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Abstract: In this research paper, we have investigated the thermoelectric effect in energy-converting materials at the 

nanoscale, using the characteristics of density of states, power factor(PF), thermal conductivity, figure of merit(ZT) and 

carrier mobility also with focusing on their potential for enhancing energy efficiency. The thermoelectric effect, which 

involves the direct conversion of temperature differences into electrical voltage, offers a promising approach for 

sustainable energy harvesting. At the nanoscale, materials exhibit unique properties that can significantly improve 

thermoelectric performance, including increased electrical conductivity and reduced thermal conductivity. This 

research explores various nanoscale materials, such as nanowires, quantum dots, and thin films, analyzing their 

Seebeck coefficient, electrical conductivity, and thermal conductivity. By optimizing these parameters, the study aims 

to enhance the figure of merit (ZT) of thermoelectric materials, making them more viable for applications in energy 

conversion devices, such as power generators and waste heat recovery systems. It is found that the higher mobility (µ= 

0.1 m2/Vs) lies higher than those with lower mobilities (µ= 0.01 m2/Vs). Materials with high mobility are often more 

conductive and better for applications requiring high electrical transport properties. It has also been observe that the 

materials with lower thermal conductivity at nanoscale might be preferred for insulating applications, while materials 

with higher conductivity might be chosen for heat dissipation For thermoelectrics, high mobility is essential to ensure 

good electrical conductivity without too much degradation of the Seebeck coefficientThe findings contribute to the 

development of next-generation thermoelectric technologies. 

  

Keywords: Thermoelectric Effect, Nanoscale Materials, Energy Conversion, Seebeck Coefficient, Figure of Merit 

(ZT). 

 

I. INTRODUCTION 

 

Thermoelectric effects in nanoscale energy-converting materials is an area of growing interest due to its potential to 

significantly impact the fields of energy harvesting and waste heat recovery[1]. Thermoelectric materials have the 

unique ability to directly convert temperature differences into electrical energy through the Seebeck effect, where a 

voltage is generated as a result of a temperature gradient across a material [2]. Conversely, the Peltier effect allows the 

creation of a temperature difference when an electric current is applied, enabling applications such as solid-state 

cooling[3]. These phenomena are particularly valuable for developing sustainable energy solutions, especially in 

scenarios where waste heat is abundant, such as in industrial processes or electronic devices[4].At the nanoscale, 

materials exhibit properties that are distinct from their bulk counterparts, often leading to enhanced thermoelectric 

performance[5]. Nanostructuring can improve the figure of merit (ZT), a dimensionless parameter that quantifies the 

efficiency of a thermoelectric material[6]. The figure of merit is determined by three key factors: the Seebeck 

coefficient, electrical conductivity, and thermal conductivity [7]. To maximize ZT, a material must exhibit a high 

Seebeck coefficient and electrical conductivity while maintaining low thermal conductivity [8].  

             Achieving this balance is challenging at the bulk scale but becomes more feasible when materials are 

engineered at the nanoscale[9].Nanostructures such as nanowires, quantum dots, and thin films can introduce quantum 

confinement effects, which enhance the density of states near the Fermi level, thereby increasing the Seebeck 

coefficient[10]. Additionally, these structures often exhibit reduced thermal conductivity due to increased phonon 

scattering at grain boundaries and interfaces[11]. This reduction in thermal conductivity without compromising 

electrical conductivity is a critical advantage of nanoscale thermoelectric materials[12].Another approach to enhancing 

thermoelectric performance at the nanoscale involves doping and alloying, which can further tune the electronic 

properties of the materials[13]. For example, introducing impurities or secondary phases can scatter phonons more 

effectively, reducing thermal conductivity while maintaining or even enhancing electrical conductivity[14]. This fine-

tuning allows for the optimization of the material’s thermoelectric properties for specific applications[15]. 

https://iarjset.com
https://iarjset.com/


IARJSET 

International Advanced Research Journal in Science, Engineering and Technology 

Impact Factor 8.066Peer-reviewed / Refereed journalVol. 11, Issue 9, September 2024 

DOI:  10.17148/IARJSET.2024.11902 

© IARJSET                  This work is licensed under a Creative Commons Attribution 4.0 International License                  11 

ISSN (O) 2393-8021, ISSN (P) 2394-1588 

               Theoretical modeling and simulations play a crucial role in understanding and predicting the behaviour of 

these nanoscale thermoelectric materials[16]. Techniques such as density functional theory (DFT) and molecular 

dynamics (MD) simulations provide insights into the electronic structure and phonon transport mechanisms, helping 

researchers to design materials with improved thermoelectric performance[17]. These models can guide experimental 

efforts by predicting how changes in material composition or structure will impact the overall efficiency[18]. 

           This research focuses on systematically studying the thermoelectric characteristics of various nanoscale 

materials, exploring how their unique properties can be harnessed to develop more efficient energy conversion 

devices[19]. By combining experimental work with theoretical modeling, this study aims to contribute to the 

advancement of thermoelectric technology, paving the way for new, sustainable energy solutions that can effectively 

utilize waste heat and reduce reliance on traditional power sources[20]. 
 

II. THEORETICAL DISCRIPTION 

 

The study of thermoelectric effects in energy-converting materials at the nanoscale focuses on optimizing the 

conversion of heat into electrical energy, or vice versa, through the Seebeck and Peltier effects[21,22]. At this scale, 

materials exhibit unique properties due to quantum confinement and enhanced surface effects, which can significantly 

improve thermoelectric performance[23]. The efficiency of thermoelectric materials is described by the dimensionless 

figure of merit ( ZT ), which is dependent on the Seebeck coefficient ( S ), electrical conductivity σ, and thermal 

conductivity (κ)[24]. Nanoscale engineering can enhance ( ZT ) by increasing ( S ) and σ while reducing κ through 

techniques like nanostructuring and doping[25]. This makes nanoscale materials highly promising for applications in 

waste heat recovery and solid-state cooling, where optimizing these thermoelectric properties can lead to more efficient 

and sustainable energy solutions[26]. 

 

2.1 Electrical Conductivity σ and Mobility μ 

Electrical conductivity σ is a measure of a material's ability to conduct electric current, while mobility μ quantifies how 

quickly charge carriers (electrons or holes) move through a material in response to an electric field. The relationship 

between electrical conductivity σ and mobility μ is derived from the following principles: 

Basic Relation: Electrical conductivity σ  is given by: 

                                                                   σ = n*q*μ                                                                                            (1) 

 

where:( n ) is the charge carrier concentration (number of charge carriers per unit volume), 

( q ) is the elementary charge of the carriers (e.g., the charge of an electron),  

μ is the mobility of the charge carriers. 

Mobility μ: Mobility (μ ) is defined as: 

                                                                 μ = vd /E                                                                                                 (2) 

 

where: 

vd is the drift velocity of the charge carriers, 

( E ) is the applied electric field. 

 

Combining the Equations: By substituting the expression for μ into the conductivity equation, we get: 

                                                               σ = nq ×vd /E                                                                                            (3) 

  

This equation shows that electrical conductivity is directly proportional to both the carrier concentration ( n ) and their 

mobility μ. High mobility and carrier concentration result in high electrical conductivity, which is crucial for the 

performance of materials in thermoelectric and other electronic applications[27,28]. 

 

2.2 Derivation ofThermal Conductivity(κ)  

To derive the equation for thermal conductivity κ, we start with Fourier’s Law of Heat Conduction[29], which 

describes the rate of heat transfer through a material. The basic formula for thermal conductivity is: 

                                                                       κ = Q⋅ L /A ⋅ΔT⋅ t                                                               (4) 

 

where: 

Q is the total amount of heat transferred (in Joules), 

L is the thickness or length of the material through which heat is conducted (in meters), 

A is the cross-sectional area through which heat flows (in square meters), 

ΔT is the temperature difference across the material (in Kelvin), 

t is the time over which the heat transfer occurs (in seconds). 

https://iarjset.com
https://iarjset.com/


IARJSET 

International Advanced Research Journal in Science, Engineering and Technology 

Impact Factor 8.066Peer-reviewed / Refereed journalVol. 11, Issue 9, September 2024 

DOI:  10.17148/IARJSET.2024.11902 

© IARJSET                  This work is licensed under a Creative Commons Attribution 4.0 International License                  12 

ISSN (O) 2393-8021, ISSN (P) 2394-1588 

This formula shows that thermal conductivity κ measures how well a material can conduct heat. A higher κ value 

indicates better heat conduction. 

For a more detailed understanding, particularly for crystalline materials, thermal conductivity can also be expressed 

as:[30] 

                                                                                   κ=1 /3 ×Cvvλ                                                                     (5) 

 

where: 

Cv is the heat capacity per unit volume (J/m³·K), 

v is the average speed of heat carriers (such as phonons or electrons) (m/s), 

λ is the mean free path of these carriers, which is the average distance they travel before scattering (m). 

 

This equation accounts for how phonons (in insulators) or electrons (in metals) contribute to heat conduction. For 

metals, where electrons are the primary heat carriers, thermal conductivity depends on electron density, mobility, and 

mean free path. In non-metals or insulators, phonon conduction dominates, and (κ) is influenced by the phonon mean 

free path and heat capacity. This comprehensive view allows us to understand and calculate the thermal conductivity of 

materials based on their microscopic properties. 

 

2.3 Derivation the figure of merit ZT  

To derive the figure of merit ZT for thermoelectric materials, we start with the fundamental equations governing 

thermoelectric effects. The figure of merit  ZT  quantifies the efficiency of a material in converting heat to electrical 

energy and is given by:[31] 

                                                                                 ZT=S2σT /κ                                                                   (6) 

 

where: 

S is the Seebeck coefficient, 

σ is the electrical conductivity, 

T is the absolute temperature, 

κ is the thermal conductivity. 

 

1. Seebeck Coefficient (S): The Seebeck coefficient S measures the voltage generated per unit temperature gradient. It 

is derived from the relationship:[32] 

                                                                                      S=−ΔV /ΔT                                                                    (7) 

where ΔV is the voltage difference and ΔT is the temperature difference across the material. 

2. Electrical Conductivity (σ): Electrical conductivity σ is related to the carrier concentration n and mobility μ by:[33] 

                                                                                       σ=q2nμ                                                                            (8) 

where q is the elementary charge. The term q2nμ represents how easily charge carriers move through the material. 

3. Thermal Conductivity (κ): Thermal conductivity can be expressed as:[34] 

                                                                                  κ= 1 /3 × Cvvλ                                                                 (9) 

 

where, 

Cv is the heat capacity per unit volume,  

v is the average speed of heat carriers, and 

 λ is the mean free path of the carriers. 

 

Combining these equations, we express ZT as: 

                                                                                   ZT = S2σT /κ                                                                     (10) 

 

This equation highlights that an ideal thermoelectric material should have a high Seebeck coefficient and electrical 

conductivity, while maintaining low thermal conductivity. Enhancements in ZT can be achieved through materials 

engineering, such as nanostructuring, to optimize these parameters. 

 

2.4 Quantum confinement effects 

Quantum confinement effectsarise when the dimensions of a material are reduced to the nanoscale, typically in the 

range of 1–100 nanometers, comparable to or smaller than the de Broglie wavelength of electrons[35]. In such small 

dimensions, the motion of charge carriers, like electrons and holes, becomes restricted, leading to quantization of 

energy levels. This phenomenon significantly alters the electronic, optical, and thermal properties of the material[36]. 
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In bulk materials, electrons can occupy a continuous range of energy levels. However, when a material is confined to 

nanoscale dimensions, the energy levels become discrete due to quantum confinement[37]. This is described by the 

particle-in-a-box model, where the energy of the electron in a one-dimensional potential well of width L is given by: 

                                                                                En = n2h2 /8mL2                                                                      (11) 

 

where: 

En is the energy of the nth quantized state, 

h is Planck's constant, 

m is the effective mass of the electron, 

L is the size of the nanostructure, and 

n is an integer representing the quantum number. 

 

As L decreases, the spacing between energy levels increases, leading to a significant modification in the density of 

states (DOS) near the Fermi level. This enhanced DOS can increase the Seebeck coefficient S, making quantum-

confined nanomaterials attractive for thermoelectric applications[38], where optimizing the balance between electrical 

conductivity and thermal conductivity is crucial for maximizing the thermoelectric figure of merit ZT. 

 

III. RESULT AND DISSCUSSION 

 

3.1. Density of states (DOS) as a function of Energy (E) for 1D,2D and 3D systems 

             The DOS in a 1D system follows a square root dependence on energy, i.e., 𝐷𝑂𝑆1𝐷 ∝ √𝐸. At low energies, the 

DOS is lower, and it increases rapidly as the energy increases. In a 1D system, the energy levels are quantized due to 

the confinement in one direction, leading to a sharp increase in the DOS with energy. This behaviour is expected as the 

availability of quantum states grows with energy, but the rate of growth is slower than in higher dimensions. The 

square-root dependence indicates fewer available states at lower energies, which is a direct result of the restricted 

geometry of 1D materials. 

             

             The DOS in a 2D system is constant with energy, i.e., 𝐷𝑂𝑆2𝐷(𝐸) ∝ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. This curve is represented by a 

straight line in the graph. In 2D systems, such as graphene or thin films, the DOS does not depend on the energy level 

directly. This means that at any energy level, the number of available states remains the same. The constant DOS with 

energy is a consequence of the 2D confinement, where electrons are free to move in two dimensions, leading to an 

equal distribution of states across the energy spectrum. This makes 2D systems unique as they provide a constant 

supply of states for conduction or other phenomena over a wide energy range. 

             

             The DOS in a 3D system follows a square-root law, but with a different proportionality constant compared to 

1D, i.e., 𝐷𝑂𝑆3𝐷(𝐸) ∝ √𝐸. Similar to 1D, the DOS starts low at low energies and increases with energy, but the rate of 

increase is slower compared to 1D. In 3D systems, such as bulk materials, the availability of states increases with the 

square root of energy, indicating a higher number of accessible quantum states compared to lower-dimensional 

systems.  The 3D DOS is more gradual because electrons can move freely in all three spatial dimensions, allowing for a 

larger phase space and, thus, a smoother increase in the DOS with energy. 

  

1.Growth Behaviour: From the plot it is clear that in 1D, the DOS grows rapidly with energy (∝ √𝐸) due to the 

confinement in one dimension. In 2D, the DOS remains constant as the energy increases, indicating a uniform 

distribution of states across energy. In 3D, the DOS grows with (√𝐸) but at a slower rate compared to 1D because of 

the extra degrees of freedom available for electron movement. 

  

2. Dimensional Effects:  1D systems  show a steep rise in DOS, which implies that materials with 1D confinement will 

have highly energy-dependent electronic properties. 2D systems  have a unique characteristic of constant DOS, making 

them ideal for applications that require uniform electronic states, such as in thin-film transistors or 2D materials like 

graphene. 3D systems  exhibit the smoothest increase in DOS, typical of bulk materials, which is why most 

conventional materials behave this way. 

 

 3. Electronic Applications: In  1D systems, the sharp increase in DOS at higher energies makes them sensitive to small 

changes in energy, making them useful in nanowires and quantum devices. In  2D systems, the constant DOS across 

energies is beneficial for maintaining steady electronic transport properties, making them promising for 2D electronic 

devices and sensors. In  3D systems , the gradual increase in DOS supports stable behaviour in bulk materials, which is 

why 3D systems are dominant in traditional electronic and thermoelectric applications. 
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Fig1. Density of states {DOS} vs. Energy (E) curve 

 

3.2 Electrical Conductivity(𝝈) as a function of Carrier Concentration(𝒏): 

         From the electrical conductivity equation it is clear that 𝜎 directly proportional to both the carrier concentration 

(n) and the carrier mobility (µ). As the carrier concentration increases, the electrical conductivity also increases across 

all mobility values. The formula for electrical conductivity (𝜎 = 𝑞 ∗ µ ∗ 𝑛 ) highlights that increasing either the charge 

carrier mobility or carrier concentration enhances the conductivity. 

 

Logarithmic Behaviour of curve: Since both axes are in logarithmic scale, the curves will appear as straight lines on a 

log-log plot, with different slopes depending on the mobility (µ). 

Steeper Slopes: Curves with higher mobility values will have steeper slopes, indicating faster growth in conductivity as 

carrier concentration increases. 

 Horizontal Shifts: Curves corresponding to higher mobility values will be positioned above those with lower mobility 

because (σ) increases with (µ).  

 

Carrier Concentration Influence: For all curves, increasing the carrier concentration (n) results in higher conductivity. 

This is because more free charge carriers contribute to better electrical conduction. The linearity of the curves in the 

log-log plot shows that conductivity increases proportionally with carrier concentration in this model. 

Mobility Influence: Curves with higher mobility (µ) values (e.g., 0.5 m²/Vs) are much higher on the graph, indicating 

that for the same carrier concentration, materials with higher mobility will exhibit significantly higher conductivity. 

Lower mobility materials (e.g., µ=0.01m2/Vs) exhibit lower conductivity for the same carrier concentration, as the 

movement of charge carriers is more hindered. 

 

Mobility (µ) dependence of curve: 

 High Mobility Systems: Materials with higher mobility (such as high-quality semiconductors) exhibit a greater 

increase in electrical conductivity with increasing carrier concentration. This is seen in the steep curves corresponding 

to high mobility values like (0.5m2/Vs). 

Low Mobility Systems: Materials with lower mobility (e.g., amorphous semiconductors or materials with more 

scattering) have lower electrical conductivity for the same carrier concentration. The flatter slope for lower mobility 

indicates that these materials are less responsive to increases in carrier concentration. 
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Carrier Concentration (n): In systems with low carrier concentration, the conductivity is initially low across all mobility 

values. However, as the carrier concentration increases (e.g., through doping or external influences like temperature), 

conductivity increases. Higher carrier concentration makes conductivity less sensitive to changes in mobility because, 

with a high number of carriers, the movement of each carrier becomes more important in determining the overall 

conductivity. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2: Electrical Conductivity (σ) vs. Carrier Concentration (n) for different Mobilities (µ) 

 

 

3.3. Power factor (PF) as a function of Temperature (T) with varying n,µ and S: 

 

The graph which is plotted shows the shows the relationship between Power Factor (PF) and Temperature (T) for three 

different parameter sets, which are: 

1. Carrier Concentration (n), 2. Carrier Mobility (µ), 3. Seebeck Coefficient (S). 

The general equation used for the power factor is: 

𝑃𝐹 = 𝑆2 ∗ 𝜎                                                                

where: 

 S  is the Seebeck coefficient, σ is the electrical conductivity, and 𝜎 = 𝑞 ∗ µ ∗ 𝑛 (where  q  is the electron charge,  µ is 

the carrier mobility, and  n  is the carrier concentration). These are temperature dependent. 

 

1. Constant Power Factor Over Temperature Range: 

In the current setup, the power factor remains constant over the entire temperature range (300 K to 1000 K). This is 

because both the mobility (µ) and carrier concentration (n) are assumed to be independent of temperature in this model. 

In reality, these parameters are often temperature-dependent, leading to non-constant curves. However, in this 

simplified version, the curves are straight lines. 

2. Higher Curves for Higher Seebeck Coefficients and Mobilities: The power factor is proportional to S2 and σ (which 

is proportional to (n) and (µ). Thus, materials with a higher Seebeck coefficient (S) or higher mobility (µ) yield a 

higher power factor. Each curve in the plot represents a combination of different values for carrier concentration, 

mobility, and Seebeck coefficient. 
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1. Carrier Concentration (n): Higher carrier concentrations result in higher electrical conductivity (σ ), and thus increase 

the power factor. In the plot, the power factor for the highest carrier concentration (n = 1× 1025 m-3) lies higher 

compared to lower carrier concentrations. This is because more charge carriers lead to better electrical transport and 

higher conductivity. However, in thermoelectric materials, too high a carrier concentration can reduce the Seebeck 

coefficient, which needs to be balanced for optimal performance. 

 

2. Carrier Mobility (µ): Higher carrier mobility increases the conductivity (σ), and therefore, enhances the power factor. 

Mobility is a measure of how easily charge carriers (electrons or holes) move through the material. The curve 

corresponding to higher mobility (µ= 0.1 m2/Vs) lies higher than those with lower mobilities (µ= 0.01 m2/Vs). 

Materials with high mobility are often more conductive and better for applications requiring high electrical transport 

properties. For thermoelectrics, high mobility is essential to ensure good electrical conductivity without too much 

degradation of the Seebeck coefficient. 

 

3. Seebeck Coefficient (S): The power factor depends on the square of the Seebeck coefficient, S2, so even small 

increases in S  lead to a large increase in the power factor. In the plot, the curve for the highest Seebeck coefficient ( S 

= 200 µV/K) is much higher than for lower Seebeck coefficients. This emphasizes the importance of selecting materials 

with a high Seebeck coefficient in thermoelectric applications. The Seebeck coefficient is a material property that 

describes how efficiently a temperature gradient can drive an electric current. For efficient thermoelectric materials, a 

high S is crucial because it maximizes the voltage output for a given temperature difference. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3: Power Factor (PF) vs. Temperature (T) curve with varying n,µ and S 

 

 

3.4. Thermal Conductivity (σ) as a function of Material Dimensions at different Scaling Factor: 
 

From the plot it is clear that as the material dimensions decrease from 100 nm to 1 nm, the thermal conductivity 

generally decreases. This is because, at the nanoscale, phonons (heat carriers) experience more frequent scattering from 

boundaries, which reduces their mean free path and, consequently, the thermal conductivity. 

        The curves corresponding to higher scaling factors show higher thermal conductivity at larger dimensions. This 

reflects materials with higher intrinsic thermal conductivity in the bulk form And the curves with lower scaling factors 

indicate materials with lower thermal conductivity in the bulk. These factors simulate different materials or conditions 

affecting thermal conductivity, with lower values representing materials with inherently lower thermal conductivity. 
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The dimensions are plotted on a logarithmic scale (1 nm to 100 nm) to capture the wide range of sizes typically 

encountered at the nanoscale. This helps in visualizing the rapid changes in thermal conductivity as the dimensions 

decrease. 

Interpretation of the curve :  

 

1. Impact of Material Dimensions: As the material dimensions decrease, boundary scattering becomes more significant. 

This leads to a decrease in the effective mean free path of phonons, resulting in lower thermal conductivity. The plot 

shows that this effect is pronounced as the dimensions approach the nanoscale (1 nm). 

2. Effect of Scaling Factors on Thermal Conductivity: 

   - Materials with Higher Bulk Thermal Conductivity: For materials with higher scaling factors (e.g., 1), the curves 

start at a higher thermal conductivity value for larger dimensions. This indicates that such materials have better heat 

conduction properties in bulk. 

  - Materials with Lower Bulk Thermal Conductivity: For materials with lower scaling factors (e.g., 0.25), the initial 

thermal conductivity is lower and decreases more rapidly as the dimensions decrease. This represents materials with 

inherently lower thermal conductivity. 

                Understanding how thermal conductivity changes with size helps in designing materials for thermal 

management in nanoscale devices, where efficient heat dissipation or insulation is critical. When selecting materials for 

applications involving nanoscale features, it is essential to consider how their thermal conductivity will change with 

size. Materials with lower thermal conductivity at nanoscale might be preferred for insulating applications, while 

materials with higher conductivity might be chosen for heat dissipation. 

             The plot demonstrates the inverse relationship between thermal conductivity and material dimensions, 

emphasizing the role of boundary scattering in nanoscale materials. By comparing different scaling factors, one can 

infer the intrinsic thermal conductivity of various materials and understand how they might perform under different 

dimensional constraints. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: Thermal Conductivity (κ) vs. Material dimensions curve at different Scaling Factor 

 

3.5. Figure of Merit (ZT) as a function of Temperature (T) for different values of Seebeck Coefficient (S) and 

Thermal Conductivity (κ) : 

The plot for figure of merit (ZT) can be easily understand by the following: 

1. Seebeck Coefficient vs. Temperature: 

Characteristics: 

- X-axis: Temperature (K) ranging from 300 K to 1000 K. 
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- Y-axis: Figure of Merit (ZT). 

- Lines: Each line represents a different Seebeck coefficient (S), with the electrical conductivity (σ) and thermal 

conductivity (κ) held constant. 

Interpretation: 

- Higher Seebeck Coefficient: As shown by the lines corresponding to higher Seebeck coefficients (250 µV/K), the 

figure of merit ZT generally increases with higher S. This is because 𝑍𝑇 ∝  𝑆2, meaning that a higher Seebeck 

coefficient results in a larger S2 term, which boosts the figure of merit, especially at higher temperatures. 

- Temperature Dependence: The effect of the Seebeck coefficient on ZT becomes more pronounced at higher 

temperatures. The curves with higher ‘S’ values tend to have higher ZT values as temperature increases, indicating 

better performance of materials with higher Seebeck coefficients at elevated temperatures. 

 

2. Thermal Conductivity vs. Temperature: 

Characteristics: 

- X-axis: Temperature (K) ranging from 300 K to 1000 K. 

- Y-axis: Figure of Merit (ZT). 

- Lines: Each line represents a different thermal conductivity (κ), with the Seebeck coefficient (S) and electrical 

conductivity (σ) held constant. 

Interpretation: 

- Lower Thermal Conductivity: As seen from the lines for lower thermal conductivities (0.5 W/mK), the figure of merit 

ZT increases with decreasing κ. This is because 𝑍𝑇 ∝
1

𝜅
, meaning that a lower thermal conductivity improves ZT, 

allowing the material to maintain a larger temperature difference. 

- Temperature Dependence: The figure of merit ZT is more sensitive to changes in thermal conductivity at higher 

temperatures. Lower thermal conductivity materials show a more significant increase in ZT with temperature, 

demonstrating their efficiency in sustaining a temperature gradient. 

 

1}. Effect of Seebeck Coefficient: The Seebeck coefficient has a direct impact on the numerator of the ZT formula 

(𝑆2𝜎𝑇). Higher Seebeck coefficients enhance the ZT value significantly, especially at higher temperatures. Materials 

with higher Seebeck coefficients are advantageous for applications requiring high thermoelectric performance. 

2}. Effect of Thermal Conductivity: Thermal conductivity has an inverse effect on ZT. Lower thermal conductivity 

improves the figure of merit by reducing heat conduction that competes with the thermoelectric effect. Materials with 

low thermal conductivity are preferable for thermoelectric applications as they help in achieving a higher ZT, 

particularly at elevated temperatures. 

                Understanding these dependencies helps in designing materials and systems that efficiently convert heat to 

electrical energy, which is vital for advancing energy conversion technologies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5:  

Figure of merit (ZT) vs. Temperature (K) curve for varying Seebeck coefficients (S) and Thermal Conductivities(σ) 
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3.6. Carrier Mobility (µ) as a function of Temperature (T) for varying µ0 ,T0 and n: 

Carrier Mobility (µ) can be approximated by the formula: 

µ(𝑇) =
µ0

1 + (𝑇 𝑇0⁄ )𝑛
 

where: µ0 is the carrier mobility at a reference temperature, 𝑇0 is a characteristic temperature and n is a temperature 

dependent exponent. 

After plotting the graph we can conclude that: 

 

1. Carrier Mobility at Reference Temperature (µ0): 

Characteristics: 

-X-axis: Temperature (K) ranging from 100 K to 1000 K. 

-Y-axis: Carrier Mobility (µ) in cm²/Vs. 

-Lines: Represent different values of (µ0) (500, 1000, 1500 cm²/Vs). 

 

Interpretation: Mobility values increase with higher µ0 across the temperature range. A higher µ0 indicates better 

intrinsic mobility at the reference temperature. This results in higher mobility values at all temperatures, as the initial 

mobility is higher. Materials with higher µ0 are generally better for electronic applications where high carrier mobility 

is desired. 

 

2. Characteristic Temperature (T0) 

Characteristics: 

- X-axis: Temperature (K) ranging from 100 K to 1000 K. 

- Y-axis: Carrier Mobility (µ) in cm²/Vs. 

- Lines: Represent different values of (T0) (300 K, 500 K, 700 K). 

 

Interpretation: Mobility decreases more gradually with higher (T0). A higher (T0) means that the mobility decreases less 

sharply with temperature. This suggests that the material’s mobility is more stable over a range of temperatures. 

Materials with higher (T0) are preferable when a more stable mobility is required across varying temperatures. 

 

3. Temperature Exponent (n) 

Characteristics: 

- X-axis: Temperature (K) ranging from 100 K to 1000 K. 

- Y-axis: Carrier Mobility (µ) in cm²/Vs. 

- Lines: Represent different values of n(1, 2, 3). 

 

Interpretation: Mobility decreases more sharply with increasing temperature. A higher ‘n’ indicates a stronger 

temperature dependence of the carrier scattering mechanisms. Thus, mobility falls more quickly as temperature rises. 

Materials with higher ‘n’ values have higher temperature sensitivity, which may not be desirable if maintaining high 

mobility at elevated temperatures is crucial. 

 

1. Effect of µ0: 

- Higher Initial Mobility: Results in higher mobility values at all temperatures. It’s crucial for applications requiring 

high electronic performance from the start. 

 

2. Effect of T0: 

- Stability Across Temperatures: Higher T0 values mean that mobility remains relatively constant over a wider 

temperature range, which is beneficial for maintaining performance in varying conditions. 

 

3. Effect of n: 

- Temperature Sensitivity: Higher ‘n’ values lead to a more rapid decrease in mobility with increasing temperature. 

This can be a limitation in applications where temperature variations are expected. 
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         The carrier mobility is sensitive to the values of µ0, T0 , and n. Each parameter affects the temperature dependence 

and absolute value of mobility. Understanding these effects allows for better selection and optimization of materials 

based on required electronic performance and temperature stability. 

Fig.6: Carrier Mobility (µ) vs. Temperature (K) curve for varying µ0,T0 and n 

 

IV. CONCLUSION 
 

In our research, the theoretical study of thermoelectric phenomena at the nanoscale reveals significant 

advancements and new directions for optimizing energy conversion. As we delve into nanoscale materials, quantum 

confinement and reduced dimensionality profoundly impact their thermoelectric properties. These effects offer 

opportunities to enhance the figure of merit (ZT) and improve the efficiency of thermoelectric devices. By applying 

quantum mechanical models, such as the effective mass approximation and density functional theory (DFT), we gain 

insights into how nanoscale structures modify electronic band structures and density of states. These modifications 

influence carrier transport properties and, consequently, the overall thermoelectric performance. 

The integration of computational tools, including the Boltzmann Transport Equation (BTE) and molecular 

dynamics (MD) simulations, provides a comprehensive understanding of how nanoscale materials conduct heat and 

electricity. These simulations help predict the behaviour of materials under different conditions, guiding the design of 

thermoelectric devices with enhanced performance. 

Material design and optimization play a crucial role in this study. By exploring various nanostructures—such 

as nanowires, quantum dots, and two-dimensional materials—researchers can tailor properties to achieve higher ZT 

values. Techniques like doping and alloying further enhance these properties by modifying carrier concentrations and 

minimizing thermal conductivity. 
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