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Abstract 

This work investigates the influence of electron tunnelling on the kinetic and thermoelectric properties of nanostructured 

bulk materials based on Bi₀.₅Sb₁.₅Te₃. The study focuses on systems where electric transport occurs through a network of 

semiconducting grains separated by narrow dielectric barriers of nanometer-scale thickness. In this regime, the dominant 

conduction mechanism is tunnelling, and phonon heat transfer across the barriers can be neglected. Numerical evaluation 

of the electrical conductivity, thermal conductivity, Seebeck coefficient, and the effective thermoelectric figure of merit 

(ZT) demonstrates that tunnelling can significantly enhance the thermoelectric voltage and lead to ZT ≈ 1−2 at room 

temperature, even though the overall electrical conductivity remains relatively low. These results suggest that properly 

engineered tunnelling contacts can serve as an efficient mechanism for improving energy conversion in bulk 

thermoelectric composites. 
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1. Introduction 

Thermoelectric materials based on Bi–Sb–Te compounds remain among the most efficient systems for 

room-temperature energy conversion [1], [2], [3]. In recent years, nanostructuring has emerged as a way to 

enhance thermoelectric performance by suppressing phonon transport, modifying carrier scattering, and 

altering the electronic density of states [1], [3], [4]. One promising route involves constructing bulk 

nanocomposites in which semiconductor grains are embedded within a dielectric matrix, forming a network of 

nanoscale tunnelling junctions [5], [6], [7]. Our system works like this: a network of semiconducting grains, 

each separated from its neighbours by very narrow dielectric barriers only nanometres thick [8], [9], [10]. 

The overall transport properties of such a system are governed by both the internal conductivity of the 

grains and the transmission probability of the tunnelling barriers [5], [6], [11]. For typical Bi–Sb–Te systems, 

the barrier height is close to 0.8 eV [2], [11]. 

When the characteristic dimensions of the tunnelling region are shorter than the electron mean free path, 

carriers pass through the barrier ballistically, eliminating ohmic losses typically associated with scattering [5], 

[11], [12]. This quantum-mechanical contribution significantly modifies the effective transport coefficients of 

the composite material and may enhance its energy conversion efficiency. 

 

2. Theoretical Model and Calculation Method 

The thermoelectric efficiency of nanostructured Bi₀.₅Sb₁.₅Te₃ composites was investigated assuming that 

nanometre-scale dielectric barriers separate semiconductor grains. In such systems, charge transport occurs 

through tunnelling contacts formed between adjacent grains [5], [6], [11]. 
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The transport mechanism through the tunnelling barrier is assumed to be ballistic, meaning that the barrier 

thickness is smaller than the electron free path. Under these conditions, electrons pass through the barrier 

without scattering, and the transmission probability strongly depends on the barrier thickness and height [5], 

[11]. 

The equation for the local electrical conductivity (1.1) is expressed as: 

 

 

(1.1) 

 

 

 

 

Here: 

σM (x) − local electrical conductivity; 

x − tunneling barrier thickness; 

δ − characteristic grain size; 

σb (x) − electrical conductivity of the tunneling barrier; 

σ − electrical conductivity of the semiconductor grain; 

αb (x) − barrier Seebeck coefficient; 

α − grain Seebeck coefficient; 

κb (x) − barrier thermal conductivity; 

κ - grain thermal conductivity. 

 

The equation for local thermal conductivity (1.2) is determined by: 

 

 

(1.2) 

 

 

 

The equation for the local Seebeck coefficient (1.3) is calculated as: 

 

 

 

(1.3) 

 

 

 

The effective electrical conductivity and thermal conductivity are determined numerically from the 

integral equations. 

The effective electrical conductivity equation (1.4) is expressed as: 

 

 

 

(1.4) 

 

 

 

D (x) − distribution function of barrier thicknesses. 

The effective thermal conductivity equation (1.5) is determined by: 

 

 



 
   

 

24 

 

 
Journal of Nanotechnology and Innovative Materials  

 

 

(1.5) 

 

 

 

The effective Seebeck coefficient equation (1.6) is calculated as: 

 

 

 

 

(1.6) 

 

 

 

 

After determining the effective electrical conductivity 𝜎𝑒, thermal conductivity 𝜅𝑒, and Seebeck coefficient 

𝛼𝑒, the thermoelectric figure of merit was calculated using (1.7): 

 

 

(1.7) 

 

 

σe − effective electrical conductivity; 

αe − effective Seebeck coefficient; 

κe − effective thermal conductivity; 

T − absolute temperature. 

 

For numerical calculations, the tunnelling barrier height for Bi₀.₅Sb₁.₅Te₃ was assumed to be 0.8 eV. The 

calculations were performed at T = 300 K using Mathematica software. The experimentally determined 

transport parameters for bulk Bi₀.₅Sb₁.₅Te₃ used in the model were: 

 

σ = 7.0 × 104 Ω-1 m-1 

k = 1.02 W/(m·K) 

α = 200 µV/K 

 

The thermal conductivity of the tunnelling barrier was estimated using the Lorenz/Wiedemann–Franz 

relation (1.8) [13]. 

 

(1.8) 

 

L − Lorenz number; 

σb − barrier conductivity; 

T − temperature. 

 

The local electrical conductivity σₐ(x) (1.9) is given by: 

 

σₐ(x) = (x + δ) / [x/σ_b(x) + δ/σ + ((α_b(x) - α)²/ (δ·κ_b(x) + x·κ)) · δ·x·T]            (1.9) 

 

x − tunnelling barrier thickness; 

δ − characteristic grain size; 

σ_b(x) − conductivity of the barrier; 

σ − conductivity of the grain; 

α_b(x) − Seebeck coefficient of the barrier; 
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α − Seebeck coefficient of the grain; 

κ_b(x) − thermal conductivity of the barrier; 

κ − thermal conductivity of the grain. 

 

The local thermal conductivity κₐ(x) (1.10) is: 

 

κₐ(x) = (x + δ) / (x/κ_b(x) + δ/κ)          (1.10) 

 

The local Seebeck coefficient αₐ(x) (1.11) is: 

 

αₐ(x) = [(α_b(x)/κ_b(x)) x + (α/κ)·δ] / [x/κ_b(x) + δ/κ]             (1.11) 

 

To get the effective electrical and thermal conductivities of the whole composite, we solved these integral 

equations (1.12), (1.13): 

 

∫ [(σₑ – σₐ(x)) / (2σₑ + σₐ(x))] · D(x) dx = 0                      (1.12) 

 

∫ [(κₑ – κₐ(x)) / (2κₑ + κₐ(x))] · D(x) dx = 0          (1.13) 

 

D(x) − distribution of barrier thicknesses. 

The effective Seebeck coefficient (1.14), (1.15) came from: 

 

αₑ = ∫ [(αₐ(x)·σₐ(x)) / Δ₀(x)] · D(x) dx /  ∫ [σₐ(x) / Δ₀(x)] · D(x) dx            (1.14) 

 

with   Δ₀(x) = (2σₑ + σₐ(x)) · (2κₑ + κₐ(x))           (1.15) 

 

Once we had σₑ, κₑ, and αₑ, we calculated the figure of merit (1.16): 

 

ZT = (σₑ · αₑ² · T) / κₑ           (1.16) 

 

3. Results and Discussion 

Figure 1 shows the dependence of the effective electrical conductivity on the minimum thickness of the 

tunnelling barrier. 

Figure 1. Dependence of the effective electrical conductivity on the minimum tunnelling barrier thickness [6]. 

 

The conductivity decreases exponentially as the barrier thickness increases. This behaviour is 

characteristic of quantum tunnelling transport because the tunnelling probability rapidly decreases with 

increasing barrier width [5], [6], [11]. For ultrathin barriers, electrons can pass through the contact with 

relatively low resistance, whereas thicker barriers strongly suppress carrier transport. 
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Figure 2 presents the calculated dependence of thermal conductivity on the tunnelling barrier thickness. 

Similar to electrical conductivity, the thermal conductivity also decreases with increasing barrier thickness. 

However, the reduction in thermal conductivity is especially important for improving thermoelectric efficiency 

because phonon transport is suppressed more strongly than electronic transport in the tunnelling region [1], 

[3], [7]. 

The comparatively low thermal conductivity of the tunnelling barrier contributes to the enhancement of 

thermoelectric performance by reducing heat leakage through the composite structure. 

Figure 2. Calculated dependence of thermal conductivity on the minimum tunnelling barrier thickness [6]. 

 

Figure 3 illustrates the dependence of the effective Seebeck coefficient on the minimum tunnelling barrier 

thickness. The Seebeck coefficient increases as the barrier thickness decreases. This effect can be explained 

by the energy filtering of charge carriers inside the tunnelling barrier [3], [4]. Electrons with higher energy 

have a greater probability of transmission through the barrier, which increases the average carrier energy and 

therefore enhances the thermoelectric voltage. 

The energy filtering effect observed in the model is consistent with previously reported tunnelling and 

low-dimensional thermoelectric systems [3], [4], [12], [14], [15]. 

Figure 3. Dependence of the effective Seebeck coefficient on the minimum tunnelling barrier thickness [6]. 

 

Figure 4 shows the calculated dependence of the thermoelectric figure of merit ZT on the tunnelling barrier 

thickness. The results indicate that ZT increases significantly for ultrathin tunnelling barriers. According to the 

theoretical model, the effective thermoelectric efficiency may approach values close to ZT ≈ 1−2 under 

idealized tunnelling conditions at room temperature. 
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The enhancement of thermoelectric efficiency is primarily associated with the strong suppression of 

thermal conductivity, together with the simultaneous increase in the Seebeck coefficient. Although the 

electrical conductivity decreases with increasing barrier thickness, the reduction in heat transport dominates, 

leading to an overall increase in ZT. 

Figure 4. Calculated dependence of the thermoelectric figure of merit ZT on the minimum tunnelling barrier thickness [6]. 

 

The obtained results demonstrate that the thermoelectric properties of nanostructured Bi₀.₅Sb₁.₅Te₃ 

composites are highly sensitive to the geometric parameters of the tunnelling contacts, particularly the barrier 

thickness. Therefore, precise control of nanoscale barrier formation may provide an effective route for 

improving thermoelectric energy conversion efficiency. 

 

4. Conclusion 

This work demonstrates that tunnelling transport in nanostructured Bi₀.₅Sb₁.₅Te₃ composites can 

significantly modify their thermoelectric properties. The presence of nanometre-scale barriers leads to a 

substantial reduction of thermal conductivity while preserving or enhancing the Seebeck coefficient. As a 

result, the effective thermoelectric efficiency can reach values of ZT ≈ 1−2 at room temperature. The influence 

of barrier geometry, grain shape, and material distribution is secondary compared to the dominant role of 

barrier thickness and height. These results confirm that engineering tunnelling junctions is a promising 

approach for designing next-generation high-efficiency thermoelectric materials. The behaviour predicted by 

the model is qualitatively consistent with experimental reports on nanostructured Bi₂Te₃-based materials, in 

which enhancements in ZT have been observed due to grain-boundary scattering and energy filtering [1], [3], 

[4]. However, the current model uniquely demonstrates that quantum tunnelling alone, without the 

involvement of phonon engineering techniques, is sufficient to produce ZT ≈ 1−2, a significant theoretical 

insight. Furthermore, the results agree with the predictions of Dresselhaus (2007) regarding the benefits of 

nanoscale confinement but provide a different physical mechanism applicable to bulk composites [3]. 
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