, one can speculate that the band structure and band gap 
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are modified upon the Fe substitution, but additional electronic structure analysis will have 

to be performed to gain better understanding.  

 

Figure 6.3 (a) The calculated band structure of Co8Ge12Te12; (b) The total and projected 

density of states (DOS) for Co8Ge12Te12. 

Co3.88Fe0.12Ge6Te6 was intentionally selected for thermal properties investigation as it has 

the highest power factor from 50 to 500 °C (Figure 6.2 d) and smaller amount of impurities 

than Co3.80Fe0.20Ge6Te6.  Figure 6.4 illustrates the temperature-dependent thermal 

conductivities and ZT values of Co3.88Fe0.12Ge6Te6. As shown in Figure 6.4 (a),  its carrier 

thermal conductivity, which is calculated using the Wiedemann-Franz law (𝑘𝑒 = 𝐿𝜎𝑇),
30 

where L is the Lorentz factor defined from:  L= 1.5 + exp (-
|𝑆|

116⁄ )42, can be almost 

neglected from 50 to 500 °C.Thus the lattice thermal conductivity (𝑘𝑙 = 𝑘𝑡𝑜𝑡𝑎𝑙  − 𝑘𝑒) 

makes the major contribution to its total thermal conductivity. Also, a decrease in its lattice 

thermal conductivity with the increasing temperature is representative of the Umklapp 

scattering.60 In the 50−500 °C  temperature range, the highest ZT of pristine Co4Ge6Te6 is 
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0.05 at 400 °C,123 and the highest ZT of Co3.88Fe0.12Ge6Te6 is 0.12 at 400 °C (Figure 6.4 

(b)). The low electrical conductivity is the major reason that limits the thermoelectrical 

performance of Co3.88Fe0.12Ge6Te6.  

 

Figure 6.4 (a) Total, carrier, and lattice thermal conductivity; (b) ZT values of 

Co3.88Fe0.12Ge6Te6. 

6.4 Conclusion  

In this study, the mixed anion skutterudites Co4-xFexGe6Te6 (x = 0.04 and 0.12) were 

synthesized, and their structural and electrical properties were investigated. The positive 

Seebeck and Hall coefficients observed in the Fe-substituted Co4Ge6Te6 samples indicate 

that holes are the dominant charge carriers in Co4-xFexGe6Te6 (x = 0.04 and 0.12). This also 

proves that substitution by electron deficient atoms in Co4Ge6Te6 results in the conversion 

of the n-type Co4Ge6Te6 into a p-type material. Among all the prepared samples, 

Co3.88Fe0.12Ge6Te6 was favored for thermal conductivity studies, and the results point at the 

dominance of its lattice thermal conductivity from 50 to 500 °C. The highest ZT value of 
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0.12 was achieved for Co3.88Fe0.12Ge6Te6 at 400 °C. However, the 140% improvement in 

ZT over the pristine Co4Ge6Te6 does not meet the performance requirements for wide-scale 

thermoelectrical applications. Low electrical conductivity of Co3.88Fe0.12Ge6Te6 is a 

significant drawback which needs to be addressed. 
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6.5 Supporting Information 

Table 6.S1. X-ray and Archimedes densities of the Co3.88Fe0.12Ge6Te6 sample. 

 X-ray density  Archimedes density  Relative density, % 

Co3.88Fe0.12Ge6Te6 7.19 (g/cm3) 6.96 (g/cm3) 96.8 

 

Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS). 

 

Fig 6.S1: (a) Back-scattered electron image; GeTe impurity is dark grey spots in the red 

circle, CoTe and CoTe2 are grey spots in the yellow circle. (b-d) Elemental mappings of 

Co, Ge and Te in Co4Ge6Te6. Composition of the selected areas in (a) is 24.4(7) at. % of 

Co, 37.8(5) at. % of Ge and 37.8(4) at. % of Te.  
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Fig 6.S2: (a) Back-scattered electron image; GeTe impurity is represented by dark grey 

spots in the red circle, CoTe and CoTe2 by grey spots in the yellow circle. (b-e) Elemental 

mappings of Co, Ge, Te and Fe in Co3.96Fe0.04Ge6Te6. Composition of the selected areas in 

(a) is 23.4(8) at. % of Co, 37.7(5) at. % of Ge, 38.7(9) at. % of Te and 0.2(1) at.% of Fe. 
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Fig 6.S3: (a) Back-scattered electron image: GeTe impurity is represented by dark grey 

spots in the red circle, CoTe and CoTe2 by grey spots in the yellow circle. (b-e) Elemental 

mappings of Co, Ge, Te and Fe in Co3.88Fe0.12Ge6Te6. Composition of the selected areas in 

(a) is 22.9(7) at. % of Co, 37.6(3) at. % of Ge, 38.7(9) at. % of Te, and 0.8(2) at. % of Fe. 
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Fig 6.S4: (a) Back-scattered electron image; Fe impurity is a dark gray spot in the green 

rectangle. (b-e) Elemental mappings of Co, Ge, Te and Fe in Co3.8Fe0.2Ge6Te6. 

Composition of the selected areas in (a) is 23.2(4) at. % of Co, 37.5(9) at. % of Ge, 38.0(8) 

at. % of Te and 1.3(3) at. % of Fe. 
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Chapter 7. Conclusions and Further Work 

In this dissertation, the synthesis, physical properties, crystal and electronic structures of 

several SnTe-based phases have been studied. Unlike benchmark chalcogenide 

thermoelectric materials, the SnTe is considered an inferior thermoelectric material 

because of its low Seebeck coefficient and high thermal conductivity. Nonetheless, its 

relatively high electrical conductivity, crystal and electronic structures, that are similar with 

PbTe, make SnTe a potential candidate to replace PbTe for thermoelectric applications.  

The goal of my research was to improve the thermoelectric performance of SnTe and 

Sn0.5Ge0.5Te and make them suitable for industrial applications. This objective was 

achieved by first understanding and then optimizing the SnTe and Sn0.5Ge0.5Te electronic 

structure and charge transport properties. Additionally, extra atomic disorder was 

introduced to minimize the thermal conductivity. 

7.1 SnTe: Ge Substitution 

The first step undertaken was to substitute Ge for Sn in SnTe. Our results (Chapter 3) 

showed that the thermoelectrical performance can be substantially improved when 50% Ge 

is introduced on the Sn site in SnTe. However, a higher-than-expected thermal conductivity 

and lower-than-expected Seebeck coefficient in Sn0.5Ge0.5Te suggested that further 

optimization was still required for this material to be competitive. To mitigate those 

challenges, further doping and alloying of Sn0.5Ge0.5Te were pursued.  
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7.2 Sn0.5Ge0.5Te: Doping with Sb/Bi and Alloying with Cu2Te 

Sb- and Bi-doping of (Sn0.5Ge0.5)Te lead to the convergence of the light and heavy hole 

valence bands and, as a result, to an increased carrier effective mass (Chapter 3). To further 

optimize thermal conductivity, the samples were alloyed with Cu2Te. The lattice thermal 

conductivity of the Cu2Te-alloyed (Sn0.5Ge0.5)0.91Sb0.06Te and (Sn0.5Ge0.5)0.91Bi0.06Te was 

sharply reduced. The (Sn0.5Ge0.5)0.91Bi0.06Te(Cu2Te)0.05 sample achieved the maximum 

figure of merit, ZT,  of 0.99 at 500 ˚C and displayed an increase in the average and highest 

ZT values by 384% (0.63 vs. 0.13) and 175% (0.99 vs. 0.36), respectively, over SnTe within 

the 100 to 500 ˚C range. 

7.3 Sn0.5Ge0.5Te: Electronic Band Structure Optimization via Doping with In, In/Sb, and 

In/Bi 

Effects of In, In/Sb, and In/Bi doping on the electronic structure Sn(1-x)GexTe were explored 

through the density-function theory (DFT). The results (Chapter 4) indicated that In-doping 

on the Sn/Ge site introduces resonant levels around the Fermi level in Sn0.5Ge0.5Te, which 

increases the carrier effective mass and improves the Seebeck coefficient. As the result, 

(Sn0.5Ge0.5)0.98In0.02Te shows the high thermoelectric performance and was selected for 

further optimization via the Sb and Bi doping. 

The DFT calculations (Chapter 4) revealed that the Sb and Bi doping in 

(Sn0.5Ge0.5)0.98In0.02Te leads to band inversion, creating multiple electronic valleys. It was 

also observed that the charge carrier transport in the Sb- and Bi-doped samples is 

dominated by heavy holes. These results suggested that the Seebeck coefficient of 
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(Sn0.5Ge0.5)0.98In0.02Te can be effectively improved through the Sb and Bi doping. 

Moreover, the lattice thermal conductivity of (Sn0.5Ge0.5)0.89In0.02Bi0.06Te was effectively 

optimized by additional phonon scattering at the point defects. Comparison of the results 

for (Sn0.5Ge0.5)0.89In0.02Bi0.06Te and pristine SnTe reveal significant improvements in the 

average and highest ZT values by 446% (0.71 vs. 0.13) and 122% (0.80 vs. 0.36), 

respectively, within 100-500 ˚C. 

7.4 SnTe: alloying with AgSnSe2 and PbTe 

The relatively high thermal conductivity of SnTe is a major drawback of its thermoelectric 

performance. Introducing extra atomic disorder can suppress the thermal conductivity, 

however, the electrical conductivity will be impaired as well. An approach to suppress the 

thermal conductivity without damaging the electrical conductivity of SnTe was explored.  

Our experimental results (Chapter 5) show that the thermal conductivity of SnTe is 

effectively suppressed via alloying with AgSnSe2 within 25-600˚C. Simultaneously, 

AgSnSe2 exhibits an electron acceptor behavior in the alloyed samples. Thus, the electrical 

conductivity is maintained as the reduction in the carrier mobility is compensated by larger 

a carrier concentration. The ZT of 0.81 is achieved for (SnTe)0.95(AgSnSe2)0.05 at 600 ˚C. 

To further improve the performance, (SnTe)0.95(AgSnSe2)0.05 was alloyed with PbTe. The 

Pb substitution on the Sn sites was expected to positively affect the band structure and, 

therefore, improve the Seebeck coefficient. However, the experimental results showed only 

a slight improvement in thermopower for (SnTe)0.95(AgSnSe2)0.05. Nevertheless, the Pb 
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substitution further suppressed the thermal conductivity of (SnTe)0.95(AgSnSe2)0.05. As a 

result, the maximum ZT increases from 0.81 to 0.86 for the Pb substitution of 12.5 at. %. 

7.5 Co4Ge6Te6: converting n-type skutterudite into p-type via substitution with Fe 

Effect of substituting Fe for Co in Co4Ge6Te6 was investigated. The positive Seebeck and 

Hall coefficients (Chapter 6) of the Co4-xFexGe6Te6 samples (x = 0.04 and 0.12) indicate 

that holes became the dominant charge carriers and that the n-type Co4Ge6Te6 was 

successfully converted into a p-type material through the Fe substitution. Also, the 

experimental results showed that the electrical conductivity significantly increased in 

Co3.88Fe0.12Ge6Te6 due to a higher carrier concentration when compared to Co4Ge6Te6. 

Analysis of the thermal conductivity of Co3.88Fe0.12Ge6Te6 suggests that its lattice thermal 

conductivity (𝑘𝑙 = 𝑘𝑡𝑜𝑡𝑎𝑙  − 𝑘𝑒  , 𝑘𝑒 = 𝐿𝜎𝑇, L= 1.5 + exp (-
|𝑆|

116⁄ ))42 makes a significant 

contribution to its total thermal conductivity. The highest zT value increased from 0.05 in 

Co4Ge6Te6 to 0.12 in Co3.88Fe0.12Ge6Te6 at 400 °C.  

7.6 Further work 

The pristine SnTe is considered an inferior thermoelectric material; one of the primary 

reasons is intrinsic Sn vacancies that induce a high hole concentration of 1020 to 1021 cm-

3,140 while the optimal concentration is 1019 to 1020 cm-3.39 If the high hole concentration 

could be suppressed, SnTe may possess an outstanding thermoelectric performance. Like 

SnTe, GeTe also has a high hole concentration of ~1021 cm-3 induced by the Ge 

vacancies.261 According to Dong et al.,304 the formation of Ge vacancies can be diminished 

by adding an excessive amount of Ge into the sample matrix, effectively reducing the hole 
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concentration. Dong et al. also indicated that carrier mobility increases in the Ge-richer 

samples as the carrier scattering due to the Ge vacancies is suppressed.304 Ideally, the 

strategies employed for GeTe can be transferred to SnTe, allowing to optimize the hole 

concentration and carrier mobility. Hence, the Sn1+xTe phases may be of interest and can 

also be used as springboard for further doping/substituting/alloying studies. 

Since elemental tin is easily oxidized, tin oxide may be present in the final products. Zhou 

et al.108 showed that tin oxides adversely affect the lattice thermal conductivity, electrical 

conductivity, and Seebeck coefficient of SnSe, and thereby impede the thermoelectric 

performance. In this light, the Sn purification process as proposed by Zhou et al.108 may be 

of benefit to the SnTe samples, as it minimizes the presence of tin oxides.  

Also, melt-spinning synthesis can be applied to the SnTe samples to optimize their thermal 

conductivity. Compared to the traditional solid-state synthesis, the melt spinning 

considerably increases formation of the hierarchical microstructure due to the ultrafast 

quenching. As a result, the lattice thermal conductivity can be suppressed by extra phonon 

scattering, thereby enhancing the thermoelectric performance of consolidated bulk samples. 

In the past decades, the melt-spinning approach has been successfully applied for the 

synthesis of different thermoelectric materials.97,305–309 Thus, the knowledge gained can be 

employed for the development of high-performance SnTe-based alloys. The atmosphere 

(Ar/He/N), nozzle diameter, wheel speed, and ejection pressure are the key control 

parameters affecting melt-spinning ribbons' composition and microstructure, and they will 

have to be tuned for each phase. 
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In recent decades, low-dimensional metal-semiconductor interfaces (MSI) has been 

applied in thermoelectric materials to improve their ZT.100,310–313 Generally, the Seebeck 

coefficient can be enhanced with a MSI as the low-energy carriers are filtered out by the 

potential barriers at the MSI.312 Moreover, metal nanoparticles effectively scatter phonons 

with mid to long wavelengths and, thus, suppresses the lattice thermal conductivity.314 

Considering the relatively low Seebeck coefficient and high lattice thermal conductivity of 

SnTe, introducing MSI into the sample matrix is worth exploring. Ag nanoparticles can be 

incorporated into SnTe. Ag has a work function of ~ 4.73 eV,315 and SnTe has a work 

function of ~ 4.88 eV,316 which forms an energy barrier of ~ 0.15 eV at the MSI.312  

Therefore, low-energy holes may be filtered during the charge transport between Ag and 

SnTe, and thus the Seebeck coefficient would be improved.  

 

 

Figure 7.1. Schematics of the band diagram of Ag nanoparticles and SnTe, and carrier 

transfer from the Ag nanoparticles to the SnTe matrix. 

Furthermore, the thermal conductivity of the material can be reduced by utilizing SnTe-

nano-crystallites, synthesized by the method developed by Xu et al.317 (size of ~ 43 nm in 

diameter). To prepare the composite of Ag nanoparticles and SnTe nano-crystallites, the 
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degassed silver nitrate solution can be applied; this decorating method was developed by 

(Dun et al,).318 Synthetic procedures will be performed under an argon gas on a Schlenk 

line. 
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