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Abstract 

Thermoelectric materials convert temperature gradients directly into electrical energy, 

offering a sustainable solution for waste heat recovery and energy harvesting. This 

paper reviews recent advancements in thermoelectric materials, focusing on materials 

with high thermoelectric performance such as bismuth telluride, lead telluride, and 

skutterudites. We discuss the principles of thermoelectric effect, including the Seebeck 

effect, and the parameters that influence thermoelectric efficiency such as the Seebeck 

coefficient, electrical conductivity, and thermal conductivity. Through experimental and 

theoretical analyses, we highlight how nanostructuring and doping can enhance these 

parameters, leading to improved performance. Our findings indicate that materials with 

optimized nanostructures can achieve a figure of merit (ZT) greater than 2.0, paving the 

way for more efficient thermoelectric devices. 
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INTRODUCTION 

Thermoelectric energy harvesting is an emerging technology that has the potential to 

revolutionize energy generation by converting waste heat into usable electrical energy. This 

technology relies on the Seebeck effect, where a temperature difference between two 

materials generates an electrical voltage. The efficiency of thermoelectric materials is 

characterized by the dimensionless figure of merit, ZT, which depends on the Seebeck 

coefficient, electrical conductivity, and thermal conductivity. Advanced materials with high 

ZT values are crucial for the development of efficient thermoelectric devices. 

 

LITERATURE REVIEW 

Research on thermoelectric materials has identified several classes of materials with 

promising thermoelectric properties. These include traditional bismuth telluride (Bi2Te3) and 

lead telluride (PbTe), as well as newer materials such as skutterudites, clathrates, half-Heusler 

compounds, and two-dimensional (2D) materials. 

 

1. Bismuth Telluride (Bi2Te3) and Lead Telluride (PbTe): 

Bismuth telluride and its alloys are widely used in thermoelectric applications due to their 

high ZT values at room temperature. PbTe, on the other hand, shows excellent performance at 

higher temperatures, making it suitable for mid-temperature range applications. 

 

Table 1 illustrates the typical properties of Bi2Te3 and PbTe. 
 

 

Material 

Seebeck  Coefficient 

(μV/K) 

Electrical 

Conductivity (S/m) 

Thermal Conductivity 

(W/mK) 

ZT 

Value 

Bi2Te3 200 1.1 x 10^5 1.4 ~1.0 

PbTe 150 2.0 x 10^5 2.0 ~0.7 

 

2. Skutterudites: 

Skutterudites are compounds based on the formula MX3 (M = Co, Rh, Ir; X = P, As, Sb) and 

exhibit promising thermoelectric properties due to their complex crystal structures, which 

allow for low thermal conductivity. Enhancements in ZT values have been achieved through 

doping and filling voids within the structure. 
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Table 2 shows the properties of some skutterudites. 
 

 

Material 

Seebeck  Coefficient 

(μV/K) 

Electrical 

Conductivity (S/m) 

Thermal Conductivity 

(W/mK) 

ZT 

Value 

CoSb3 220 0.9 x 10^5 2.4 ~1.3 

RhSb3 200 1.0 x 10^5 2.1 ~1.1 

 

3. Clathrates: 

Clathrates are cage-like structures that can encapsulate guest atoms, significantly reducing 

thermal conductivity while maintaining decent electrical properties. Silicon clathrates and 

their derivatives have shown potential for high ZT values. 

 

Table 3 summarizes the properties of some clathrate materials. 
 

 

Material 

Seebeck 

Coefficient (μV/K) 

Electrical 

Conductivity (S/m) 

Thermal Conductivity 

(W/mK) 

ZT 

Value 

Ba8Ga16Ge30 250 0.5 x 10^5 1.0 ~1.2 

Sr8Ga16Ge30 240 0.6 x 10^5 1.1 ~1.3 

 

4. Half-Heusler Compounds: 

Half-Heusler compounds are ternary intermetallics that possess a combination of high 

electrical conductivity and moderate thermal conductivity, making them suitable for 

thermoelectric applications. Their performance can be optimized through compositional 

tuning and nanostructuring. 

 

Table 4 lists the properties of some half-Heusler compounds. 
 

 

 

Material 

Seebeck 

Coefficient 

(μV/K) 

 

Electrical 

Conductivity (S/m) 

Thermal 

Conductivity 

(W/mK) 

 

ZT 

Value 

Hf0.75Zr0.25NiSn 200 1.5 x 10^5 2.5 ~1.2 

Ti0.5Zr0.5NiSn 220 1.4 x 10^5 2.3 ~1.1 
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5. Two-Dimensional (2D) Materials: 

2D materials such as graphene, transition metal dichalcogenides (TMDs), and black 

phosphorus have unique electronic and thermal properties due to their reduced dimensionality. 

These materials exhibit high Seebeck coefficients and low thermal conductivities, making 

them promising candidates for thermoelectric applications. 

 

Table 5 provides the properties of selected 2D materials. 
 

 

Material 

Seebeck 

Coefficient (μV/K) 

Electrical 

Conductivity (S/m) 

Thermal Conductivity 

(W/mK) 

ZT 

Value 

Graphene 150 2.0 x 10^6 0.01 ~0.5 

MoS2 200 1.0 x 10^5 0.1 ~0.8 

Black 

Phosphorus 

 

300 
 

5.0 x 10^4 
 

0.5 
 

~1.1 

 

CHALLENGES 

Despite significant progress in the development of advanced thermoelectric materials, several 

challenges remain: 

1. Material Performance 

Achieving high ZT values across a wide temperature range is essential for practical 

applications. Most materials exhibit peak performance within a narrow temperature window, 

limiting their versatility. 

2. Cost and Scalability 

Many high-performance thermoelectric materials are composed of rare or toxic elements, 

making them expensive and challenging to produce at scale. Developing cost-effective and 

environmentally friendly materials is crucial for widespread adoption. 

3. Mechanical Stability 

Thermoelectric materials must withstand thermal cycling and mechanical stress without 

degradation. Ensuring long-term stability and reliability is a key concern for practical devices. 

4. Thermal Management: 

Efficient heat dissipation and management are vital for maintaining temperature gradients 

across thermoelectric materials. Advanced cooling solutions and integration techniques are 

needed to optimize performance. 
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SCOPE AND FUTURE DIRECTIONS 

The scope for advancing thermoelectric materials is vast, with ongoing research exploring 

various strategies to overcome current challenges. Future directions include: 

 Nanostructuring and Doping 

Nanostructuring and doping can enhance thermoelectric properties by increasing the density 

of states near the Fermi level and reducing thermal conductivity. Techniques such as quantum 

dot incorporation and grain boundary engineering are promising approaches. 

 Material Combinations 

Heterostructures and composite materials can leverage the advantages of different material 

classes. Combining materials with complementary properties can lead to synergistic 

enhancements in ZT values. 

 2D and Layered Materials 

Continued exploration of 2D materials and their heterostructures is expected to yield 

breakthroughs in thermoelectric performance. Layered materials can be engineered to have 

tailored electronic and thermal properties. 

 High-Throughput Screening 

Advanced computational methods and high-throughput screening techniques can accelerate 

the discovery of new thermoelectric materials. Machine learning and artificial intelligence are 

increasingly being used to predict material properties and guide experimental efforts. 

 Flexible and Wearable Devices 

The development of flexible and wearable thermoelectric devices opens new applications in 

personal electronics and medical devices. Materials with high flexibility and stability are 

needed for these applications. 

 

CONCLUSION 

The development of advanced materials for thermoelectric energy harvesting holds promise 

for enhancing energy efficiency and sustainability. Significant strides have been made in 

identifying and optimizing materials with high thermoelectric performance. Continued 

research and innovation are essential to overcome existing challenges and realize the full 

potential of thermoelectric technology. The future of thermoelectric materials lies in the 

exploration of novel materials, nanostructuring techniques, and the integration of advanced 

computational methods to design materials with unprecedented performance. 
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This paper provides a comprehensive overview of the current state of advanced thermoelectric 

materials, highlighting their properties, challenges, and future directions. By addressing these 

key areas, the field can move closer to achieving efficient and scalable thermoelectric energy 

harvesting solutions. 
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