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1.1. Environmental crisis 

Global warming is mostly attributable to human activity, particularly the use of 

fossil fuels such as coal, oil, and gas etc. The overwhelming consensus among scientists 

is that human-caused greenhouse gas emissions, such as carbon dioxide and methane, 

are the primary drivers of the century-long temperature increase. Global warming has 

far-reaching consequences, including a variety of environmental and socioeconomic 

effects. The warming of the seas, which has absorbed nearly 93% of the excess heat 

generated by greenhouse gas emissions, is a serious effect.
1,2

 This increasing heat 

storage in the oceans has led to the Earth's surface warming. The change in global 

surface temperature from 1880 to 2020 is shown in Figure 1.1a. Rising temperatures 

have also caused glaciers and ice sheets to melt, causing sea levels to rise. The global 

average sea level has risen by around 23 cm since 1880, with roughly one-third of the 

rise occurring in the previous 25 years. The sea level is now rising at a pace of roughly 

3.3 mm per year, and this rate is likely to accelerate further as global temperatures rise. 

The global sea level change since 1993 has been shown in Figure 1.1b. 

 

 

Figure 1.1. (a) Change in global surface temperature from 1880 to 2020,
3
 (b) the 

change in global sea level since 1993. These data’s are from NASA's Goddard Space 

Flight Center. (https://climate.nasa.gov/vital-signs/sea-level/) 

 

There is an overwhelming consensus among scientists, supported by peer-

reviewed scientific studies, that anthropogenic global warming (AGW) is a reality. The 

AGW theory is supported by approximately 97.1% of articles on global climate change 

or global warming.
4
 This consensus underscores the importance of taking action to slow 
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down and ultimately reverse the trend of rising global temperatures. The motivations for 

combating global warming go beyond environmental issues. It is additionally driven by 

economic considerations since lowering greenhouse gas emissions and shifting to 

renewable energy sources can result in increased energy efficiency, cost savings, and 

the establishment of new companies and job opportunities. 

1.2. Sustainable energy 

The growing necessity for sustainable energy sources is a consequence of the 

escalating emission of greenhouse gases into the atmosphere, which poses a major 

threat to the ecological balance of the globe. In order to tackle this issue, sustainable 

energy can be procured through diverse methods such as substituting combustion-based 

electricity production with sustainable energy sources and promoting energy-harvesting 

processes in industrial procedures.
5
 

Renewable energy sources offer diverse options for sustainable power 

generation. In 2015, hydroelectric power, which is considered the primary renewable 

energy source, constituted 16% of the worldwide electricity generation.
6
 The product is 

characterized by its cost-effectiveness, diminished emission of greenhouse gases, and 

adaptable production process that generates no residual waste. Moreover, the 

construction of dams for conventional hydroelectricity can have adverse effects on the 

surrounding ecosystems. Wind power, contributing nearly 5% of global electricity 

demand, is another significant renewable source.
7
 The cost-effectiveness of onshore 

wind turbines is well-established, whereas offshore installations are known to provide 

more consistent energy production.
8
 Wind power is clean and minimally impacts 

ecosystems, though it is subject to weather fluctuations. Solar energy, which involves 

the conversion of light or heat, has a variety of applications including but not limited to 

water and process heating, artificial photosynthesis, and photovoltaics (PV). Solar 

photovoltaic (PV) technology enables the direct conversion of solar radiation into 

electrical energy. As of 2015, solar PV contributed to 1% of the total global electricity 

generation.
9
 Fuel cells exhibit great potential as a technology, as they facilitate the 

conversion of chemical energy into electrical energy through the utilization of hydrogen 

ions and an oxidizing agent.
10

 These systems offer uninterrupted electricity production 

while also generating water and heat as secondary productions. Although the current 
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production costs are elevated, fuel cells exhibit promising prospects, particularly in the 

context of electric vehicle deployments. Geothermal energy presents a considerable 

power potential with decreasing generation costs, although its accessibility remains 

limited.
11

 Piezoelectric generators are devices that transform mechanical stress into 

electrical current.
12

 They have the capability to extract energy from both human and 

industrial vibrations. 

 

Figure 1.2. Estimated renewable energy share of global electricity 

production.(https://www.greenoptimistic.com/the-global-transition-to-clean-energy-

explained-in-12-charts-20190624/) 

 

The use of waste heat produced by combustion engines and industrial processes is a 

prominent area of focus. All the processes mentioned above result in a considerable 

amount of energy production. However, they also generate residual heat, which is 

typically released through various methods, including dissipation, cooling water, 

lubricants, and exhaust gases. Thermoelectric devices offer a feasible solution by 

converting wasted heat into usable electricity. These devices are capable of functioning 

within the optimal temperature range to effectively collect residual heat or even 

renewable heat sources like solar radiation.
13,14

 

1.3. Thermoelectricity 

1.3.1. Thermoelectric devices 

Thomas Johann Seebeck, an Estonian physicist, made a significant discovery 

that established the foundations for thermoelectricity in the early 1820s.
15

 He 
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discovered that when a temperature difference was applied to a circuit composed of 

dissimilar metals, an electrical potential developed between the two extremities. This 

phenomenon became known as the Seebeck effect and marked the beginning of 

thermoelectricity, a potential renewable source of electricity as well as a heating and 

cooling device. Thermoelectric power generation involves converting heat into 

electricity by utilizing the intrinsic properties of thermoelectric materials. These 

materials have the extraordinary capacity to transform heat energy directly into 

electrical energy or vice versa. However, their widespread is constrained by the present 

thermoelectric materials' low efficiency and relatively high costs of manufacturing.
16

 

Typically, thermoelectric materials have an energy conversion efficiency below 10%, 

which restricts their application to specific fields where high reliability outweighs 

production cost and efficiency considerations. Examples of such uses include gas 

pipelines, cooling systems for laboratory equipment, and electrical generators on 

NASA's deep space probes and rovers. Despite existing efficiency constraints, there is 

optimism about the future of thermoelectric devices as a sustainable energy source.
13,17

 

Thermoelectric devices are thought to have a future as a sustainable energy source, 

gathering waste heat from fuel combustion, exothermic reactions, and even directly 

from sunlight. This can contribute to energy sustainability and reduce environmental 

impact by turning waste heat into usable electricity. 

 

 

Figure 1.3. (a,b) Pictures of thermoelectric module.
18

 

 

The thermocouple, which is made up of two legs made of distinct materials: n-

type and p-type, is an important component of thermoelectric devices. The electrical 

flow directions in these materials are opposing. The distinction between n-type and p-
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type lies in the dominant type of charge carriers present in the material. In n-type 

materials, the majority of charge carriers are electrons, whereas, in p-type materials, the 

dominating charge carriers are holes. A temperature gradient is established between a 

heat source at the junction and a heat sink on the other side of the thermocouple device 

in power-generating mode. The presence of this temperature difference creates a voltage 

gradient due to the Seebeck effect. Because the thermocouple's n-type and p-type legs 

are connected in series, an electrical current flow across the junction from the n-type leg 

to the p-type leg. This current can be converted into useful electrical power. The process 

is reversed if a thermocouple is subjected to an electrical current, resulting in a 

temperature gradient across the device known as Peltier effect. As a result, heat is 

absorbed from the junction, leading to cooling at that specific location. This cooling 

effect can be used in a variety of cooling applications. 

Overall, the advancement of thermoelectric devices and a better knowledge of 

thermoelectric principles have increased the possibility of using waste heat as a 

sustainable energy source. Despite the fact that present thermoelectric materials have 

low efficiency, continued research and improvements hold promise for enhancing their 

performance and expanding their practical applications in the future. 

 

1.3.2. Performance Assessment of thermoelectric material  

1.3.2.1. Figure of merit 

Thermoelectric materials are able to convert temperature differences into electrical 

energy and vice versa, making them useful for a variety of applications such as power 

generation and cooling. To effectively compare and evaluate the thermoelectric 

performance of different materials, it is important to have a metric that accounts for all 

relevant properties. In 1959, Abram Fedorovich Ioffe proposed a dimensionless figure 

of merit to quantify thermoelectric conversion efficiency. This figure of merit is still 

widely used today and is defined as follows: 

               𝑍𝑇 =
𝑆2

𝜌𝜅
 𝑇 =  

𝑃𝐹

𝜅
 𝑇      
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where, T is the absolute temperature (in Kelvin), S is the Seebeck coefficient (or 

thermoelectric power) in V K
-1

, ρ is the electrical resistivity in Ω cm, κ is the total 

thermal conductivity in W m
-1

 K
-1

, and PF = S
2
/ρ is the power factor in W m

-1 
K

-2
. 

So, it is obvious to achieve the highest possible thermoelectric efficiency, a material 

must have certain characteristics. Firstly, a high Seebeck coefficient is necessary, as it 

indicates the material's ability to generate a large electrical potential (i.e. electrical 

power) in response to a temperature gradient. Secondly, a low electrical resistivity is 

desirable, as it allows for better charge carrier transport. Charge carriers are the 

electrons or holes that carry electrical charge through the material, and low resistivity 

ensures that these carriers can move easily through the material without losing too much 

energy as heat due to the Joule effect. Lastly, a low thermal conductivity is important, 

as it helps to preserve the temperature gradient across the module junctions. If a 

material has a high thermal conductivity, the heat generated by the temperature gradient 

will dissipate too quickly and not be effectively converted into electricity. Therefore, a 

low thermal conductivity ensures that the temperature difference across the module 

junctions remains significant, leading to higher thermoelectric efficiency. 

In order to improve the ZT value of a material, various strategies have been explored. 

These include optimizing the carrier concentration and effective mass through doping or 

alloying, engineering the electronic and phononic band structures, reducing the lattice 

thermal conductivity through phonon scattering, and introducing nanostructuring or 

interfaces to enhance the thermoelectric performance. These strategies aim to improve 

the Seebeck coefficient, electrical resistivity, and/or reduce the thermal conductivity to 

achieve a high ZT value for efficient thermoelectric energy conversion. 

 

1.3.2.2. Seebeck Coeefficient (S) 

 The Seebeck coefficient (S) measures the voltage generated by a material in 

response to a temperature gradient, and it is a crucial factor in determining a material's 

thermoelectric performance. For metals and degenerate semiconductors, the Seebeck 

coefficient can be expressed using Pisarenko relation: 

     𝑆 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2 𝑚∗𝑇 (
𝜋

3𝑛
)2 3⁄               
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where kB is the Boltzmann constant (1.381 × 10
-23

 kg m
2 

S
-2

 K
-1

), e is the elemental 

charge (1.602 × 10
-19

 C), h is the Planck constant (6.626 × 10
-34 

kg m
2
 s

-1
), n is the 

charge carrier concentration (m
-3

), 𝑚∗ is the charge carriers' effective mass (kg). 

The equation also shows that a low charge carrier concentration (n) with a high 

effective mass (𝑚∗) will lead to a high Seebeck coefficient. Therefore, researchers often 

look for materials that have low carrier concentrations and high effective masses to 

optimize their thermoelectric performance. 

 Additionally, the equation highlights the importance of having only one type of 

charge carrier for optimal thermoelectric performance. When there are both n-type and 

p-type charge carriers, they tend to move towards the colder end of the device, which 

can cancel out the induced Seebeck voltages and reduce the overall efficiency of the 

material. Therefore, researchers typically try to develop materials with either n-type or 

p-type conduction for thermoelectric applications. 

 

 

 

1.3.2.3. Electrical resistivity (ρ) 

 As the Seebeck coefficient, the electrical resistivity of a material also depends 

on the carrier concentration (n) and effective mass (m*). However, these two properties 

have opposite relationships with these constants. The relationship between electrical 

resistivity and carrier concentration is given bellow: 

    𝜌 =
1

𝑛𝑒µ
     

 µ ∝ 
1

𝑚∗        

where µ is the charge mobility in m
2 

V
-1 

S
-1

. 

Therefore, it is challenging to get desirable electrical resistivity and Seebeck coefficient 

simultaneously i.e. low electrical resistivity and high Seebeck coefficient. Depending on 

the material, the goal may be to increase the Seebeck coefficient while sacrificing the 
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electrical resistivity or to achieve a low electrical resistivity while compromising the 

Seebeck coefficient. To achieve a higher thermoelectric conversion rate, it is more 

practical to focus on improving the power factor (PF). A high power factor enables a 

strong electrical power output when subjected to a thermal gradient. 

1.3.3.4. Thermal conductivity (κ) 

 To achieve high thermoelectric properties, a material should have a low thermal 

conductivity. This helps to maintain a maximal temperature gradient between junctions, 

which generates a strong potential difference through the Seebeck effect (S). 

The total thermal conductivity (κ) of a material is the summation of electronic thermal 

conductivity (κe) and lattice thermal conductivity (κL): 

  𝜅 = 𝜅𝑒 +  𝜅𝐿 

The electrical part arises from the heat carried by the charge carrier (both hole and 

electron). The electrical part of thermal conductivity conductivity (κe) is inversely 

proportional to electrical resistivity (ρ) and can be estimated from the Wiedmann – 

Franz law: 

  𝜅𝑒 =
𝐿𝑇

𝜌
 

where L is the Lorenz number in W Ω K
-2

. 

In case of a free electron gas, the Lorenz number can be defined as: 

  𝐿 =
𝜋2𝜅𝐵

2

3𝑒2
= 2.45 × 10−8 𝑊 𝛺 𝐾−2 

This Lorenz number is commonly used to calculate the electronic thermal conductivity 

of metals. However, it is not appropriate for semiconductors as the diffusion process of 

the charge carriers at the Fermi level impacts the Lorenz number. Therefore, 

thermoelectric compounds tend to have lower Lorenz numbers than for the metal. 
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For this work, the Lorenz number was calculated from the Seebeck coefficient using the 

simplified relationship from Kim et al.
19

 

  𝐿 = 1.5 + 𝑒𝑥𝑝(
−∣𝑆∣

116
) 

On the other hand, the lattice thermal conductivity can be expressed from kinetic theory 

of gas: 

  𝜅𝐿 =  
1

3
𝜈𝑆𝐶𝑝𝐿𝑝ℎ 

where 𝜅𝐿 is the lattice thermal conductivity, 𝜈𝑆 is the sound velocity in m S
-1

, 𝐶𝑝 is the 

lattice specific heat in J k
-1

 m
-3

 and 𝐿𝑝ℎ is the phonon mean free path (m). 

1.3.3. Enhancement of the figure of merit 

It is obvious from the ZT equation given above that increasing ZT can also be 

accomplished by increasing the power factor (S
2
/ρ). Power factor (S

2
/ρ) is a purely 

electronic attribute that is controlled by the electronic makeup and scattering behavior 

of materials. The following techniques are used to increase power factor: (a) chemical 

doping to engineer carrier concentration (n); (b) convergence of multiple 

valence/conduction band extrema to increase effective carrier mass (m*) and Seebeck 

coefficient (S); (c) modulation doping to increase carrier mobility, and (d) resonance 

impurity levels to distort the density of states near Fermi level. On the other hand the ZT 

value can also be increased by reducing the total thermal conductivity. The most 

popular strategies to enhance the TE performance of a material are to lower the thermal 

conductivity by alloying, grain boundary engineering, mesoscale structuring and 

nanostructuring, point defects, nano precipitation, different approaches which can 

effectively scatter phonons. I will describe the most recent approaches for creating high-

performance thermoelectric materials here. 

 

 

1.3.3.1. Carrier concentration optimization 
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The significant interdependence between the power factor (S
2
/ρ), thermal 

conductivity (κ), and carrier concentration (n) poses one of the key design challenges 

for high ZT thermoelectric materials. This interdependence can be optimized by 

controlling the doping level of the material. The optimal carrier concentration for 

achieving maximum ZT values is typically found in the range of 10
19

-10
21

 cm
-3

, which 

falls between the concentrations commonly observed in metals and semiconductors 

(Figure 1.4). Degenerate semiconductors or strongly doped semiconductors, are 

connected with this spectrum. 

 

Figure 1.4. Graphical representation of Seebeck coefficient (S), the power factor, 

electrical conductivity (σ), thermal conductivity (κ), and figure of merit (ZT) as a 

function of carrier concentration (n). 

 

However, a problem occurs because the carrier concentration (n), which follows a 

power law relationship of T
3/2

, rapidly rises with temperature. While traditional doping 

techniques can successfully adjust the carrier concentration at room temperature, it 

becomes difficult to achieve the ideal carrier concentration at high temperatures. As a 

result, at all operating temperatures, the maximum potential ZT value cannot be fully 

achieved. The use of functionally graded doping, which involves integrating two or 

more segments with different n, is a successful remedy for this problem. The addition of 
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temperature-dependent doping behavior to the standard doping approach allows for 

larger average ZT values, which are crucial for applications. 

 

1.3.3.2. Electronic band convergence 

Multiple valleys (different pockets of Fermi surface with the same energy) in 

valence or conduction band can result in high Seebeck coefficient (S) because they have 

the effect of producing large effective mass (m*) without explicitly lowering mobility 

(μ), as seen in the following equation: 

  𝑚∗ =  𝑁𝑉
2/3

𝑚𝑏
∗   

where mb* stands for the single valley density of state effective mass of degenerate 

valleys and NV stands for orbital degeneracy. Therefore, the foundation of the band-

convergence technique is effective doping to energetically align the electronic bands for 

a higher degree of band degeneracy. The objective is to raise the Seebeck coefficient 

without significantly lowering the electrical conductivity. When the system is 

extensively doped, carrier redistribution to several valleys can increase total effective 

mass, which produces a high Seebeck coefficient. Since carrier mobility would not be 

impacted by this process, valence band convergence results in a carrier optimized 

system with noticeably high-power factor and ZT (Figure 1.5 a). 

 

Figure 1.5. (a) Relative energy of the valence bands in PbTe0.85Se0.15. At, 500 K the two 

valence bands converge, resulting in contributions from both the L and Ʃ bands in the 

transport properties. (b) Temperature dependent ZT of PbTe1-xSex materials doped with 

2 atom % Na.
20
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Figure 1.5 a,b shows how doped PbTe1-xSex alloys exhibit band convergence of 

at least 12 valleys, which results in an incredibly high ZT value of 1.8 at roughly 850 K 

by Pei et al.
20

 The substitution of Te by Se results in a reduction of the energy 

difference between the L and Ʃ bands of PbTe, leading to the effective convergence of 

the two bands. Therefore, an increase in the NV value from 4 (for L band) to 12 (for Ʃ 

band) leads to a corresponding increase in both the effective mass (m*) and Seebeck 

coefficient. 

 

1.3.3.3. Resonance level 

Resonance level originates from the coupling between electrons of a dilute 

impurity with those of the valence or conduction band of the host solid near its Fermi 

level. Thus, resonance dopant creates an excess density of states near the valence or the 

conduction band edge of the host compound (Figure 1.6. a) and results in higher 

effective mass, m* and thereby enhances Seebeck coefficient, according to Mott 

expression.
  

𝑆 =  
𝜋2

3
 
𝑘𝐵

𝑞
 𝑘𝐵𝑇 {

𝑑[𝑙𝑛(𝜎(𝐸))]

𝑑𝐸
}

𝐸 = 𝐸𝐹

 

 

S =  
𝜋2

3
 
𝑘𝐵

𝑞
 𝑘𝐵𝑇 {

1

𝑛
 
𝑑𝑛(𝐸)

𝑑𝐸
+  

1

𝜇
 
𝑑𝜇(𝐸)

𝑑𝐸
}

𝐸 = 𝐸𝐹

 

 

Here, σ(E) is the electrical conductivity determined as a function of the band filling or 

Fermi energy, EF (σ(e) = n(E)qμ(E)) and n(E) (n(E) = g(E)f(E)), the carrier density at 

the energy level, E (here q is the carrier charge, and μ(E) is the mobility as a function of 

energy, f(E) is the Fermi function, g(E) is density of state).  

 

When electronic scattering is independent of energy, σ(E) is just proportional to 

the density of states (DOS). The equations presented above indicate that a system 

exhibiting a rapid change in DOS in nearby of the Fermi level is going to have a 

substantial Seebeck coefficient. The dependent relationship between Seebeck and 

carrier concentration is shown by the Pisarenko figure. The observation of resonance 
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level formation can be inferred from a Pisarenko plot indicating a notably increased S 

value, as illustrated in Figure 1.6 (b). The inclusion of dopants from Group III, 

specifically aluminum, indium, and thallium, results in the formation of a resonance 

level within the PbTe material. Heremans et al. conducted an experimental study which 

showed that the addition of Tl to PbTe results in an improvement of its Seebeck 

coefficient through the formation of resonance levels. This led to a doubling of the 

figure of merit (ZT).
21

 

 

 

Figure 1.6. (a) Schematic diagram of resonance level in the valence band. Tl-doped 

PbTe shows asymmetric distortion of DOS (blue line) near Fermi level. (b) Pisarenko 

relation of Seebeck coefficient vs hole concentration, p for PbTe (solid line) at 300 K 

compared to the results on Tl-PbTe sample. (c) The temperature dependent ZT values 

for Tl0.02Pb0.98Te (black circles) and Tl0.01Pb0.99Te (blue squares) compared to that of a 

reference sample of Na-PbTe (purple diamonds.)
21

 

 

1.3.3.4. Reduction of the lattice thermal conductivity 

Reducing the thermal conductivity of the materials is one of the conventional 

methods of developing high-performance thermoelectrics. The electronic thermal 

conductivity (κe), the lattice thermal conductivity (κL), and the bipolar thermal 

conductivity (κb) contribute to the total thermal conductivity (κ) for solids. The 

thermoelectric figure of merit, ZT can be written as follows by using the Wiedemann–

Franz–Lorenz law for the electronic thermal conductivity, κe = LσT; 
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𝑧𝑇 =  
𝑆2

𝐿
[

1

1 +
𝜅𝐿 + 𝜅𝑏

𝜅𝑒

] 

Here, L is the Lorenz number, and the values are typically between 1.6 to 2.5 × 10
−8

 V
2
 

K
−2

. To obtain high TE performance, materials must have minimal lattice mismatch and 

low κb, whereas a high κe corresponds to a high-power factor. The contribution of κb can 

be only found at very high temperatures and in semiconductors with very narrow gaps, 

which is essentially non-existent at ambient temperature. Therefore, developing novel 

methods to enhance the suppression of 𝜅𝐿 is essential for improved TE performance. 

The atomic vibrations in a periodic lattice are known as phonons. Here, we'll focus 

on crystalline solids that have clearly defined phonon modes and can carry thermal 

energy. Considering kinetic theory within Boltzmann transport equation, 𝜅𝐿 of a solid 

can be written as: 

𝜅𝐿 =
1

3
∫ 𝐶(𝜔)𝑣(𝜔)𝑙𝑝ℎ(𝜔) 𝑑𝜔

𝜔𝑚𝑎𝑥

0

               

where C() is the spectral volumetric heat capacity, 𝑣() is the phonon group velocity 

and lph() is the phonon mean free path. Figure 1.7. a depicts a typical temperature-

dependent κL of a crystalline semiconductor. Since three-phonon scattering or Umklapp 

scattering strength is weak at low temperatures, lph frequently reaches the material's 

characteristic length scale. Low temperature κL grows with temperature as ~T
3
 and 

follows temperature dependence of Cv. At high temperature, Cv becomes constant to the 

Dulong-Petit value and L decreases with increasing temperature following T
-1

 

temperature dependence due to Umklapp scattering. As a result, a peak in the 

temperature-dependent κL is produced (Figure 1.7. a), and this peak is greatly 

influenced by the degree of disorder and grain boundaries in the materials. 
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Figure 1.7. (a) shows typical temperature dependent L in a crystalline solid and 

various scattering mechanisms operating in different temperature regimes. (b) Typical 

temperature dependence of 𝜅𝐿 in a crystalline (-quartz) and an amorphous solid 

(vitreous-silica).
22

 

 

Amorphous materials and glasses conduct thermal transfer very differently from 

crystalline solids. Compared to crystalline insulators (alpha -quartz) amorphous 

materials and glasses have substantially lower thermal conductivity and show a distinct 

temperature dependency (Figure 1.7b).
22

 Thermal conductivity in amorphous materials 

rises first with a T
2 

temperature dependency at low temperatures, reaches a plateau of 

nearly constant values, and then increases slowly towards the "glass limit."
23,24

 To 

achieve the "glass limit," it is necessary to further reduce thermal conductivity (𝜅𝐿) in 

these materials without adversely affecting charge carrier mobility. It is important to 

note that several crystalline substances, including Ba8Ga16Ge30
25

 and Bi4O4SeCl2,
26

 

exhibit temperature-dependent behaviors that approach those of glass. However, in 

crystalline solids, 𝜅𝐿 cannot be arbitrarily low and is typically referred to as the 

minimum lattice thermal conductivity (κmin). κmin serves as an important parameter 

guiding the design principles of high-performance thermoelectric materials. 

The lattice thermal conductivity for bulk materials is properly described by following 

equation; 

𝜅𝐿 =  
1

3
𝐶𝑉𝑣𝑔

2𝜏, 
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Therefore, to reduce the 𝜅𝐿, one must design materials that have a lower specific 

heat (𝐶𝑉), group velocity (𝑣𝑔 ), or phonon relaxation time (𝜏). The most targeted 

parameter in thermoelectrics is often the phonon relaxation time, which can be tuned to 

a desired value by extrinsically generating 0D point defects, 1D dislocations, 2D grain 

boundaries, or tiny precipitates (Figure 1.8). Each of these flaws improves the phonon-

scattering process, reduces the relaxation time (𝜏), and consequently reduces the 𝜅𝐿. 

Each of the aforementioned processes has their own frequency (ω) dependence. For 

example, the 0D point defects scatters the high frequency phonons (τPD ~ ω
-4

); 1D 

dislocation scatters the mid frequency phonons (τDC ~ ω
-3

 for dislocation cores and 

τDS ~ ω
-1

 for dislocation strains); 2D interface scattering originating from grain 

boundaries or precipitates are effective for the low frequency phonons (τinter ~ ω
0
). The 

Umklapp process which is universal has a relaxation time, τU ~ ω
-2

, thus being effective 

in scattering the phonons of all frequencies. Callaway developed a phenomenological 

model that takes into account the contributions arising from microstructural effects on 

phonon scattering at different length scales. The model is expressed as follows: 

𝜅𝑙𝑎𝑡 =  
𝑘𝐵

2𝜋2𝑣𝑔
(

𝑘𝑩𝑇

ђ
)

3

∫ 𝜏𝐶(𝑥)
𝑥4𝑒4

(𝑒𝑥−1)2 𝑑𝑥
𝜃𝐷 𝑇⁄

0
           

Where, kB in equation corresponds to Boltzmann’s constant; ђ, T and 𝜏𝐶 denotes 

Plank’s constant, absolute temperature and total relaxation time respectively. 𝜏𝐶 

corresponds to the individual relaxation time via the relation τC
-1

= τU
-1

+ τPD
-1

+ τDS
-1

+ 

τDC
-1

+ τinter
-1

+ …, where τU, τPD, τDS, τDC and τinter corresponds to relaxation times arising 

from the contributions of Umklapp scattering, point defects, dislocation strain, 

dislocation cores and interface scattering respectively. This equation offers a guide for 

accessing each microstructural effect's contributions quantitatively. 

 

Figure 1.8. A simple schematic to explain the various routes to suppress 𝜅𝐿 in the 

crystal system.
27
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An effective method to boost thermoelectric performance without reducing 

electrical mobility is to look for materials having innately low lattice thermal 

conductivity (𝜅𝐿). Finding materials with naturally low 𝜅𝐿 makes it possible to 

independently adjust their thermoelectric characteristics, improving power factor and 

total thermoelectric efficiency. This approach offers a promising avenue for the rational 

design of high-performance thermoelectric materials.   

 

1.3.4. State of art thermoelectric materials 

There are many commercially viable options and more potential materials in the 

area of thermoelectric materials. The material selection is influenced by the intended 

operating temperature for a given application. At the moment, derivatives of bismuth 

and antimony tellurides are widely used for temperatures below 200 °C.
28–30

 Lead 

tellurides and silicon germanium alloys are the most popular options at intermediate and 

high temperatures, above 700 °C.
21,31–35

 

A new generation of thermoelectric materials with a high thermoelectric figure 

of merit (ZT) has been developed as a result of extensive study on bismuth and lead 

tellurides and the use of nanostructuring approaches in the wake of Hicks and 

Dresselhaus' work.
36

 Notably, ZT values above 2 have been attained by hierarchical lead 

telluride (PbTe) structures.
37

 At about 300 K, thin-film superlattice thermoelectrics, 

such as Bi2Te3/Sb2Te3 superlattices, have shown a ZT above 2.5.
38

 Though their usage 

of heavy and poisonous metals like tellurium or lead makes them unsuitable for large-

scale manufacture, nanostructured or thin-film materials are only suitable for limited 

applications. 

In addition to the tellurides and selenides of bismuth and lead, a number of 

additional material families have demonstrated promising performance with ZT values 

of more than one. These include half-Heusler alloys,
39–42

 skutterudites,
43–45

 

clathrates,
46,47

 silicides,
48,49

 and  Zintl phases
50,51

.
52

 Thermoelectric materials for large-

scale power generation should ideally be simple to produce and rely on naturally 

occurring, environmentally safe ingredients. Unfortunately, they are still less effective 

than selenides or tellurides now in use. 
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Oxides have been actively investigated as prospective thermoelectric materials 

over the past 20 years, including doped zinc oxides (ZnO), layered cobalt oxides, and 

oxides of the perovskite variety (such as SrTiO3).
53,54

  However, the best ZT values are 

found at high temperatures and remain below unity because of the ionic nature of oxide 

atomic bonding and their high electrical resistivity along with high thermal conductivity 

due to ionic nature of the compounds.
54

  

While the toxicity of some elements (such as lead and tellurium), the scarcity of 

tellurium, and the high price of germanium and tellurium limit the applications for these 

materials, a number of potential substitute materials have been investigated during the 

1990s. These materials, which are currently in development, may outperform their 

indications. As a result, thermoelectric sulfides have become a viable substitute for 

toxic selenides and tellurides as well as oxides. 

 

 1.3.4.1. Advantages of sulfides in thermoelectric application 

Sulfide materials have shown promise as thermoelectric technology alternatives, 

providing a number of benefits over other materials. They are a desirable option for 

effective energy conversion due to their special characteristics and quantity of 

constituent materials. The following are the benefits of investigating sulfides over other 

thermoelectric materials. 

 Environmental friendliness: Sulfide materials are regarded as being 

environmentally benign due to their non-toxicity and reliance on plentiful 

components. Their use in thermoelectric applications lessens reliance on toxic 

materials like tellurides and selenides, advancing environmentally friendly 

energy options. 

 

 Abundance and Cost-effectiveness: Sulfide materials typically consist of 

components like sulfur, copper, zinc, and iron, which are both plentiful and 

economical. Sulfides provide an affordable alternative for thermoelectric 

devices, making them more commercially viable than other rare or expensive 
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elements. Figure 1.6. shown the earth abundance and relative cost of 

chalcogenides.
55

  

 

Figure 1.9. Earth abundance (ppm) and relative cost of chalcogenides. 

 

1.3.4.2. State of art thermoelectric sulfides 

In recent times, there has been a notable focus on metal sulfides as prospective 

thermoelectric materials. Due to their affordability, non-toxic nature, and abundance, 

these materials are considered highly favourable for potential utilization in future 

commercial thermoelectric applications, as previously mentioned. Depending on the 

complexcity in the crystal structure we can categorize TE sulfides based compunds in 

two categories, (a) binary sulfides which includes TiS2, SnS, PbS, Cu2S etc. and (b) 

copper based ternary and quaternary sulfides. In the following paragraphs, I will 

provide a comprehensive description of various states of art thermoelectric sulfids. 

Binary sulfides. 

Imai et al. reported the thermoelectric properties of the single crystals of n-type TiS2 

which demonstrate a thermoelectric power factor of 3.71 mW cm
-1

 K
-2

 at 300 K, a value 

that is comparable to that of commercial Bi2Te3. TiS2 has gained attention as a 

promising thermoelectric material due to its layered structure and capacity for 

modifying transport properties through intercalation or substitution, despite its higher 

thermal conductivity. The crystal structure is shown in Figure 1.10 a. Optimization of 

the charge carrier concentration was achieved through the self-intercalation of titanium, 
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which was accompanied by transfer of charge carriers to the Ti 3d band. Ti1.025S2 

exhibited a ZT value of 0.48 at 700 K, while Ti1.008S2, prepared through the sulfurization 

of TiO2 and consolidated by SPS, achieved ZT = 0.34 at 663 K. The incorporation of 

copper and silver through intercalation has also demonstrated efficacy in enhancing the 

thermoelectric figure of merit by concomitantly mitigating thermal conductivity and 

electrical resistivity. The compounds Cu0.1TiS2 and Ag0.1TiS2 show thermoelectric 

figure of merit (ZT) values of 0.45 at temperatures of 800 K and 700 K, respectively. 

Furthermore, it is possible to generate superlattices through the process of intercalation, 

wherein complete block layers are inserted between successive TiS2 layers. The 

resulting superlattice can be represented by the formula (MX)1+x(TiS2)n, where M 

denotes Pb, Bi, Sn, Sb, rare-earth elements, and n can assume values of 1, 2, or 3. The 

presence of stacking faults within the superlattices results in a significant reduction of 

the lattice's contribution to thermal conductivity.  

 

 

Figure 1.10. The crystal structure of (a) TiS2, (b) PbS, (c) SnS (Pnma), (d) SnS 

(Cmcm). 
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On the other hand, tin (II) sulphide (SnS), has attracted considerable interest thanks 

to its distinct characteristics and its possible application in thermoelectric devices. One 

of the key reasons of considering semiconducting SnS for thermoelectric applications is 

its intrinsically low thermal conductivity and high Seebeck coefficient. SnS exhibits a 

direct band gap, making it a viable candidate for effective energy conversion. Moreover, 

SnS exhibits a number of favourable properties including cost-effectiveness, non-

toxicity, and abundance in the natural environment, rendering it a compelling contender 

for prospective thermoelectric implementations. At high temperatures, around 875 K, 

SnS, which have an orthorhombic crystal structure, change from the Pnma phase to the 

Cmcm phase shown in Figure 1.10 c, d. Tan et al. reported a maximum dimensionless 

figure of merit (ZT) value for undoped SnS at 873 K of 0.16 in their study. Nonetheless, 

it is noteworthy that the thermal conductivity was comparatively high, i.e. ~ 1.25 W m
-1

 

K
-1

 at a temperature of 300 K. In order to enhance the thermoelectric efficiency, the 

carrier concentration of SnS was optimized through Ag for Sn substituion. Due to the 

considerable decrease in thermal conductivity, down to 0.5 W m
-1

 K
-1 

at 873 K, the ZT 

value increased to 0.6. Subsequently, Han et al. improved the thermoelectric figure of 

merit (ZT) by incorporating a SnS solid solution with tin selenide (SnSe). A ZT value of 

0.82 was attained at a temperature of 823 K for the SnS0.2Se0.8 composition. In a recent 

study, He et al. improved the efficiency of carrier mobility and effective mass (m*) by 

incorporating selenium (Se) into SnS.  A maximum figure of merit ZT of 1.6 at 873 K 

was obtained for SnS Se0.09. Furthermore, an average ZT value (ZTave) of approximately 

1.25 was acquired for the SnS0.91Se0.09 over the temperature range of 300 to 873 K. 

Lately, Zhan et al. reported n-type sulfide PbSnS2 with isostructural to SnS is obtained 

through Pb alloying and achieves a maximum ZT of about 1.2 at 773 K and an average 

ZT of 0.75 within 300-773 K, which results from enhanced power factor and 

intrinsically ultralow thermal conductivity.
56

 

Additionally, PbS (lead sulfide) has been studied as an alternative to its telluride and 

selenide analogues.
57,58

 Both of these compounds have a structure that is similar to that 

of NaCl and Pb and S/Se/Te are present in the cation and anion sites, respectively 

(Figure 1.10. b). In bulk n-type PbS samples that were synthesised by mechanically 
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milled followed by spark plasma sintering (SPS), a ZT value of 0.31 was achieved at 

723 K.
59

 When sodium-doped PbS samples were prepared under the same conditions, 

they exhibited p-type conductivity. Among them, Pbo.975Na0.025S showed a maximum 

ZT value of 0.54 at 723 K.
59

 Incorporating a second phase of SrS or CaS into sodium-

doped PbS led to additional improvements in the material's performance.
59

 At 723 K, 

the ZT values reached 0.73 and 0.72, respectively, when 3.0% SrS or CaS was added, 

and a maximum ZT values reached 1.22 and 1.12, respectively at 923 K. This 

enhancement in performance can be attributed to phonon scattering caused by point 

defects in the solid solution and the nanostructuring that was accomplished by the 

presence of a secondary phase. Both of these factors contributed to the increase the ZT 

value. In a study that was quite comparable to this one, the presence of ZnS and CdS 

nanophase precipitates produced results that were slightly more favorable.
60

 At a 

temperature of 923 K, the ZT value of Pb0.975Na0.025S containing 3.0 % CdS reached 1.3.  

Recently, Cu-sulfides attracted attention in thermoelectric community. Cu2-xS has a 

complex crystal structure and the nomenclature can be confusing due to the different 

forms and phases it can possess.
61–66

 Cu2-xS compounds are made up of a lattice of 

sulfur (S) atoms with copper (Cu) atoms occupying interstitial positions. Chalcosite is a 

stoichiometric form of Cu2S with a copper to sulfur ratio of 2:1. Depending on the 

temperature range and the copper amount, Potter et al. claims that Cu2S can exist in 

three different modifications or phases.
67

 Low chalcocite is a monoclinic phase that 

exists below a temperature of roughly 103 °C. A hexagonal phase known as high 

chalcocite is seen between this temperature and roughly 436 °C. The cubic phase of 

Cu2S is adopted above this temperature.
67

 The migration of copper ions in the high-

temperature cubic phase is intricately linked to the phonon-liquid electron-crystal 

(PLEC) concept. The thermoelectric properties of the Cu2S crystal structure are 

influenced by the migration of ions, which can have benefits as well as drawbacks. On 

the one hand, the material exhibits a favourable impact as it reduces thermal 

conductivity while simultaneously enhancing electrical conductivity. The previous 

observation implies that the thermoelectric efficiency of Cu2S can be improved through 

ionic migration. However, on the other hand, the migration of ions can cause a lack of 

stability in the Cu2S structure under electric current. A lack of copper atoms in the 
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crystal structure could arise from this, which could impact the material's transport 

properties and lead to decomposition. Evans et al. identified the crystal structure of the 

monoclinic phase (low chalcocite), which is closely similar to that of the high chalcocite 

phase.
62

 It is important to note that Cu1.8S, also known as digenite, is regarded as a 

distinct phase. The thermoelectric (TE) properties of p-type Cu1.8S were investigated 

and reported by Ge et al.
68

 The high-temperature (HT) form of Cu1.8S was synthesized 

by optimizing the mechanical alloying (MA) step of the synthesis process, and then the 

material was densified by spark plasma sintering (SPS). The material displayed a 

combination of a metallic electrical resistivity (ρ) which leads to a high-power factor 

(PF) of 1 mW m
-1 

K
-2

 at 673 K. However, due to high total thermal conductivity, the ZT 

value is constrained.  

Complex copper-based ternary and quaternary sulfides. 

Thermoelectric materials with high performance, typically exhibiting transport 

properties resembling those of heavily doped semiconductors or semi-metals, often 

possess a carrier concentration ranging from 10
19

 to 10
21

 cm
-3

. Interestingly, several 

naturally occurring minerals give rise to ternary and quaternary copper sulfides that 

demonstrate these desirable characteristics. These materials often have complex 

structures that inherently lead to reduced intrinsic thermal conductivities. These 

semiconductors have the capability to be doped in order to enhance the carrier 

concentration, or they possess an inherent characteristic of being "intrinsic" degenerate 

semiconductors. According to the recent classification, the copper sulfide phases (both 

ternary and quaternary) can be classified into five groups (group A to E) (Figure 1.11) 

depending on the nature and coordination of the metal sulfide polyhedral and the 

complexity of their 3D ordering. 

Group A consists of sphalerite-type structures characterized by corner-sharing MS4 

tetrahedral networks. These compounds exhibit a three-dimensional network where a 

central metal atom is surrounded by four sulfur atoms arranged in a tetrahedral fashion 

like chalcopyrite (CuFeS2), Stannite (Cu2FeSnS4), briartite (Cu2FeGeS4) and kesterite 

(Cu2ZnSnS4). Group B, also sphalerite-type structures, contains isolated [TS4]M6 
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complexes. These complexes consist of an interstitial atom (T) forming tetrahedra (TS4) 

connected to octahedra (TM6) like colusite and germanite. However, unlike Group A, 

these complexes are not part of a continuous network. Group C comprises sulvanite-

type structures and metal-poor sulvanite-type derivatives. These structures contain 

[TS4]M6 complexes that are connected either in a three-dimensional (3D) or two-

dimensional (2D) manner like sulvanite and mooihoekite. The arrangement of these 

complexes defines the sulvanite-type structure. Group D is characterized by anti-

fluorite-type structures, which exhibit two interpenetrating networks of corner-sharing 

MS4 and TS4 tetrahedra. This arrangement leads to a global network of corner and edge 

sharing between (M, T)S4 tetrahedra. Bornite (Cu5FeS4) belongs to this group. Lastly, 

Group E includes compounds that possess at least one polyhedron with a metal 

coordination other than tetrahedral. This difference in chemical surrounding arises due 

to factors such as the presence of elements incompatible with tetrahedral coordination, 

high local disorder, or a smaller proportion of Cu
+
 ions compared to previous groups. 

The degenerate semiconductor tetrahedrite (Cu12Sb4S13) belongs to this group. 

 

 

Figure 1.11. (a) the group A sphalerite-type structures, (b) the tetrahedral–

octahedral [TS4]M6 complex, (c) the group B sphalerite-type structures containing 

isolated [TS4]M6 complexes, (d) the group C sulvanite-type structures and metal-

poor sulvanite-type derivatives containing [TS4]M6 complexes connected in a 3D 

and 2D manner.(e) the group D anti-fluorite-type structures. 

A semiconducting Cu-Fe-S ternary phase from group A, CuFeS2, also known as 

chalcopyrite, is a naturally occurring mineral that crystallizes into a tetragonal 

structure (Figure 1.1238a), where CuS4 and FeS4 tetrahedra combine to produce a 

double-sphalerite structure with ordered cationic sub-lattices.
69,70

 A gradual increase 

in efficiency can be seen in this system by improving electrical properties and 
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decreasing thermal conductivity with the help of chemical doping. Other example of 

group A compounds that also attracted attention to the scientific community are 

stannite (Cu2FeSnS4), briartite (Cu2FeGeS4) and kesterite (Cu2ZnSnS4). stannite 

(Cu2FeSnS4), a semiconductor, crystallizes in a tetragonal structure (space group I-

42m) derived from sphalerite. It consists of corner-sharing tetrahedra composed of 

[CuS4], [FeS4], and [SnS4] units. Other minerals with a similar crystal structure, 

such as briartite (Cu2FeGeS4) and kesterite (Cu2ZnSnS4), are p-type semiconductors. 

All compounds in group A are consider to be semiconductor and can be easily 

doped. The doping in these compounds improves the charge delocalization and 

improves the efficiency. 

 

 

Figure 1.12. (a) The group A compound CuFeS2, (b) the group B compound 

Cu26V2M6S32 

Moving into Group B materials, which have a structural similarity and similar 

electronic structure to group A compounds, exhibit many shared characteristics. One 

important aspect is the multi-band nature of the top of the valence band, primarily 

composed of Cu 3d and S 3p orbitals, creating a conductive network known as "Cu-

S". This makes group B materials degenerate semiconductors which show 

compelling electrical transport properties. Nevertheless, the introduction of an 

"interstitial" atom and the resulting alterations in the crystal structure significantly 

impact their performance. Notably, the unit cell can expand considerably to 
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accommodate the new elements at specific crystallographic sites. Consequently, the 

combination of large unit cells and the presence of at least two different cations at 

similar crystal sites generally lead to lower thermal conductivities compared to 

group A sulfides. 

Group B compounds, colusite and germenite are widely explored compounds 

which are degenerate semiconductors in nature. Colusite, with the general chemical 

formula Cu24+xV2(As,Sb)6-x(Ge,Sn)xS32 (x ≤ 2), demonstrates a superstructure 

derived from sphalerite. Colusite's crystal structure is defined by a simple cubic unit 

cell (with a ~ 10.5 Å and belonging to the P-43n space group) with 66 atoms 

scattered among seven crystallographic sites (Figure 1.12. b). There are three sites 

for Cu (6d, 8e, 2f), one for V (2a), one for M (As, Sb, Sn, Ge) (6c), and two sites for 

S (8e, 24i). The [VS4] and [CuS4] tetrahedra in the structure share edges, whereas 

the [MS4] and [CuS4] tetrahedra share corners, resulting in a three-dimensional 

network. Whereas, the mineral germanite has a cubic structure like colusite derived 

from ZnS, sphalerite and is characterized by the formula "Cu26Fe4Ge4S32". It has a 

cationic distribution distinct from colusite. The initial formula proposed by De Jong 

was Cu3(Fe,Ge)S4,
71

 while a revised formula by Sclar et al. included a wider variety 

of elements and the possibility of sulfur substitution with arsenic, Cu3(Fe, Ge, Zn, 

Ga)(S, As)4.
72

 

Consequently, group C materials characterized by a connectivity of a 

tetrahedral-octahedral [TS4]M6 complex, such as the mooihoekite and  sulvanite-

type compounds and , have been moderately investigated for their poor transport 

properties. One example is the semi-conducting sulvanite (Cu3VS4) (Figure 1.13), 

which has a suitable band gap for photovoltaic applications but a heavier hole 

effective mass compared to its selenium (Se) and tellurium (Te) counterparts. 

Similarly, little research has been done on optimizing the thermoelectric properties 

of the parent sulvanite and its Group 5 counterparts Cu3TS4 (T = Nb, Ta). One 

notable feature of sulvanite-type compounds is their ability to accommodate d-block 

elements with various oxidation states (+IV, +V, and +VI) by modifying the "Cu-S" 

network to balance the charge. The materials in this group are not suitable for 
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thermoelectric applications due to their high electrical resistivity resulting from 

large band gap. 

 

Figure 1.13. The crystal structure of (a) Cu9Fe9S16, (b) Cu3VS4, (c) Cu5FeS4  

 

Subsequently, Bornite from Group D possesses anti-fluorite-type structures, 

which exhibit two interpenetrating networks of corner-sharing MS4 and TS4 

tetrahedra. This arrangement leads to a global network of corner and edge sharing 

between (M, T)S4 tetrahedra. The liquid-like nature of the cation sub-lattice in 

Cu1.8S makes it unsuitable for thermoelectric (TE) applications due to high ionic 

mobility. However, solving the stability issue would result in a loss of performance 

from its unique "liquid-like" character. On the other hand, bornite (Cu5FeS4) 

provides a solution to suppress ionic conductivity by utilizing the pinning effect of 

iron (Fe) in specific "interstitial" positions. This allows bornite-based materials to 

address the stability issue while still offering potential for thermoelectric 

applications. 

 

At last tetrahedrite belongs to group E,  a naturally-occurring minerals with the 

chemical composition A10B2C4Q13, where A can be Cu or Ag, B includes elements 

such as Mn, Fe, Co, Ni, Zn, Cu, Hg, and Cd, C comprises As, Sb, or Bi, and Q 

represents S or Se.
73–75

 These minerals have a complex crystal structure with the 

space group I-43m.
65

 The structure is derived from sphalerite, with six transition 
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metals occupying tetrahedral sites and the other six occupying trigonal planar sites, 

while the pnictogen atoms occupy trigonal pyramidal sites.
76

 Among the twelve 

transition metals, two are divalent (A), and the rest are monovalent cations (B). 

Previous studies have established that only monovalent cations occupy the trigonal 

planar sites, while the tetrahedral sites are shared between four monovalent and two 

divalent cations (Figure 1.14). Tetrahedrite has gained attention for its 

thermoelectric properties after the report by Suekuni et al. and Lu et al.
71,72

 The 

degenerate semiconductor tetrahedrite (Cu12Sb4S13) has three structural components 

that interact to produce distinct performance characteristics. The above-mentioned 

blocks comprise a sub-lattice of sphalerite type, which is composed of tetrahedral 

CuS4 units and forms a conductive network known as "Cu-S" making it degenerate 

semiconductor. Additionally, there are CuS3 trigonal planar units and SbS3 trigonal 

pyramids, both contributing to reducing the material's thermal conductivity. There 

has been debate about whether Sb interacts with a Cu ion in a trigonal planar site via 

weak bonding to increase out-of-plane vibration or whether Sb essentially forms a 

lone pair of electrons that only affects the rattling of the copper atoms. 

 

Figure 1.14. The crystal structure of tetrahedrite (Cu12Sb4S13) 
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Table 1.1. Characteristics of some of complex copper-based ternary and quaternary 

sulfides . 

Groups Compounds Composition 

Temp. 

range 

(K) 

Type ZT 
TZTmax 

(K) 
Advantages Disadvantage References 

Group 

A 

Chalcopyrite 

(CuFeS2) 

Cu0.96Co0.04FeS2 
300 –
650 

n 

0.22 675 

S high, ρ 
moderate 

κ very high 
70,77–80

 CuFeS1.9Se0.1 
80 - 

670 
0.16 670 

Cu0.95Fe1.05S2 
300-

700 
0.3 700 

Stannite 

(Cu2FeSnS4) 
Cu2.08Fe0.92SnS4 80-300 p 0.04 300 

S high, ρ 
moderate 

κ high 
81

 

Kesterite 

(Cu2ZnSnS4) 
Cu2.125Zn0.875SnS4 

300-
700 

p 1 700 
S high, stable in 
air upto 830 K 

κ moderate, ρ 
high 

82
 

Group 

B 

Colusite 

(Cu26V2Sn6S32) 

Cu26V2Sn6S32 
300-

700 

p 

1 700 

S high, ρ low, κ 

very low 

(disordered) 

- 
83–86

 Cu26Nb2Ge6Co0.5S32 
300-
665 

0.7 665 

Cu26V2M6S32 

M = (Ge, Sn) 

350-

650 

0.8 

0.6 
650 

Germanite 

(Cu22Fe8Ge4S32) Cu22Fe8Ge4S32 
300-
575 

p 0.17 575 ρ low (Cu+/Cu2+) κ moderate 
87

 

 

Group 

C 

Sulvanite 

(Cu3VS4) 
- - p - - 

κ low 

(high band gap) 

ρ high (high 

band gap) 

- 

Mooihoekite 

(Cu9Fe9S16) 
- - n - - - 

Group 

D 

Bornite 

(Cu5FeS4) 

Cu5.02Fe0.98S4 2-700 

p 

0.4 700 

S high, κ very low ρ very high 
88,89

 
Cu5FeS3.6Se0.4 

350-

673 
0.65 673 

Group 

E 

Tetrahedrite 

(Cu12Sb4S13) 

Cu10.5Ni1.5Zn0.5Sb4S13 
300-

700 

p 

1 723 

ρ very low 

(Cu+/Cu2+), S 

moderate, low κ 
(Cu atom 

vibration) 

Presence of Sb 
90–96

 Cu10.4Ni1.6Sb4S13 
300-

700 
0.75 700 

Cu10.4Ni1.6Sb4S13 
300-
700 

0.8 700 
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The previous paragraph discusses the thermoelectric properties of different types 

of sulfides, including binary, ternary, and quaternary compounds. It points out that 

many of the advanced materials in this field are either transition metal-based or 

antimony-based. The paragraph also suggests that bismuth-based sulfides have not 

been extensively studied in the context of thermoelectric applications and could 

offer interesting possibilities. 

 

1.3.4.3. Advantages of Bi-based compound in thermoelectric 

application 

 

There are various benefits to using Bi-based compounds in addition to their 

lower toxicity as compared to other heavy element-based compounds like Pb and 

Te. At first, it is noteworthy that bismuth possesses active lone pairs due to the inert 

pair effect, which is not covalently bonded to the counter anion. The presence of 

lone pair electrons in bismuth is likely to result in an increased degree of asymmetry 

in electron density, thereby leading to more pronounced lattice anharmonic 

vibration. The existence of pairs of electrons that are not shared typically results in 

heightened nonlinearity in the arrangement of atoms in the crystal lattice, impeding 

the propagation of vibrational waves and diminishing the thermal conductance. 

Additionally, it should be noted that the mass of its constituent atoms influences the 

thermal conductivity of a lattice. Typically, a heavy atomic mass results in a 

decrease in acoustic phonon frequency, group velocity, and lattice thermal 

conductivity. 

 

1.3.4.4. Conventional Bi-based thermoelectric sulfides and their 

structure-properties relationship 
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The simplest bismuth-based sulfide, bismuthinite (Bi2S3), has caught the interest 

of the thermometric community due to its efficiency as well as the fact that sulfur is 

non-toxic and earth-abandoned. Bi2S3 exhibits a highly anisotropic one-dimensional 

orthorhombic structure with a space group of Pbnm, characterized by infinite Bi2S3 

chains aligned along the crystallographic c-axis. The lattice parameters are a = 

11.170 Å, b = 11.319 Å, c = 3.992 Å, α = β = γ = 90°, Bi2S3 is primarily held 

together by weak van der Waals forces, forming what is known as a quasione-

dimensional structure with properties resembling those of low-dimensional 

materials. Similar to Sb2S3, Bi2S3 is a common chain-like structure in which two 

[BiS3] trigonal cone units are linked together in serrated chains that expand in the 

[001] direction to create [Bi4S6].
97

 The presence of both 6 and 5 coordination in 

Bi2S3 shows that the bismuth atoms have a lone pair of electrons. This lone pair has 

been observed to enhance the scattering probability of phonons in the direction 

perpendicular to the Bi-S covalent chain, resulting in a reduction of the material's 

thermal conductivity.  

Biswas et al. reported high-temperature solid-state synthesis of needle-like 

morphology in Bi2S3 and found out the anisotropy in thermoelectric properties.
97

 

The optimization of carrier concentration was achieved through the introduction of 

Cl doping, resulting in a measured ZT value of 0.6 at 760 K for Bi2S3-0.5 mol% 

BiCl3 sample perpendicular to the growth direction of the ingot. Guo et al. utilized a 

hydrothermal method to introduce halogen elements, resulting in a significant 

enhancement of the carrier concentration of Bi2S3 by two orders of magnitude.
98

 

This approach ultimately led to the attainment of an exceptional ZT value of 0.8 at 

673 K for the Bi2S2.96Cl0.04 sample, which is among the highest reported values for 

Bi2S3. In over a decade, multiple efforts have been done to enhance carrier 

concentration through diverse methods such as chemical doping with elements like 

Co, I, Br, Ag, and Cr, as well as hierarchical structure manipulation, and 

nanocomposite formation.
99–102

 

Ternary silver bismuth sulfide, AgBiS2, is a representative example of the I-V-

VI2 family. AgBiS2 crystallizes in the hexagonal phase with the space group P-3m1 

when it is at room temperature.
103

 However, it goes through a phase change at a 
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temperature of about 473 K and takes on a cubic rocksalt structure with the space 

group Fm-3m.
103

 AgBiS2 displays a disorderly arrangement of silver (Ag) and 

bismuth (Bi) atoms in its high-temperature cubic form. In the compound AgBiX2 

(where X is S, Se, and Te), bismuth (Bi) has the electronic configuration 6s
2 

6p
3
. 

Only the 6p
3
 electrons of Bi participate in the bonding process with the chalcogen 

(X) valence electrons, whereas the interesting 6s
2
 electrons of Bi form a lone pair. 

The electrostatic attraction between the stereochemically active lone pair of Bi and 

the valence bonding charge of the chalcogen is the cause of the anharmonicity in the 

Bi-X (X = S/Se/Te) bond.
104

  

The thermoelectric properties of solution based synthesised cubic AgBiS2 were 

reported by Guin et. al. In this study, n-type AgBiS2 and AgBiS2-xSex nanocrystals 

were synthesized utilizing a bottom-up solution-based method to produce rocksalt 

structures that are stable at room temperature. The nanocrystals exhibited 

thermoelectrically important cubic phases.
103

 The disordered cation sublattice, bond 

anharmonicity, and nanoscale grain boundaries in the nanocrystals caused 

significant phonon scattering, which led to a low lattice thermal conductivity of 0.4–

0.5 W m
-1 

K
-1

 in the 290–830 K temperature range. An extremely low lattice thermal 

conductivity of 0.68–0.48 W m
-1

 K
-1

 was attained in bulk cubic AgBiS2, showing a 

strong suppression of phonon propagation in the 298–820 K range.  

First-principal phonon dispersion calculations using density functional theory 

supported the existence of low-energy Einstein modes that were suggested by low-

temperature heat capacity measurements resulting from the gentle vibration of Ag 

and Bi. The local structure of AgBiS2, analyzed using PDF of synchrotron X-ray 

scattering data, exhibited distortions caused by the stereochemical activity of the 6s
2
 

lone pair on Bi, resulting in lattice anharmonicity and substantial suppression of the 

lattice thermal conductivity. Finally, at 823 K, n-type bulk AgBiS2 showed a 

maximum thermoelectric figure of merit (ZT) of about 0.7.
105
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Figure 1.16. The crystal structure of (a) Bi2S3, (b) AgBiS2, (c) AgBi3S5, (d) MBi4S7 

(M = Mn, Fe) 

 

AgBi3S5's crystal structure exhibits a monoclinic system with a C2/m space 

group. The lattice parameters are as follows: a = 13.345(3) Å, b = 4.0416(8) Å, c = 

16.439(3) Å, and β = 94.158(3) Å.
106

 Two different sorts of alternating slabs 

compose the structure, which comes together to create a three-dimensional design. 

The slabs in AgBi3S5 can be described as blocks extracted from a cubic NaCl lattice 

along the [311] direction, can be named as Slab I and Slab II. Slab I is thinner and 

made out of one Ag2S6 octahedron that is joined to two square pyramids that 

together make up a [Bi3S5] unit. Slab II, in contrast, has a thicker and deformed 

NaCl-type lattice structure. It has three octahedra: one [Ag1S6], two [Bi1S6], and two 

[Bi2S6]. To denote different members of the pavonite homologous series, the 

number (N) of octahedra per one diagonal octahedral chain of the thicker slabs is 

used. In the thicker slabs of AgBi3S5, N = 5 denotes the arrangement of five 

octahedra side by side. These five-octahedral pieces are joined to one another to 

produce layers that traverse the ab-plane in the step-like configuration.  

For the first time Kim et. al. synthesised AgBi3S5 and its solid solution 

AgSbxBi3-xS5 (x = 0.3) by using the bridgeman technique. At room temperature, 

both compounds show very low thermal conductivities (~ 1 W m
-1

 K
-1

).
107

 Later, 
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this phase was synthesised by Zhang et al. using the ball milling and spark plasma 

sintering (SPS) techniques, where the thermal conductivity of the bulk phase 

decreased from 0.70 to 0.64 W m
-1

 K
-1

 from 300 K to 573 K and a peak ZT value of 

0.20 was reached at 573 K.
108

 Recently, Tan et al. rediscover this phase and explain 

the origin of low thermal conductivity. Phase pure AgBi3S5 and Cl-doped AgBi3S5 

were synthesised by high-temperature melting and an exceptionally low thermal 

conductivity of 0.5−0.3 W m
−1

 K
−1

 in the temperature range of 300−800 K, which is 

ascribed to its unusual vibrational properties, “double rattling” phonon modes 

associated with Ag and Bi atoms. For 0.33% Cl-doped AgBi3S5 a maximum ZT 

value of 1 was obtained which is one of the most effective n-type sulfides to date.
106

 

Later several attempts to increase the efficiency of AgBi3S5 were carried out, but 

never successful in achieving the highest ZT value of 1.
109

 For instance, effective 

mass and carrier mobility optimization by doping Nb on the Ag site results in a 

maximum ZT value of 0.5 at 773 K for Ag0.97Nb0.03Bi3S5,
110

 whereas both entropy 

engineering and carrier optimization are done by Se-doping, which not only reduces 

thermal conductivity but also improves power factor, and the highest ZT of 0.42 at 

723 K was found for AgBi3(Se0.9S0.1)5.08.
108

 

Cu1.6Bi4.8S8, a non-stoichiometric degenerate semiconductor, crystallizes in a 

monoclinic system with a C2/m space group and has a complex crystal structure 

with lattice parameters a = 13.2188 (1) Å, b = 4.0299 (1) Å, c = 14.0912 (2) Å, α = γ 

= 90°, and β = 115.5238(8)°.
55

 Cu1.6Bi4.8S8 consists of seemingly two distinct 

alternating slabs, referred to as slab I and slab II, which are interconnected to each 

other. Different numerical values are given to each element occupying a separate 

lattice in order to simplify the explanation. For instance, the three places of bismuth 

are designated as Bi1, Bi2, and Bi3, the five positions of copper (Cu) atoms are 

designated as Cu1 to Cu5, and the four positions of sulfur are designated as S1 to 

S4. Bi1, S3, and S4 atoms are arranged in face-shared square pyramids called Bi3S5 

substructures that make up Slab I. Each S atom is shared by three Bi atoms in these 

square pyramidal Bi3S5 substructures, which are oriented along the crystallographic 

b direction. These square pyramidal substructures are separated from one another 

along a direction by interstitial Cu atoms (Cu1, Cu2, and Cu3) with fractional 
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occupancies. These interstitial Cu atoms form weak bonds and are distributed along 

the b axis. In slab II, positional disorder between the atoms of Bi and Cu may 

increase phonon-phonon scattering, while contrasted substructures in slab I with 

disordered Cu atoms in the interstices may do the same in slab I. Due to this 

structural complexity, Cu1.6Bi4.8S8 may have a low thermal conductivity (𝜅𝐿). A 

recent study conducted by Bhui et al. involved the synthesis of a pure phase of 

Cu1.6Bi4.8S8 using high-temperature melting. The pristine sample of Cu1.6Bi4.8S8 

exhibited an exceptionally low thermal conductivity of approximately 0.71−0.44 W 

m
-1

K
-1

 within the temperature range of 296−736 K. This low thermal conductivity 

was attributed to the synchronized constructive influence of several factors 

including the complex crystal structure, bonding heterogeneity, and intrinsic rattling 

atoms present in the material. As a result, a maximum ZT value of 0.25 was 

achieved.
55

 

 

 

Figure 1.17.The crystal structure of (a) Cu1.6Bi4.8S8, (b) Cu4Bi4S9, (c) PbBi2S4 and 

(d) Pb3Bi2S6. 
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The crystal structure of Cu4Bi4S9, which crystallizes in the orthorhombic space 

group Pnma.
111,112

 The crystal structure of Cu4Bi4S9 is well explained by Jiang et 

al.
113

 It composed of layers of Bi/S that are connected by Cu counter cations, as seen 

by the (010) direction. Each Bi/S layer is eight Bi atoms broad and is made up of a 

Bi3−Bi4−Bi4−Bi3 fragment that is capped by a Bi1−Bi2 column on both ends. The 

Bi4 adopts 6-folded octahedral coordination, sharing an edge with a Bi3S5 square 

pyramid and another edge with a nearby Bi4S6 octahedron to create a motif with a 

connection pattern resembling that of PbS. The Bi1 and Bi2 are 5-fold coordinated 

and form a column along the b-axis. These Bi/S layers are stacked along the c-

direction with the connection of Cu1 atoms (at Bi1 and Bi2 via S1 atoms and at Bi3 

and Bi4 via S5 atoms), Cu3 atoms (at Bi1 via S9 atoms and through a S8−S4 bond 

at Bi3 via S4 atoms), and Cu4−Cu4 dimeric species (at Bi4 and Bi3 via S3 atoms), 

whereas two neighboring Bi/S layers are connected along the a-direction by Cu2 

atoms at Bi1 and Bi2 via S2 atoms, at Bi3 via S4, and at Bi1 via S9. Here Cu3 is 

only thrice coordinated in Cu4Bi4S9. Additionally, Cu4 is completely occupied. The 

complex crystal structure and rattling of Cu atoms and diverse bonding 

environments may contribute to the low thermal conductivity. For the first time, Jian 

et al. reported a complex phase of Cu4Bi4S9 that demonstrates an extraordinarily low 

intrinsic lattice thermal conductivity, with values ranging from 0.49 to 0.44 W m
-1

 

K
-1

 between 300 and 550 K. The presence of rattling Cu and a lone pair of Bi at the 

same time gives rise to a high degree of lattice anharmonicity and considerably 

amplifies the phonon scattering, which ultimately results in an extraordinarily low 

intrinsic lattice thermal conductivity.
113

 

 

MnBi4S7 and FeBi4S7 are complex, layered crystal structures with monoclinic 

structural systems that have low symmetry. The crystals of MnBi4S7 and FeBi4S7 

exhibit monoclinic symmetry in the C2/m space group, with lattice parameters of a 

= 12.927(6) / 12.762(2) Å, b = 3.973(6) / 3.964(1) Å, c = 11.823(6)/11.804(5) Å, 

and β = 104.666(4)/104.422(2) Å, respectively.
114

 The 2P structure of the pavonite 

homologous series is adopted by both compounds, as initially reported by Luo et al., 

in their respective crystal structures.
115

 The low thermal conductivity exhibited by 
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both samples can be attributed to their intricate layered structure and the presence of 

active lone pairs of bismuth. The MnBi4S7 and FeBi4S7 materials yielded a ZT of 

0.21 at 700 K and 0.19 at 600 K, respectively, indicating moderate thermoelectric 

performance.
114

 A peak ZT value of 0.31 for MnBi4S5.46Se1.4 at 770 K was obtained 

by Xi et al. as a result of their endeavour to optimize the carrier concentration with 

the aid of Se alloying.
116

 

 

PbmBi2S3+m (m = 0, 1, 3) is a promising homologous series is new ternary system 

that has shown promising efficiency. Pb3Bi2S6 is a member of the lillianite 

homologous series, PbBi2S4 is a member of the galenobismuthite homologous 

series.
117,118

 Both compounds are formed by connecting diverse cationic 

coordination geometries to each other by point- or edge-sharing sulfur atoms. 

Pb2Bi2S5 (m = 2) could not be prepared may be because this phase is not a real 

phase or there are kinetic difficulties in the Pb−Bi−S system. PbmBi2S3+m (m = 0, 1, 

and 3) crystal structures are composed of slabs of the PbS and Bi2S3 types 

alternately. The crystal structure of PbBi2S4 is made up of NaCl-type and Bi2S3-type 

strips, whereas that of Pb3Bi2S6 is made up of stacking NaCl-type (Pb/Bi)S 

layers.
117,118

 Ohta et. al first synthesised PbBi2S4 and Pb3Bi2S6 by a solid solution 

reaction of the binary precursors PbS and Bi2S3. These materials exhibited effective 

phonon scattering, leading to extremely low lattice thermal conductivity 0.6 to 0.58 

w m
-1

 K
-1

 for PbBi2S4 and 0.8 to 0.6 W m
-1

 K
-1

 in the temperature range of 300 K to 

723 K.
119

 

The pristine samples of Pb3Bi2S6 achieved a maximum ZT value of 0.26 at 715 

K, while PbBi2S4 reached a maximum ZT of 0.33 at 710 K.
119

 Subsequently, Cai et 

al. developed a solution-based synthesis method for this homologous series. The 

resulting materials exhibited low lattice thermal conductivity and relatively high 

electrical conductivity, leading to improved ZT values. Specifically, PbBi2S4 

obtained a ZT of 0.46 at 800 K, while Pb3Bi2S6 achieved a ZT of 0.2 at the same 

temperature.
120

 These findings demonstrate the potential of the solution-based 

synthesis approach in enhancing the thermoelectric properties of the materials.
120
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Figure 1.18. (a) Maximum ZT values of state of art Bi-based thermoelectric sulphides, 

(b) lattice thermal conductivity of those states of art Bi-based thermoelectric 

sulphides.
91,97,121–123 

 

Figure 1.18 presents a graphical representation of the thermoelectric figure of 

merit (ZT) and lattice thermal conductivity (κL) values for various Bi-based ternary 

sulfides, including the binary compound Bi2S3. The observed temperature-dependent 

lattice thermal conductivity clearly demonstrates the significant impact of complex 

structural characteristics in reducing thermal conductivity. In addition, it is interesting 

that the n-type sulfide-based compounds exhibit remarkably high ZT values compared 

to other state-of-the-art materials. 

 

1.4. Conclusion 

My thesis highlights the significance of devising sustainable and 

environmentally friendly approaches for energy management, specifically 

regarding reducing dependence on non-renewable energy sources. The utilization of 

thermoelectricity presents a viable prospect for the conversion of waste heat into 

electrical energy. However, conventional thermoelectric compounds encounter 

obstacles stemming from their inadequate performance-to-price ratio and restricted 

material accessibility. According to contemporary research, sulfur-based compounds 

have been recognized as a potentially effective category of materials for tackling these 

issues. However, their limited efficiency hampers their extensive acceptance. The 
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present thesis focuses on the investigation of Bi-based sulfides as alternatives for 

thermoelectric purposes. 

This study aims to enhance the thermoelectric characteristics of readily 

accessible and cost-effective transition metal sulfides and optimize scalability. By 

investigating the effects of chemical substitution on the structural and physical 

properties, the goal is to optimize the thermoelectric response by carefully tuning the 

electrical and thermal properties of the materials. In general, this thesis makes a 

valuable contribution to the progress of thermoelectric materials and their feasibility as 

a sustainable energy generation option. The results of this research can open the door 

for the wider use of thermoelectricity in the shift to a more sustainable energy future by 

resolving the drawbacks of traditional compounds and investigating new materials. 
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The increasing demand for sustainable energy sources derives from the increasing 

release of greenhouse gases into the atmosphere, which poses a significant threat to the 

global ecological equilibrium. To address this issue, the implementation of sustainable 

energy can be achieved through several approaches, including the replacement of 

combustion-based power generation with sustainable energy alternatives and the 

promotion of energy harvesting in industrial processes. At present, the contribution of 

renewable energy sources, namely solar, hydro, wind, and geothermal, to the overall 

electricity consumption remains low. This concerns all the residual heat produced by 

numerous and diverse sources (industrial activities, car exhausts, incinerators, etc.) up to 

the very generous solar radiation. This energy can be recovered and transformed into 

electricity, in particular using thermoelectric devices. 

The foundations of thermoelectric technology have traditionally been the 

conventional thermoelectric materials, such as bismuth telluride (Bi2Te3) for room 

temperature, lead-telluride (Pb-Te) system for intermediate temperatures, and silicon-

germanium (Si-Ge) for high temperatures. However, they possess several 

disadvantages. To begin with, compounds containing lead and tellurium present 

significant environmental and toxicity issue. Additionally, the limited availability and 

high cost of tellurium and germanium hinder their widespread application. Finally, these 

materials exhibit relatively low thermoelectric efficiency (below 10%). 

In the 1990s, a wave of innovation and exploration led to the discovery of new 

thermoelectric materials, breaking away from the limitations of conventional choices. 

For example, oxides possess certain benefits due to their high thermal stability and low 

toxicity. Nevertheless, the thermoelectric performance of these materials still failed to 

meet the desired levels of ideal efficiency. Intermetallic and selenium and tellurium-

based compounds exhibit high efficiency at moderate temperature. However, the cost 

and toxicity of certain elements used in these compounds remain obstacles to 

widespread industrial applications. Within this landscape of thermoelectric exploration, 

Bi-based sulphides have gained attention. These materials, composed of relatively 

abundant and inexpensive elements, offer a compelling avenue for research and 

development. 
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Objective 

The focus of my thesis research is on the synthesis, structural analysis, and 

characterization of Bi-based sulphides possessing thermoelectric properties. This study 

was centred on various families of compounds. 

To create materials with ultralow thermal conductivity (κ), it is essential to 

comprehend the connection between heat transfer and crystal structures. My thesis work 

began with exploring the complexities of the gladite phase (CuPbBi5S9) (chapter 2) 

which has demonstrated a remarkably low κ value 0.6-0.4 W m
–1

 K
–1

 in the temperature 

range of 300-700 K. surprisingly, the synthetic sulfide did not exhibit the ordered 

gladite structure, contrary to the previous report. Instead, it adopts a disordered copper 

deficient aikinite structure, with random distribution of copper, vacancy, Pb and Bi. 

Through the integration of experimental data and lattice dynamics computations we 

conclude that the remarkably low κ value is due to low energy optical modes linked to 

Pb, Bi, and Cu ions. Although the pristine compound exhibits poor thermoelectric 

properties, Cl and Bi doping to S and Pb sites show a remarkable enhancement of figure 

of merit.   

Subsequently, in chapter 3, we have modified the crystal structure to optimize the 

thermoelectric properties. The goal was to modify the crystal structure of aikinite-series 

by introducing more Bi in Cu1–x□xPb1–xBi1+xS3. By introducing more Bi and forming 

Bi2S3 chains, the aim was to increase the electrical conductivity and enhance mobility 

within the system.  

In chapter 4, our attention shifted to copper-rich sulfides, particularly wittichenite 

(Cu3BiS3), which contains lone pairs in Bi and a developed Cu-S network (Cu/Bi = 3), 

supports p-type conduction channel and exhibits extremely low thermal conductivity. 

Here, we demonstrate the impact of cationic coordination on electrical and thermal 

properties by comparing the structural and transport properties of Cu3BiS3 to 

tetrahedrite (Cu12Sb4S13) and other Cu-rich sulfides. By combining experiment and 

theory, we have shown that the low thermal conductivity of Cu3BiS3 is mostly 

attributable to high anisotropic thermal vibration of triangular coordinated Cu. DFT 
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simulations show that these Cu atoms are poorly linked, resulting low-energy Einstein-

like vibrational modes that strongly scatter heat-carrying acoustic phonons. Importantly, 

we have shown that the three-fold coordination of copper in Cu3BiS3 and other copper-

rich sulfides with interconnected CuS3 networks blocks holes. This prevents mixed 

valency of Cu
+
/Cu

2+
 which does not allow the optimisation of the carrier concentration 

unlike tetrahedrite and most other copper-rich chalcogenides, where the main 

interconnected Cu-S network is built of CuS4 tetrahedra. Comparing other copper-rich 

sulphides, we have sown that frameworks with tetrahedral and threefold coordinated 

copper are interesting for discovering effective thermoelectric copper sulphides. 

Finally in chapter 5, our motivation is to control the synthesis of galenobismuthite 

(PbBi2S4), a mineral sulfide to obtain high purity and crystalline compound. We 

have synthesized highly pure PbBi2S4 phase using mechanical alloying and spark 

plasma sintering that allowed us to control the stoichiometry and show semiconducting 

behaviour in electrical properties. Further, in order to understand the origin of low 

thermal conductivity, we have performed DFT calculations and low temperature heat 

capacity study. Both the experimental evidence and theoretical calculation suggest that 

the effective scattering of acoustic phonons result in very low thermal conductivity of 

PbBi2S4. Furthermore, to improve the thermoelectric performance, carrier concentration 

optimization has been carried out by introducing Cl on S site. 
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2.1. Introduction  

Based on the discussion presented in the introductory section, it is evident that 

sulfide-based materials hold significant promise as a prospective path for advancing 

thermoelectric technology. The main objective of this chapter is to explore and 

investigate new complex sulfides based on bismuth (Bi) for potential applications in 

thermoelectrics. The use of heavy element sulfides like Bi sulfides offer the advantage 

of low thermal conductivity, not only because of the presence of active lone pairs but 

also due to the formation of complex structures that introduce anharmonicity into the 

system. This anharmonicity leads to reduce thermal conductivity, which is a crucial 

characteristic for high-performance thermoelectric materials.  

Inspired by previous studies that have demonstrated the structural diversity and 

promising efficiency of various natural minerals, my research is driven by the desire to 

explore new mineral sulfides and their thermoelectric properties. Mineralogy books 

have cataloged thousands of complex minerals, many of which have not been 

extensively studied in the context of thermoelectric applications. One such compound is 

gladite, which has a chemical formula of CuPbBi5S9 and is derived from the parent 

compound Bi2S3. 

However, after six months of work on this phase, a report was published on this 

particular phase by Liang et al.,
1
 covering similar aspects of our research. They reported 

a promising figure of merit, ZT ≈ 0.42 at 723 K, for the sulfide compound CuPbBi5S9, 

which possesses a gladite-type structure. Their findings indicated that this material has 

potential as an n-type thermoelectric candidate, as it exhibited low thermal conductivity 

and a moderate power factor. However, the synthesis process resulted in impure 

samples, with the presence of BiS2 and metallic Bi secondary phases, making it 

challenging to interpret the intrinsic transport properties of the material. The authors 

proposed that the electron transport properties were improved by the inclusion of Bi 

nanoparticles, while the existence of pores and interfaces between the matrix and Bi 

particles contributed to reducing the lattice thermal conductivity. Unfortunately, this 

explanation, which considers multiple effects, does not provide a clear understanding of 

the relationship between the gladite structure and the thermoelectric properties of the 

material, nor offer strategies for enhancing its energy conversion performance. To 
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address these issues, it is crucial to investigate a highly pure gladite phase. Since 

CuPbBi5S9 corresponds to a member (x = 2/3) of a series of copper-deficient 

Cu1−x□xPb1−xBi1+xS3 minerals,
2–8

we conducted a new study on the crystal chemistry of 

this composition using mechanical alloying and spark plasma sintering (SPS). Our 

synthetic pathway allows to obtain highly pure sample and the structure does not exhibit 

ordered gladite mineral structure as reported by Liang et al.
1
 Instead, it displays a 

copper-deficient, partially disordered aikinite structure where Bi replaces Pb, as 

described by the chemical formula Cu1/3□2/3Pb1/3Bi5/3S3. While the charge-balanced 

Cu
+
Pb

2+
Bi

3+
5S9 results in electronic properties typical of intrinsic semiconductors, we 

further demonstrate that this series provides an intriguing platform for designing novel 

n-type sulfides with extremely low thermal conductivity. In fact, through doping this 

sulfide with excess bismuth or by introducing chlorine on the Pb or S sites respectively, 

we were able to significantly enhance the ZT values, achieving a value of 0.43 at 700 K. 

This study opens up avenues for systematically exploring a wide range of dopable n-

type thermoelectric sulfides. 

 

2.2. Methods  

2.2.1. Reagents 

High-purity copper powder (Cu, Alfa Aesar, >99.99%), lead needles (Pb, Alfa 

Aesar, 99.99%), bismuth powder (Bi, Alfa Aesar, >99.5%), sulfur powder (S, Alfa 

Aesar, >99.99%), and bismuth (III) chloride (BiCl3, Alfa Aesar, >99.99%) were used as 

precursors without further purification. 

2.2.2. Synthesis 

All samples were synthesized by mechanical alloying followed by spark plasma 

sintering. The high-energy ball milling was executed in a Fritsch Pulverisette 7 

Premium line planetary ball mill operating at room temperature (RT) at a rotation speed 

of 600 rpm and a powder to ball ratio of around 1:18. Typically, pristine CuPbBi5S9 was 

synthesized by milling stoichiometric amounts of Cu, Pb, Bi, and S powders (total 

amount of 6 g) for 6 h (12 cycles of 30 min with 1 min pause) under an argon 

atmosphere. X-ray diffraction patterns of mechanically alloyed powders after 30 min, 1 

h, 3 h, and 6 h of milling are displayed in Figure 2.1. It can be observed that the 
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formation of the phase is fast, as the main broad diffraction peaks corresponding to the 

CuPbBi5S9 phase appear after only 30 min. 

 

Figure 2.1. XRPD patterns of ball-milled powders for different ball-milling times. 

The theoretical pattern for gladite, CuPbBi5S9 is shown as black vertical lines. 

 

The presence of a broad diffraction peak suggests that the sample may not 

possess a high degree of crystallinity, even after undergoing mechanical alloying for 

duration of 6 hours. Alternatively, this broad peak could be attributed to the small 

crystallite size of the materials used. However, following the spark plasma sintering 

process of the sample, it was observed that all the peaks in the powder X-ray diffraction 

(PXRD) became significantly sharper, as shown in Figure 2.2. This observation 

suggests that the sample underwent a fast crystallization process during spark plasma 

sintering (SPS). However, the width of the diffraction peak’s remain broaden which 

indicates small crystallite grain site in the samples. 
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Figure 2.2. The XRPD pattern of ball-millied powder after 6 hrs and after SPS along 

with theoretical pattern for gladite, CuPbBi5S9 is shown as black vertical lines. 

 

2.3. Results and discussion 

2.3.1. Crystal structure 

The quaternary Cu-Pb-Bi-S system contains a large number of minerals that are 

structurally related to aikinite CuPbBiS3
4,9

 and bismuthinite Bi2S3
10,11

 (space group 

𝑃𝑛𝑚𝑎 with a ≈ aa ≈ 11.5 Å, b ≈ ba ≈ 4 Å and c ≈ ca ≈ 11.3 Å). These phases can be 

formulated as (Cu1-x□x)Pb1-xBi1+xS3, where □ refers to vacancies on the cationic 

sublattice of aikinite CuPbBiS3. They crystallize either in the (normalized) space group 

𝑃𝑛𝑚𝑎 with a ≈ aa, b ≈ ba and c ≈ n×ca, or in the space group 𝑃𝑚𝑐21 with a ≈ ba, b ≈ 

n×ca and c ≈ aa, n being a positive integer number. The ordered phases arising from the 
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aikinite series can be constructed by substituting one Pb
2+

 plus one Cu
+
 by one

 
Bi

3+
 plus 

one vacancy; using two vacancies on three Cu sites as in gladite, we obtain: 

3(CuPbBiS3) → 2□Cu
′ + CuCu

X + PbPb
X + 2BiPb

• + 3BiBi
X + 9SS

X + 2h + 2e′. 

The descriptions of these structures are based on three types of ribbons, which are 

arranged in a herringbone pattern.
7,12

 A summary of the structural information of the 

ordered Cu-Pb-Bi-S phases arising from the aikinite – bismuthinite (Cu1-x x)Pb1-

xBi1+xS3 series is presented in Table 2.1. In addition to these fully ordered (Cu1-x x)Pb1-

xBi1+xS3 phases, some others were reported with mixed occupancy of some 

crystallographic sites and/or partial site occupancy, such as emilite Cu10.7Pb10.7Bi21.3S48 

(x = 0.33, 𝑃𝑚𝑐21, n = 4),
13

 Cu1.63Pb1.63Bi6.37S12 (x = 0.60, 𝑃𝑛𝑚𝑎, n = 3),
14

 or 

Cu1.435Pb1.5Bi6.5S12 (x = 0.60, 𝑃𝑚𝑐21, n = 4).
15

 From a diffraction point of view, the 

long-range ordering of cations and vacancies leads to the presence of superstructure 

diffraction peaks on powder diffraction patterns and superstructure spots in the selected 

area electron diffraction (SAED) patterns. 

Table 2.1. Main structural information about ordered Cu-Pb-Bi-S phases arising from 

the aikinite – bismuthinite (Cu1-x□x)Pb1-xBi1+xS3 series. 

x 
Chemical 

composition 

Mineral 

name 

Space 

group 
n Structure Ref. 

0.00 CuPbBiS3 Aikinite 𝑃𝑛𝑚𝑎 1 2A 
4,9,16

 

0.17 Cu5Pb5Bi7S18 Friedrichite 𝑃𝑚𝑐21 3 4A + 2K 
17

 

0.33 Cu2Pb2Bi4S9 Hammarite 𝑃𝑛𝑚𝑎 3 2A + 4K 
18

 

0.40 Cu3Pb3Bi7S15 Lindströmite 𝑃𝑛𝑚𝑎 5 2A + 8K 
19,20

 

0.50 CuPbBi3S6 Krupkaite 𝑃𝑚𝑐21 1 2K 
21

 

0.60 Cu1.6Pb1.6Bi6.4S12 Paarite 𝑃𝑛𝑚𝑎 5 8K + 2B 
22

 

0.67 CuPbBi5S9 Gladite 𝑃𝑛𝑚𝑎 3 4K + 2B 
21,23

 

0.83 CuPbBi11S18 Pekoite 𝑃𝑚𝑐21 3 2K + 4B 
4
 

1.00 Bi2S3 Bismuthinite 𝑃𝑛𝑚𝑎 1 2B 
5,11,13

 

When Pb and Bi, on the one hand, and Cu and vacancies, on the other hand, are 

disordered, the crystal structure can be described in the space group 𝑃𝑛𝑚𝑎 with a ≈ aa, 
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b ≈ ba and c ≈ ca as for aikinite. In that case, only minor changes in the intensity of the 

peaks associated with the aikinite structure are observed in non-resonant X-ray 

diffraction patterns. Indeed, from an X-ray diffraction point of view, these phases differ 

only by the Cu/vacancies content since Pb
2+

 and Bi
3+

 cations are isoelectronic. 

Consequently, their accurate identification remains difficult even with high-quality 

powder diffraction patterns. Note that an alternative to the above-mentioned individual 

superstructures (Table 2.1) was proposed by Petricek and Makovicky with the 

refinement of krupkaite Cu2Pb2Bi6S12, paarite Cu1.7Pb1.7Bi6.3S12, salzburgite 

Cu1.6Pb1.6Bi6.4S12 and gladite Cu1.33Pb1.33Bi6.67S12 phases as commensurately modulated 

structures by using the superspace group 𝑃𝑚𝑐𝑛 (0𝛽0)00𝑠, where 𝛽 was assumed to be 

2, 1/5, 1/4 and 1/3, respectively.
12

  

 

Figure 2.3. Rietveld refinement of the synchrotron XRPD data recorded at RT for 

pristine CuPbBi5S9 sample (λ = 0.3542 Å). 

To determine the crystal structure, synchrotron X-ray powder diffraction (XRPD) 

pattern were recorded at room temperature (RT) on the pristine CuPbBi5S9 sample (after 

SPS). The XRD patterns were successfully indexed with an orthorhombic unit cell of 

the Pnma space group and parameters a = 11.4420(1) Å, b = 4.0187(1) Å and c = 

11.2271(1) Å (Figure 2.3). The high purity of the sample is confirmed by the absence 

of extra diffraction peaks as well as the good quality of the Rietveld refinement. Despite 

its chemical composition, which corresponds to gladite (Table 2.1), the absence of 
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superstructure diffraction peaks (i.e., c parameter equal to ≈ 11.2 Å instead of ~33.5 Å) 

suggests that the crystal structure of this CuPbBi5S9 sample can be described by 

considering disorder between Cu atoms and vacancies.  

A Rietveld refinement of synchrotron XRPD data was performed by considering an 

aikinite structural model (Table 2.2) with, according to the nominal composition, a 1/3 

occupation of the Cu site. The differences between the two structural models are shown 

in Figure 2.4. Finally, as previously mentioned, Pb
2+

 and Bi
3+

 cannot be distinguished 

from non-resonant X-ray diffraction only. Consequently, the final Rietveld refinement 

was performed by considering the structural model reported by Mumme and Watts 

(Figure 2.3 and Table 2.2). Our synthetic CuPbBi5S9 can be described as a copper 

deficient aikinite (Cu1/3 2/3)Pb1/3Bi5/3S3, with complete disorder between Cu
+
 and 

vacancies on the copper site on the one hand and between Pb
2+ 

and Bi
3+

 on the Pb site 

on the other hand. Note that an exchange of the cations between the initial Pb and Bi 

aikinite sites cannot be ruled out. 

 

Figure 2.4. Comparison between the crystal structure of (a) aikinite and (b) gladite, 

with the aikinite- like (A), bismuthinite-like (B) and krupkaite-like (K) ribbons 

highlighted. Key: copper, orange spheres; bismuth, green spheres; lead, blue spheres; 

sulphur, yellow spheres. 
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Table 2.2. Refined cell parameters and atomic coordinates of CuPbBi5S9 (𝑃𝑛𝑚𝑎) from 

RT synchrotron XRPD data. 

 

 

 

 

 

 

 

 

 

2.3.2. Scanning Electron Microscopy (SEM) analysis of pristine sample  

The pristine CuPbBi5S9 was further characterized by scanning electron 

microscopy (SEM). Micrographs, taken by scanning electron microscopy (SEM) on the 

fractured (Figure 2.5) and polished (Figure 2.19 a) surfaces, confirm the high purity of 

the pristine sample and the fine microstructure. The very small grain size around 200-

300 nm, is induced by the combined mechanical-alloying and SPS processes. 

Backscattered electron imaging (BSE) combined with EDX analysis (Figure 2.5b and 

c) confirms the homogeneous distribution of all elements for the pristine sample and 

highlights the presence of bubble-like cavities, probably occurring from sulfur 

volatilization during the SPS process.  

Atom Site x y z Biso SOF 

Cu1 4c 0.2315(5) 1/4 0.2106(6) 4.23(20) 0.33 

Pb2 4c 0.3377(1) 1/4 0.4739(1) 3.15(3) 0.33 

Bi2 4c 0.3377(1) 1/4 0.4739(1) 3.15(3) 0.67 

Bi3 4c 0.0167(1) 1/4 0.6772(1) 1.84(2) 1.00 

S1 4c 0.0471(4) 1/4 0.1309(4) 3.14(13) 1.00 

S2 4c 0.3784(4) 1/4 0.0571(4) 2.62(12) 1.00 

S3 4c 0.2151(3) 1/4 0.8037(4) 1.52(10) 1.00 

a = 11.4420(1) Å, b = 4.0187(1) Å, c = 11.2271(1) Å 

RBragg = 4.01, RF = 3.92, Rwp = 4.57, Rexp = 2.22, χ
2
 = 4.24 
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Figure 2.5. (a,b) SEM images of pristine CuPbBi5S9, (c) the EDS mappings 

demonstrate the generally uniform elemental distribution. 

2.3.3. Transmission Electron Microscopy (TEM) analysis of pristine sample.  

 To investigate the crystal structure and the microstructure of CuBiPb5S9 sample, 

systematic transmission electron microscopy (TEM) studies were conducted. As shown 

in Figures 2.6a and b, the sample exhibits nano-grains with size of ~ 200 nm and 

irregular shapes which was previously confirmed by SEM analysis. Numerous bubble-

like cavities shown as bright contrast in TEM (Figure 2.6a) and dark contrast in high-

angle annular dark-field (HAADF, Figure 2.6b) can be observed near the grain 

boundaries, especially at the trigeminal ones. Those cavities may be due to element 

diffusion or volatilization at high temperature during sintering. The electron dispersion 

spectroscopy (EDS) mapping images (Figure 2.6c) demonstrate a uniform chemical 

distribution with the exception of minor Cu/Pb-rich precipitations.  
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Figure 2.6. Structure analysis of CuBiPb5S9 sample by TEM. (a) low-mag TEM image, 

(b) HAADF image and (c) the corresponding EDS mappings of Pb, Bi, Cu, S, 

respectively, (d-k) SAED patterns (Kikuchi patterns as inset) and the related HRTEM 

images (inset: FFT patterns). Bubble-like cavities appear as opposite contrast with 

white and dark in (a) TEM and (b) STEM-HAADF images, respectively, due to different 

imaging modes. 
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Figure 2.7. Comparison of experimental SAED patterns with the simulated patterns of 

“disordered” and “ordered” structures. Generally, the sample we obtained are similar 

to the “disordered” structure, but significantly distinct from the “ordered” structure. 

Therefore, the vacancies are randomly distributed in our sample. It is worth noting that 

these two phases can be well distinguished by the SAED patterns along the right zones 

(e.g., (a-c)). However, the “missing” zones (e.g., [071] d) will give out the 

undistinguished SAED patterns. 

To prove the cationic disorder of these samples we took the help of local TEM 

analysis. A detailed comparison of SAED patterns between ordered gladite and 

disordered phases are presented in Figure 2.7. Tilting series were carried out for 

structure identification, during which SAED patterns and corresponding high-resolution 

TEM images were recorded (Figure 2.6d and k). The inserted Kikuchi patterns in 

Figure 2.6 d, f and h support the orientation relationships between different SAED 

patterns. The fast Fourier transform patterns are also shown in the TEM images. A grain 

was continuously tilted to the [010] (Figure 2.6d and e), the [160] (Figure 2.6f and g) 
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and the [140] (Figure 2.6  h and i) directions, respectively. As expected, these SAED 

patterns do not have the supper structure spot and are consistent with those of the 

disordered simulated patterns which were proved by synchrotron PXRD analysis. 

Further tilting of the thin slice to the [071] zone (Figure 2.7j and k), made the ordered 

and disordered configurations almost indistinguishable (Figure 2.7d). 

2.3.4. Electrical properties of pristine sample 

The electrical properties of pristine CuPbBi5S9 over the temperature range 300 - 

700 K, are displayed in Figure 2.8. The undoped pristine CuPbBi5S9 is highly resistive 

(electrical resistivity 𝜌 = 3.510
5
  cm and 𝑆 = -1370 µV K

-1
 at 375 K. Both the 

electrical resistivity and absolute value of the Seebeck coefficient |S| decrease with 

increasing temperature to 1.25 Ω cm and 560 µV K
-1

 at 700 K, respectively, indicative 

of a nondegenerate semiconducting behavior. Negative values of the Seebeck 

coefficient are measured for all compositions over the entire temperature range, 

indicating, that electrons are the dominant charge carriers. The n-type conduction is 

mainly due to sulfur vacancies, similar to the case in other systems such as Bi2S3, 

MnBi4S7, FeBi4S7, and AgBi3S5,
24–26

 or may originate from a possible mixed valence 

Bi
3+

/Bi
2+

 as discussed further. In comparison to other Bi−S-based compounds, the 

pristine phase CuPbBi5S9 is quite resistive at RT. For example, pristine Bi2S3 has an 

electrical resistivity of 0.25 Ω cm at RT, whereas other well-known ternary compounds, 

such as AgBi3S5, MnBi4S7, and FeBi4S7 have a RT electrical resistivity values of 0.024, 

5.3 × 10
−3

, and 7.1 × 10
−3

 Ω cm, respectively. The thermopower is also quite large in 

our compound and significantly higher than those in other Bi-based sulfides. For 

instance, Bi2S3 and AgBi3S5 have |S| values of 350 and 155 μV K
−1

 at RT, respectively. 

Those lower values are mainly explained by the larger carrier concentrations 

(respectively 3.7 ×10
16

 cm
-3

 and 4.1×10
18

 cm
-3

 for Bi2S3 and AgBi3S5) due to non-

stoichiometric effects. Pristine CuPbBi5S9 sample exhibits a carrier concentration at RT 

around 4.510
12

 cm
-3

 which is exceptionally low and rare in polycrystalline 

chalcogenides. Such low carrier concentration, in agreement with the large Seebeck 

coefficient, suggests that our material is highly stoichiometric thanks to the synthesis 
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process combining mechanical-alloying and SPS. As seen in other sulfides, the 

optimized mechanical-alloying process combined with SPS densification favors the 

crystallization of stoichiometric compounds, by preventing loss in quartz tubes exposed 

to high temperature and small temperature gradients inside a furnace.
27,28

 Note that |𝑆| 

and  values of, respectively, 950 µV K
-1

 and 7.110
3
  cm at RT were measured by 

Liang et al. on a CuPbBi5S9 sample prepared by mechanical alloying flowed by SPS,
29

 

suggesting a significant stoichiometry deviation in their sample.  

 The power factor (PF) as a function of temperature for pristine CuPbBi5S9 is 

shown in Figure 2.8c. The pristine sample exhibits a very low power factor of 0.22 µW 

cm
-1

 K
-2

 at 700 K. This value is lower than the value of 2.9 µW cm
-1

 K
-2

 reported by 

Liang et al. which can be the effect from the impurity in the system.
1
In comparison to 

other systems, the PF values in this system are comparable with those of MnBi4S7 and 

FeBi4S7 (~ 2.1 µW cm
-1

 K
-2

 at 550 K),
30

 but remain lower than the best performing 

compounds, in particular, 0.5 mol% BiCl3 doped Bi2S3 sample and 0.33% Cl doped 

AgBi3S5 samples, which exhibit very high PF values of 6.7 and 7.0 µW cm
-1

 K
-2

,
31,32

 

respectively. The difference is mainly explained by intrinsic effects (crystal structure, 

electronic structure, defects) and extrinsic effects (grain size). 

 

Figure 2.8. The temperature dependent (a) electrical resistivity (ρ), (b) seebeck 

coefficient, (S) (c) power factor (PF), (d) total thermal conductivity (κ) and (e) 

thermoelectric figure of merit (ZT) of pristine CuPbBi5S9. 
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2.3.5. Electronic Structure 

First-principles density functional theory (DFT) calculations were used to 

complement the experimental data. We studied the fully ordered gladite and several 

disordered models which have different level of disorder: a combination of vacancies on 

the Cu site, Bi on the Pb site, and Cl-S substitutions. As mentioned earlier, the 

formation energy surface is reasonably flat (Δ𝐸 ≤ 13 meV/atom). From the electronic 

structure perspective, pristine gladite is an intrinsic semiconductor/insulator with a 

forbidden energy gap of 0.92 eV (Figure 2.9).  

 

Figure 2.9. Electronic band structure (left) and electronic projected density of states 

(right) of ordered CuPbBi5S9 computed within the ACBN0 approach with U(Pb) = 

0.005, U(Cu) = 1.269, U(Bi) = 0.043, and U(S) = 2.774. The horizontal line indicates 

the zero-energy reference that we arbitrarily set to the top of the valence band. The 

Fermi level is not drawn and always sits near the middle of the band gap for an 

intrinsic semiconductor. 

Note that the band-structure is meaningful only for ordered gladite. The computed 

value is in agreement with the band gap determined from Kubelka-Munk transform 

which provides values ranging from 0.89 to 0.95 eV, assuming direct transitions. As 

expected, the valence manifold is mainly formed by Cu and S states while the 

conduction band has a larger Bi and Pb contribution. From a purely theoretical point of 
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view, the top of the valence band could provide holes with large effective masses 

(Figure 2.10). However the large amount of Bi compared to Cu forms the Bi-S 

network, which leads to electrons are the main carriers, resulting to n-type behavior. It 

is important to point out that the theoretical calculations are conducted on the ordered 

gladite system. However, the synthetic samples exhibit two distinct forms of disorder, 

including vacancies on the Cu site and Pb on the Bi site. This disorder state may have 

an impact on the system's main carrier. Worth to note that a recent report from 

Carnevali et al. shows that the synthetic aikinite system, the Cu forms conductive 

network is more extended compared to CuPbBi5S9 allowing p-type behavior.
33

 

 

Figure 2.10. Temperature dependence of Seebeck coefficient, S, and electrical 

resistivity, , for ordered gladite and different disordered models for p-type doping. 

First-principles calculations performed in the constant scattering time approximation 

shows that this material might have promising thermoelectric performances also as p-

type semiconductor. Notice the sensitivity of the theoretical transport coefficients to 

disorder. 

 

Figure 2.11. Electronic density of states (eDoS) for pristine gladite (blue) and three 

different supercells used to model Cu-vacancies and Bi-Pb disorder. The bottom of the 

conduction manifold is quite sensitive to the disordering. 
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In proximity of the forbidden energy gap, the electronic properties are, of course, 

sensitive to the effect of disorder as well as chemical replacements. Figure 2.12 shows 

the electronic density of states (eDoS) for gladite and several models of Cu-deficient 

disordered aikinite. We have averaged the different contributions to reasonably 

represent the eDoS of the macroscopic sample. eDoS, Seebeck coefficient, and 

electrical resistivity are also greatly affected by the specific supercell used to model the 

disordered configurations (Figure 2.11) making it difficult to reconcile a microscopic 

theoretical perspective with experiments. Transport calculations within the constant 

scattering time approximation are limited in the presence of substantial disorder. 

 

Figure 2.12. Average eDoS on the several computational cells used to model the 

ordered gladite as well as vacancies and Pb-Bi disordered system. The average gap 

between valence and conduction bands is of the order of 0.9 eV. 

The gladite structure includes a chain of Bi atoms in the proximity of Cu vacancies. 

The electron localization function (ELF) and the charge density isosurfaces (Figure 

2.13) clearly points to the presence of lone-pair near Bi and to charge rearrangements 

near S atoms surrounding the vacancies. 
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Figure 2.13. Side (top panel) and top (bottom panel) view of the contour of the electron 

localization function (left) and charge density (right) of ordered CuPbBi5S9. Values for 

the ELF range between 0 and 1: ELF = 0.5 (blue contours) indicates free-electron 

behavior and ELF = 1.0 (red contour) indicates strong localization. Values smaller 

than 0.5 are not easily interpretable. Values for the charge density range between 0.0 

(blue) and 0.1 (red). Black and white crosses indicate the positions for the Cu vacancies 

in the ELF and charge density plots respectively. 

2.3.6. Thermal properties of pristine sample 

The temperature dependence of thermal conductivity of the pristine sample is shown 

in Figure 2.14. The pristine phase exhibits a very low total thermal conductivity  of 

0.59 W m
-1

 K
-1

 at 300 K, which decreases upon warming to 0.47 W m
-1

 K
-1

 at 700 K. 

Both the magnitude and temperature dependence of  are in agreement with the data 

reported by Liang et al. on pristine CuPbBi5S9.
29

 Due to the relatively high electrical 

resistivity of the samples, the electronic contribution e to  is negligible making the 

lattice component L the primary contribution. Interestingly, L exhibits a weaker 

temperature dependence than the T
-1

 law expected for Umklapp scattering, with a 
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decrease following T
-0.35 

and T
-0.5 

dependences for the Cl and Pb/Bi series, respectively. 

This deviation from the conventional law has been observed in several chain-like 

compounds TlSe, InTe, TlInTe2, TlCuSe or Tl3MX4 (M = V, Nb and Ta; X = S and Se) 

and in tetrahedrites, all of them showing ultralow L at high temperatures.
34–45

 

Theoretically, these deviations have been shown to be a signature of strong intrinsic 

anharmonicity resulting in pronounced renormalization effects on the phonon 

frequencies of optical modes that shape the low-energy part of the phonon spectrum of 

these materials. These similarities suggest that CuPbBi5S9 may also show an 

anharmonic behavior. At high temperatures, L approaches the minimum lattice thermal 

conductivity min of 0.26 W m
-1

 K
-1

, calculated from the measured room-temperature 

longitudinal (vl = 3074 m s
-1

) and transverse (vt = 1565 m s
-1

) sound velocities according 

to the model of Cahill and Pohl,
46

 indicating a near-minimum phonon mean free path. 

The lack of significant decrease upon varying the Cl and Bi contents indicates that the 

crystal structure is the dominant factor that limits the propagation of heat carriers. Of 

note, L is significantly lower than those measured in binary and ternary sulfides such as 

Bi2S3, PbS, TiS2, MnBi4S7,
25,26,47,48

 and is comparable with those measured in several 

Bi-based sulfides such as AgBiS2 and AgBi3S5.
24,49

  

 

Figure 2.14. Temperature dependence of (a) total thermal conductivity and (b) figure of 

merit ZT of pristine CuPbBi5S9. 
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 To further understand the origin of the very low L values, insights into the lattice 

dynamics of in CuPbBi5S9 have been obtained by low-temperature specific heat 𝐶𝑝 

measurements. The low-temperature data follow the conventional relation 𝐶𝑝 = 𝛾𝑇 +

𝛽𝑇3 where 𝛾𝑇 and 𝛽𝑇3 are the electronic and lattice contributions, respectively. The 

zero value of 𝛾 confirms the semiconducting ground state of CuPbBi5S9. The Debye 

temperature 𝜃𝐷, inferred from the relation 𝜃𝐷 = (12𝜋4𝑛𝑅/5𝛽)1/3 where 𝑛 is the 

number of atoms per formula unit and 𝑅 is the ideal gas constant, is equal to 156.5 K. 

As observed in several families of sulfides such as tetrahedrites and colusites, and in 

cage-like materials,
43,44,50–56

  the 𝐶𝑝(𝑇) data show a pronounced peak centered near 10 

K upon plotting the 𝐶𝑝(𝑇)/𝑇3 versus 𝑇. This plot shows that low-energy optical modes 

exist in the phonon spectrum. To model this peak, we used a combination of a Debye 

term with two additional Einstein-like terms to account for the low-lying optical modes. 

In this model, the Debye temperature, the number of Debye and Einstein oscillators, and 

the characteristic Einstein temperatures are considered as free parameters. The best fits 

to the data, shown in Figure 2.15, yield Einstein temperatures 𝜃𝐸1 and 𝜃𝐸2 of 32 and 

48.4 K with spectral weights of 0.40 and 0.33, respectively.  

 

 

Figure 2.15. 𝐶𝑝(𝑇)/𝑇3 versus 𝑇 for CuPbBi5S9. The red solid curve stands for the best 

fit to the data according to the above-mentioned equation with 𝜃𝐸1 = 32 K, 𝜃𝐸2 = 48.4 

K, 𝑝1𝑁𝐸1 = 0.33, 𝑝2𝑁𝐸2 = 0.4 and 𝜃𝐷 = 156.5 K. 
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According to atomic mass considerations, this excess contribution to 𝐶𝑝 is mainly 

associated with low-energy optical modes from the Bi and Pb atoms. First-principles 

lattice dynamics calculations on aikinite confirm such a conjecture (Figure 2.16).  

 

 

Figure 2.16. Phonon dispersions (left) and projected phonon density of states (PDOS) 

(right) of aikinite CuPbBiS3, which we used as a proxy for the Cu-deficient disordered 

aikinite. The low-frequency optical vibrations are mainly associated with the heavier 

cations. The contribution of Cu in the low-frequency region of the spectrum is not 

negligible, as was recognized in other sulfides. 

 

 Indeed, using aikinite as a proxy for the Cu-deficient disordered aikinite, the 

phonon dispersions indicate the presence of very low energy optical modes associated 

with Pb and Bi ions and, to a smaller extent, Cu. The Einstein temperatures inferred 

from the specific heat data, that correspond to wavenumbers of 22.2 and 33.6 cm
-1

, 

respectively, are in good agreement with the two lowest peaks (25.0 and 35.2 cm
-1

, 

respectively) observed in the PDOS mainly associated with Pb-weighed thermal 

motions. This vibrational complexity at low energy hints to possible substantial 

anharmonic effects that contribute to lower L. This is in agreement with the high value 

of the Grüneisen parameter γ of 1.93, obtained from the sound velocity measurement at 

300 K. Such a large value, close to those reported for other ultralow-L materials (Table 

2.4), is consistent with strong phonon-phonon scattering in CuPbBi5S9. Similar 

characteristics have been observed in the phonon spectra of the above-mentioned chain-

like and sulfide compounds, all of them exhibiting ultralow L. The presence of soft 

bonding interaction in CuPbBi5S9 is further supported by the low average sound velocity 

vs of 1758 m s
-1

, which is comparable with published data on CuPbBi5S9 and with other 
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low-thermal-conductivity chalcogenides (Table 2.4). The average sound velocity (νs), 

grüneisen parameter (γ), and debye temperature (𝛩𝐷) are calculated from measured 

transverse and longitudinal sound velocity by using following equations: 

𝑣𝑠
3 =  

3

𝑣𝑙
−3+ 𝑣𝑡

−3                             (Eq. 2) 

𝑣𝑝 =
1−2(

𝑣𝑡
𝑣𝑙

)
2

2−2(
𝑣𝑡
𝑣𝑙

)
2                                (Eq. 3)  

        𝛾 =
3 (1+𝑣𝑝)

2(2−3𝑣𝑝)
                                 (Eq. 4) 

       𝛩𝐷 =  
ℎ

𝑘𝐵
[

3𝑁

4𝜋𝑉
]

1/3

𝑣𝑎                     (Eq. 5) 

Where, N, V, h, and kB are the number of atoms in unit cell, the volume of the unit cell, 

the Planck constant and the Boltzmann constant respectively. 

Table 2.4. Grüneisen parameter and Debye temperature from sound velocity 

measurements: comparison including Cu-deficient aikinite and several other sulfides. 

Compound 

Average sound 

velocity 

(m/sec) 

Grüneisen 

parameter 

Debye 

T (K) 
Ref. 

CuPbBi5S9 1758 1.93 178.5 This work 

MnBi4S7 1767 1.16 179.4 
25

 

FeBi4S7 1967 1.28 200.8 
25

 

AgSbTe2 1727 2.05 125 
57

 

BiSbSe3 1629 1.89 165 
58

 

SnSe 1420 3.13 142 
59

 

Bi2Se3 2083 1.65 205 
60

 

Sb2Se3 1882 1.58 180 
58
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2.3.7. PXRD analysis of doped samples 

The electrical resistivity of pristine gladite is high due to its very low carrier 

concentration, leading to a low power factor and consequently a low ZT value, despite 

its low thermal conductivity. To overcome this limitation and achieve higher 

performance, we employed chemical doping techniques. In our study, we substituted 

chlorine (Cl) for sulfur (S) and bismuth (Bi) for lead (Pb) in gladite. By synthesizing a 

series of doped compounds with varying concentrations, we aimed to optimize the 

carrier concentration and improve performance. Through the doping process, we 

successfully increased the carrier concentration in the gladite compound. This led to a 

significant improvement in the power factor, which is a crucial factor in thermoelectric 

performance.  

Typically, all the doped samples, CuPbBi5S9−zClz (where z = 0.03, 0.09, 0.18) and 

CuPb1−yBi5+yS9 (where y = 0.05, 0.1, 0.25, 0.5) were synthesized by milling 

stoichiometric amounts of Cu, Pb, Bi, BiCl3 and S powders (total amount of 6 g) for 6 h 

(12 cycles of 30 min with 1 min pause) under an argon atmosphere, as presented earlier 

(same as for pristine CuPbBi5S9). 
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Figure 2.17. Rietveld refinement of the XRPD data recorded at room temperature (RT) 

for (a) CuPbBi5S8.97Cl0.03, (b) CuPbBi5S8.91Cl0.09, (c) CuPbBi5S8.82Cl0.18  sample (λ = 

1.5406 Å). The experimental data are plotted as red symbols, the calculated pattern as 

black line and the difference between them as lower blue line. The Bragg positions for 

aikinite are plotted as vertical green ticks. 

Rietveld refinement of the XRPD data confirms the Cu/vacancies disordered crystal 

structure and the high purity of the CuPbBi5S9-zClz samples with z = 0.03 and z = 0.09 

(Figures 2.17a and b) and CuPb1-yBi5+yS9 sample with y = 0.05 (Figure 2.18a). For the 

same reasons that Pb
2+

 and Bi
3+

 are undistinguishable by non-resonant XRPD, S
2-

 and 

Cl
-
 cannot be as well distinguished. The Rietveld refinements of the Cl-doped samples 

were then conducted by considering the same structural model as the one used for 

pristine sample, i.e. only S atoms are considered in the structural model. These 

refinements show that Cl for S substitution does not modify significantly the crystal 

structure of the Cu-deficient aikinite CuPbBi5S9 (Table 2.17). The presence of extra 

diffraction peaks in the CuPbBi5S9-zClz sample with z = 0.18 (Figure 2.17c) and CuPb1-

yBi5+yS9 samples with y = 0.10, 0.25 and 0.50 (Figure 2.18b, c and d) is related to the 

presence of a secondary phase in the Cu-(Bi,Pb)-S system. However, due to the almost 

identical atomic number of Bi and Pb, the exact nature and composition of this phase 

(a) (b)

(c)
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have not been identified. This indicates that Cl for S and Bi for Pb substitutions may be 

limited due to the key role of the (Cu+Pb)/Bi ratio to stabilize the structure. 

 

Figure 2.18. Rietveld refinement of the XRPD data recorded at room temperature (RT) 

for (a) CuPb0.95Bi5.05S9, (b) CuPb0.90Bi5.10S9, (c) CuPb0.75Bi5.25S9 (d) CuPb0.5Bi5.5S9 

sample (λ = 1.5406 Å). The experimental data are plotted as red symbols, the calculated 

pattern as black line and the difference between them as lower blue line. The Bragg 

positions for aikinite are plotted as vertical green ticks. 

Table 2.5. Refined unit cell parameters and reliability factors of the pristine and CuPb1-

yBi5+yS9-zClz samples from the Rietveld analysis of the room temperature XRPD data. 

Compound CuPbBi5S9 CuPbBi5S8.97Cl0.03 CuPbBi5S8.91Cl0.09 CuPb0.95Bi5.05S9 

Space group Pnma Pnma Pnma Pnma 

a (Å) 11.4342(2) 11.4301(3) 11.4345(2) 11.4301(3) 

b (Å) 4.0152(1) 4.0138(1) 4.0131(1) 4.0111(1) 

c (Å) 11.2191(2) 11.2108(3) 11.2067(2) 11.2079(3) 

V (Å
3
) 515.08(2) 514.33(3) 514.26(2) 513.85(2) 

RBragg, RF 4.73, 3.30 4.44, 2.96 5.41, 3.70 4.79, 3.50 

Rwp, Rexp 7.25, 4.85 5.70, 4.10 6.26, 4.20 8.73, 7.47 

χ
2
 2.24 1.94 2.22 1.37 

 

(a) (b)

(c) (d)
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2.3.8. Scanning Electron Microscopy (SEM) analysis of doped samples 

 The samples of the CuPbBi5S9, CuPbBi5S9-zClz series (with z values of 0.09 and 

0.18, respectively) and the CuPb1-yBi5+yS9 series (with y values of 0.05, 0.25, and 0.5) 

were subjected to additional characterization using scanning electron microscopy 

(SEM). The high purity of the pristine samples for CuPbBi5S9, CuPbBi5S9-zClz (where z 

= 0.09), and CuPb1-yBi5+yS9 (where y = 0.05) is confirmed by analyzing backscattered 

electron images obtained through SEM on the polished surfaces.  The presence of 

bubble-like cavities, as observed through TEM, is evident in all of the samples. These 

cavities are likely a result of sulfur volatilization that occurred during the spark plasma 

sintering (SPS) process. The Cu-Bi-S phase impurity phases (dark contrast) could be 

seen in the Cl-doped (z = 0.18) and Bi-doped (y = 0.25 and 0.50) samples (Figure 2.19). 

 

Figure 2.19.(a) Backscattered electron images of pristine CuPbBi5S9, (b, c) CuPbBi5S9-

zClz series (z = 0.09 and z = 0.18, respectively) and (d, e, f) CuPb1-yBi5+yS9 series (y = 

0.05, 0.25 and 0.5) samples. 
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2.3.9. Transmission electron microscopy (TEM) analysis of doped 

samples.  

Transmission electron microscopy (TEM) analysis was utilized to conduct a 

more in-depth examination of the microstructure of the doped samples. Distinctive 

gains with a few hundred nanometers were observed in the samples CuPb0.95Bi5.05S9 

(Figure 2.20a) and CuPbBi5S8.91Cl0.09 (Figure 2.21a), which are comparable to the 

gains observed in the original CuPbBi5S9 sample. 

 

Figure 2.20. TEM characterization of Bi-doped sample (y = 0.05). (a) shows the grain 

and bubble-like cavities, (b, c) the [010] SAED pattern and HRTEM image confirm 

“disordered” structure, (d) the EDS mappings demonstrate the generally uniform 

elemental distribution. Bubble-like cavities appear as dark contrast in Figure S8d due 

to different detector. 

Additionally, the Spark Plasma Sintering (SPS) process yielded the formation of 

bubble-like cavities as a consequence of sulfur evaporation. The color mapping analysis 

revealed a uniform dispersion of all elements in the samples, without any noticeable 

presence of additional phases. (Figure 2.20d and Figure 2.21d) Furthermore, the 
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disordered state of copper (Cu) and the existence of vacancies were verified through the 

analysis of selected area electron diffraction (SAED) patterns for both samples. 

 

Figure 2.21. TEM characterization of Cl-doped sample (z = 0.09). (a) shows the grain 

and bub-like cavities, (b, c) the [010] SAED pattern and HRTEM image confirm 

“disordered” structure, (d) the EDS mappings demonstrate the homogenously 

elemental distribution. Bubble-like cavities appear as dark contrast in Figure S9d due 

to different detector. 

2.3.10. Band gap. 

Band gaps, determined from Kubelka-Munk transforms (Figure 2.22 a), indicate 

that the substitution of chlorine for sulfur tends to slightly open the band gap from 0.89 

eV for CuPbBi5S9 to 0.95 eV for CuPbBi5S8.82Cl0.18, assuming direct transitions. Cl-

doping affects the localization of the Fermi level, as the flat band potential values, 

extrapolated at C
-2 

= 0 from the Mott-Schottky plots, (Figure 2.22b) exhibit a slight 

shift towards lower energy of the Fermi level, suggesting a complex interplay between 

Cl-doping, S-vacancies, and possibly other defects. 
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Figure 2.22. a) Kubelka-Munk transforms, and b) Mott-Schottky plots for CuPbBi5S9 

(black, ●), CuPbBi5S8.91Cl0.09 (blue, ▲) and CuPbBi5S8.82Cl0.18 (purple, ◊) samples. 

2.3.11. Electronic transport properties of doped samples 

 

The electrical properties in the series CuPbBi5S9-zClz (z = 0.00, 0.03, 0.09, 0.18) over 

the temperature range 300 - 700 K, are displayed in Figure 2.23 Both |𝑆| and  values 

decrease gradually with the increase of Cl content, down to 350 µV/K and 0.41  cm 

for z = 0.09 at 300 K. |𝑆| and  decrease monotonically with increasing temperature for 

all the compositions, which indicates that the materials behave as non-degenerate 

semiconductor upon Cl-doping, although additional electrons are injected. The decrease 

of |𝑆| and  with increasing Cl content, however, is consistent with the role of Cl as an 

electron donor as it replaces sulfur. With increasing Cl content, the carrier 

concentrations at room temperature increases up to 5.510
16

 for z = 0.03, 1.510
18

 for z 

= 0.09 and 1.910
18

 cm
-3

 for z = 0.18. The RT mobility (µ) values are equal to 3.7, 4.15, 

7.0 and 2.5 cm
2
 V

-1
 s

-1
 for z = 0, 0.03, 0.09, 0.18, respectively. Those values are 

significantly smaller than those measured in the other Bi-based compounds mentioned 

before, which is mainly explained by the very small grain size and/or the disordered 

structure in our samples. Further investigations are ongoing to determine the impact of 

the crystal structure and microstructure on the electron mobility. 
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Figure 2.23. Temperature dependence of (a,d) electrical resistivity, (b,e) Seebeck 

coefficient and (c,f) power factor in the CuPbBi5S9-zClz and CuPb1-yBi5+yS9 series, 

respectively. 

Finally, it must be noted that the measurements are well reversible up to 680 K (3 

cycles from 350 K to 630 K + 3 cycles from 350 K to 680 K) which attests the stability 

of our material in this working temperature range (Figure 2.24). A slight drift is 

observed with the addition of 3 more cycles up to 700 K. This phenomenon can be 

related to surface oxidation of the sample in the ZEM3 chamber and/or n-type doping or 

phase decomposition. Interestingly, a hysteresis loop can be observed at around 370-520 

K, which is most probably related to order/disorder phenomena. Different studies on 

related natural minerals, such as pekoite CuPbBi11S18, hammarite CuPb2Bi4S9 and 

krupkaite CuPbBi3S6, have shown that the temperature limit to order vacancies is below 
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473-573 K.
4,7,61

 When heating up our sample up to 448 K, the vacancies on the Cu site 

probably start to order, and then disorder above 473 K. This point is under investigation. 

 

Figure 2.24. Cycling measurements of the electrical resistivity, ρ, and Seebeck 

coefficient, S, of CuPbBi5S8.91Cl0.09 sample. 3 cycles from 350 K to 630 K + 3 cycles 

from 350 K to 680 K + 3 cycles from 350 K to 700 K. 

The power factor (PF) as a function of temperature in the series CuPbBi5S9-zClz 

is shown in Figure 2.19.c. The undoped sample exhibits a very low power factor of 0.22 

µW cm
-1

 K
-2

 at 700 K. The power factor increases significantly with Cl content to a 

maximum value of 2.2 µW cm
-1

 K
-2

 at 700 K for z = 0.09.  

The electrical transport properties in the second series CuPb1-yBi5+yS9 are 

displayed in Figure 2.23d-f. The electrical resistivity and absolute value of the Seebeck 

coefficient decrease as the Bi content increases. The lowest value of  of 0.14  cm and 

|𝑆| of 144 µV K
-1

 at 300 K are obtained for CuPb0.5Bi5.5S9. For this sample, the 

electrical resistivity slightly decreases with increasing temperature while |𝑆| increases. 

The carrier concentration in this series increases with Bi doping to 7.710
13

 cm
-3

 for y = 

0.05, 4.6 10
18

 cm
-3

 for y = 0.25, and reaches a maximum of 1.8610
19

 cm
-3 

for y = 0.5. 

Those values and trends must be, however, taken with caution as the material is 

composed of different phases for y = 0.25 and y = 0.5. The highest PF value of 0.24 µW 

cm
-1

 K
-2

 at RT is obtained for CuPb0.75Bi5.25S9 (PF = 1.83 µW cm
-1

 K
-2

 at 700 K). As 

expected, |𝑆| decreases with increasing the electron concentration 𝑛H for both series. 

This general trend, illustrated by the Ioffe-Pisarenko plot shown in Figure 2.25, is well 
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captured by a single-parabolic band (SPB) model with acoustic phonon scattering and a 

conduction density-of-states effective mass 𝑚DOS
∗  of 0.88 𝑚e. This good agreement 

suggests that Cl or Bi doping weakly influences 𝑚DOS
∗ , with no evident sign of 

multiband behavior at these doping levels.  

 

Figure 2.25. Ioffe-Pisarenko representation of the Seebeck coefficients |𝑆| as a function 

of the electron concentration 𝑛𝐻 at 300 K. The solid black curve was calculated using a 

single-parabolic band approximation. 

2.3.12. Thermal transport properties and figure of merit of doped samples 

 The temperature dependent total thermal conductivity of CuPbBi5S9-zClz and 

CuPb1-yBi5+yS9 samples are shown in Figure 2.26. The pristine phase shows a 

significantly low total thermal conductivity (κ) of 0.59 W m
−1

 K
−1

 at 300 K. This value 

decreases to 0.47 W m
−1

 K
−1 

at 700 K, which matches the results reported by Liang et 

al. The thermal conductivity exhibits a slight variation with the increasing 

concentrations of Cl and Bi, with values ranging from 0.50 to 0.65 W m
−1

 K
−1

 at 300 K. 

Due to the relatively high electrical resistivity of the samples, the electronic contribution 

κe to κ is negligible, making the lattice component κL the primary contribution as 

already discussed earlier. The electrical contribution in total thermal conductivity 

exhibits an increasing relationship with the doping content, while simultaneously 

leading to an increase in point defects within the system. These two factors 

counterbalance each other, resulting in keeping of the overall low thermal conductivity. 
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Figure 2.26. Temperature dependence of (a,b) thermal conductivity and (c,d) figure of 

merit ZT in the CuPbBi5S9-zClz and CuPb1-yBi5+yS9 series, respectively.  

The temperature dependence of ZT in the CuPbBi5S9-zClz and CuPb1-yBi5+yS9 

series (Figure 2.26c and d, respectively) points to limited thermoelectric efficiency for 

pristine CuPbBi5S9 (𝑍𝑇 = 0.04 at 700 K), however, the figure of merit increases 

remarkably with Cl-doping reaching 0.43 for z = 0.09. A similar increase in ZT is also 

observed with increasing Bi content, reaching 0.29 for y = 0.25 sample (Figure 2.26d). 

Comparing the performance at 700 K with other Bi-based n-type thermoelectric sulfides 

(Figure 2.27), it is possible to qualitatively estimate the interplay between lattice 

thermal conductivity and power factors on ZT. Cl-doped CuPbBi5S9 exhibits similar ZT 

compared to Cl-doped Bi2S3 compound, one of best n-type state-of-the-art 

thermoelectric sulfides. CuPbBi5S9 presents a significantly lower lattice thermal 

conductivity compared to this material thanks to its structural complexity and enhanced 

structural disorder. However, this is counterbalanced by a lower power factor (2.2 µW 

cm
-1

 K
-2

 compared to 6.0 µW cm
-1

 K
-2

) due to a carrier concentration one order of 

magnitude larger in Cl-doped Bi2S3. The absence of cationic disorder in the latter 

compound also favors a higher electron mobility. The very large ZT in AgBi3S5 mainly 
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originates from a larger carrier concentration, at least 15 times higher than in our 

compounds, due to a higher concentration of defects, while presenting similar lattice 

thermal conductivity. This suggests that a drastic improvement of ZT can be achieved in 

CuPbBi5S9 and in the large family of Cu1-x□xPb1-xBi1+xS3 compounds, provided that a 

higher carrier concentration can be reached. To estimate the maximum ZT value 

achievable upon doping in CuPbBi5S9, the dimensionless quality factor 𝐵 has been 

calculated for the z = 0.09 sample. This parameter, which encompasses all the inherent 

material properties that determines the ZT values,
62–64

 enables to calculate the 

dependence of the ZT values on the reduced chemical potential 𝜂, that is, on the doping 

level. Using the S and L values of the z = 0.09 sample measured at 700 K yield a 𝐵 

value of ~ 0.3 that corresponds to a maximum ZT of 0.8 reached at an optimum S value 

of ~ 200 µV K
-1

. This last value, which fits well with the range of optimum S values 

predicted in several studies
63,65,66

 shows that the carrier concentration should be further 

increased using other aliovalent substitutions.  

 

 

 

 

 

 

 

Figure 2.27. (Top panel) ZT and (bottom panel) lattice thermal conductivity in state-of-

the-art thermoelectric n-type Bi-based sulphides.
25,26,32,49,67–71

 The values inside the 

histogram bars are the carrier concentration. 
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2.4. Conclusion 

In conclusion, in this chapter, a new Cu-deficient aikinite-type sulfide 

has been synthesized with the composition CuPbBi5S9 by combining mechanical 

alloying and SPS techniques. The structure of this sulfide, though closely related 

to gladite with the same composition reported by Liang et al., differs from the 

latter by the disordered distribution of copper and vacancies on the cationic sites. 

In contrast to their CuPbBi5S9 compound, which could only be obtained with the 

presence of secondary phases, this Cu-deficient aikinite is highly pure allowing 

for a detailed investigation of its transport properties. In particular, we have 

demonstrated that the ultralow lattice thermal conductivity observed for this 

structural type is intrinsic and does not originate from secondary phases. Despite 

being a nearly intrinsic semiconductor ( ~ 5.10
3
 Ω cm and S ~ -1300 µV K

-1
 at 

400 K) with extremely low carrier concentration (4.510
12

 cm
-3

), this synthetic 

sulfide is an exceptional prototype for generating high thermoelectric 

performance by doping with Cl or Bi, leading to thermoelectric figures of merit 

varying between 0.30 and 0.43 at 700 K. The good thermoelectric performance 

stems from the exceptionally low lattice thermal conductivity due to the 

presence of very low energy vibrations involving Bi, Pb, and Cu. The dramatic 

improvement of the thermoelectric figure of merit upon Cl- or Bi-doping may be 

related to the ability of the Bi-S framework to generate n-type conductivity due 

to the so induced mixed valence Bi
3+

/Bi
2+

. This statement is supported by the 

existence of the sub-valent bismuth compound Bi13S18I2 which exhibits [Bi2]
4+ 

dimers. It is worth pointing out that the present compound, which represents the 

member x = 2/3 of a large series of closely related sulfides (Cu1-x x)Pb1-xBi1+xS3 

with 0 ≤ x ≤ 1, is paradigmatic for a broad family of n-type thermoelectric 

materials that are susceptible to optimization by varying the chemical 

composition, by controlling the order-disorder phenomena, and by tuning the 

carrier concentration through doping. 
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Transport properties in the Cu1−x□xPb1−xBi1+xS3 series 
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3.1. Introduction  

In the previous chapter, a Cu-deficient aikinite-type sulfide has been synthesized 

with the composition CuPbBi5S9 by combining mechanical alloying and SPS 

techniques. The crystal structure is closely related to that of gladite, reported by Liang 

et al.
1
, but differs by the random distribution of copper and vacancies on the copper site. 

In contrast to previous reports, our sample is highly pure, allowing for a detailed 

investigation of its transport properties. This disordered CuPbBi5S9 phase shows 

exceptionally low thermal conductivity (0.6 W m
-1 

K
-1

 at 300 K) approaching to 

intrinsic semiconducting behavior with a very low carrier concentration (4.5 × 10
12

 cm
-3

 

at 300 K) and high Seebeck coefficient (1370 μV K
-1

 at 400 K). The interstitial Cu ions 

and stereochemically active lone pairs on Pb play a crucial role in lowering the lattice 

thermal conductivity in this series of compounds, reported by Balijapelly et al.
2
  In 

addition to bond heterogeneity, a temperature-dependent interaction between Cu
+
 and 

the rotating Pb
2+

 lone pair is a key contributor to the scattering effects that lower the 

thermal conductivity in aikinite CuPbBiS3 reported by Carnevali et al.
3
 To increase the 

carrier concentration, multiple attempts were investigated through chemical doping, 

such as introducing chlorine (Cl) and bismuth (Bi) in the sulfur (S) and lead (Pb) sites, 

respectively. Another interesting approach to lower the electrical resistivity and achieve 

a high ZT value would be to change the composition of Cu1−x□xPb1−xBi1+xS3 by 

increasing the number of vacancies (x), and by compensation to reduce the content of 

Pb in Bi sites. 

In this chapter, we report the efficient and viable synthesis of Cu-deficient aikinite-

type compounds with the chemical formula Cu1−x□xPb1−xBi1+xS3 (where x = 0, 0.17, 

0.33, 0.4, 0.5, 0.6, 0.83, and 1) using mechanical alloying followed by spark plasma 

sintering. Except for the sample with x = 0, all the other compounds were highly pure, 

as confirmed by powder X-ray diffraction, scanning electron microscopy, and 

transmission electron microscopy analyses. Rietveld refinement revealed that the 

samples with x = 0.17, 0.33, 0.4, 0.5, 0.6, and 0.83 did not exhibit the ordered gladite 

mineral structure, but instead formed a copper-deficient disordered aikinite structure, 
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with random distribution of Pb and Bi similar to x = 0.67 presented in the previous 

chapter. We investigate the influence of the structures on the electrical and thermal 

properties in this series of compounds. 

 

3.2. Methods  

3.2.1. Reagents.  

High-purity copper powder (Cu, Alfa Aesar, >99.99%), lead needles (Pb, Alfa 

Aesar, 99.99%), bismuth powder (Bi, Alfa Aesar, >99.5%), sulfur powder (S, Alfa 

Aesar, >99.99%), were used as precursors without further purification. 

 

3.2.2. Synthesis.  

The samples were synthesized using a two-step process - mechanical alloying 

and spark plasma sintering (SPS). Mechanical alloying involved high-energy ball 

milling of stoichiometric amounts of Cu, Pb, Bi, and S powders (total 6 g) for 6 hrs 

under an argon atmosphere. This was done using a fritsch pulverisette seven premium 

line planetary ball mill operating at room temperature (600 rpm, powder to ball ratio of 

around 1:18). The resulting material showed broad diffraction peaks corresponding to 

the main phase of disordered aikinite along with minor PbS phase, indicating low 

crystallinity or the presence of small particle sizes (Figure 3.1a). This could be due to 

the synthesis process which was previously explained in chapter 2. After subjecting the 

material to spark plasma sintering (SPS), the samples become pure as the peaks 

correspond to PbS are not observed. Addition to that the X-ray powder diffraction 

(XRPD) peaks become indicating the crystallization process during the SPS process 

(Figure 3.1b). 
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Figure 3.1.  XRPD patterns of (a) 6 hrs ball milled samples and (b) SPS 

samples. 

3.3. Results and discussion 

3.3.1. Crystal structure  

A large number of structurally related minerals have been discussed in the previous 

chapter, i.e. from aikinite (CuPbBiS3) to bismuthinite (Bi2S3) with space group Pnma. 

These phases can be expressed as Cu1−x□xPb1−xBi1+xS3, where □ represents vacancies on 

the cationic sublattice of aikinite CuPbBiS3. They crystallize either in the space group 

Pnma with approximate lattice parameters of a ≈ aa, b ≈ ba, and c ≈ n × ca or in the space 

group Pmc21 with approximate lattice parameters of a ≈ ba, b ≈ n × ca, and c ≈ aa, where 

n is a positive integer. Table 3.1 in chapter 2 summarizes the structural information of 

the ordered Cu−Pb−Bi−S phases derived from the aikinite−bismuthinite series, 

(Cu1−x□x)Pb1−xBi1+xS3 series. Besides the fully ordered (Cu1−x□x)Pb1−xBi1+xS3 phases, 

there have been reports of other phases with mixed occupancy of crystallographic sites 

and/or partial site occupancy. Examples include emilite Cu10.7Pb10.7Bi21.3S48 (x = 0.33, 

Pmc21, n = 4),
4
 Cu1.63Pb1.63Bi6.37S12 (x = 0.60, Pnma, n = 3),

5
 and Cu1.435Pb1.5Bi6.5S12 (x 

= 0.60, Pmc21, n = 4).
6
 These phases exhibit superstructure diffraction peaks on the 

powder diffraction patterns and superstructure spots in selected area electron diffraction 
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(SAED) patterns due to the long-range ordering of cations and vacancies. When there is 

a random distribution between Pb and Bi, as well as Cu and vacancies, the crystal 

structure can be described as disordered. In such cases, XRPD show only minor changes 

in peak intensities associated with the aikinite structure. Since Pb
2+

 and Bi
3+

 cations are 

isoelectronic, distinguishing between these phases becomes difficult based solely on X-

ray diffraction analysis. Accurate identification of these phases remains challenging, 

even with high-quality powder diffraction patterns. 

The crystal structure evolution within the aikinite series, Cu1−x□xPb1−xBi1+xS3, from 

aikinite (CuPbBiS3) to bismuthanite (Bi2S3), was described intricately in our previous 

chapter taking into account the disorder caused by the random presence of Cu and 

vacancies in the crystal lattice. Aikinite (CuPbBiS3, x = 0), which serves as the starting 

point of the series, is represented by the crystal structure shown in Figure 3.2. In this 

structure, the Cu position is fully occupied by Cu atom. The coordination of Cu is 

tetrahedral which further connects to the Bi2S3 chain, forming a complex 3D crystal 

structure. As we move along the aikinite series by increasing the value of x in 

Cu1−x□xPb1−xBi1+xS3, the proportion of vacant Cu positions gradually increases. This 

progression can be observed in Figure 3.2, which represents different compositions 

within the series. When x = 0.5, corresponding to CuPbBi2S6, 50% of the Cu positions 

are vacant. In addition to this, the amount of Pb in the materials decrease as the value of 

x rises, this leads to a reduction in the point defects that are caused by the presence of 

Pb atoms on the Bi site. 
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Figure 3.2. Crystal structure of CuPbBiS3 (x = 0), Cu0.83Pb0.83Bi1.17S3 (x = 0.17), 

Cu0.67Pb0.67Bi1.33S3 (x = 0.33), Cu0.6Pb0.6Bi1.4S3 (x = 0.40), Cu0.5Pb0.5Bi1.5S3 (x = 0.50), 

Cu0.4Pb0.4Bi1.6S3 (x = 0.60), Cu0.17Pb0.17Bi1.83S3 (x = 0.83) and Bi2S3 (x = 1) after 

Rietveld refinement. Cu, Pb, Bi and S atom presented in blue, black, pink and yellow 

color respectively. 
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Figure 3.3.  Rietveld refinement of the XRPD data recorded at room temperature 

(RT) for (a) CuPbBiS3 (x = 0), (b) Cu0.83Pb0.83Bi1.17S3 (x = 0.17), (c) Cu0.67Pb0.67Bi1.33S3 

(x = 0.33), (d) Cu0.6Pb0.6Bi1.4S3 (x = 0.40), (e) Cu0.5Pb0.5Bi1.5S3 (x = 0.50), (f) 

Cu0.4Pb0.4Bi1.6S3 (x = 0.60), (g) Cu0.17Pb0.17Bi1.83S3 (x = 0.83) and (h) Bi2S3 (x = 1) (λ = 

1.5406 Å). The experimental data are plotted as black line and symbols, the calculated 

pattern as red line and the difference between them as lower blue line. The Bragg 

positions are plotted as vertical purple ticks. 

Table 3.1. Refined unit cell parameters and reliability factors of Cu1−x□xPb1−xBi1+xS3 (x 

= 0 to 1) samples from the Rietveld analysis of the room temperature XRPD data. 

x 

value 
x = 0 x = 0.17 x = 0.33 x = 0.40 x = 0.5 x = 0.6 x = 0.83 x = 1 

Space 

group 
Pnma Pnma Pnma Pnma Pnma Pnma Pnma Pnma 

a (Å) 11.6018(1) 11.5851(1) 11.5500(2) 11.5251(2) 11.4926(3) 11.4575(2) 11.3614(3) 11.2897(1) 

b (Å) 4.0448(1) 4.0426(1) 4.0347(1) 4.0311(1) 4.0233(1) 4.0168(1) 3.9977(1) 3.9825 (1) 

c (Å) 11.3710(1) 11.3182(1) 11.2693(2) 11.2565(3) 11.2339(2) 11.2190(2) 11.1853(3) 11.1447(1) 

V (Å
3
) 533.61(1) 530.08(1) 525.17(2) 522.97(2) 519.44(2) 516.34(2) 508.04(2) 501.08(1) 

RBragg, 

RF 

2.78 

2.21 

4.65 

3.17 

5.25 

3.73 

4.89 

3.53 

4.98 

3.63 

7.68 

9.62 

4.31 

2.61 

6.58 

3.52 

Rwp, 

Rexp 

χ
2
 

6.22 

5.78 

1.24 

6.53 

10.12 

0.44 

7.18 

9.92 

0.57 

6.76 

9.73 

0.50 

6.65 

9.23 

0.56 

5.70 

4.10 

0.65 

6.91 

9.45 

0.55 

8.30 

6.20 

1.88 

Finally, when x reaches 1, representing Bi2S3, all the Cu positions are vacant and Pb 

is not present in Bi sites. This implies that no Cu atoms occupy the crystal lattice, 

resulting in a completely free Bi2S3 one dimensional chain structure. This vacancy-

induced change in the crystal structure can significantly impact the properties of the 

materials. The disorder nature within the crystal structure, arising from the random 

presence of Cu and vacancies, can be further confirmed through transmission electron 

microscopy. This technique allows for the direct observation and analysis of the crystal 

structure at the atomic scale, revealing disorder nature within the lattice. Generally, the 

aikinite series demonstrates a transition from a fully occupied Cu position in aikinite 

(CuPbBiS3) to increasingly vacant Cu positions as x increases. Furthermore, it can be 
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observed that the Pb content decreases as the x value increases, indicating a 

corresponding decrease in the point defects resulting from the presence of Pb atoms on 

Bi site. This vacancy-induced disorder and the changing Bi to Pb ratio with x values 

influence the structural characteristics and can have implications for the electrical 

conductivity of the material. Figure 3.4c clearly demonstrated the decrease of Bi to Pb 

ratio with increasing x values that generates point defects in the system. 

 

Figure 3.4. The plot of variation of (a) cell parameters (a, b and c are in black, red 

and green respectively),(b) unit cell volume  and (c)theoretical Pb to Bi ratio of 

CuPbBiS3 (x = 0), Cu0.83Pb0.83Bi1.17S3 (x = 0.17), Cu0.67Pb0.67Bi1.33S3 (x = 0.33), 

Cu0.6Pb0.6Bi1.4S3 (x = 0. 40), Cu0.5Pb0.5Bi1.5S3 (x = 0.50), Cu0.4Pb0.4Bi1.6S3 (x = 0.60), 

Cu0.17Pb0.17Bi1.83S3 (x = 0.83) and Bi2S3 (x = 1) after Rietveld refinement. 

The X-ray diffraction data obtained at RT can be indexed on an orthorhombic unit 

cell with the Pnma space group. The obtained lattice parameters from Rietveld 

refinement analysis are shown in Table 3.1. The lattice parameters for aikinite 

(CuPbBiS3) closely resemble to previously reported values. Moreover, the XRPD 

refinement has demonstrated that the sample contains 99% of the aikinite phase and 

only a trace amount of PbS (approximately 1%). Notably, the previous report by 

Carnevali et al. also indicated the presence of PbS as an impurity. The XRPD pattern 

after Rietveld refinement of Cu1−x□xPb1−xBi1+xS3 series, where x = 0, 0.17, 0.33, 0.4, 0.5, 

0.6, 0.83, and 1 are shown in Figure 3.3. Figure 3.4 shows the evolution of cell 

parameters and unit cell volume with respect to the x value. As expected, the unit cell 
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parameters and cell volume gradually decrease with increasing vacancy content 

indicating the contraction of the unit cell. 

3.3.2. Scanning Electron Microscopy (SEM) analysis 

Figure 3.5a and b display the scanning electron microscopy (SEM) and 

backscattered electron imaging (BSE) of CuPbBiS3 and Bi2S3, respectively. For the 

sample CuPbBiS3 (x = 0), the backscattered micrograph obtained by SEM on the 

fractured sample reveal the presence of a small content of PbS (Figure 3.5a). This 

finding aligns with the previous report by Carnevali et al.,
3
 and also observed in our 

XRD pattern. In the case of Bi2S3, the backscattered SEM micrographs (Figure 3.5b) 

demonstrate that the sample is highly pure, as confirmed by XRPD analysis. Figure 3.6 

displays the secondary electron micrographs of all the samples starting from CuPbBiS3 

to Bi2S3. The grain size observed in these samples, except Bi2S3, is similar, ranging from 

200 to 300 nm. This small grain size can be attributed to the combined 

mechanochemical alloying and SPS techniques employed for the sample preparation. In 

contrast, the grain size of Bi2S3 is observed to be smaller, around 100 nm (Figure 3.6h).  

 

Figure 3.5. Back scattered electron SEM images of fractured (a) CuPbBiS3 (x = 0) 

and (b) Bi2S3 (x = 1) 

Figure 3.7 displays the backscattered SEM image of fractured and polished samples 

of Cu1–x□xPb1–xBi1+xS3 (x = 0.17, 0.33, 0.4, 0.5, 0.6, and 0.83). The samples from x = 

0.33 to x = 0.89, do not contain impurities, supporting the results obtained from the 

XRPD analysis. However, for the x = 0.17 sample, the BSE image reveals the presence 
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of PbS precipitates, similar to what is observed in the CuPbBiS3 sample (x = 0) shown 

in Figure 3.7b. 

 

Figure 3.6. Secondary electron SEM images on fractured surface of (a) CuPbBiS3 (x 

= 0), (b) Cu0.83Pb0.83Bi1.17S3 (x = 0.17), (c) Cu0.67Pb0.67Bi1.33S3 (x = 0.33), (d) 

Cu0.6Pb0.6Bi1.4S3 (x = 0.40), (e) Cu0.5Pb0.5Bi1.5S3 (x = 0.50), (f) Cu0.4Pb0.4Bi1.6S3 (x = 

0.60), (g) Cu0.17Pb0.17Bi1.83S3 (x = 0.83) and (h) Bi2S3 (x = 1). 

The presence of impurity phases in both samples with x = 0 and x = 0.17 could be 

attributed to close similarities in their crystal structure (in terms of Cu vacancy). 
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Furthermore, the BSE images show the presence of bubble-like cavities in all the 

samples, regardless of their composition (x = 0.17, 0.33, 0.04, 0.5, 0.6, 0.83). These 

cavities are likely formed due to sulfur vaporization during the SPS process at high 

temperature. The sulfur vaporizes at high temperature and creates voids or cavities 

within the samples, as discussed in chapter 2. This observation is further supported by 

TEM analysis conducted on a few samples, which provides more details about the 

structure and microstructure. 

 

Figure 3.7. Back scattered electron SEM images of fractured and polished samples 

of (a,b) Cu0.83Pb0.83Bi1.17S3 (x = 0.17), (c,d) Cu0.67Pb0.67Bi1.33S3 (x = 0.33), (e,f) 

Cu0.6Pb0.6Bi1.4S3 (x = 0.40), (g,h) Cu0.5Pb0.5Bi1.5S3 (x = 0.50), (i,j) Cu0.4Pb0.4Bi1.6S3 (x = 

0.60) and (k,l) Cu0.17Pb0.17Bi1.83S3 (x = 0.83), respectively.   

3.3.3. Transmission Electron Microscopy (TEM) analysis 

The microstructure and the crystal structure of samples with x = 0.17 and 0.83 are 

further analyzed by TEM. Figure 3.8a illustrates the microstructure of the sample with 

the composition x = 0.17 where it is clear that the sample has a small grain size ranging 

from 200 to 300 nm. Additionally, bubble-like cavities are observed, appearing as bright 

contrast in TEM images as shown in Figure 3.8a. The color mapping also reveals that 
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the sample is highly homogeneous, except for the presence of very small amounts of 

Pb-oxide, shown in Figure 3.8b. This Pb-oxide is likely due to surface oxidation of the 

sample. The high resolution TEM images and the corresponding fast Fourier transform 

patterns are also displayed in Figure 3.8c. The simulate SAED pattern is consistent with 

those of the disordered simulated patterns (Figure 3.8d) along [001] zone.  

 

Figure 3.8. TEM characterization of Cu0.83Pb0.83Bi1.17S3 (x = 0.17). (a) grain and 

bubble-like cavities, (b) EDS mappings demonstrate the generally uniform elemental 

distribution ( impurity of Pb-oxide), (c) HRTEM images (insets FFT patterns), (d) 

simulated SAED pattern along [001] corresponding to the disordered phase. 

Furthermore, a similar grain size along with bubble like cavities is found for the 

sample with x = 0.83, shown in Figure 3.9. Additionally, the color mapping suggests 

highly homogeneous sample, as displayed in Figure 3.9b. A detailed structural 

characterization is carried out for the sample x = 0.83 with the help of SAED analysis. 

The SAED pattern and corresponding high resolution TEM are recorded along different 
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directions, as shown in Figure 3.10. The fast Fourier transform patterns are also shown 

in inset of Figure 3.10a,d. The SAED patterns along both [10-2] and [010] direction are 

consistent with those of disordered simulated patterns (Figure 3.10b, c, e and f), 

demonstrating the disordered nature of our sample. 

 

Figure 3.9. TEM characterization of Cu0.17Pb0.17Bi1.83S3 (x = 0.83). (a) Grain and 

bubble-like cavities, (b)EDS mappings demonstrate the generally uniform elemental 

distribution 

 

Figure 3.10.  (a) HRTEM images (insets FFT patterns), (b) experimental SAED 

pattern and (c) simulated SAED pattern along [10-2] and [010] of Cu0.17Pb0.17Bi1.83S3 

(x =0.83) confirming the “disordered” structure. 
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3.3.4. Thermal stability study 

The thermal stability of all samples from CuPbBiS3 (x = 0) to Bi2S3 (x = 1) in the 

temperature range of 300 - 723 K is investigated using the thermal gravimetric analysis 

(TGA) experiment. Figure 3.11 demonstrates a continuous decrease in the mass of 

samples with x values of 0, 0.17, 0.33 and 0.4 as temperature increases, indicating 

partial crystallization throughout the SPS process. In contrast, samples with x values of 

0.5, 0.6, 0.83 and 1exhibit a consistent mass throughout the temperature range. The 

enhanced thermal stability seen in samples with larger vacancy can be attributed to the 

increased Bi content, which leads to a closer to the thermal stability of Bi2S3 (773 K). 

Due to the thermal stability issue, the electrical and thermal properties are carried out up 

to 673 K. 

 

Figure 3.11. Thermal gravimetric analysis (TGA) of CuPbBiS3 (x = 0) 

Cu0.83Pb0.83Bi1.17S3 (x = 0.17), Cu0.67Pb0.67Bi1.33S3 (x = 0.33), Cu0.6Pb0.6Bi1.4S3 (x = 

0.40), Cu0.5Pb0.5Bi1.5S3 (x = 0.50), Cu0.4Pb0.4Bi1.6S3 (x = 0.60), Cu0.17Pb0.17Bi1.83S3 (x = 

0.83) and Bi2S3 (x = 1) show the stability of samples in the temperature range of 330 K 

to 725 K. 
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3.3.4. Band gap study 

The plots shown in Figure 3.12 illustrate the Kubelka−Munk plot of Cu1–x□xPb1–

xBi1+xS3 for the x value of 0 to 1. A small decrease and then increase in band gap can be 

seen with increase of x from CuPbBiS3 top Bi2S3, which denote to the effect of Cu 

vacancy in the electronic band structure as the valence band of the aikinite series is 

mainly contributed by Cu and Bi, described in our previous chapter. Notably, the 

disordered CuPBbi5S9 (x = 0.67) shows experimental band gap 0.89 eV.   

 

Figure 3.12. The Kubelka−Munk plot (a) CuPbBiS3 (x = 0), (b) Cu0.83Pb0.83Bi1.17S3 (x = 

0.17), (c) Cu0.67Pb0.67Bi1.33S3 (x = 0.33), (d) Cu0.6Pb0.6Bi1.4S3 (x = 0.40), (e) 

Cu0.5Pb0.5Bi1.5S3 (x = 0.50), (f) Cu0.4Pb0.4Bi1.6S3 (x = 0.60), (g) Cu0.17Pb0.17Bi1.83S3 (x = 

0.83) and (h) Bi2S3 (x = 1) indicating the band gap.  

The dependence of Cu vacancy on band gap exhibits non-linearity (Figure 3.13) 

which can be attributed to various factors. Firstly, the compositional changes from 

aikinite to bismuthanite along with random occupation of cations have a significant 

effect in the crystal structure which can have an effect on band gap. Furthermore, the 

non-linearity of the band gap phenomena can be influenced by the energy mismatch 
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between the orbitals that constitute the band edges of the alloy.
7
 To further understand 

these changes in the band gap values, theoretical calculations are ongoing.  

 

Figure 3.13. Bandgap of all samples in aikinite series plotted against x value. 

3.3.5. Electrical properties 

The temperature dependence of the electrical resistivity of samples in the Cu1–

x□xPb1–xBi1+xS3 series is presented in Figure 3.14a. All samples in the series, except 

Bi2S3, are highly resistive. For example, x = 0.17 shows electrical resistivity and 

Seebeck coefficient values are 8.3×10
3
 Ω cm and -1057 μV K

-1 
at 346 K, respectively, 

whereas x = 0.83 sample shows values of 3.7×10
3
 Ω cm and -1204 μV K

-1 
at 345 K. It is 

important to note that the electric resistivity of these samples could not be measured at 

RT using the ZEM 3 instrument due to their very high resistivity. Consequently, our 

measurements are conducted by raising the temperature and subsequently measuring the 

electrical transport properties during the cooling. Such a high resistivity of our samples 

is due to low carrier concentration (around 10
12

 to 10
13

) (Table 3.2). On the hand, Bi2S3 

shows relatively low electrical resistivity 200 Ω cm due to high carrier concentration 

(1.1×10
16 

cm
-3

). The overall decrease in electrical resistivity with increasing x is 
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explained by the steady increase of electrical mobility of the samples with vacancy. The 

carrier concentration value decrease from 1.9 ×10
14 

cm
-3 

for CuPbBiS3 to 2.9 ×10
12

 cm
-3

 

for x = 0.5 and followed by increase to 1.11×10
16 

cm
-3

 for Bi2S3. The comparable high 

carrier concentration for x values 0, 0.17  may be due to the presence of impure phase, 

PbS, hence stoichiometric deviation observed for x = 0 and x = 0.17. CuPbBiS3 shows 

hall mobility value of 2.2 cm
2
 V

-1
s

-1
, similar to disordered gladite phase (3.2 cm

2
 V

-1
s

-1
). 

The overall mobility value increases with increasing x value in the system (Table 3.2).  

This phenomenon can be explained by the fact that an increase in the x value leads to a 

decrease in the Pb content in the system, as well as an increase in the ratio of Bi to Pb, 

which results in a reduction of the point defect.  The decrease in point defect causes an 

increase in electrical mobility. A reduction of mobility can be seen for Bi2S3 (3.2 cm
2
 V

-

1
s

-1
) due to the combining effect of lower grain size and relatively high carrier 

concentration. Moreover, all compositions exhibit negative values of the Seebeck 

coefficient (except aikinite) which suggests that electrons are the major charge carriers. 

This n-type conduction is may be due to the presence of sulfur vacancies, similar to 

other systems such as Bi2S3, MnBi4S7, FeBi4S7, and AgBi3S5.
8–11

 The bismuthanite-

aikinite series contain two type of conduction network, corner shared one dimentional 

network of [CuS4]
7−

 tetrahedral and Bi-S network. All the members of the bismuthinite-

aikinite series, Cu1–x□xPb1–xBi1+xS3 except aikinite (x = 0) contain vacant sites in the 

one-dimensional [Cu1‑x□xS3]
(5+x)−

 chain that leads Bi-S network as main conduction 

network making them n-type conduction, as discussed in previous chapter. On the other 

hand, for aikinite, the one-dimensional network of corner-sharing [CuS4]
7−

 tetrahedra 

implicates the electrical conduction making it p-type semiconductor. Aikinite shows 

high electrical resistivity and relatively low Seebeck coefficient value of 3.3×10
3
 Ω cm 

and 407 μV K
-1

 at 363 K, respectively.
 
The increasing trend of Seebeck coefficient 

value from 563 K is due to thermal degradation. Such behavior was not seen in previous 

report by Carnevali et al.
3
 as the addition step of annealing for 48 hours make their 

sample more thermally stable. As the temperature increases, both the electrical 

resistivity and the absolute value of the Seebeck coefficient (|S|) decrease, indicating a 

nondegenerate semiconducting behavior. The temperature dependent Seebeck 

coefficient is shown in Figure 3.14b. The Seebeck coefficient values are also very large 
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in our compounds and significantly higher than those in other Bi-based sulfides. Such a 

large Seebeck coefficient indicates low carrier concentration which is in agreement with 

highly stoichiometry compound, thanks to the synthesis process combining mechanical 

alloying and SPS. 

 

Figure 3.14. Temperature dependent electrical properties, (a) electrical conductivity, 

(b) Seebeck coefficient, and (c) power factor of CuPbBiS3 (x = 0), Cu0.83Pb0.83Bi1.17S3 (x 

= 0.17), Cu0.67Pb0.67Bi1.33S3 (x = 0.33), Cu0.6Pb0.6Bi1.4S3 (x = 0.40), Cu0.5Pb0.5Bi1.5S3 (x = 

0.50), Cu0.4Pb0.4Bi1.6S3 (x = 0.60), Cu0.33Pb0.33Bi1.67S3 (x = 0.67), Cu0.17Pb0.17Bi1.83S3 (x 

= 0.83) and Bi2S3 (x = 1) 

Table 3.2. Carrier concentration and hall mobility of CuPbBiS3 (x = 0), 

Cu0.83Pb0.83Bi1.17S3 (x = 0.17), Cu0.67Pb0.67Bi1.33S3 (x = 0.33), Cu0.6Pb0.6Bi1.4S3 (x = 0.40), 

Cu0.5Pb0.5Bi1.5S3 (x = 0.50), Cu0.4Pb0.4Bi1.6S3 (x = 0.60), Cu0.17Pb0.17Bi1.83S3 (x = 0.83) 

and Bi2S3 (x = 1) 

x 

Carrier 

concentration 

(cm
-3

) 

Hall mobility 

(cm
2
 V

-1
s

-1
) 

0 1.9×10
14

 2.2 

0.17 4.5×10
13

 0.7 

0.33 3.7×10
13

 1.4 

0.40 3.7×10
12

 7.7 

0.50 2.9×10
12

 7.7 

0.60 5.7×10
12

 7.5 

0.83 1.1×10
13

 15.7 

1 1.1×10
16

 3.2 
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Figure 3.14c illustrates the variation of the power factor (PF) with temperature 

within the Cu1–x□xPb1–xBi1+xS3 series. The PF values are notably low for all samples, 

ranging from 0.05 to 0.6 µW cm
-1

 K
-2

 at 673 K primarily attributed to the extremely low 

carrier concentration of these samples. For example, when x = 0, the maximum PF 

reaches 0.05 µW cm
-1

 K
-2

, and this value increases with x. The highest PF achieved in 

our study is for x =1, reaching 0.6 µW cm
-1

 K
-2

, mainly due to the reduction in electrical 

resistivity. In chapter 2, a detailed comparison of electrical transport of this aikinite 

series with other Bi rich sulfides is provided. Among all quaternary system, x = 0.83 

sample shows highest PF value of 0.33 µW cm
-1

 K
-2

 at 673 K. 

3.3.6. Thermal properties 

The temperature dependence of thermal conductivity of the aikinite series are shown 

in Figure 3.15a which displays ultralow thermal conductivity for all samples (except 

Bi2S3). The κL of Bi2S3 (x = 1) decreases with temperature typically like crystalline 

materials. The room temperature κL  is ~ 0.95 W m
-1

 K
-1

 which reduces to ~ 0.58 W m
-1

 

K
-1

  at 673 K. All the other samples from x = 0.17 to 0.83 in the aikinte series exhibit 

very low κL ranging from ~ 0.5 – 0.7 W m
-1

 K
-1

 at room temperature. The exceptionally 

low lattice thermal conductivity due to the presence of very low energy vibrations 

involving Bi, Pb, and Cu, as described in chapter 2 for disordered gladite phase. The 

low κL further decreases with increasing temperature but very slowly (much weaker 

than T
-1

 decay) compared to Bi2S3. For instance, x = 0.17 and x = 0.83 sample show 

thermal conductivity of 0.45 and 0.65 W m
-1

K
-1

 at 300 K that decrease to 0.25 and 0.45 

W m
-1

 K
-1

 at 673 K, respectively (Figure 3.15a). The total thermal conductivity is 

mainly contributed by the lattice contribution as the samples are highly resistive. But a 

steady decrease in thermal conductivity can be seen with the increase of x, which is 

explained by the increasing point defects. As we move from bismuthanite (x = 1) to 

aikinite (x = 0), the Bi content reduce and Cu and Pb content increase that elevates the 

point defects. This point defects help to scatter phonon and decrease the thermal 

conductivity. A sharp decrease in thermal conductivity can be seen in samples with x = 

0, 0.17, 0.33, 0.4 and 0.5 after 623 K which may be due to the sulfur evaporation at high 

temperature. But in case of higher x values (x>0.5), the thermal conductivity does not 
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decrease so sharp which indicates higher thermal stability of those samples at high 

temperature. The enhancement of thermal stability of samples with larger vacancy can 

be attributed to increasing Bi content, as described in the TGA analysis.  

 

Figure 3.15. Temperature dependent (a) total thermal conductivity, (b) thermoelectric 

figure of merit of CuPbBiS3 (x = 0), Cu0.83Pb0.83Bi1.17S3 (x = 0.17), Cu0.67Pb0.67Bi1.33S3 (x 

= 0.33), Cu0.6Pb0.6Bi1.4S3 (x = 0.40), Cu0.5Pb0.5Bi1.5S3 (x = 0.50), Cu0.4Pb0.4Bi1.6S3 (x = 

0.60), Cu0.33Pb0.33Bi1.67S3 (x = 0.67), Cu0.17Pb0.17Bi1.83S3 (x = 0.83) and Bi2S3 (x = 1) 

 

The temperature dependence of the figure of merit (ZT) of Cu1–x□xPb1–xBi1+xS3 

series is displayed in Figure 3.15b. A maximum ZT value of around 0.07 is obtained at 

673 K for Bi2S3 sample which is the highest among Cu deficient Cu1–x□xPb1–xBi1+xS3 

series. Note that the pristine disordered galdite (x = 0.67) shows ZT value of 0.04 at 673 

K. The upward trend observed in ZT with increasing x value content can be attributed to 

the enhancement of power factor (PF). Moreover, the rising vacancy content increases 

the Bi/Pb ratio in samples which leads to a reduction in point defects. This reduction in 

point defect positively impacts the hall mobility and decreases the electrical resistivity. 

Ultimately, these improvements contribute to the enhancement of the ZT value. The 

enhancement of carrier concentration in x = 0.83 sample has the potential to further 

increase the figure of merit value. However, considering that the carrier optimization 
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conducted on disordered gladite (x = 0.67) only enhanced the ZT value to 0.4 at 700 K 

for CuPbBi5S8.97Cl0.03, it is unlikely that the increase in carrier optimization in the other 

members of the series will yield significant improvements in the ZT value. 

3.4. Conclusion 

In summary, this chapter describes the synthesis of a range of compounds within 

the Cu-deficient aikinite-type sulfide family denoted as Cu1–x□xPb1–xBi1+xS3, using a 

combination of mechanical alloying and Spark Plasma Sintering (SPS) techniques. The 

analysis conducted through X-ray powder diffraction and TEM reveals a disordered 

distribution of copper and vacancies within the cationic sites, similar to the disordered 

gladite phase, as discussed in Chapter 2. Specifically, our research demonstrates that the 

exceptionally low lattice thermal conductivity observed in these compounds is intrinsic. 

Sample from this series exhibits notably high electrical resistivity and low carrier 

concentration showing intrinsic semiconducting behavior. However, the low carrier 

concentration renders these materials less suitable for thermoelectric applications. 

Importantly, those results demonstrate that the Bi/Pb mixed occupancy within the Bi2S3 

layers governs the electrical mobility of these series of compounds. The mixed 

occupancy affect the thermal transport with large lattice thermal conductivity value 

obtained in the sample with less amount of Pb. The doping strategies on x = 0.83 should 

be an option to improve the efficiency. However, it is unlikely that the carrier 

concentration optimization would yield significant improvements in the ZT value. 
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4.1. Introduction 

The quaternary sulfides based on Cu-Pb-Bi-S have been investigated in the previous 

two chapters (chapters 2 and 3).  In chapter 2, a novel Cu-deficient aikinite-type sulfide 

has been synthesized; the structure differs from the previously reported ordered 

structure by the random distribution of copper and vacancies on the cationic sites. It is 

noteworthy to mention that the disordered gladite phase is a representative example of a 

vast group of closely related sulfides denoted as (Cu1-x x)Pb1-xBi1+xS3 (x = 0 - 1). 

Furthermore, the chemical doping technique has been used to optimize the carrier 

concentration and a moderate figure of merit value was achieved. In Chapter 2, we 

carried out an optimization study on the vacancy within the copper-deficient aikinite 

series. The results suggest that increasing vacancy leads to being free of the Bi2S3 

channel, leading to a subsequent reduction in electrical resistivity and an increase in the 

figure of merit. 

In this chapter, the proposed approach involves the synthesis and development of 

crystalline materials that possess a highly conductive electronic network, while also 

exhibiting structural characteristics that promote effective phonon scattering.
1–19

 In this 

respect, p-type copper-rich sulfides offer an attractive field for investigation. Many of 

these materials demonstrate promising thermoelectric properties and can be 

characterized as intrinsic degenerate semiconductors with conduction resembling that of 

metals. This aligns with the principle of "Cu(I)-Cu(II)" copper mixed valency,
20

 which 

serves as the foundation for hole doping in thermoelectric copper-based sulfides. P-type 

metallic conductivity is a result of charge delocalization attributed to the redox couple 

Cu
2+

/Cu
+
. The previous phenomenon is demonstrated by two families of materials, 

tetrahedrites Cu12-xTxSb4S13 (T = Ni, Zn)
17,21–23

 and colusites Cu26T2M6S32 (T = Ti, V, 

Cr, Nb, Mo, Ta, W; M = Ge, Sn, Sb) 
24–28

. These materials have garnered attention due 

to their exceptional thermoelectric (TE) performances, with a thermoelectric figure of 

merit (ZT) ~ 1 at 700 K. This is attributed to intrinsic degenerate semiconducting 

behavior and their intricate crystal structures, which result in significantly low thermal 

conductivity. However, the origin of the low thermal conductivity is very different in 

these two families. In colusites, the heat transport is mainly governed by the intrinsic 
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structural complexity, which arises from the large sphalerite-derivative unit cells in 

which [AS4]Cu6 tetrahedral-octahedral complexes are present and functionalize the “Cu-

S” conductive network.
24–26,28–30

 Order/disorder phenomena are also known to enhance 

substantially phonon scattering, while keeping high power factors.
26,31,32

 Differently, in 

tetrahedrites, copper exhibits two different types of coordination, tetrahedral and 

triangular, and low lattice thermal conductivity was shown to originate from high 

anisotropic atomic vibrations of copper in triangular coordination.
21,33–35

 

The recent synthesis of the copper rich sulfide wittichenite Cu3BiS3 with low lattice 

thermal conductivity,
36,37

 which was previously studied as thin films for optoelectronic 

applications,
38–40

 appears as a very interesting route for the investigation of the various 

parameters governing the electronic and thermal conductivity of these materials. The 

authors observed p-type conductivity and emphasize its potential for thermoelectric 

applications. Unfortunately, they obtained a very poor figure of merit (ZT ~ 0.04 at 460 

K).
36

 This sulfide shows a great similarity with tetrahedrite because of the lone pair 

cation Bi
3+

 (instead of Sb
3+

) and exhibits also a three fold coordination of copper
41

 

which may lead to large atomic displacements, as observed in tetrahedrite.
17,21,34,42

 The 

fact that the coordination of copper in this sulfide is exclusively triangular is important 

and marks a difference from the tetrahedrites, where copper exhibits two kinds of 

coordination (triangular and tetrahedral). By investigation, we wanted to provide a 

better understanding of the relationships between structure and properties in the copper 

rich sulfide wittichenite. Based on these observations, we have, in fact, revisited the 

synthesis and properties of Cu3BiS3. Bearing in mind that the synthesis at high 

temperature
36

 is difficult to optimize and may lead to deviation from stoichiometry and 

that the solution-based methods
61

 need expensive and environment unfriendly solvent, 

we have synthesized this material by mechanical alloying combined by spark plasma 

sintering. 

The present investigation on Cu3BiS3 clearly establishes that the threefold 

coordination of copper, or more exactly its strong anisotropic vibration, has a key role 

on the two antagonist factors, electrical and thermal conductivity, which govern the 

thermoelectric properties of the Cu-rich sulfides. We observe that all attempts to 
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introduce hole carriers on the copper lattice by doping the Bi sites with divalent cations 

or by introducing vacancies on the copper sites are hindered due to the strong rattling of 

copper. In contrast, by comparing with the tetrahedrite (Cu12Sb4S13) and chalcocite 

(Cu2S), we demonstrate that the anisotropic vibration of copper in the three-fold 

coordination is the driving force for the appearance of ultra-low thermal conductivity in 

this sulfide. We also suggest that the Bi
3+

 cation, due to its 6s
2
 electronic lone pair (LP) 

which forms a weak LP-Cu bond with the nearest Cu
+
 cation, influences its large 

maximum displacement with respect to the “S3” plane. 

4.2. Methods 

4.2.1. Reagent 

High-purity copper powder (Cu, Alfa Aesar, >99.99%), bismuth powder (Bi, 

Alfa Aesar, >99.5%), and sulfur powder (S, Alfa Aesar, >99.99%) were used as 

precursors without further purification.  

4.2.2. Synthesis 

Pristine Cu3BiS3 was synthesized by milling stoichiometric amounts of Cu, Bi, 

and S powders (3:1:3 ratio, total amount of 6 g) in WC jars of 45 mL (14 WC balls of 

10 mm) for 6 h (12 cycles of 30 min with 1 min pause) under an argon atmosphere. The 

X-ray powder diffraction (XRPD) patterns of mechanochemical alloyed powders after 

30 mins, 1 hr, 3 hrs, and 6 hrs are presented in Figure 4.1a. The diffraction patterns are 

equivalent and correspond to the Cu3BiS3 phase (𝑃212121, a = 7.723 Å, b = 10.395 Å, 

and c = 6.716 Å)
41

 indicating that the formation of the phase is fast since it is almost 

completed after 30 mins.  
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Figure 4.1. (a) XRPD patterns of ball-milled powders for different ball-milling 

times. (b) XRPD patterns after 6 hrs ball milling and after SPS. 

 

The broadness of the diffraction peaks, inherent to the synthesis method,
8,43

 is 

related to low crystallinity and/or small crystallite size of the powder samples similar as 

the aikinite series samples. Powders were then placed in graphite dies of 10 mm 

diameter and densified by spark plasma sintering (SPS) at 593 K for 30 mins under a 

pressure of 64 MPa with heating and cooling rates of 50 and 20 K min
−1

, respectively. 

This produced 10 mm diameter pellets, c. a. 9 mm thickness, with geometrical densities 

greater than 95% of the theoretical value. The XRPD pattern after SPS reveals only 

microstructural evolution of the sample evidenced by the much sharper diffraction 

peaks after ball-milling, indicating crystallite growth and improvement of crystallinity 

(Figure 4.1b). 
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4.3. Results and Discussion 

4.3.1. Crystal structure study 

The X-ray powder diffraction (XRPD) pattern of pristine Cu3BiS3 after SPS 

recorded at RT, is indexed with an orthorhombic unit cell of space group 𝑃212121 

exhibiting refined unit cell parameters a = 7.6642(2) Å, b = 10.4202(3) Å, and c = 

6.7044(2) Å. High quality Rietveld refinement (Figure 4.2) is obtained by considering 

the structural model of wittichenite, Cu3BiS3, published by Kocman and Nuffield,
41

 

where Cu, Bi and S atoms are located on three, one and three different 4𝑎 sites of 

general multiplicity, respectively. Moreover, the absence of non-indexed diffraction 

peaks suggests the formation of high purity Cu3BiS3 sample after SPS. The refined cell 

parameters and atomic coordinates of pristine sample are given in Table 4.1. 

 

Figure 4.2. Rietveld refinement of the PXRD data recorded at RT for Cu3BiS3 

sample (λ = 1.5406 Å). 
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Table 4.1. Refined Cell Parameters and Atomic Coordinates of Spark Plasma Sintered 

Pristine Cu3BiS3 (P212121). 

 

atom site x y z Biso (Å
2
) SOF 

Bi(1) 4a 0.1953(1) -0.2434(2) 0.1281(1) 0.43(4) 1.00 

Cu(1) 4a 0.3477(6) 0.4007(4) 0.1298(8) 1.86(14) 1.00 

Cu(2) 4a 0.1897(6) 0.1062(5) 0.0810(8) 3.99(16) 1.00 

Cu(3) 4a 0.0568(6) 0.4646(4) -0.0307(8) 1.04(14) 1.00 

S(1) 4a -0.4474(8) 0.2518(13) 0.1094(12) 1.01(16) 1.00 

S(2) 4a 0.3215(12) 0.4379(9) 0.4119(15) 1.01(22) 1.00 

S(3) 4a 0.3145(11) 0.0732(10) 0.4118(19) 1.71(32) 1.00 

a = 7.6642(2) Å, b = 10.4202(3) Å, c = 6.7044(2) Å 

RBragg = 3.96, RF = 2.15, Rwp = 10.2, Rexp = 11.95, χ
2
 = 0.72 

In Cu3BiS3, Bi atom is three-fold coordinated by S (CN = 3, Figure 4.2c). Bi-S 

distances ranging from 2.567 Å to 2.614 Å and S-Bi-S angles from 95.44° to 96.62°, 

lead to an average Bi-S distance (𝑑𝐵𝑖−𝑆
̅̅ ̅̅ ̅̅ ̅) of 2.584 Å and an average S-Bi-S angle 

(𝛼𝑆−𝐵𝑖−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) of 96.00°. These values are in fair agreement with those encountered in 

CuBiS2 (Table 4.2), a ternary Cu-based sulfide involving Bi
3+

 with a similar 

environment of sulfur,
44

 and indicate that the local environment of Bi atoms is 

intermediate between triangular and tetrahedral coordination. Note that Kocman and 

Nuffield
41

 reported an electron density excess in the proximity of the Bi atoms, which is 

most probably related to the LP of Bi
3+

. Hence, in wittichenite, the coordination 

environment of Bi atom should be viewed as a strongly distorted tetrahedron BiS3LP 

where one apex is occupied by the 6s
2
 electronic lone pair of Bi

3+
. This structural 

feature is encountered in other ternary Cu-based sulfides involving a group VA element 

with a lone pair of electrons (i.e. As
3+

, Sb
3+

, Bi
3+

), and for which the Cu/M ratio is equal 

or superior to 1, like sinnerite Cu6As4S9,
45

 tennantite Cu12As4S13,
46,47

 tetrahedrite 

Cu12Sb4S13,
34,42

 skinnerite Cu3SbS3,
48,49

 chalcostibite CuSbS2,
50,51

 and emplectite 

CuBiS2
44

 (Table 4.2). Moreover, in Cu3BiS3, all Cu atoms are in nearly trigonal planar 
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coordination with S (CN = 3, Figure 4.2a, b), characterized by Cu-S distances ranging 

from 2.211 to 2.330 Å and S-Cu-S angles ranging from 109.97 to 132.85°. This leads to 

average Cu-S distance (𝑑𝐶𝑢−𝑆
̅̅ ̅̅ ̅̅ ̅̅ ) of 2.274 Å and  an average S-Cu-S angle (𝛼𝑆−𝐶𝑢−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) of 

119.64°, equivalent to those found for the Cu atoms in triangular coordination of sulfur 

in Cu4Bi4S9 (Table 4.2), another ternary Cu-based sulfide involving Bi
3+

 cations.
52,53

 

Such type of Cu triangular planar coordination can also be seen in few ternary Cu-based 

sulfides involving a group VA element with a LP, and Cu/M ratio ≥ 1, like tennantite 

(Cu12As4S13),
46,47

 tetrahedrite (Cu12Sb4S13)
34,42

 and skinnerite (Cu3SbS3),
48,49

 (Table 

4.2). Some of these phases exhibit intrinsically low lattice thermal conductivity due to 

LPs associated to elements of the group VA and to a large anisotropic thermal 

displacement of Cu atoms.
49,52,54–56

 (See discussion on the thermal properties in the last 

paragraph). 

 

Figure 4.2. (a) Orthorhombic crystal structure of Cu3BiS3 (space group – 𝑃212121), 

(b) triangular planar environment of Cu atoms and (c) pyramidal coordination 

environment of Bi atoms. 
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Table 4.2. Main interatomic distances (Å) and angles (°) encountered in ternary Cu-

M-S compounds where M is a group VA chalcogenide with a lone pair of electrons. 

Compound 
Mineral 

name 

T 

(K) 

Space 

group 

CN 

(Cu) 
〈𝒅𝑪𝒖−𝑺〉 𝒅𝑪𝒖−𝑺

̅̅ ̅̅ ̅̅ ̅̅  〈𝜶𝑺−𝑪𝒖−𝑺〉 𝜶𝑺−𝑪𝒖−𝑺̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 
CN 

(M) 
〈𝒅𝑴−𝑺〉 𝒅𝑴−𝑺

̅̅ ̅̅ ̅̅ ̅ 〈𝜶𝑺−𝑴−𝑺〉 𝜶𝑺−𝑴−𝑺̅̅ ̅̅ ̅̅ ̅̅ ̅̅  Ref. 

Cu6As4S9 sinnerite 293 𝑃1 4 2.110-2.542 2.304 98.57-122.62 109.39 3 2.138-2.542 2.289 98.13-113.15 105.42 45 

Cu12As4S13 tennantite 293 𝐼4̅3𝑚 
3 

4 

2.256-2.297 

2.284 

2.270 

2.284 

102.69-128.65 

109.11-110.19 

120.00 

109.47 
3 2.215 2.215 103.57 103.57 46 

Cu12Sb4S13 tetrahedrite 293 𝐼4̅3𝑚 
3 

4 

2.234-2.272 

2.342 

2.259, 

2.342 

96.31-131.85, 

106.53-110.96 

120.00, 

109.48 
3 2.446 2.446 95.132 95.132 42 

Cu12Sb4S13 tetrahedrite 20 𝑃4̅𝑐2 
3 

4 

2.179-2.443 

2.278-2.333 

2.265, 

2.313 

91.15-152.95, 

96.49-116.49 

119.92, 

109.47 
3 2.410-2.470 2.447 95.48-100.73 97.03 34 

Cu3SbS3 skinnerite 298 𝑃 21 𝑐⁄  3 2.239-2.359 2.282 109.48-131.10 119.65 3 2.446-2.478 2.465 96.97-100.77 98.33 48 

Cu3SbS3 skinnerite 228 𝑃212121 3 2.200-2.363 2.296 110.36-133.39 119.66 3 2.452-2.498 2.467 96.28-99.61 97.79 49 

CuSbS2 chalcostibite 293 𝑃𝑛𝑚𝑎 4 2.272-2.316 2.305 105.41-110.90 109.46 3 2.449-2.590 2.543 94.29-95.14 94.86 51 

CuBiS2 emplectite 293 𝑃𝑛𝑚𝑎 4 2.304-2.343 2.327 107.28-113.52 109.44 3 2.537-2.653 2.614 95.24-96.56 96.12 
44 

Cu4Bi4S9 - 293 𝑃𝑛𝑚𝑎 
3 

4 

2.228-2.337 

2.233-2.403 

2.277, 

2.357 

112.04-122.30, 

100.07-126.44 

117.28, 

109.37 

5, 6, 

7 

2.599-3.067, 

2.694-3.050, 

2.631-3.148 

2.811, 

2.857, 

2.949 

80.21-94.16, 

80.72-98.40, 

64.11-140.97 

87.51, 

90.01, 

95.13 

52 

Cu3BiS3 wittichenite 293 𝑃212121 3 2.211-2.330 2.274 109.97-132.85 119.64 3 2.567-2.614 2.584 95.44-96.62 96.00 
This 

work 

In order to broaden our scope into the crystal structure analysis of Cu3BiS3, 

precession-assisted electron diffraction tomography (PEDT) measurements have been 

performed on several specimens, which present good reproducibility. The structural 

data determined from one PEDT measurement are reported in Table 4.3 and Table 4.4, 

and the corresponding bond distances and bond angles are gathered in Table 4.5.  

 

Table 4.3. Anisotropic displacement parameters (Å
2
) of atoms in Cu3BiS3 from PEDT 

 

Atom U11 U22 U33 U12 U13 U23 

Bi(1) 0.02114 0.02127 0.02889 -0.00134 0.00336 -0.00375 

Cu(1) 0.04407 0.03862 0.02158 0.01619 0.00390 -0.00331 

Cu(2) 0.08758 0.03627 0.03811 0.02633 -0.00085 0.00881 

Cu(3) 0.02303 0.02282 0.05243 -0.00489 0.01052 -0.00143 

S(1) 0.01708 0.00874 0.02282 0.00264 -0.00166 -0.00271 

S(2) 0.01892 0.01153 0.01425 -0.00431 0.00658 -0.00230 

S(3) 0.02053 0.01935 0.00513 -0.00346 -0.00396 -0.00069 



157                                                                                                                               Chapter 4 

Table 4.4. Room temperature structural data of Cu3BiS3 from PEDT 

Cu3BiS3 
𝑃212121, 𝑎 = 7.6862 Å, 𝑏 = 10.3998 Å, 𝑐 = 6.7317 Å, 𝑉 =

538.098 Å3 

Atom x y z U(Å
2
) 

Bi(1) 0.19762 -0.24516 0.12798 0.024 

Cu(1) 0.34789 0.40105 0.14037 0.035 

Cu(2) 0.19287 0.10504 0.07632 0.054 

Cu(3) 0.05761 0.46417 -0.02441 0.033 

S(1) -0.44536 0.24979 0.10712 0.016 

S(2) -0.31984 0.43813 -0.41179 0.015 

S(3) -0.32082 0.06980 -0.41442 0.015 

 

These results confirm the structural model published by Kocman and Nuffield
41

 and 

are in excellent agreement with the bond distances and bond angles determined from 

Rietveld refinement of the XRPD pattern. Moreover these PEDT results evidence 

unambiguously large anisotropic displacement parameters for all Cu atoms, especially 

for Cu(2), as illustrated in Figure 4.3. 

 

Table 4.5. Bond distances and bond angles in Cu3BiS3 (structural data from PEDT) 

 Distance (Å)  Angle (°) 

Bi(1)-S(2) 2.5756 S(2)-Bi(1)-S(3) 95.93 

Bi(1)-S(3) 2.5820 S(1)-Bi(1)-S(3) 95.62 

Bi(1)-S(1) 2.6093 S(1)-Bi(1)-S(2) 97.75 

𝑑𝐵𝑖−𝑆
̅̅ ̅̅ ̅̅ ̅ 2.5890 𝛼𝑆−𝐵𝑖−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅  96.43 

Cu(1)-S(1) 2.2472 S(3)-Cu(1)-S(3) 112.20 

Cu(1)-S(3) 2.2753 S(1)-Cu(1)-S(3) 121.67 

Cu(1)-S(3) 2.3317 S(1)-Cu(1)-S(3) 125.22 

𝑑𝐶𝑢(1)−𝑆
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 2.2847 𝛼𝑆−𝐶𝑢(1)−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 119.70 

Cu(2)-S(1) 2.2210 S(2)-Cu(2)-S(2) 110.25 

Cu(2)-S(2) 2.2786 S(1)-Cu(2)-S(2) 116.90 

Cu(2)-S(2) 2.3046 S(1)-Cu(2)-S(2) 131.07 

𝑑𝐶𝑢(2)−𝑆
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 2.2681 𝛼𝑆−𝐶𝑢(2)−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 119.41 

Cu(3)-S(2) 2.2241 S(1)-Cu(3)-S(3) 114.93 
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Cu(3)-S(1) 2.2939 S(1)-Cu(3)-S(2) 121.18 

Cu(3)-S(3) 2.3387 S(2)-Cu(3)-S(3) 123.80 

𝑑𝐶𝑢(3)−𝑆
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 2.2856 𝛼𝑆−𝐶𝑢(3)−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 119.97 

 

It is important to analyze the structural behavior of copper and bismuth separately 

for properly characterizing the relationships between the structure and the 

electrical/thermal properties of this sulfide. This sulfide exhibits a [Cu3S3] three-

dimensional framework built up of corner-sharing triangular CuS3 groups (Figure 4.4). 

Two copper atoms (labelled Cu(1) and Cu(2)) form infinite corrugated layers (Figure 

4.4a) of corner-sharing CuS3 groups parallel to (010). In those layers, each S atom is 

shared between two Cu
+ 

cations. The Cu(1)/Cu(2) layers are interleaved with Bi
3+

 layers 

whose 6s
2
 LP is probably alternately up and down oriented. Note that each copper 

cation belonging to these layers is sandwiched between two bismuth cations of the two 

adjacent bismuth layers, forming interatomic Bi···Cu···Bi distances of about 3.8 Å. 

Bearing in mind that the 6s
2
 Bi

3+
 lone pair (LP) may behave as an anion, the existence 

of LP
-δ

···Cu
+
···LP

-δ
 interactions with distances of about 2.7 Å is most probable. Thus, 

this geometry explains the anisotropic rattling of the copper cations along the direction 

perpendicular to the S3 plane inside a LPS3LP cage, like to a strongly distorted trigonal 

bipyramid. The third copper atom, labeled Cu(3) ensures the connection between two 

copper layers, sharing two of its apices with a same layer and the third one with the next 

layer (Figure 4.4b).   
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Figure 4.3. Crystal structure representations of Cu3BiS3 highlighting the large 

anisotropic displacements of Cu atoms in (a) the unit cell, (b) the polyhedron 

connection around the S(1) atom, and (c) the triangular configuration of Cu atoms and 

tetrahedral BiS3LP configuration of Bi atom. Displacement ellipsoids are shown at the 

90% probability level. 

Note that these triangular CuS3 groups are isolated one from the others. As already 

discussed, the bismuth cations are three-fold coordinated to sulfur, forming a 

tetrahedron BiS3LP with their 6s
2
 LP, and they are isolated one from the other atoms in 

the structure. Finally, it is worth pointing out that the crystal structure consists of 

infinite Cu3BiS3 chains parallel to [001] which are linked by Cu-S bonds to form 

continuous sheets normal to [010], as previously described by Kocman and Nuffield.
41

 

The short distances, ranging from 2.610 and 2.743 Å, connect Cu(1) and Cu(3) atoms, 

making infinite chains along the c direction. Cu(2) atoms are further away from other 

Cu atoms; the shortest Cu(2)-Cu contact is equal to ca. 3 Å. 
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Figure 4.4. Three-dimensional “Cu3S3” framework of Cu3BiS3: (a) Infinite 

corrugated layers of corner-sharing three-fold coordinated copper Cu(1) and Cu(2) 

parallel to (010) (red coloured triangles) interleaved with bismuth layers (blue coloured 

atoms), (b) Introduction of the three-fold Cu(3) (green coloured triangles) to form the 

3D “Cu3S3” framework. 

4.3.2. Microstructure study 

Scanning electron microscopy (SEM) images of a fractured surface indicate a 

non-uniform grain size and fine microstructure (as shown in Figure 4.5a and 4.5b). 

Observations on polished surfaces (Figure 4.5c and 4.5d) confirms a good sample 

homogeneity and the presence of few secondary phase particles (CuS or Cu2-S, as 

shown in round red circle), which can be observed both in the fractured and polished 

surface (Figure 4.5b and 4.5d).  
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Figure 4.5. Back scattered SEM images of pristine Cu3BiS3, (a, b) show the small 

grain from crust sample after SPS. (c, d) show bubble like cavity and very little impurity 

(probably Cu2S found in TEM analysis, covered with red circle) 

Notably, this secondary phase was not detected by XRPD despite the high quality 

(i.e. large signal to noise ratio) of the data. Note that bubble-like nano cavities are 

observed in the SEM images and can be attributed to incomplete sintering and/or sulfur 

evaporation during SPS process. In general, this phenomenon can be found in sulfide-

based materials like in aikinite-type compounds.
8
 

The structural, microstructural, and chemical analyses of the pristine Cu3BiS3 

sample were also performed by TEM. As shown in Figure 4.6a from low-magnification 

TEM image, pristine Cu3BiS3 sample exhibits quite small and isotropic grains with 

typical sizes ranging between few tens of nanometres to 200 nm. Such small grain size 

is typically observed in samples prepared by mechanical-alloying followed by SPS 

treatment.
8,43

 High resolution TEM (HRTEM) images obtained along two different 
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directions through tilting series on the same grain are depicted in Figure 4.6c and 4.6d. 

These two HRTEM images, and related diffraction patterns (insets) can be assigned 

respectively to the [111] and [2̅51̅] zone axes of the orthorhombic Cu3BiS3 phase, 

which further confirm the above structural results. EDX mapping shows large zones 

with homogenous distribution of Cu, Bi, and S atoms (Figure 4.6b). 

 

 

 

Figure 4.6. TEM characterizations of Cu3BiS3 FIB-lamella. (a) low-magnification TEM 

image, (b) EDX mapping of Cu3BiS3, (c, d) HRTEM images of Cu3BiS3 crystallites 

4.3.3. Thermal stability study 

Regarding the stability of this compound, a previous article by Makovicky
57

 has 

highlighted that Cu3BiS3 phase exhibits a phase transition from RT orthorhombic 

(𝑃212121) structure to intermediate modulated (𝑃𝑛21𝑎 or 𝑃𝑛𝑚𝑎) structure at 391.5 K, 
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above 464 K, the high temperature unmodulated polymorph (𝑃𝑛𝑚𝑎) is formed. Lately, 

high temperature in situ XRPD has showed that the phase transition from low 

temperature 𝑃212121 polymorph to high temperature polymorph occurs between 373 K 

to 395 K.
37

 We have then measured the evolution of Cp within the temperature range of 

350 K to 573 K (Figure 4.7a). These data revealed an abrupt change in Cp at around 

373 K which can be attributed to phase transition from the RT to HT polymorph. Above 

450 K, this HT polymorph phase is stabilized which is further confirmed by the 

differential scanning calorimetry (DSC) study (Figure 4.7b). The change of slope 

observed in the electrical resistivity and Seebeck coefficient around 375 K can then be 

attributed to this structural transition. The satellite peaks in between 373 K to 450 K 

represent the intermediate phase(s) reported by Mizota et al.
58

 To check the thermal 

stability of our sample, we have performed thermogravimetric analysis (TGA), showing 

that the compound starts to decompose above 580 K (Figure 4.7b). The cycling 

measurements of TE properties presented later (Figure 4.11) indicate the stability up to 

563 K. 

 

Figure 4.7. (a) Cp versus T plot for Cu3BiS3, (b) Thermogravimetric analysis (TGA) 

and Differential scanning calorimetry (DSC) of Cu3BiS3. 
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4.3.4. Electrical properties 

The temperature dependence of the electrical resistivity (ρ) is shown in Figure 4.8a. 

The ρ(T) curve follows a non-degenerate semiconducting behavior with values 

decreasing from 130 Ω cm at 300 K to 0.36 Ω cm at 563 K. In the previous studies on 

Cu3BiS3, Wei et al. reported a comparable value of 140 Ω cm at RT while Adeyemi et 

al. measured an electrical resistivity value of 17.2 Ω cm at 318 K, i.e. one order of 

magnitude lower than our value.
36,37

 The high electrical resistivity in our sample is 

consistent with its high Seebeck coefficient of 800 µV K
-1 

at RT (Figure 4.8b) and 

relatively low carrier concentration of 1.7×10
16

 cm
-3

. Those values attest of the high 

purity and stoichiometry of our compound thanks to the synthesis approach which 

combines mechanical-alloying followed by SPS, preventing from heavy sulfur loss and 

stoichiometric deviation.
8
 Note that the phase formation of Cu3BiS3 is extremely fast 

(less than 30 min) during mechanical-alloying (as described in the experimental 

section), and the subsequent SPS treatment allows to quickly complete the reaction and 

crystallization at relatively low sintering temperature.  

 

Figure 4.8. Temperature dependence from 300 K up to 563 K of (a) electrical 

resistivity, (b) Seebeck coefficient, (c) power factor, and (d) figure of merit (ZT) in 

pristine Cu3BiS3. 

All attempts to hole dope Cu3BiS3 in the present sulfide using different dopants and 

synthesis techniques were proved fruitless although the structure of Cu3BiS3, built up of 
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a 3D framework of interconnected CuS3 triangles should favor an overlapping of the 

copper and sulfur orbitals and consequently hole delocalization. In order to clarify this 

point, DOS and COHP for main contacts were computed for Cu3BiS3; corresponding 

curves are sketched in Figures 4.9 and Figure 4.10a. Summing COHP values up to the 

Fermi level gives access to the contribution of a chemical bond to the distribution of 

one-particle energies and indicates the total bond strength. Those values are equal to -

4.01 eV, -2.99 eV and -1.49 eV for Cu-S, Bi-S and Cu-Cu contacts, respectively, 

showing that a metal-metal bonding is significant between copper atoms in this 

structure. The width of the band gap computed at the PBE level is equal to 0.8 eV which 

is slightly less than the experimental band gap (~ 1.1 eV) (Figure 4.10a, b). The bottom 

of the conduction band is dominated by Bi atoms and shows significant Bi-S and Cu-S 

antibonding character. The top of the valence band is mainly centered on copper atoms 

and exhibit an antibonding Cu-S character. It is noteworthy to mention that these bands 

located at the top of the valence band are overall Bi-S and Cu-Cu nonbonding. Analysis 

of the electronic charge distribution and electron localization function (ELF) (Figure 

4.10c) reveal the presence of directional covalent bonds between Bi
3+

 and S
2−

, as well as 

that of a LP on the Bi
3+

 cations. Cu
+
 shows a very weak electrostatic interaction with the 

environment, which support its high rattling behavior.  

Owing to these calculations and assuming a rigid band model, oxidation and/or p-

doping of the title compound should strengthen the bonding in this structure. The 

electronic structures of several hypothetical compounds of general formula 

Cu3Bi2.75M0.25S3 (M = Ca, Cd, Pb, Sn, Sr) have been studied; DOS are given in the 

Supporting Information section. Those results confirm the rigid band model, i. e. the 

band structure is hardly affected by this doping, suggesting that such doping may not 

enhance the thermopower of this structure. Such a hole blockade was also observed for 

monoclinic Cu2S chalcocite whose 3D Cu-S framework is built of corner-sharing CuS3 

groups exclusively.
59,60

 In the same way, the monoclinic or orthorhombic forms of the 

skinnerite (Cu3SbS3) which involve interconnected CuS3 groups were found to exhibit a 

high resistivity and no possibility of doping was reported for these compounds.
49,55
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Figure 4.9. COHP computed for Cu-S, Cu-Cu and Bi-S contacts in Cu3BiS3. 

  

This hole blockade most probably originates from the strong rattling of the copper 

cations with respect to their three S neighbors, leading to large displacements of Cu
+
, up 

to 0.9 Å from the center of the “S3” plane. Consequently, the overlapping of the Cu and 

S orbitals is significantly weakened, hindering hole carriers exchange between two 

CuS3 groups. This hypothesis is supported by the fact that the replacement of CuS3 

groups in the chalcocite by CuS4 tetrahedra leading to the digenite Cu1.96S structure 

induces the formation of high carrier concentrations.
61

 In a similar way, the metastable 

cubic form of Cu3SbS3 consisting of interconnected CuS4 tetrahedra can also exhibit 

high carrier concentration of 10
20

 cm
-3

 by doping, in agreement with the fact that the 

majority of copper is in tetrahedral coordination and does not exhibit any abnormally 

high anisotropic vibration. In a more general way, we can affirm that all the Cu-rich 

sulfides which exhibit a pure tetrahedral copper framework (i.e. group A phases with 

Cu/M ≥ 1 from copper-based sulfides classification
62

 are p-type conductors and can 

exhibit high hole carrier concentration by doping, as previously shown for Cu5Sn2S7,
63

 

Cu22Sn10S32,
64

 Cu3SbS4,
65

 Cu2SnS3
66

  and Cu2(Fe,Zn)SnS4
67,68

. In other words, these 

results strongly suggest that the three-fold coordination of copper is detrimental to the 

generation and delocalization of hole carriers in the Cu-rich sulfides, hindering the 

possibility to induce the mixed valency Cu
+
/Cu

2+
.  
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Figure 4.10. (a) Electronic bands structure (left panel) and atom-projected electron 

density of states (right panel) of Cu3BiS3. Spin−orbit coupling has been included in the 

calculation. Hubbard U corrections are included. The top of the valence band is set to 0 

eV. (b) Kubelka−Munk plot of Cu3BiS3 indicates the band gap around 1.1 eV  (c) 

Contour of the ELF (left panel) and electron charge density (right panel) on the (010) 

(top) and (001) (bottom) planes. Values for the ELF range between 0 and 1: ELF = 0.5 

(blue contour) indicates free electron behavior, and ELF = 1.0 (red contour) indicates 

perfect localization. Values smaller than 0.5 are less significant and usually point to 

small local electron densities. The scale bar for the electron charge density plot goes 

from 8.79 × 10−4 (blue contour) to 6.61 × 10−1 (red contour). 
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The temperature dependence of the power factor is displayed in Figure 4.8c. The 

maximum value is relatively low, i.e. around 0.45 μW cm
-1 

K
-2

 at 563K, which is due to 

the high electrical resistivity and low carrier concentration. This value is comparable to 

the ones reported in some non-degenerate semiconductors like Cu3SbS4 (∼1.26 μW 

cm
−1

 K
−2

 at 623 K),
65

 Cu2SnS3 (0.2 μW cm
−1

 K
−2

, 700 K),
66

 but remain much lower than 

those of degenerate semiconductors Cu22Sn10S32, (9.5 μW cm
−1

 K
−2

 at 700 K),
64

 

Cu5Sn2S7 (∼ 9.4  μW cm
−1

 K
−2 

at 700 K),
63

 colusite Cu26V2Sn6S32 (7.0 μW cm
−1

 K
−2

 at 

675 K)
27

 and tetrahedrite Cu12Sb4S13 (∼11.9 μW cm
−1

 K
−2

 at 725 K),
69

 due to their 

lower electrical resistivity (higher carrier concentration). Finally, the reversibility of the 

electrical properties (electrical resistivity and Seebeck coefficient) of pristine Cu3BiS3 

with temperature up to 563 K (five cycles from 345 K to 512 K + five cycles from 345 

K to 563 K) indicates the thermal stability of the sample on the temperature range of 

measurement (Figure 4.11). 

 

Figure 4.11. Cycling measurements of the electrical resistivity (a), and Seebeck 

coefficient (b), and power factor (c) of pristine Cu3BiS3. 5 cycles from 345 K to 512 K + 

5 cycles from 345 K to 563 K. 

4.3.5. Thermal Properties 

The pristine phase Cu3BiS3 has an extremely low lattice total thermal conductivity 

(the electronic contribution being negligible) of 0.43 W m
-1

 K
-1

 at 300 K, which 

decreases to 0.32 W m
-1

 K
-1

 at 563 K as the temperature increases (Figure 4.12a). 
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These values are slightly higher than the ones reported by Adeyemi et al.
37

 (0.29 W m
-1 

K
-1

 at 313 K) and Wei et al.
36

 (0.17 W m
-1

 K
-1

 at 300 K). This slight difference could be 

the result of additional impurity phases or lower bulk sample densities in the latter.  

 

Figure 4.12. (a) Total thermal conductivity of Cu3BiS3 in the temperature range of 

300 K to 563 K, (b) Debye−Einstein fit of Cp/T vs T
2
 plot of Cu3BiS3. 

To understand the ultralow L values in Cu3BiS3, we have measured the low 

temperature heat capacity. We found that the plot Cp/T vs. T
2
 could be well fitted using 

a combined Debye-Einstein model rather than only Debye model in the temperature 

range of 2-33 K (Figure 4.12b). The Debye model is not sufficient to fit the 

experimental low temperature heat capacity data due to the presence of weakly 

dispersive low energy optical phonon modes which corresponds to independent or 

nearly independent atomic vibrations similar to Einstein oscillators. The Debye-Einstein 

model can be express by following equation
70

: 

𝐶𝑝

𝑇
= 𝛾 + 𝛽𝑇2 + ∑ (𝐴𝑛(𝜃𝐸𝑛

)
2

. (𝑇2)−3 2⁄ .
𝑒

𝜃𝐸𝑛
𝑇⁄

(𝑒
𝜃𝐸𝑛

𝑇⁄
−1)

2)𝑛    

The coefficient of the first term in the equation is the Sommerfeld coefficient 𝛾 and 

represent the electronic contribution, and the coefficient for the second term, β, depicts 

the lattice contribution. The third term in the equation represents contributions from the 
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Einstein oscillators corresponding to the localized vibrations where the An is the pre-

factor and 𝜃𝐸𝑛
 is the Einstein temperature of the n

th
 Einstein oscillator mode.  

 

Figure 4.13. Phonon dispersions (left) and projected phonon density of states 

(PDOS) (right) of wittichenite, Cu3BiS3. 

We have observed a good fit using Debye-Einstein model with three Einstein modes 

of 𝜃𝐸1
= 30 K (21 cm

-1
), 𝜃𝐸2

= 59 K (41 cm
-1

), and 𝜃𝐸3
= 120 K (83 cm

-1
) (Figure 4.12b). 

These modes involve mainly the vibration of Cu
+
 and Bi

3+
. The ab-initio phonon 

dispersion and vibrational DOS of Cu3BiS3 (Figure 4.13) mimic the features observed 

in other copper sulfides, notably a low-frequency manifold centered at about 30 cm
−1

. 

The presence of low-energy optical modes is expected to lead to low κL as in other Cu-

based sulfides.
8,64,71

 The Cp/T
3
 vs. T fit (Figure 4.14) shows the presence of Boson-like 

peak like other low thermal conductive materials, which signifies excess phonon density 

of states contributed by the localized and low frequency optical phonon modes.  
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Figure 4.14. Cp/T
3
 versus T plot for Cu3BiS3 

The obtained Debye temperature (𝛩𝐷) is 232 K which is estimated using the relation 

𝛽 = 𝐶(12𝜋4𝑁𝐴𝑘𝐵 5⁄ ) ∙ (𝛩𝐷)−3 in the Debye-Einstein model where C can be defined as 

𝐶 = 1 − ∑𝑛 𝐴𝑛 3𝑁𝑅⁄ , (N = number of atoms/formula unit and R = 8.314 J mol
-1 

K
-1

, the 

universal gas constant), and NA and kB being the Avogadro’s number and Boltzmann 

constant, respectively. The Debye temperature is comparable to the state-of-the-art low 

thermal conductivity materials as shown in Table 4.6.  

 For further clarification, longitudinal and transverse sound velocities were 

measured at room temperature and the average sound velocity was calculated as 

discussed in chapter 2. The low average sound velocity of 1932 m s
-1

 at 300 K, which 

is comparable to those of other ultralow thermal conductive chalcogenides, clearly 

reinforces the hypothesis of having soft bonding interaction (Table 4.6). Moreover, the 

large Grüneisen parameter γ of 1.93, which is obtained from measured sound velocity, 

is also quite comparable with other reported materials having ultralow κL, clearly 

backing the strong phonon-phonon interaction in Cu3BiS3 (see Table 4.6). Furthermore, 

the lattice thermal conductivity reaches the minimum value of 0.33 W m
-1
K

-1
 (Figure 
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4.12a), calculated from the measured longitudinal and transverse sound velocity values 

by using following equation:
72

  

𝜅𝑑𝑖𝑓𝑓 =  0.76 
𝐾𝐵

3
[
𝑛𝜌𝑁𝐴

𝑀
]

2
3

(2𝑣𝑡 + 𝑣𝑙) 

where N, V, h, kB, 𝑣𝑡  and 𝑣𝑙 are the number of atoms in unit cell, the volume of the unit 

cell, the Planck constant, the Boltzmann constant, longitudinal and transverse sound 

velocity, respectively. 

Table 4.6. Average sound velocity, grüneisen parameter and debye temperature from 

measured transverse and longitudinal sound velocity: comparison among several other 

ultralow thermal conductive chalcogenides. 

Compound 

Average 

sound 

velocity 

(m sec
-1

) 

Grüneisen 

parameter 

Debye 

Temp (K) 
Ref. 

Cu3BiS3 1931.5 1.93 214.6 This work 

CuPbBi5S9 1758 1.93 178.5 
8
 

MnBi4S7 1767 1.16 179.4 
73

 

FeBi4S7 1967 1.28 200.8 
73

 

AgSbTe2 1727 2.05 125 
74

 

BiSbSe3 1629 1.89 165 
75

 

SnSe 1420 3.13 142 
76

 

Bi2Se3 2083 1.65 205 
77

 

Sb2Se3 1882 1.58 180 
75

 

Intriguingly, κL shows less temperature dependency than predicted by the T
-1

 rule for 

Umklapp scattering, with values that are essentially constant above 375 K. Similarly, 

the chain-like compounds TlSe, TlInTe2, Tl3MX4 (M = V, Nb, and Ta; X = S and Se), 

AgBiTe2, AgSbTe2, and Cs3Bi2I6Cl3 have all shown this divergence from the usual 

law.
78–82

 Theoretically, these deviations have been shown to be a signature of strong 

intrinsic anharmonicity resulting in pronounced renormalization effects on the phonon 
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frequencies of optical modes that shape the low-energy part of the phonon spectrum of 

these materials. These characteristics imply that Cu3BiS3 exhibits anharmonic behavior 

as well. 

 

Figure 4.15. Temperature dependent figure of merit (ZT) of pristine Cu3BiS3. 

The temperature-dependent figure of merit (ZT) is shown in Figure 4.15, wherein a 

maximum value of 0.08 is observed at 563 K. The previous study by Wei et al. 

demonstrates a similar ZT value (0.04 at 460 K) and on the other hand, Adeyemi et al. 

reports a maximum ZT value of 0.04 at 513 K. 

4.3.6. Discussion 

The comparison of crystal structure and properties of Cu3BiS3 with those of other 

Cu-rich sulfides strongly suggests that the copper coordination has a key role for the 

determination of the value of the electrical and thermal conductivity in these materials. 

One indeed observes that Cu-rich sulfides, with a pure tetrahedral coordination of 

copper (i.e. group A phases from copper-based sulfides classification
62

: Cu3SbS4, 

Cu2SnS3, Cu5Sn2S7, Cu22Sn10S32 …) can be easily doped, leading to high electrical 

conductivity, due to adequate overlapping of the Cu-3d and S-3p orbitals for the 
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delocalization of hole carriers. This is in contrast with the extremely low electrical 

conductivity and hole blockade for hole carrier delocalization observed for Cu3BiS3, 

low chalcocite Cu2S and skinnerite Cu3SbS3, which contain three-fold coordinated 

copper exclusively. In the same way, by comparing the κL temperature dependence of 

Cu3BiS3 with other Cu-rich thermoelectric sulfides (Figure 4.16), it can be quickly 

figured out that the same structures composed of CuS4 tetrahedra exclusively (Cu3SbS4, 

Cu2SnS3, Cu5Sn2S7, Cu22Sn10S32) have significantly larger lattice thermal conductivity 

compared to Cu3BiS3. This is illustrated by the famatinite Cu3SbS4 which exhibits an 

ordered sphalerite network leading to very weak anisotropic displacement of cations 

(Table 4.7 and 4.8, Figure 4.17). In this compound, all cations are in tetrahedral 

coordination with average bond angles α̅ values equal to 109.5° (Table 4.9) indicating 

sp
3
 hybridization of valence electron orbitals in agreement with the formal charges Cu

+
 

and Sb
5+

. 

 

Figure 4.16. Comparison of κL(T) curves from state-of-the-art Cu-rich 

thermoelectric sulfides.
17,21,27,64–66,83
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Figure 4.17. (a) Crystal structure representation of Cu3SbS4 highlighting the 

sphalerite derivative network and (b) the highly isotropic displacements of cations. 

Displacement ellipsoids are shown at the 90% probability level. 

From the above considerations, it appears that the coexistence of three-fold 

coordinated copper and tetrahedral copper within the same structure in controlled 

proportions should be a very attractive challenge for the conciliation of the two 

antagonist factors, electrical and thermal conductivity, which govern the thermoelectric 

properties of Cu-rich sulfides. In this respect, the thermoelectric tetrahedrite Cu12Sb4S13 

deserves a particular attention.
17,21–23

 This sulfide exhibits an electrical conductivity 

similar to those of pure tetrahedral Cu-rich sulfides and a thermal lattice conductivity 

intermediate between those of pure tetrahedral and pure three-fold Cu3BiS3 sulfides 

(Figure 4.16), leading to attractive thermoelectric characteristics. The analysis of its 

structure shows that the Cu12S13 network consists of two copper sub-lattices, labelled 

Cu(1) and Cu(2), formed of an equal number of copper cations (Figure 4.18 (a) and  

(b)). The Cu(1) sub-lattice framework is built up of corner-sharing Cu(1)S(1)4 

tetrahedra and can be described as a copper-deficient sphalerite “Cu6□6S12” structure 

with large intersecting tunnels running along the <110> and the <111> directions 

(Figure 4.18 (c) and (d)). Due to its similarity with the sphalerite derivatives, the 

geometry of this tetrahedral framework allows a perfect overlapping of the Cu(1)-3d 

and S(1)-3p orbitals explaining the high electrical conductivity of this material and its 
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doping ability. One indeed observes for this framework very weak anisotropic 

displacements of Cu(1) atoms and longer interatomic distances (Table 4.11 and 4.12), 

similar to those observed in Cu3SbS4 (Table 4.8 and 4.9). 

Table 4.7. Room temperature structural data of Cu3SbS4 from SCXRD 

Cu3SbS4 𝐼4̅2𝑚, 𝑎 = 5.4085(8) Å, 𝑐 = 10.7973(17) Å, 𝑉 = 315.84(11) Å3 

Atom Site x y z U(Å
2
) 

Sb(1) 2b 0 0 1/2 0.011(1) 

Cu(1) 4d 0 1/2 1/4 0.022(1) 

Cu(2) 2a 0 0 0 0.021(1) 

S(1) 8i 0.24586(12) x 0.12887(9) 0.013(1) 

 

Table 4.8. Anisotropic displacement parameters (Å
2
) of atoms in Cu3SbS4 from 

SCXRD 

Atom U11 U22 U33 U12 U13 U23 

Sb(1) 0.01090(16) U11 0.0106(2) - - - 

Cu(1) 0.0220(2) U11 0.0212(4) - - - 

Cu(2) 0.0217(3) U11 0.0207(5) - - - 

S(1) 0.0136(3) U11 0.0128(6) -0.0013(3) 0.0009(2) U13 

 

Table 4.9. Bond distances and bond angles in Cu3SbS4 (structural data from SCXRD) 

 
Distance 

(Å) 
 Angle (°) 

Sb(1)-S(1) ×4 2.3906(10) S(1)-Sb(1)-S(1) ×2 108.80(5) 

  S(1)-Sb(1)-S(1) ×4 109.81(2) 

  𝛼𝑆−𝑆𝑏(1)−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 109.47 

Cu(1)-S(1) ×4 2.3169(6) S(1)-Cu(1)-S(1) ×4 108.58(2) 

  S(1)-Cu(1)-S(1) ×2 111.27(4) 

  𝛼𝑆−𝐶𝑢(1)−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 109.48 

Cu(2)-S(1) ×4 2.3394(10) S(1)-Cu(2)-S(1)×2 107.00(5) 

  S(1)-Cu(2)-S(2)×4 110.72(2) 

  𝛼𝑆−𝐶𝑢(2)−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 109.48 

 

Like for Cu3BiS3, the Cu(2) cations in Cu12Sb4S13 exhibit a three-fold coordination 

but, differently from the former, the Cu(2)S3 groups do not give rise to a 2D or 3D 
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framework by sharing their apices but form isolated Cu6S13 units whose central S(2) 

atom is shared between six Cu(2)S(1)2S(2) groups (Figure 4.19). The Cu6S13 units are 

in the <111> tunnels forming columns along this direction and are they are isolated one 

from the others. Note that the Cu6S13 units, formed exclusively of Cu(2) cations, share 

the 12 S(1) apices of the their Cu(2)S(1)2S(2) groups with the Cu(2)S(1)4 tetrahedra of 

the “Cu6□S12” framework. As a consequence, the anisotropic rattling of copper cations 

perpendicular to the “S3” plane is limited to the Cu(2) atoms located inside of the <111> 

triangular columns of the copper-deficient sphalerite “Cu6□6S12” framework. Similar to 

Cu3BiS3 (Table 4.3 and 4.5) a large anisotropic displacement of Cu(2) atoms in the 

perpendicular direction of the triangular plane with shorter interatomic distances (Table 

4.11 and 4.12). Nevertheless, on the contrary to Cu3BiS3, the copper rattling is not 

extended over all the 3D frameworks. Hence, the influence of the crystal structure of 

tetrahedrite Cu12Sb4S13 upon the thermal conductivity can be viewed as intermediate 

between that of famatinite Cu3SbS4 and that of wittichenite Cu3BiS3. 

Table 4.10. Room temperature structural data of Cu12Sb4S13 from SCXRD 

Cu12Sb4S13 𝐼4̅3𝑚, 𝑎 = 10.3064(12) Å, 𝑉 = 1094.8(4) Å3 

Atom Site x y z U (Å
2
) 

Sb(1) 8c 0.26853(3) x x 0.016(2) 

Cu(1) 12d 1/2 1/4 0 0.022(1) 

Cu(2) 12e 0 0 0.21798(18) 0.063(1) 

S(1) 24g 0.11597(9) x 0.36314(12) 0.016(1) 

S(2) 2a 0 0 0 0.023(1) 

 

Table 4.11. Anisotropic displacement parameters (Å2) of atoms in Cu12Sb4S13 from 

SCXRD 

Atom U11 U22 U33 U12 U13 U23 

Sb(1) 0.01563(11) U11 U11 0.00096(11) U12 U12 

Cu(1) 0.0188(2) 0.0268(7) 0.0188(2) - - - 

Cu(2) 0.0838(8) U22 0.0221(6) -0.0543(10) - - 
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S(1) 0.0165(3) U11 0.0142(5) 0.0000(4) 0.0021(3) U13 

S(2) 0.0230(8) U11 U11 - - - 

 

Moreover, as in Cu3BiS3, Cu12Sb4S13 contains a Sb
3+

 cation with a 5s
2 

lone pair of 

electrons, leading to a tetrahedral SbS3LP coordination. This cation is sandwiched 

between two Cu6S13 units (Figure 4.19), and consequently, may also influence the 

rattling of copper along the <111> directions, as suggested by the orientation of the 

main axis of Cu atoms ellipsoids directed toward the vacant apex of the pseudo-

tetrahedron where the lone pair electrons is expected to be localized (Figure 4.18). 

Nevertheless, contrary to Sb
3+

 in tetrahedrite, the Bi
3+

 6s
2
 LP in Cu3BiS3 cannot be 

considered itself as significantly responsible for the extremely low thermal conductivity 

in Cu3BiS3. Indeed, according to Skoug et Morelli (PRL, 2011), the average bond 

angles �̅� value of Bi in Cu3BiS3 (96.00° from XRPD and 96.43° from PEDT, CN = 3) 

should lead to a lattice thermal conductivity value much higher than the one determined 

experimentally (i.e. between 1.0-1.5 instead of 0.43 W/m K, see Figure 4 in the 

publication of Skoug et al.
84

  

Table 4.12. Bond distances and bond angles in Cu12Sb4S13 (structural data from 

SCXRD) 

 Distance (Å)  Angle (°) 

Sb(1)-S(1) ×3 2.4280(13) S(1)-Sb(1)-S(1) ×3 95.78(4) 

Cu(1)-S(1) ×4 2.3078(8) S(1)-Cu(1)-S(1) ×2 106.47(6) 

  S(1)-Cu(1)-S(1) ×4 110.99(3) 

  𝛼𝑆−𝐶𝑢(1)−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 109.48 

Cu(2)-S(1) ×2 2.2574(16) S(1)-Cu(2)-S(1) 96.98(10) 

Cu(2)-S(2) 2.2466(18) S(1)-Cu(2)-S(2) ×2 131.51(5) 

𝑑𝐶𝑢(2)−𝑆
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 2.2538 𝛼𝑆−𝐶𝑢(2)−𝑆̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 120.00 



179                                                                                                                               Chapter 4 

 

 

Figure 4.18. (a) and (b) crystal structure representation along the [010] direction of 

the Cu(1) and Cu(2) sub-lattice frameworks, respectively, highlighting the tetrahedral 

coordination of Cu(1) atoms and the three-fold coordination of Cu(2) atoms in 

tetrahedrite Cu12Sb4S13. (c) and (d) crystal structure representation of the copper-

deficient sphalerite “Cu6□6S12” framework (i.e. Cu(1) sub-lattice framework) in 

tetrahedrite Cu12Sb4S13 along the [110] and [111] direction, respectively, highlighting 

large triangular tunnels along these directions where are located Sb, Cu(2) and S(2) 

atoms. For sake of clarity, atoms Cu(2) and S(2) were not represented in (a), (c), and 

(d). Displacement ellipsoids are shown at the 90% probability level. 

Finally, it is worth pointing out that the presence of a LP cation is not necessary to 

induce a three-fold coordination of copper. This is illustrated by the fact that the low 

chalcocite Cu2S structure (space group 𝑃21/𝑐)
60

 contains CuS3 groups exclusively, 
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showing in a similar way, large anisotropic Cu displacements. Nevertheless, the low 

stability of this sulfide compared to Cu3BiS3 or Cu12Sb4S13 suggests that the presence of 

a LP cation stabilizes the three-fold coordination of copper. 

 

Figure 4.19. Representation in tetrahedrite Cu12Sb4S13 of (a) the Cu6S13 unit formed 

of six Cu(2)S(1)2S(2) groups sharing only the central S(2) atom and surrounded by 

eight SbS3LP tetrahedra, (b) the Cu6S13 unit highlighting the large anisotropic 

displacements of Cu(2) atoms perpendicularly to the S(1)2S(2) triangular plane and 

pointing to the vacant apex of Sb
3+

 pseudo-tetrahedron where the lone pair of electrons 

is expected to be localized, (c) alternatively stacking of Cu6S13 units with SbS3LP 

tetrahedra along the [111] direction highlighting the isolated nature of the Cu6S13 units, 

and (d) the highly isotropic displacements of Cu(1) and Sb cations in (pseudo-

)tetrahedral coordination and the large anisotropic displacement of Cu(2) in three-fold 

coordination. Displacement ellipsoids are shown at the 90% probability level. 
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4.4. Conclusion 

The present study of Cu3BiS3 and its comparison with the tetrahedrite Cu12Sb4S13 

clearly show that the copper coordination is the key for the generation and optimization 

of the thermoelectric properties of copper-rich sulfides. The extremely low electrical 

conductivity of this sulfide as well those of the low chalcocite Cu2S and skinnerite 

Cu3SbS3 and their blockade for hole carrier delocalization exclusively originate from 

the three-fold coordination of copper. This is in contrast with many other Cu-rich 

sulfides, whose tetrahedral coordination of copper, forming a 3D corner-sharing 

framework, allows an adequate overlapping of the Cu-3d and S-3p orbitals for the 

delocalization of hole carriers in agreement with the Cu(I)-Cu(II) mixed valence, 

leading to high electrical conductivity. In contrast, the three-fold coordination of copper 

favors its anisotropic rattling in the structure and consequently is a trump for the 

appearance of ultra-low thermal conductivity. Thus, the realization of mixed 

frameworks involving both, tetrahedral and three-fold coordinated copper, is a very 

attractive challenge for the discovery of performant thermoelectric copper sulfides. 

Importantly, the presence of cations with LPs, such as Bi
3+

 or Sb
3+

 appears as a crucial 

factor for the stabilisation of the structure. Moreover, the proximity of the electronic LP, 

acting as an anion, with respect to three-fold coordinated Cu
+
, is a promissing tool for 

the modulation of the intrinsic Cu-rattling for optimizing the thermal conductivity. 
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5.1. Introduction 

In the previous chapters (chapter 2 and 3), we have investigated quaternary 

sulfides in the Cu-Pb-Bi-S system. Chapter 2 presented an exploration on the synthesis 

and characterization of a newly discovered sulfide compound with a Cu-deficient 

aikinite-type sulfide. Notably, this structure deviates from the previously reported 

ordered structure due to the random distribution of copper atoms and vacancies on the 

cationic sites. It is essential to point out that the disordered gladite phase is an example 

within a large category of closely associated sulfides denoted as (Cu1-x x)Pb1-xBi1+xS3 (x 

= 0 - 1). In addition, the chemical doping approach has been used to enhance the carrier 

concentration, resulting in the moderately high figure of merit value (0.43 at 700 K for 

CuPbBi5S8.91Cl0.09). In Chapter 3, we carried out an optimization of the vacancy content 

within the copper-deficient aikinite series in thermoelectric properties. In this study, a 

range of compounds were synthesized by changing the x values and subsequently, the 

thermoelectric properties of these compounds were explored. The results indicate that 

an increase in vacancy (x value) results in an increase of the mobility, leading to a 

decrease in resistivity and an increase in the figure of merit. 

Due to a number of factors, particularly the presence of lone pairs inducing 

anharmonicity in the crystal structure and the heavy atomic mass of bismuth resulting in 

reduced acoustic phonon frequency and low lattice thermal conductivity, the 

thermoelectric community has started giving more attention to bismuth-based sulfides. 

Bismuthinite (Bi2S3) is one of these sulfides that have garnered a lot of attention in 

recent years. It has a space group of Pbnm and a highly anisotropic one-dimensional 

orthorhombic structure, indicating a high degree of anisotropy.
1
 The pristine Bi2S3 has 

low thermal conductivity, ~ 1.3 W m
-1

 K
-1

 at 300 K.
2
 However, thermoelectric 

applications face a hurdle due to the low power factor, which is mainly controlled by 

the low electrical conductivity of the material. In order to overcome this issue, 

numerous strategies have been carried out, including chemical doping (by utilizing 

elements such as Cl, Br, I, and Se), alloying and nanostructuring.
3–5

 These strategies 

aim to optimize carrier concentration to lower the lattice thermal conductivity and to 

raise the figure of merit (ZT). In addition, several crystal structures derived from Bi2S3 
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have been explored to further reduce the lattice thermal conductivity. Ternary systems 

with low lattice thermal conductivity include Cu3BiS3, MnBi4S7, FeBi4S7, Cu1.4Bi4.8S9, 

AgBi3S5, Cu4Bi4S9, while quaternary systems with low thermal conductivity include 

aikinite and disordered gladite.
6–13

 Furthermore, research has been done to investigate 

the effect of PbS introduction to the Bi2S3 system. PbS has a simple rock salt type 

structure. Pseudo-binary compounds can be created through the incorporation of PbS 

into the Bi2S3 system which enables the design of complex structures.
14–16

 It is essential 

to have such a complex crystal structure in order to lower thermal conductivity. 

Therefore, the focus of this chapter will be on ternary sulfides based on Pb-Bi-S 

having a complex crystal structure. The work of Ohta et al. and Cai et al. represents 

significant advancements in the synthesis and characterization of Pb-Bi-based sulfides 

and their potential as promising thermoelectric materials.
15,16

 Ohta et al. employed a 

solid-state melting reaction of the binary precursors PbS and Bi2S3 to synthesize 

PbBi2S4 and Pb3Bi2S6.
15

 The resulting samples exhibit effective phonon scattering, 

leading to extremely low lattice thermal conductivity. Moreover, degenerate 

semiconducting behaviour for those compounds was reported, which is unusual as those 

compounds should exhibit semiconducting behavior. This is most probably due to 

stoichiometry deviation during the process of solid-state melting. Subsequently, Cai et 

al. developed a solution-based synthesis method for PbBi2S4 and Pb3Bi2S6 which results 

in low lattice thermal conductivity but also in degenerate semiconducting behavior.
16

  

So, bearing in mind that the synthesis of stoichiometric PbBi2S4 has never been 

reported, our motivation was to control the synthesis of this phase to obtain high purity 

and crystalline compounds. We have synthesized PbBi2S4 by mechanical alloying 

combined by spark plasma sintering which permits to have a better control on the final 

stoichiometry. The sample shows semiconducting behaviour thanks to the synthetic 

technique. Further, in order to understand the origin of low thermal conductivity, we 

have performed DFT calculations. The DFT calculation suggests that the effective 

scattering of acoustic phonons result in very low thermal conductivity of PbBi2S4. 

Furthermore, to improve the thermoelectric performance, carrier concentration 

optimization has been carried out by introducing Cl on S site.  
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5.2. Methods 

5.2.1. Reagent 

High-purity lead powder (Pb, Alfa Aesar, >99.99%), bismuth powder (Bi, Alfa 

Aesar, >99.5%), bismuth chloride (BiCl3, Alfa Aesar, >99.99) and sulfur powder (S, 

Alfa Aesar, >99.99) were used as precursors without further purification.  

5.2.2. Synthesis 

Pristine PbBi2S4 was synthesized by milling stoichiometric amounts of Pb, Bi, 

and S powders (total amount of 6 g) in WC jars of 45 ml (14 WC balls of 10 mm) for 6 

h (12 cycles of 30 min with 1 min pause) under an argon atmosphere. The main phase 

after a ball milling for 6 hrs contains orthorhombic Bi2S3 and tetragonal Bi-Pb alloy 

(Figure 5.1).  

 

Figure 5.1.  XRPD patterns after 6 hrs ball milling (red) correspond to Bi2S3 

main phase along with lead bismuth alloy
17

 and after SPS (pink) correspond to PbBi2S4 

phase. 

The broadness of the diffraction peaks, inherent to the synthesis method, is 

related to low crystallinity and/or small crystalline size of the powder samples, like in 

aikinite series samples. Powders were then placed in graphite dies of 10 mm diameter 

and densified by spark plasma sintering (SPS) at 723 K for 30 min under a pressure of 

64 MPa with heating and cooling rates of 45 K min
−1

. The resulting pellets have a 

diameter of 10 mm and a thickness of 9 mm, exhibiting geometrical densities that 
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exceeded 97% of the theoretical value. The XRPD patterns after SPS are equivalent and 

correspond to the PbBi2S4 phase (space group Pnma). The sharp diffraction patterns 

compared to the ball milled powder also indicate the microstructure evaluation and 

improvement of crystallinity (Figure 5.1).  

5.3. Results and Discussion 

5.3.1. Crystal structure  

The formula, PbmBi2S3+m (m = 0, 1, 3) represents a group of Pb-Bi-S-based ternary 

compounds combining bismuthanite (Bi2S3), galenobismuthite (PbBi2S4) and 

Xilingolite (Pb3Bi2S6) which have shown promising thermoelectric figure of merit 

(Table 5.1). Bi2S3 exhibits a highly anisotropic one-dimensional orthorhombic structure 

with a space group of Pbnm. This crystal structure is characterized by infinite Bi2S3 

chains aligned along the crystallographic c-axis. The lattice parameters for Bi2S3 are a = 

11.170 Å, b = 11.319 Å, c = 3.992 Å, with α = β = γ = 90°. Bi2S3 layers are primarily 

held together by weak van der Waals forces, giving rise to a quasi-one-dimensional 

structure. In Bi2S3, two [BiS3] trigonal cone units are linked together in serrated chains. 

These chains expand in the [001] direction, resulting in the creation of [Bi4S6] units 

shown in Figure 5.2a.  

Table 5.1. Main structural information about PbmBi2S3+m (m = 0, 1, 3) series. 

m Composition Mineral name 
Space 

group 
Cell parameter Ref. 

0 Bi2S3 Bismuthinite Pbnm 

a = 11.170 Å, b = 

11.319 Å, c = 3.992 Å, 

with α = β = γ = 90° 

 

2 

1 PbBi2S4 Galenobismutite Pnma 

a = 11.784 Å, b = 4.069 

Å, c = 14.555 Å, with α 

= β = γ = 90° 

 

15 

3 Pb3Bi2S6 Xilingolite Bbmm 

a = 13.540 Å, b = 

20.637Å, c = 4.110 Å, 

with α = β = γ = 90° 

16 



199  Chapter 5 

The crystal structure of PbBi2S4 consists of two types of strips: NaCl-type and 

Bi2S3-type strips. These strips are connected to each other through sulfur atoms that are 

either point- or edge-sharing. The NaCl-type strips are composed of alternating Pb and 

BiS2 layers, while the Bi2S3-type strips are composed of BiS6 octahedra that share edges 

to form a chain, as shown in Figure 5.2b. The two types of strips are arranged in an 

alternating fashion along the c-axis, resulting in a layered structure. The crystal 

structure of Pb3Bi2S6 is different from that of PbBi2S4. It consists of stacking NaCl-type 

(Pb/Bi)S layers, where the Pb and Bi atoms occupy the same crystallographic site 

(Figure 5.2c). The S atoms form a face-centered cubic (fcc) lattice, and the Pb/Bi atoms 

occupy half of the tetrahedral sites within this lattice. The stacking of these layers along 

the c-axis results in a three-dimensional crystal structure.  

 

Figure 5.2. Crystal structure of (a) Bi2S3, (b) PbBi2S4 (c) Pb3Bi2S6. 

The X-ray powder diffraction (XRPD) pattern of pristine PbBi2S4 after SPS is 

indexed with an orthorhombic unit cell of space group 𝑃𝑛𝑚𝑎 exhibiting refined unit 

cell parameters a = 11.7842 (2) Å, b = 4.0693(1) Å, c = 14.5555(3) Å. The high quality 

Rietveld refinement (Figure 5.3) is obtained by considering previously mentioned 

structural model. Moreover, the absence of non-indexed diffraction peaks suggests the 
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formation of high purity PbBi2S4 sample after SPS. The refined cell parameters and 

atomic coordinates of pristine sample are given in Table 5.2. 

 

Figure 5.3. Rietveld refinement of the monochromated XRPD data recorded at RT for 

pristine PbBi2S4 sample (λ = 1.5406 Å). 

Table 5.2. Refined cell parameters and atomic coordinates of Spark Plasma Sintered 

pristine PbBi2S4 (Pnma). 

 

 

 

 

 

 

atom site x y z Biso (Å
2
) SOF 

Bi(1) 4c 0.0686(1) 1/4 0.3900(1) 0.22(3) 1.0 

Bi(2) 4c 0.1024(1) 1/4 0.9054(1) 0.66(3) 1.0 

Pb(1) 4c 0.2472(1) 1/4 0.6528(1) 0.79(3) 1.0 

S(1) 4c 0.3394(5) 1/4 0.0145(5) 1.14(15) 1.0 

S(2) 4c 0.2665(5) 1/4 0.2984(3) 0.25(13) 1.0 

S(3) 4c 0.0535(5) 1/4 0.0935(4) 0.45(13) 1.0 

S(4) 4c 0.0178(4) 1/4 0.7103(3) 0.34(15) 1.0 

a = 11.7842 (2) Å, b = 4.0693(1) Å, c = 14.5555(3) Å 

RBragg = 4.41, RF = 2.71, Rwp = 8.04, Rexp = 3.80, χ
2
 = 4.49 
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5.3.2. Microstructure analysis of pristine PbBi2S4 

The scanning electron microscopy (SEM) technique was utilized to investigate 

insights into the microstructure, grain size distribution, and chemical compositions of 

PbBi2S4. The back scattered image on fractured surface reveals a grain size around 1.2 

µm, as shown in Figure 5.4a. Additionally, the back scattered image on polished 

surface confirms the purity of the pristine samples (Figure 5.4b). The 

isoelectronic configuration of Pb
2+

 and Bi
3+

 in PbBi2S4 prevents elemental mapping of 

Pb and Bi. Thus, we performed a comparable Energy-Dispersive X-ray (EDX) spot 

analysis on several spots of the sample, which supports the sample homogeneity, 

as shown in Figures 5.4c and 5.4d. The presence of bubble like cavities can be 

observed on both fractured and polished sample which arise due to incomplete sintering 

and/or the evaporation of sulfur during the SPS process. This phenomenon is commonly 

seen in sulfide-based materials, which have been discussed in chapter 2 and 3. 

 

Figure 5.4. SEM characterization of pristine PbBi2S4 (a, b) shows the back 

scattered images of crushed after SPS and polished sample, respectively; (c, d) the EDS 

spot analysis demonstrate the generally uniform elemental distribution. 
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5.3.3. Electrical properties of pristine PbBi2S4 

The temperature dependence of the electrical resistivity (ρ) of pristine PbBi2S4 is 

shown in Figure 5.5a. The electrical resistivity decreases from 10 Ω cm at 300 K to 0.4 

Ω cm at 673 K, indicating a semiconducting behavior. It is important to note that the 

previous reports by Ohta et al. and Cai et al. showed a degenerate semiconducting 

behavior, wherein the resistivity increases with temperature.
15,16

 This indicates 

stoichiometry deviations, as confirmed by the large carrier concentration reported by 

Ohta et al. and Cai et al. (Table 5.3). The high purity of our sample can be attributed to 

the ball milling synthetic technique combined with SPS, as evidenced by its 

semiconducting behavior. The sample exhibits a relatively high electrical resistivity due 

to relatively low carrier concentration of 4.8 × 10
17

 cm
-3

, which aligns with its high 

Seebeck coefficient of -400 µV K
-1

at RT (Figure 5.5b, Table 5.3). The negative 

Seebeck coefficient indicates the n-type behavior of pristine sample which may due to 

the sulfur loss occurred during the SPS process. Note that the phase formation of 

PbBi2S4 is not so fast compared to the aikinite series as the phase was not formed after 6 

hrs of ball milling. SPS treatment allows to quickly complete the reaction and 

crystallization at relatively low sintering temperature (450 ºC). The high electrical 

resistivity and moderate Seebeck coefficient result in very low power factor of 0.02 µW 

cm
-1 

K
-2

 at 300 K which increases to 0.57 µW cm
-1 

K
-2 

at 673 K, as shown in Figure 

5.5c.   

 

Figure 5.5. Temperature dependence from 300 K up to 673 K of (a) electrical 

resistivity (ρ), (b) Seebeck coefficient (S), (c) power factor (PF) of pristine PbBi2S4. 
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Table 5.3. Comparison table of carrier concentration, hall mobility, resistivity and 

Seebeck coefficient at room temperature and maximum power factor, lattice thermal 

conductivity (RT) and maximum ZT with previous report. 

author 

carrier  

concentration  

(cm
-3

) 

μ 

(cm
2 
V

−1 
s

−1
) 

ρ 

(Ω cm) 

S 

(μV K
−1

) 

PF 

(µW cm
-1

 K
-2

) 

κL 

(W m
-1 

K
-1

) 
ZT 

Ohta  

et al.
15

 
4.6 × 10

19
 

12 (⊥) 0.011 -290 
~2.7 

(610 K) 
0.63 

0.33  

(710 K) 

9.3 (∥) 0.015 -270 
~2.5 

(610 K) 
0.6 

0.29 

(710 K) 

Cai  

et al.
16

 
8.8 × 10

19
 16.5 0.0043 -82 

3.7 

(800 K) 
0.4 

0.46  

(800 K) 

This work 4.84 × 10
17

 1.4 10 -400 
0.57 

(673 K) 
~ 0.65 

0.07  

(673 K) 

Table 5.4. Comparison table of carrier concentration, hall mobility, resistivity and 

Seebeck coefficient at room temperature with other state of art Bi-based sulfides at 

room temperature. 

samples 
carrier concentration 

(cm
-3

) 

μ 

(cm
2 
V

−1 
s

−1
) 

ρ 

(Ω cm) 

S 

(μV K
−1

) 
ref. 

PbBi2S4 4.84×10
17

 1.4 10 -400 
This 

work 

Bi2S3 3.7×10
16

 640 0.25 -350 
2
 

AgBi3S5 4.1×10
18

 64 0.024 -155 
10

 

MnBi4S7 6.3 × 10
19

 19 5.3×10
-3

 -87 
8
 

FeBi4S7 5.7 × 10
19

 16 7.1×10
-3

 -93 
8
 

Disordered 

CuPbBi5S9 
4.5×10

12
 3.7 3.5×10

3
 -1370 

13
 

Table 5.4 shows a comparable study of electrical properties with other state-of-art 

Bi-based thermoelectric n-type sulfides. The low carrier concentration of PbBi2S4 

compared to AgBi3S5, MnBi4S7 and FeBi4S7 can be explained by the synthesis 

technique. The high-temperature melting procedure results in stoichiometry deviation, 

hence leading to high carrier concentrations for AgBi3S5, MnBi4S7 and FeBi4S7 which is 
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further supported by the notably low Seebeck coefficient and low electrical resistivity. 

Additionally, relatively small grain size that results from ball milling combined 

with SPS explains the low mobility of PbBi2S4 and disordered CuPbBi5S9. 

5.3.4. Electronic structure of pristine PbBi2S4  

 Structure optimizations of pristine PbBi2S4 are performed using the plane-wave 

basis projector augmented wave (PAW) method
18

 as implemented in Vienna Ab initio 

Simulation Package (VASP) and shown in Figure 4.16a.
19,20 

The optimized lattice 

parameters are as follows: a = 11.595 Å, b = 4.0485 Å, and c = 14.434 Å which are in 

good agreements with the experimental lattice parameters. 

 

Figure 5.6. (a) Optimized structure of PbBi2S4 were depicted by VESTA,
21

 (b) 

Electronic band structures of PbBi2S4 along with the element-deconvoluted DOSes 

 

Electronic band structures of PbBi2S4 along with the element-deconvoluted DOSes 

are shown in Figure 5.6b. This result shows that PbBi2S4 is non degenerate 

semiconductor with a calculated bandgap of 1.02 eV, consistent with the previously 

reported ab initio calculations.
14,16

 Further orbital decomposition of electronic DOS 

reveals that the valence band top is hybridized by S 3p, Bi 6s 6p, and Pb 6s 6p orbitals, 

while the conduction band bottom is hybridized by Bi 6p, S 3p, and Pb 6p, orbitals.  

 Carrier density and temperature dependences of Seebeck coefficient, resistivity 

and power factor calculated using the band energies of PbBi2S4 are shown in Figures 

(b)



205  Chapter 5 

5.7. Electronic transport properties of PbBi2S4 were found to be anisotropic, with the 

optimal carrier densities for the power factor significantly different depending on the 

axis. Considering that the experimental samples are macroscopically isotropic 

polycrystals with random crystal orientations, the power factor would be high when the 

carrier density is ~ 1.0 × 10
20

 cm
-3

 or 1.5 × 10
21

 cm
-3

 (Figures 5.7d).  
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Figure 5.7. Seebeck coefficient, resistivity, and power factor calculated using the band 

energies of the PbBi2S4 model as a function of carrier density. (a) a-axis direction, (b) 

b-axis direction, (c) c-axis direction, and (d) their average. The dotted straight lines 

indicate the measured carrier densities of experimental samples at room temperature 

shown in Table 5.6. 

5.3.5. Thermal properties of pristine PbBi2S4 

The pristine phase PbBi2S4 has a low lattice total thermal conductivity (the 

electronic contribution being negligible) of 0.65 W m
-1

 K
-1

 at 300 K, which decreases to 

0.55 W m
-1

 K
-1

 at 673 K as the temperature increases (Figure 5.8a).  

 

Figure 5.8. (a) Total thermal conductivity of Cu3BiS3 in the temperature range of 

300 K to 563 K, (b) Debye−Einstein fit of Cp/T vs T
2
 plot of Cu3BiS3. 

We measured the low-temperature heat capacity of pristine PbBi2S4 in order to get a 

better understanding of the origin of ultralow κL values. In the temperature range of 2-

30 K, we discovered that a combined Debye-Einstein model, instead of just a Debye 

model, provided a better fit for the plot Cp/T vs. T
2
 (Figure 5.8b). Due to weakly 

dispersive low energy optical phonon modes, which correspond to independent atomic 

vibrations comparable to Einstein oscillators, the Debye model is insufficient to match 

the experimental low-temperature heat capacity data. This is because of the presence of 
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weakly dispersive low-energy optical phonon modes. The Debye-Einstein model can be 

expressed by equation (1), which is as follows: 

𝐶𝑝

𝑇
= 𝛾 + 𝛽𝑇2 + ∑ (𝐴𝑛(𝜃𝐸𝑛)

2
. (𝑇2)−3 2⁄ .

𝑒
𝜃𝐸𝑛

𝑇⁄

(𝑒
𝜃𝐸𝑛 𝑇⁄

−1)
2)𝑛   (1) 

The equation first term is characterized by the Sommerfeld coefficient γ, which 

represent the electrical contribution. The second term, represented by the coefficient β, 

illustrates the lattice contribution. The equation third term accounts for the contributions 

originating from the Einstein oscillators associated with the localized vibrations. Here, 

An denotes the pre-factor, while 𝜃𝐸𝑛  represents the Einstein temperature of the nth mode 

of the Einstein oscillator. A satisfactory agreement is obtained observed by employing 

the Debye-Einstein model, which incorporates three Einstein modes characterized by 

𝜃𝐸1= 32 K (22 cm
-1

), 𝜃𝐸2= 63 K (44 cm
-1

), and 𝜃𝐸3= 140 K (97 cm
-1

) (as depicted in 

Figure 5.8b and summarized in Table 5.5). The plot of Cp/T
3
 vs. T (Figure 5.9) 

demonstrates the existence of a Boson-like peak around 10 K, which is consistent with 

the observations in other materials with low thermal conductivity. This peak indicates 

an excess density of phonon states resulting from the presence of localized and low-

frequency optical phonon modes. The Debye temperature (𝛩𝐷) was determined to be 

221 K using the equation 𝛽 = 𝐶(12𝜋4𝑁𝐴𝑘𝐵 5⁄ ) ∙ (𝛩𝐷)
−3 in the Debye-Einstein model. 

Here, C is defined as 𝐶 = 1 − ∑𝑛 𝐴𝑛 3𝑁𝑅⁄ ,, where N represents the number of atoms 

per formula unit and R is the universal gas constant with a value of 8.314 J mol
-1

 K
-1

. 

Additionally, NA and kB denote Avogadro's number and the Boltzmann constant, 

respectively. The Debye temperature exhibits a level of comparability with the low 

thermal conductivity materials that are currently considered as state-of-the-art materials 

mentioned in chapter 2. 
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Figure 5.9. Cp/T
3
 versus T plot for PbBi2S4 indicating Boson-like peak at around 10 

K. 

Table 5.5. Parameters obtained after Cp fitting using 3 einstein oscillators. 

parameters values 

γ / Jmol
-1

K
-2

 0.007 

β /10
-4

 Jmol
-1

K
-2

 9.19775E-5 

ΘE1/K 32 

ΘE2/K 63 

ΘE3/K 140 

A1 5.4 

A2 39.5 

A3 40.4 

ΘD(K) 221 

R
2
 0.9998 

χ
2
 4.80962E-5 

 

Figure 5.10a shows the phonon band structure of PbBi2S4 along with the element-

deconvoluted partial DOSes. No imaginary phonon modes were observed, indicating 

that PbBi2S4 is dynamically stable. The partial DOSes show that Pb and Bi atoms 
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vibrate at lower frequencies and S atoms at higher frequencies without the overlap in 

frequency. This is due to the large difference in their atomic masses, namely 207.2 for 

Pb, 208.98 for Bi, and 32.065 for S. Weakly dispersed optical phonon modes were 

found at the frequency of about 1.2 THz (40 cm
-1

), where the partial DOSes of Bi and 

Pb exhibit the peak values. These phonons have lower group velocities than the 

phonons at intermediate and high frequency regions (Figure 5.10b), and probably 

contribute to the scattering of acoustic phonon modes.  

 

Figure 5.10. (a) Phonon band structure of PbBi2S4 along with the element-

deconvoluted DOSes. (b) Averaged group velocities of phonons in PbBi2S4, calculated 

for 0.25 THz frequency windows. Bars indicate the standard deviations of group 

velocities. 

 Figure 5.11 shows calculated lattice thermal conductivity of PbBi2S4 along each 

axis. The value is as low as 0.49 W m
-1

 K
-1

 on average at 300 K, which is consistent 

with the experiments. The lattice thermal conductivity was found to be anisotropic, with 

relatively high value along b-axis, and low value along a- and c-axes (Table 5.5). The 

higher thermal conductivity along b-axis can be attributed to the higher translational 

symmetry in the crystal structure (shorter unit cell lengths) than a- and c-axes. Spectral 

analysis revealed that phonons at frequencies less than 3 THz, i.e., acoustic phonons, 

mainly contribute to the lattice thermal conductivity, while optical phonons at 

frequencies larger than 3 THz (100 cm
-1

), which mostly correspond to sulfur vibrations, 

have negligible contributions (Figure 5.12). The effective scattering of acoustic 
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phonons and the small contribution of optical phonons result in very low thermal 

conductivity of PbBi2S4.  

 

Figure 5.11. Temperature dependence of calculated lattice thermal conductivity of 

PbBi2S4 in each axial direction. 

 

Figure 5.12. Accumulated and spectral lattice thermal conductivity of PbBi2S4 at 

300 K in the directions of (a) a-axis, (b) b-axis, and (c) c-axis. Colored solid and black 
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dotted lines indicate accumulated and spectral lattice thermal conductivity, 

respectively. 

To further clarify the reason of the low thermal conductivity in PbBi2S4, we 

calculated the thermal conductivity of PbBi2S4 with intentionally changing the atomic 

masses of the cations to that of the lighter S. This calculation yielded the thermal 

conductivity of 0.74 W m
-1

 K
-1

 at 300 K on average, only slightly higher than 0.49 W 

m
-1

 K
-1

, as shown in Table 5.5. Low thermal conductivity of PbBi2S4 even with the 

hypothetical lighter atomic masses indicates that the complex crystal structure, or the 

asymmetric coordination environments in PbBi2S4, is responsible for its very low 

thermal conductivity. 

Table 5.5. Calculated lattice thermal conductivity of PbBi2S4, without and with the 

assumption that the atomic masses of Pb and Bi are the same as that of S. 

Axis 
Lattice thermal conductivity at 300 K (W m

-1
 K

-1
) 

PbBi2S4 PbBi2S4 (mass = S) 

a 0.313 0.457 

b 0.816 1.213 

c 0.330 0.535 

average 0.486 0.735 

 

Despite of having a very low power factor, a maximum ZT value of 0.07 at 673 K 

temperature was obtained because of the low lattice thermal conductivity, as shown in 

Figure 5.12. The enhancement of the figure of merit is achieved through the process of 

chemical doping, wherein chlorine (Cl) is substituted for sulfur (S). 
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Figure 5.12. The figure of merit (ZT) of pristine PbBi2S4 in the temperature range of 

300 K to 673 K. 

5.3.4. XRPD analysis of doped samples 

Despite having low thermal conductivity, pristine PbBi2S4 has a high resistivity 

because of its extremely low carrier concentration, which results in low power factor 

and, ultimately, a low ZT value. In order to overcome this limitation and obtain more 

efficient materials, we substituted S by Cl to increase the carrier concentration. The 

doped sample PbBi2S4-xClx (x = 0, 0.04, 0.8) were synthesized using a milling process 

followed by SPS. Stoichiometric amounts of Pb, Bi, BiCl3, and S powders, (total 6 g) 

were ball milled for 6 hrs. The milling process consisted of 12 cycles, each lasting 30 

minutes with a minute pause; all conducted under an argon atmosphere. After that SPS 

process was carried out at 723 K for 30 mins. This synthesis method is similar to the 

one used for pristine sample discussed.  

In Figure 5.13, the XRPD pattern of all chlorine (Cl) doped samples are presented, 

revealing a distinct correspondence with simulated patterns. Notably, for both doped 

samples, PbBi2S3.96Cl0.04 (red) and PbBi2S3.92Cl0.08 (blue), a minor impurity of Bi2S3 is 

detected. 
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Figure 5.13. Rietveld refinement of the XRPD data recorded at room temperature 

(RT) for (a) PbBi2S3.96Cl0.04, and (b) PbBi2S3.92Cl0.08 sample (λ = 1.5406 Å). 

Table 5.6. Refined unit cell parameters and reliability factors of the pristine and 

PbBi2S4-xClx from the Rietveld analysis of the room-temperature XRPD data 

 

 

 

 

 

 

 

5.3.5. SEM analysis of doped samples.  
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 PbBi2S4 PbBi2S3.96Cl0.04 PbBi2S3.92Cl0.08 

Space group Pnma Pnma Pnma 

a (Å) 11.7842(2) 11.8015(2) 11.8105(1) 

b (Å) 4.0693(1) 4.0750(2) 4.0771(1) 

c (Å) 14.555(3) 14.5808(2) 14.5910(2) 

V (Å
3
) 701.79(4) 701.21(2) 702.60(2)  

 

RBragg, RF 

 

4.41, 2.71 

 

5.39, 3.32 

 

3.53,  2.28 

Rwp, Rexp 8.04, 3.80 5.93,  3.10 5.07,  2.83 

χ
2
 4.49 3.66 3.20 
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To evaluate homogeneity, microstructure, and impurity phases, SEM imaging has 

been done on doped PbBi2S4 samples. The backscattered images of the polished 

PbBi2S3.96Cl0.04 and PbBi2S3.92Cl0.08 samples revealed the presence of cavities which 

were attributed to the vaporization of sulfur during the SPS process (Figure 5.14). 

Figure 5.14 displays the presence of the minor impurity phase of Bi2S3 as dark contrast 

(as the Bi/S ratio for Bi2S3 is less than (Pb+Bi)/S ratio for PbBi2S4) which was further 

confirmed by XRPD refinement discussed earlier. 

 

Figure 5.14. SEM characterization of PbBi2S3.96Cl0.04 (a, b) and PbBi2S3.92Cl0.08 (c, d) 

show the back scattered images of polished sample. The red arrows indicate the Bi2S3 

impurity phase.  

5.3.6. Electronic transport properties of doped samples 

Figure 5.15 shows the electrical properties for the series of PbBi2(S1-xClx)4 samples 

over the temperature range of 300 - 673 K (where x = 0, 0.04, 0.08). The absolute 

Seebeck coefficient (|S|) and resistivity (ρ) values exhibit a steady decrease with the Cl 

content. As an example, PbBi2S3.92Cl0.08 shows the values of |S| and ρ at 300 K are 

observed to decrease to 176 µV K
-1

 and 0.025 Ω cm, respectively compare to pristine 

sample. In all compositions, the absolute values of the Seebeck coefficient (|S|) exhibits 
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a consistent decrease as the temperature increases, whereas the electrical resistivity of 

both doped sample decrease with temperature till 420 K and subsequently increase with 

temperature. This behavior indicates that despite the introduction of additional electrons 

due to S substitution by Cl, the doped materials exhibit in between degenerate and non-

degenerate semiconductor characteristics. This observation implies that the electron 

concentration does not reach a sufficiently high level to induce degeneracy phenomena. 

The decrease in the absolute value of S and ρ as the Cl content increases is consistent 

with the function of chlorine as an electron-dopant when it replaces sulfur in the crystal 

lattice.  

Table 5.6. Carrier concentration and hall mobility of PbBi2(S1-xClx)4 (x = 0, 0.4, 0.8) 

 

sample 
carrier concentration 

(cm
-3

) 

mobility 

(cm
2
 V

-1 
Sec

-1
) 

PbBi2S4 4.8 × 10
17

 1.4 

PbBi2S3.96Cl0.04 3.6 × 10
19

 4.9 

PbBi2S3.92Cl0.08 3.9 × 10
19

 6.4 

 

The carrier concentration at room temperature exhibits an upward trend as the Cl 

content increases. For x = 0.04, the carrier concentration reaches approximately 3.6 × 

10
19 

cm
-3

. Similarly, for x = 0.08, the carrier concentration is approximately 3.9 × 10
19 

cm
-3

. In contrast, the values of room temperature mobility (µ) are relatively modest, 

with respective values of 1.4, 4.9, 6.3 cm
2
 V

-1
 sec

-1 
for x = 0, 0.04, and 0.08. These 

values are notably smaller than those measured in other bismuth-based compounds, 

which can largely be attributed to the relatively small grain size and/or the disordered 

structure due to ball milling synthetic technique. 
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Figure 5.15. Temperature dependence of (a) electrical resistivity, (b) Seebeck 

coefficient and (c) power factor in the PbBi2(S1-xClx)4 (x = 0.04, 0.08). 

The power factor (PF) as a function of temperature in the series PbBi2(S1-xClx)4 (x = 0, 

0.04, 0.08) is shown in Figure 5.15c. The power factor increases significantly with Cl 

content to a maximum value of 2.36 µW cm
-1

 K
-2

 at 700 K for PbBi2S3.92Cl0.08.  

5.3.4. Electronic structure of PbBi2S3.75Cl0.25 

The structure optimization of Cl-doped PbBi2S3.75Cl0.25 is performed and the 

optimized lattice parameters are as follows: a = 11.681 Å, b = 4.0999 Å, and c = 14.456 

Å for PbBi2S3.75Cl0.25. These parameters are in good agreements with the experimental 

lattice parameters. Note that there are three symmetrically non-equivalent sulfur sites in 

PbBi2S4. We performed structure optimizations of three models where one of these non-

equivalent S sites was replaced by Cl, and the model with the lowest energy was used as 

the representative of Cl-doped PbBi2S3.75Cl0.25 (Figure 5.16a).  

The substitution of Cl for S dopes electrons into PbBi2S4, as indicated by the shift of 

Fermi energy into the conduction band (Figure 5.16b), with no drastic changes in the 

electronic band structure and DOS. This is expected from the fact that the Cl doping 

does not change the structure of PbBi2S4 significantly (Figure 5.16, Figure 5.6). These 

results support the experimental results that the Cl substitution doped electrons and 

improved electronic properties. 
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Figure 5.16. (a) Optimized structure of PbBi2S4 were depicted by VESTA,
21

 (b) 

Electronic band structures of (a) PbBi2S3.75Cl0.25 along with the element-deconvoluted 

DOSes.  

Figure 5.17 shows the carrier density and temperature dependences of Seebeck 

coefficient, resistivity, and power factor calculated using the band energies of 

PbBi2S3.75Cl0.25. The measured carrier density of PbBi2S3.92Cl0.08 at room temperature is 

about 3.9 × 10
19

 cm
-3

, which is sufficiently close to the value of ~ 1.0 × 10
20

 cm
-3

. Since 

the carrier electrons increase by thermal excitation as the temperature increases
16

 and 

the carrier density is expected to approach to the value of 1.0 × 10
20

 cm
-3

, it is 

confirmed from the calculations that the experimentally optimized carrier density by the 

Cl doping is highly successful. 

(a) (b)
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Figure 5.17. Seebeck coefficient, resistivity, and power factor calculated using the band 

energies of the PbBi2S3.75Cl0.25 model as a function of carrier density. (a) a-axis 

direction, (b) b-axis direction, (c) c-axis direction, and (d) their average. The dotted 

straight lines indicate the measured carrier densities of experimental samples at room 

temperature shown in Table 4.6 
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5.3.7. Thermal transport properties and figure of merit of doped 

samples 

 The temperature-dependent total thermal conductivity (κ) of PbBi2S4-xClx 

samples with different chlorine (Cl) concentrations (x = 0, 0.04, 0.08) is presented in 

Figure 5.18a. The pristine PbBi2S4 demonstrates exceptionally low thermal 

conductivity values of 0.65 W m
−1

 K
−1

 at a temperature of 300 K, with a slight decrease 

to 0.52 W m
−1

 K
−1

 at a temperature of 673 K. The results presented here align with the 

findings reported by Ohta et al. When the concentration of chlorine (Cl) increases, there 

is a slight fluctuation in thermal conductivity, resulting in a range of values between 

0.65 and 0.7 W m
−1

 K
−1

 at a temperature of 300 K. The electronic contribution (κe) to 

the overall thermal conductivity (κ) is considered negligible due to the relatively high 

electrical resistivity of the samples. As previously mentioned, the lattice component (κL) 

has a prominent role in determining thermal conductivity.  

 

Figure 5.18. Temperature dependence of (a) thermal conductivity and (b) figure of 

merit ZT for PbBi2S4-xClx where x = 0, 0.4, 0.08.  

Figure 5.18b displays the temperature-dependent figure of merit (ZT) for all Cl doped 

samples. The ZT value demonstrates a consistent increase across the temperature range 

of 300 to 673 K as the Cl content is increased. Note that, this improvement in ZT is 
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evident not just at higher temperatures but also at room temperature. The highest obtain 

ZT value is 0.3 at 673 K for PbBi2S3.92Cl0.08 which is 328% increase in comparison to 

the pristine sample. Figure 5.19 illustrates a comparison of ZT values between 

PbBi2S3.92Cl0.08 and other state-of-the-art n-type Bi-based sulfides. The results clearly 

indicate that the ZT of the PbBi2S3.92Cl0.08 sample is modest in comparison to the other 

bismuth based sulfides. Although the carrier concentrations and κ values associated 

with maximum ZT values are comparable to those of other state-of-the-art materials, our 

compound exhibits lower efficiency due to its high resistivity and low Seebeck 

coefficient when compared to AgBi3S5, Bi2S3, and CuPbBi5S9.
10,13

 However, our 

compound demonstrates higher efficiency due to its higher power factor when 

compared to AgBiS2, MnBi4S7, FeBi4S7, and Cux+yBi5-yS8.
22–24

 

 

Figure 5.19. ZT comparison table of state of art Bi-rich thermoelectric sulfides 

along with 2% Cl doped PbBi2S4 throughout the temperature range. 

5.4. Conclusion 

In conclusion, using a combination of ball milling and SPS, we were able to 

successfully synthesize a high-purity sample of semiconducting PbBi2S4 that exhibits a 
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very low lattice thermal conductivity of 0.65 - 0.55 W m
-1

 K
-1

 in the temperature range 

of 300 - 673 K. Low-temperature heat capacity analysis revealed the presence of low-

frequency optical phonon branches, which are crucial in reducing the heat flow by 

scattering the heat-carrying acoustic phonon branches. The presence of several low-

frequency optical modes and the existence of phonon scattering through anharmonic 

coupling between acoustic and optical phonon modes are further confirmed by the DFT 

study. The complex crystal structure and bonding heterogeneity in PbBi2S4 have a 

synchronized constructive influence, leading to a significant impact on the propagation 

of phonons. As a result, PbBi2S4 exhibits an inherently low lattice thermal conductivity 

(κL). 
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My thesis is focused on the synthesis, structural characterization and evaluation 

of the thermoelectric performances of Bi-based ternary and quaternary sulfide materials. 

In the second chapter, a novel Cu-deficient Bi-based quaternary sulfide with an 

aikinite-type structure, denoted as CuPbBi5S9, has been successfully synthesized using a 

combination of mechanical alloying and Spark Plasma Sintering (SPS) techniques. 

Although this sulfide shares the same composition as the previously reported gladite by 

Liang et al., it distinguishes itself by having a disordered arrangement of copper and 

vacancies within the cationic sites. In contrast to Liang et al., which reported the 

presence of secondary phases in relatively large quantities, this Cu-deficient aikinite 

material is highly pure. This purity allows for an in-depth investigation of its transport 

properties. Remarkably, this synthetic sulfide exhibits an extremely low lattice thermal 

conductivity. It exhibits an intrinsic semiconducting behaviour with electrical resistivity 

around 5.1 Ω cm and Seebeck coefficient of -1300 µV K
-1

 at 400 K, and low carrier 

concentration of 4.5 × 10
12

 cm
-3

 at RT. This synthetic sulfide serves as an interesting 

prototype for achieving high thermoelectric performance through doping with Cl or Bi, 

resulting in thermoelectric figures of merit ranging from 0.30 to 0.43 at 700 K. The 

thermoelectric performance of this material is mainly attributed to its remarkably low 

lattice thermal conductivity, primarily due to the involvement of low-energy vibrations 

associated with Bi, Pb, and Cu. The substantial enhancement in the thermoelectric 

figure of merit upon Cl or Bi doping is linked to the Bi-S framework capacity to 

generate n-type conductivity. Importantly, this compound, representing the member x = 

2/3 in a broader series of closely related sulfides Cu1–x□xPb1–xBi1+xS3 with 0 ≤ x ≤ 1, 

serves as a model for a diverse family of n-type thermoelectric materials. These 

materials can be optimized by adjusting their chemical composition, controlling order-

disorder phenomena, and fine-tuning carrier concentration through doping. 

The third chapter provides an overview of the synthesis process for a range of 

compounds within the Cu-deficient aikinite-type sulfide family, specifically denoted as 

Cu1–x□xPb1–xBi1+xS3. These compounds were synthesized using a combination of 

mechanical alloying and SPS methods. XRPD and TEM analyses have revealed that 

these compounds exhibit a disordered arrangement of copper and vacancies within the 

cationic sites, similar to the disordered gladite phase, as discussed in Chapter 2. 
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Specifically, our research findings confirm that the remarkably low lattice thermal 

conductivity observed in these compounds is an inherent characteristic. Samples from 

this series display notably high electrical resistivity, resembling intrinsic 

semiconductors, much like the original disordered gladite phase. However, due to the 

low carrier concentration, these materials are less suitable for thermoelectric 

applications. While some enhancement in the thermoelectric figure of merit is achieved 

by improve mobility. The increasing x values in series leads to increase the Bi to Pb 

ration which eventually decrease the point defect and increases mobility. For example, 

compound with x = 0.83 shows best performance among all quaternary sulfides. A 

maximum ZT values of around 0.05 is obtained at 673 K for x = 0.83 sample which is 

the highest among Cu deficient Cu1–x□xPb1–xBi1+xS3 series due to hall mobility increase. 

Further enhancement of the thermoelectric figure of merit can be achieved through the 

optimization of carrier concentration via suitable doping strategies. 

In the next chapter, the electrical and thermal properties of Cu-rich Bi-based 

sulfides, Cu3BiS3 are discussed and compared to state-of-the-art compounds, in relation 

with cation coordination and crystal structure. The pivotal role of copper coordination in 

generating and tuning the thermoelectric properties of copper-rich sulfides is well 

explained along with its comparison to tetrahedrite Cu12Sb4S13. An exceptionally low 

electrical conductivity is observed in this sulfide. Along with this Cu3BiS3 is unable to 

facilitate the delocalization of hole carriers, which can be directly attributed to the three-

fold coordination of copper like low chalcocite Cu2S and skinnerite Cu3SbS3. In 

contrast, tetrahedral copper coordination can form 3D corner-sharing frameworks in 

many sphalerite-derivative sulfides, allowing for charge delocalization due to the mixed 

valency Cu(I)-Cu(II), leading to high carrier concentration. In addition, the three-fold 

coordination of copper favours its anisotropic displacement, thereby contributing 

significantly to the achievement of extremely low thermal conductivity. Consequently, 

the research of “composite” frameworks, that incorporate both tetrahedrally and three-

fold coordinated copper, becomes an enticing challenge in the quest for high-

performance thermoelectric copper sulfides. It is worth emphasizing that the presence of 

cations with lone pairs (LPs), such as Bi
3+

 or Sb
3+

, emerges as a critical factor for 

stabilizing the structural arrangement. Furthermore, the proximity of electronic LPs to 
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the three-fold coordinated Cu
+
 offers a promising avenue for modulating intrinsic Cu-

rattling to optimize thermal conductivity. 

In the final chapter, a successful synthesis of highly-purity semiconducting 

PbBi2S4 is achieved through a combination of ball milling and SPS. This material has an 

impressively low lattice thermal conductivity ranging from 0.65 to 0.55 W m
-1

 K
-1

 over 

the temperature range of 300 to 673 K. A detailed analysis of the low-temperature heat 

capacity revealed the presence of low-frequency optical phonon branches, which play a 

pivotal role in reducing heat transfer by scattering the heat-carrying acoustic phonon 

branches. Our findings were further supported by DFT calculations, confirming the 

existence of multiple low-frequency optical modes and demonstrating phonon scattering 

through anharmonic coupling between acoustic and optical phonon modes. The intricate 

crystal structure and bonding heterogeneity within PbBi2S4 synergistically contribute to 

this phenomenon, resulting in a substantial reduction in phonon propagation and, 

consequently, an inherently low lattice thermal conductivity (κL) for PbBi2S4. 

In conclusion, using a combination of ball milling and SPS, we were able to 

successfully synthesize a high-purity sample of semiconducting PbBi2S4 that exhibits a 

very low lattice thermal conductivity of 0.65 - 0.55 W m
-1

 K
-1

 in the temperature range 

of 300 - 673 K. Low-temperature heat capacity analysis revealed the presence of low-

frequency optical phonon branches, which are crucial in reducing the heat flow by 

scattering the heat-carrying acoustic phonon branches. The presence of several low-

frequency optical modes and the existence of phonon scattering through anharmonic 

coupling between acoustic and optical phonon modes are further confirmed by the DFT 

study. The complex crystal structure and bonding heterogeneity in PbBi2S4 have a 

synchronized constructive influence, leading to a significant impact on the propagation 

of phonons. As a result, PbBi2S4 exhibits an inherently low lattice thermal conductivity 

(κL). Moreover, a promising thermoelectric figure of merit (0.3) has been achieved by 

increasing the carrier concentration and lowering the electrical resistivity using Cl 

dopant in S site.  
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Furthermore, during my three years of thesis work, I had the opportunity to 

investigate into issues that extended beyond the realm of simply developing efficient 

thermoelectric compounds.  

The investigation of an alternate synthesis technique to the conventional one was 

one key challenge I addressed. Conventional synthesis methods involving sealed tubes 

require prolonged heat treatments at high temperatures, which lead to non-

stoichiometric sulfide compounds. Furthermore, other conventional synthesis methods, 

such as solution-based synthesis are considered environmentally unfriendly due to the 

utilization of hazardous solvents. Moreover, these conditions hinder the production of 

large quantities of sample. Consequently, we devoted considerable effort to 

investigating mechanical-alloying synthesis as an alternative approach. This method has 

proven to be highly valuable, as it allows for the creation of homogeneous, 

stoichiometric samples. Subsequently, these powders can be crystallized efficiently 

through SPS after the ball milling step. This synthesis method represents a substantial 

advantage in the development of sulfide materials for thermoelectric applications. 

Another aspect of my investigation was the crystal chemistry and its impact on 

thermoelectric properties. Unlike previous studies, our synthetic gladite phase did not 

exhibit the ordered gladite mineral structure. Instead, it adopted a disordered aikinite 

structure with copper deficiency and partial replacement of Pb by Bi, as represented by 

the chemical formula Cu1/3□2/3Pb1/3Bi5/3S3. Furthermore, we emphasized the 

significance of the coordination types and networks involving Cu in influencing both 

electrical and thermal properties in Cu3BiS3. Our research revealed that the extremely 

low thermal conductivity in Cu3BiS3 primarily arises from the highly anisotropic 

thermal vibrations of copper due to its threefold coordination. Additionally, the complex 

crystal structure of PbBi2S4 also influence the thermoelectric properties by affecting 

phonon scattering, electronic band structure, charge carrier scattering, charge carrier 

density, and chemical bonding. All these factors collectively shape the material's 

thermal and electrical conductivity as well as its thermoelectric efficiency. 

Finally, the various works carried out during this period have shown the 

importance of the development processes on the structure and thermoelectric properties 

of these materials. These results ultimately open numerous perspectives for the 
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identification and optimization of Bi-based sulfide compounds with promising 

thermoelectric properties. 
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7.1. Synthesis and process 

7.1.1. Mechanochemical alloying/milling 

In mechanochemical alloying/milling, reagents are mixed with high-velocity balls and a 

high level of energy is applied to them in order for them to chemically react. Solids are 

ground together to produce products with properties that are different from the starter 

materials. This concept has been used for centuries in various applications, one famous 

example being the discovery of gunpowder in China well before the 14
th

 century. 

However, it has been applied to synthetic chemistry in the late 60’s with the mechanical 

alloying of oxide-dispersion strengthened superalloys. Mechanochemical alloyed 

materials have since been improved, and they have become increasingly attractive; not 

only because they can be made without high-temperature furnaces, but also because 

they allow control over power microstructures. As a matter of fact, the constant 

fracturing and welding rewilding process greatly influences the morphology and size of 

powder particles, and induced defects in the materials' structure. A material's physical 

properties can be altered by controlling the faults, point defects, or local 

nonstoichiometric defects. In a dry mechanochemical synthesis, powdered reagents are 

mixed together and placed in a jar with grinding media (i.e., balls of various sizes and 

materials). Stainless steel balls are commonly used as grinding media due to their cost-

effectiveness and good mechanical properties. However, for certain applications, such 

as when working with reactive or sensitive materials, harder and more chemically 

unreactive materials such as yttrium-doped zirconia or tungsten carbide may be 

preferred to prevent contamination and ensure consistent results. The choice of grinding 

media can play a crucial role in the success of a mechanochemical synthesis. 

Planetary ball mills are widely used in research laboratories for their high efficiency and 

ability to reduce the particle size of materials to the nanoscale. Unlike the industrial 

mills where one rotation axis is used, the addition of a sun wheel and an extra rotating 

disk on which the jar is placed and rotating in opposite direction for increased impact 

and shear forces, leading to more effective grinding and mixing of the powder mixture 

in laboratory ball mill allows. A combination of centrifugal, tangential, and impact 

forces are utilized to transfer energy to a powder material, resulting in a significant 
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reduction in the average particle size and, potentially, the triggering of a chemical 

reaction. The forces involved in planetary ball milling are indeed complex and difficult 

to predict with our current mathematical understanding, as they depend on a variety of 

factors such as the size and material of the grinding media, the rotation speed of the sun 

wheel and jar, and the powder mixture itself. However, simplified models can be used 

to estimate the forces involved and optimize the milling conditions (Shown in Figure 

7.1.). As the jar and sun wheel are rotating in opposite directions, with the sun wheel 

(r1) generating a centrifugal force (F) that interacts with the spinning of the jar (r2). This 

interaction causes the forces applied on the balls leading to sudden changes in 

momentum and violent impacts against the wall of the jar, resulting in high-energy 

collisions. These high-energy impacts can induce changes in the material being 

processed and facilitate chemical reactions. 

 

Figure 7.1. Simplified schematic presentation of a planetary ball mill. 

7.1.2. High temperature solid-state reaction 

 High temperature solid state reaction is a well-established synthetic technique for metal 

chalcogenides that provide a grate control over stoichiometry of the product, using an 

oxygen-free environment. This efficient methods was used to synthesise our Bismuth 

F

r1

r2
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based sulphides and sulfotellurides, as well as their doped derivatives. The synthesis 

process involves carefully weighing the starting materials and placing them in 

evacuated fused silica tubes, which are then heated in a furnace for one or more cycles 

at elevated temperatures through a solid-state reaction. The solid-state reaction results in 

the formation of the final product, which is often a compound or alloy. However, the 

synthesis process requires careful consideration when synthesizing samples containing 

sulfur to prevent the rapid build-up of pressure that can lead to an explosion. Therefore, 

a slow heating rate is necessary to avoid the risk of explosion, while a slow cooling rate 

allows the sulfur to reintegrate into the powder without condensing on the inside wall of 

the tube. To further reduce the risk of moisture contamination, sulfur flakes are 

preferred over sulfur powder due to their much lower surface to volume ratio, which 

limits the adsorption of moisture. Homogeneity is also critical to ensure complete 

reaction and consistent stoichiometry in the final product, as slow diffusion rates of the 

solid reagents can lead to partial reactions and variations in stoichiometry. Despite using 

high temperatures, the synthesis process results in a solid-liquid-gas phase reaction, 

since sulfur has a low melting point of 388.2 K. This results in good homogeneity, and 

the reaction time is shorter than the few days or weeks that are typically required for 

other high-temperature reactions. 

 

7.1.3. Spark Plasma Sintering (SPS) 

The Spark Plasma Sintering (SPS) method is an effective sintering technique 

which combines the utilization of uniaxial pressure and electric current to density 

sample. In contrast to traditional techniques like hot pressing (HP), Spark Plasma 

Sintering (SPS) uses the application of an electric current to the specimen for heating, 

leading to numerous benefits. A significant advantage is the enhanced regulation of 

temperature, attributable to the direct resistive heating mechanism. This makes it 

possible to regulate the temperature precisely and quickly, preventing grain 

development and achieving ideal densification. SPS enables quicker sintering periods 

than conventional air convection heating, making it a time-saving procedure.  

Moreover,  SPS exhibits a notable advantage over HP sintering due to its enhanced 

capacity for regulating sulfur stoichiometry. The employment of Spark Plasma Sintering 
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(SPS) technique results in a reduced sintering time, thereby minimizing the probability 

of undesired reactions and facilitating improved regulation of sulfur content. In the 

process of sample preparation,  powders were placed into a die with a diameter of 10 

mm and subjected to sintering at a temperature of 723 K under uniaxial pressure of 64 

MPa using a graphite die. The heating rate was set at 50 K min
-1

, followed by a cooling 

rate of 30 K min
-1

, and a vacuum environment was maintained for a holding time of 30 

minutes. The previously mentioned conditions were optimized specifically for samples 

of aikinite series. 

 

Table 7.1. Supplier and purity of the chemicals. 

 

 

 

 

 

 

 

 

 

 

 

 

7.2. Structural characterization 

X-ray powder diffraction 

The analysis of samples using X-ray powder diffraction is a systematic 

procedure performed following synthesis steps, typically conducted in a sealed tube or 

through mechanical synthesis, and subsequent sintering using Spark Plasma Sintering 

(SPS) equipment. It allows for the determination of the crystal structure of the samples, 

providing insights into the arrangement of atoms within the material. It helps in 

verifying the presence of secondary phases within the samples. The detection limit of 

the X-ray diffraction device is considered during this assessment. It aids in identifying 

Precursor Supplier Purity (%) 

Cu Alfa Aesar 99 % 

Pb Alfa Aesar 99.99 % 

Bi Alfa Aesar 99.99 % 

S Alfa Aesar 99.5 % 

Te Alfa Aesar 99.99 % 

BiCl3 Alfa Aesar 99.9 % 
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the nature or composition of any secondary phases present in the samples. The process 

involves obtaining diffractograms by subjecting previously ground powder samples to 

X-ray analysis. These samples are prepared by grinding in an agate mortar and then 

sieving to a particle size of 200 µm. In the CRISMAT laboratory, three different 

diffractometers were utilized throughout the thesis work. The selection of a particular 

diffractometer was based on either the sample's characteristics or the desired level of 

analysis precision. These instruments are described as follows: 

X'PERT Pro MPD PANalytical 2-Circle Diffractometer (Philips) with Copper 

Anticathode: This diffractometer is equipped with a copper anticathode, emitting 

radiations with wavelengths of Kα1 = 1.5406 Å and Kα2 = 1.5444 Å. A PIXcel detector 

is employed, and the device incorporates a nickel filter to eliminate Kβ radiation from 

copper. The configuration of this diffractometer is in Bragg-Brentano 0-0 geometry. 

D8 Advance Variol 2-Circle Diffractometer (Bruker) with Copper Anticathode: 

This diffractometer features a copper anticathode emitting radiation with a wavelength 

of Kα1 = 1.5406 Å. It utilizes a LynxEye detector and incorporates a Johansson-type Ge 

(111) front monochromator to suppress Kβ and Kα2 radiation from copper. The 

configuration of this diffractometer is in Bragg-Brentano 0-20 geometry. 

 

7.3. Electronic microscopy 

Electron microscopy is a valuable characterisation tool that enables the 

morphology, and the chemical composition of a sample to be investigated. By focusing 

an electron beam onto a sample's surface, electron microscopes can provide high 

magnification and resolution. The beam is generated by an electron gun, then directed 

and focused by magnetic lenses. Two commonly used types of electron microscope are 

Transmission Electron Microscopes (TEM), which can detect electrons passing through 

a thin sample, achieving resolutions of a few Angstroms, and Scanning Electron 

Microscopes (SEM), which require little to no sample preparation and have resolutions 

of a few nanometres. In this study, SEM with Energy-Dispersive X-ray spectroscopy 

(EDX) was used to analyze the particle size, morphology, and elemental composition 
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and TEM was used specifically to determine the crystal structure of the sample by using 

Electron diffraction (ED) along with previously mentioned physical properties. 

 

7.3.1 Scanning Electron Microscopes (SEM) 

Scanning electron micrographs and electron energy dispersive spectroscopy (EDS) 

analyses were collected using a JEOL JSM 7200F scanning electron microscope (SEM) 

equipped with an EDX X-Flash Bruker detector. In the study, the choice of using 

secondary electron detection mode and back-scattered electron detection mode for the 

micrographs was driven by the need to obtain comprehensive information about the 

surface morphology, composition, and bulk properties of the samples. By utilizing the 

secondary electron detection mode, it was possible to achieve a high spatial resolution 

for observing intricate surface details and variations in topography. The method resulted 

in valuable information regarding the surface characteristics and chemical composition 

of the sample by detecting the secondary electrons that were emitted from its surface. 

 

Conversely, the utilization of back-scattered electron detection mode was 

implemented to examine the overall composition of the specimens. The back-scattered 

electrons are capable of reflecting from the underlying layers of the material, thereby 

conveying valuable information pertaining to the density and atomic number of the 

sample. This mode provided valuable data on the overall composition and structure of 

the samples, particularly in terms of their elemental constituents and density variations. 

The imaging process was carried out by securely placing the samples onto an 

aluminium sample holder utilizing carbon tabs. The implementation of carbon tabs 

obviated the requirement for sample coating, a customary practice for ensuring 

the electrical insulation of samples. Subsequently, the sample holder containing the 

affixed samples was introduced into the imaging chamber, which was subjected to a 

vacuum pressure lower than 10
-4

 Torr, thereby establishing a high-vacuum milieu. To 

enhance the quality of the image and optimize the signal-to-noise ratio, an accelerating 

voltage of 20kV was utilized during the imaging process. 
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Figure 7.7. Diagram of a SEM instrument 

 

7.3.2 EDX analysis 

EDX (Energy-Dispersive X-ray Spectroscopy) is a technique used for elemental 

analysis of a sample. The practical principle involves the identification of distinct X-

rays that are emitted as a result of the displacement of inner shell electrons by an 

electron beam. Every chemical element possesses a distinctive collection of energy 

transitions, which give rise to its characteristic "atomic signature." The EDX detector is 

utilized to quantify the emitted X-rays and subsequently match their energies against a 

pre-existing database to ascertain the composition of the specimen. The technique offers 

both qualitative and quantitative elemental data, facilitating the examination of the 

distribution and concentration of elements in the sample. This process is akin to the 

production of monochromated X-rays in X-ray diffraction (XRD) techniques. In XRD, a 

monochromator is used to select a specific wavelength of X-rays for diffraction 

experiments. Similarly, in EDX, the characteristic X-rays emitted by the sample are 

measured and analyzed to determine the elemental composition. 
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7.3.3. Transmission Electron Microscopy 

The samples utilized in this investigation were fabricated through the use of 

gridding and ion milling methodologies, assisted by a Leica EM Res 102 apparatus. 

Following the preparation process, the samples were subjected to characterization via 

transmission electron microscopy (TEM). The analysis of the Transmission Electron 

Microscopy (TEM) incorporated various methodologies, including High-Resolution 

TEM (HRTEM), Selected Area Electron Diffraction (SAED), and High Angle Annular 

Dark Field (HAADF) imaging. The transmission electron microscopy (TEM) analysis 

was performed utilizing a Thermoscientific Talos F200S microscope, with an 

acceleration voltage of 200 kV. These techniques allowed for detailed observations of 

the sample's structure, lattice arrangement, and elemental composition at the nanoscale 

level. 

 

7.4. Thermal Gravimetric Analysis (TGA) and Differential Scanning 

Calorimetry (DSC) 

 Thermal Gravimetric Analysis (TGA) is a thermal analysis technique used to 

determine the changes in the mass of a sample as a function of temperature. It offers 

details on the composition, thermal stability, and decomposition of a variety of 

materials. Differential scanning calorimetry (DSC) is a thermal analysis methodology 

that quantifies the heat flow (power) of a specimen in relation to a reference substance 

with respect to time or temperature. In heat-flux DSC, a single heater is used to raise the 

temperature of both the sample and an empty reference. The difference in heat flux 

between the sample and reference is monitored, allowing small temperature differences 

resulting from exothermic or endothermic processes in the sample to be recorded. For 

the experiments in this study, STA 449 F3 Jupiter instrument by Netzsch was utilized. 

The instrument exhibits a maximum temperature capacity of 2273 K. Throughout the 

DSC-TGA analysis, a nitrogen purge was consistently applied to the furnace as the 

temperature underwent a gradual increase from room temperature (RT) to our desire 

temperature at a heating rate of 5 K min
-1

. The heat flow and temperature changes of the 
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sample and reference were recorded throughout the experiment, providing valuable 

information about the thermal behavior, stability, and phase transitions of the materials. 

 

7.5. Electronic transport measurement  

The power factor of the ZT expression depends on the product of the Seebeck 

coefficient and the electrical conductivity. The Seebeck coefficient is the ratio of a 

resulting electric field gradient to an applied temperature gradient. In a typical 

measurement, the temperature is varied around a constant average temperature and the 

slope of the voltage (V) vs. temperature difference (T) curve gives the Seebeck 

coefficient (the slope method) or just V/T is measured (single point measurement). 

Either a specific temperature difference is stabilized before each measurement (steady-

state), which takes longer, or measurements are conducted continuously while the 

temperature difference is varied slowly (quasi- steady-state). Little difference was found 

between steady-state and quasi-steady-state measurements when good thermal and 

electrical contact is ensured. The employed temperature difference should be kept small, 

but too small will lead to decreased accuracy.  

 

Figure 6.2. (a) Photograph of sample-chamber in ULVAC-ZEM3 apparatus. (b) 

Schematic of UlVAC-ZEM 3 four-probe measurement system.
1
 

 

In the present thesis, temperature dependent Seebeck coefficient measurement 

has been done using the most popular commercial instruments ULVAC ZEM 3 RIKO 

using off-axis 4-point geometry under low-pressure helium (He) atmosphere (Figure 
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7.2. a). In the off-axis, 4-point geometry, the thermocouples, and voltage leads are 

pressed against the sides of the sample (Figure 7.2. b). The instrument uses slope 

method to extract the Seebeck coefficient from steady-state measurements. In the slope 

method, the measured raw data is corrected for constant offset voltages by using the 

slope of several (T, V) points for extracting the Seebeck coefficient. The typical 

sample for measurement has a rectangular shape with the dimensions of ~ 3 mm × 3 

mm × 8 mm and T values 10, 20, 30 K have been used in the measurement. The error 

in the measurement is ~ 5%. In a typical measurement, the sample is set in a vertical 

position between the upper and lower electrode blocks in the heating furnace. For 

temperature dependent measurement, the sample was first heated to a specified 

temperature using an infrared (IR) furnace. Thereafter a temperature gradient across the 

sample was created by heating the lower part of it by a heater. Seebeck coefficient is 

measured by measuring the upper and lower temperatures T1 and T2 with the 

thermocouples pressed against the side of the sample, followed by measurement of 

voltage (V) between the same wires on one side of the thermocouple.
1  

The electrical conductivity,  is measured using the four-probe method. 

Temperature dependent  has been measured concurrently during Seebeck 

measurement in ULVAC ZEM 3 RIKO. For the measurement, a constant current I is 

applied to both ends of the sample to measure the voltage V between the thermocouples. 

By knowing resistance of sample, R (R = V/I), we can calculate  from resistivity () of 

the sample using following equations: 

 = 𝑅 ×  
𝐴

𝑙
   

 =  
1


   

 

Where, A is sample cross section and l is the distance between probes. 

 

 

 

 



245      Chapter 7 

7.6. Hall effect 

The Hall effect describes the behavior of the free carriers in a semiconductor 

when an electric and a magnetic field is applied along the perpendicular direction.
2
 

Thus, measurement of the Hall voltage is used to determine the type of charge carrier 

present in the system, the free carrier density and the carrier mobility. When a current-

carrying semiconductor is kept in a magnetic field, the charge carriers of the 

semiconductor experience a force in a direction perpendicular to both the magnetic field 

and the current. At equilibrium, a voltage appears at the semiconductor edges. The ratio 

of the induced voltage to the product of the current density (I/t, where I is applied 

current and t is sample thickness), 𝑛 is charge carrier density, and the applied magnetic 

field (B) is defined as Hall coefficient (RH) as shown in the equation:  

𝑅𝐻 =
𝑉𝑡

𝐼𝐵
   

𝑛 =
1

𝑅𝐻𝑒
   

 

Where, e is the charge of an electron (1.602 x 10
-19

 C).  In this thesis Hall measurement 

has been done in an in-house equipment developed by Excel instrument. We have used 

a four-contact Hall-bar geometry and a varying magnetic field up for the measurements. 

 

7.7. Thermal conductivity  

The flash diffusivity method most frequently is used for the determination of 

thermal conductivity () of material. Non-contact, non-destructive, easy sample 

preparation, applicability for a wide range of diffusivity values with excellent accuracy 

and reproducibility makes this method more advantageous than direct method. In the 

flash diffusivity method, the thermal conductivity is calculated as  = DCp, where D is 

thermal diffusivity,  is density, and Cp is the constant pressure heat capacity. In this 

method, the sample is mounted on a carrier system, which is located in a furnace. After 

the sample reaches a predetermined temperature, a short heat pulse from a pulsed laser 

is applied to one side of a thin sample, resulting in homogeneous heating. The relative 

temperature increase on the rear face of the sample is then measured as a function of 

time by an IR detector. The temperature will rise to a maximum, after which it will 

https://en.wikipedia.org/wiki/Charge_carrier_density
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decay. The time for the temperature to increase to half-maximum, 𝑡1/2, is used to 

calculate the thermal diffusivity using the following equation: 

𝐷 = 0.1388 ×
𝑙2

𝑡1/2
   

where D is thermal diffusivity in cm
2 

sec
-1

, l is the thickness.
3
  

 

Figure 7.3. (a) Photograph of NETZSCH LFA-457 instrument. (b) and (c) Schematic of 

LFA- 457 diffusivity measurement apparatus. 

 

In this thesis, temperature dependent thermal transport measurement (300 - 700 

K) has been done using the most popular NETZSCH LFA-457 instrument in N2 

atmosphere (Figure 7.3.). The samples were coated with a thin layer of graphite (~ 5 

µm) in order to enhance the absorption of laser energy and emission of IR radiation to 

the detector. It also increases the signal to noise ratio. The error for the  measurement 

is ~ 5%. The samples were placed inside SiC sample holder to mount on carrier system 

(Figure 7.3.). A Nd-Glass pulsed laser source of wavelength 1054 nm has been used for 

all the measurement. To measure the increased temperature on the rear face of the 

sample a liquid N2 cooled InSb IR detector has been used. The thermal diffusivity data 

were analyzed using a Cowan model with pulse correction to account for heat losses on 

the sample faces.
4
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7.8. Heat capacity  

The Quantum Design Heat Capacity option measures the heat capacity at 

constant pressure 

𝐶𝑝 = (
𝑑𝑄

𝑑𝑇
)𝑝 

 

As with other techniques for measuring heat capacity, the Quantum Design Heat 

Capacity option controls the heat added to and removed from a sample while 

monitoring the resulting change in temperature. During a measurement, a known 

amount of heat is applied at constant power for a fixed time, and then this heating 

period is followed by a cooling period of the same duration. A platform heater and 

platform thermometer are attached to the bottom side of the sample platform (Figure 7. 

4). 

 

 

Figure 7.4. Left. Detailed view of the sample chamber of PPMS probe. Right. Heat 

capacity puck along with the schematic diagram of the sample stage.
5
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