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ABSTRACT 
Thermoelectric materials facilitate the transformation of waste heat directly into electrical energy, offering significant 
potential for sustainable energy applications. This study investigates optimal chlorine doping in 
(PbTe0.93₋xSe0.07Clx)0.93PbS0.07 thermoelectric materials across varying concentrations (x = 0.0005 to 0.2) to maximize 
energy conversion efficiency and power density. Results demonstrate that ultra-low chlorine doping (x = 0.0005) 
achieves optimal performance by significantly enhancing charge carrier density while maintaining favorable electrical 
conductivity and Seebeck coefficient balance. The composition (PbTe0.93₋xSe0.07Clx)0.93PbS0.07 delivers exceptional 
thermoelectric performance with energy conversion efficiency exceeding 12% and power density surpassing 6 W/cm² 
at a 500 K temperature gradient. These findings establish precise low-level chlorine doping as a critical strategy for 
creating advanced thermoelectric materials applicable to industrial waste heat recovery and sustainable energy 
applications. The research contributes to advancing clean energy technologies by enabling more efficient utilization 
of otherwise wasted thermal energy, supporting global sustainability goals through improved energy conversion 
systems.  
Keywords: Thermoelectric Materials, Chlorine Doping, PbTe-Based Compounds, Energy Conversion Efficiency, 
Power Density, Waste Heat Recovery, Sustainable Energy. 
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INTRODUCTION 
Industrial waste heat represents approximately 20-50% of global energy consumption currently lost to the 
environment, highlighting an urgent need for efficient energy recovery technologies. This critical energy 
challenge has accelerated research into thermoelectric (TE) materials, which have been extensively studied 
in academia due to their capability to convert waste thermal energy into electrical power through voltage 
differences generated by temperature gradients, where temperature differences induce charge transport and 
generate thermal voltage.1-2 TE technology offers substantial potential for residual heat recovery, portable 
electricity production, and renewable energy systems, directly supporting SDG 7 (Affordable and Clean 
Energy) by efficiently utilizing otherwise wasted thermal resources. However, attaining optimal energy 
conversion efficiency enhancements in the thermoelectric performance index (ZT) is difficult. This metric 
relies on the voltage generated by a thermal condition difference through a thermal gradient, the Seebeck 
coefficient (S), electrical conductivity (σ) of the material, total thermal conductivity (κT), and absolute 
temperature (T). Mathematically, this relationship is expressed through the following equation3: 

                                                                         𝑍𝑇 =
ௌమఙ்

఑೅
                                            (1) 

Materials based on lead telluride (PbTe) are highly suitable for thermoelectric applications, particularly 
within the 300-800 K temperature range, because of their exceptional electronic and thermal properties, 
including a favorable band structure, low thermal conductivity, and tunable electronic characteristics.4-5  

One effective approach is chlorine doping, which enhances the n-type properties of PbTe by optimizing the 
carrier concentration and improving electrical conductivity.6 
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Optimizing doping is essential for regulating charge carrier concentration and enhancing the power factor 
(S²σ). In PbTe-based materials, chlorine doping increases electron density and electrical conductivity (σ) 
while maintaining a high thermoelectric voltage coefficient (S).7 However, excessive doping can lead to 
increased carrier scattering and reduced thermoelectric performance. In addition to boosting electrical 
conductivity, reducing thermal conductivity in PbTe is crucial for achieving high ZT values. Thermal 
conductivity comprises two main components: lattice conduction (κₗ) and electronic conduction (κel). The 
lattice contribution (κl) can be substantially minimized by increasing phonon scattering, achieved by nano-
structuring or introducing defects into the material.8 On the other hand, a higher carrier concentration tends 
to increase the electronic thermal conductivity (κel), thereby creating a trade-off between electrical and 
thermal transport.9-11 Recent research has introduced ZTeng and PFeng as practical approaches for evaluating 
thermoelectric materials over a wide temperature range. Unlike the conventional ZT parameter, ZTeng 
assesses voltage, electrical conductivity, and thermal conductivity across an extended range for improved 
performance analysis, while PFeng accurately represents energy conversion efficiency. Output power 
density (Pd) is a key metric for thermoelectric performance, as it measures energy efficiency transfer under 
optimal conditions. Chlorine-doped (PbTe0.93₋xSe0.07Clx)0.93PbS0.07 materials exhibit high Pd values under 
significant temperature gradients, making them ideal for industrial waste heat recovery and power 
generation in extreme environments.12-13 Moreover, chlorine doping enhances thermoelectric efficiency 
through increased electrical conductivity and optimized power factor while maintaining low thermal 
conductivity. However, excessive doping may increase carrier scattering, thereby reducing overall 
thermoelectric efficiency.14 The main goal of this study is to investigate output power density (Pd), examine 
the performance index (ZTeng), energy conversion efficiency (PFeng), and maximum efficiency (ηmax) to 
optimize doping concentration and enhance the effectiveness of thermoelectric materials in energy 
conversion applications.15 (PbTe0.93₋xSe0.07Clx)0.93PbS0.07 as a function of temperature materials with varying 
chlorine doping concentrations (x = 0.0005, 0.01, 0.1, and 0.2 by using  Seebeck confiecient, Electric 
conductivity11 and total thermal conductivity of reference  (PbTe0.93₋xSe0.07Clx)0.93PbS0.07.11 The results 
indicate that the composition PbTe0.8595Cl0.0005Se0.07S0.07 exhibits the highest thermoelectric performance, 
achieving optimal ZTeng, PFeng, and output power density. This specific composition demonstrates an 
optimal balance among electrical conductivity, the Seebeck coefficient, and thermal resistance, culminating 
in a maximum efficiency exceeding 12% at a temperature gradient (ΔT) of 500 K. Precise doping control 
enhances the potential applications of PbTe-based materials.11 
 

EXPERIMENTAL                             
Sample Synthesis 
The synthesis of PbSe and PbS precursor compounds was carried out using high-purity elemental materials, 
specifically, lead (Pb), sulfur (S), and selenium (Se) of at least 99.999% purity. These elemental constituents 
were sealed in quartz ampoules or quartz tubes under a vacuum (< 10⁻⁴ Torr) to prevent contamination and 
subsequently melted at 1150 °C for 12 hours with a heating rate of 5 °C/min. For the synthesis process, 
chlorine-doped specimens were prepared using the composition (PbTe0.93₋xSe0.07Clx)0.93PbS0.07, where x 
takes the values 0.0005, 0.01, 0.1, and 0.2. The precursor powders were blended in stoichiometric ratios 
using high-purity (99.99%) lead (Pb), tellurium (Te), and lead (II) chloride (PbCl2). These mixtures were 
meticulously sealed in evacuated tubes, then heated at 1100 °C and held at that specific temperature for 10 
hours. The molten compositions were subsequently rapidly cooled in water to promote homogeneity. The 
produced ingots underwent an annealing process at 500 °C for 72 hours to relieve internal stresses and 
improve crystallinity. Following annealing, they were finely ground into powders and compacted through 
a heat-pressing sintering process at 500 °C under 40 MPa in a controlled vacuum, ensuring high density and 
a uniform microstructure.11 
 

Characterization of Thermoelectric Performance  
The evaluation regarding the Seebeck coefficient and the conductivity of electricity in the material was 
conducted using the four-point probe method to ensure accurate measurements and minimize contact 
resistance errors. The measurement of heat conductivity (κ) was ascertained through the utilization of the 
following equation:11   

                                                  κ = ρ.Cp.D                          (2) 
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Where ρ represents density, Cp represents the material's specific heat capacity, and D denotes the property 
of thermal diffusion coefficient. Thermal diffusivity (D) was measured using the laser flash method 
(Netzsch LFA 457). The measured density was ascertained through the application of the principle of 
Archimedes' principle.16-17 To substantiate the reproducibility, minimizing experimental error and reliability 
of the thermo-electric properties, all measurements were conducted in triplicate. The experimental 
measurement uncertainties were defined as follows: ±3.3% for specific heat capacity, ± 2% for densities, 
±4.7% for heat diffusivity, and ±7.4% for the thermoelectric efficiency coefficient.  
 

RESULTS AND DISCUSSION 
The fundamental thermoelectric properties of (PbTe0.93₋xSe0.07Clx)0.93PbS0.07 materials were systematically 
characterized across different chlorine doping concentrations (x = 0.0005, 0.01, 0.1, and 0.2) over the 
temperature range of 300-800 K, as presented in Fig.-1.  The experimental measurements revealed that the 
ultra-low doping concentration (x = 0.0005) consistently exhibited superior performance across all 
measured parameters. Specifically, this composition demonstrated the highest electrical conductivity 
values, maximum absolute Seebeck coefficient (reaching -237 μV/K-1 at 750 K), optimal power factor (21 
μW/cm-1K-² at 500 K), and lowest thermal conductivity (0.84 W/m-1K-1 at 750 K).11  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.-1: The Temperature-Dependent Evolution of Thermoelectric Properties Covering (a) Electrical Conductivity, 
(b) Seebeck Coefficient, (c) Power Factor (S²σ), and (d) the Overall Thermal Conductivity (κT) for 

(PbTe0.93₋xSe0.07Clx)0.93PbS0.07 (x = 0.0005, 0.01, 0.1, and 0.2), as Reported in the Reference11 

 

The temperature-dependent data from Fig.-1 serve as fundamental input parameters for calculating 
advanced engineering metrics, including ZTeng, PFeng, energy conversion efficiency (η), and output power 
density (Pd), which are analyzed in the following section. The engineering Figure of merit (ZTeng), shown 
in Fig.-2, evaluates thermoelectric performance under practical conditions by incorporating the thermal 
gradient (ΔT) and represents a more realistic assessment compared to point-based ZT calculations. The 
significance of ZTeng lies in its ability to integrate temperature-dependent material properties across the 
entire operating temperature range, providing accurate performance predictions for real-world 
thermoelectric devices. ZTeng effectively accounts for practical thermoelectric performance across a 
temperature gradient ΔT (from hot side to cold side) by considering the continuous variation of material 
properties rather than single-point evaluations. The ZTeng calculation is conducted through the following 
equation18: 

                                                     𝑍𝑇௘௡௚ =  𝑍௘௡௚𝑇 =
௉ி೐೙೒

∆் ∫ ఑(೅)ௗ்
೅೓

೅೎

                                                                   (3) 

Where: PFeng represents the engineering power factor, κT represents the temperature-dependent thermal 
conductivity, and Th and Tc denote the hot-side and cold-side temperatures, respectively.18 The experimental 
results presented in Fig.-2, 3, 4, and 5 demonstrate that PbTe0.8595Cl0.0005Se0.07S0.07 achieves the highest ZTeng, 
while excessive doping reduces performance due to increased carrier scattering, emphasizing the critical 
importance of precise doping control.19 
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Fig-2: Temperature-Dependent Engineering Dimensionless Performance Parameter ZTeng Versus Temperature 
Differential for Tc= 300 K In Compound Series Compounds Of (Pbte0.93₋Xse0.07Clx)0.93pbs0.07 (X = 0.0005, 0.01, 0.1, 

and 0.2) 
 

The engineering power factor (PFeng) represents a more realistic assessment of thermoelectric performance 
under practical operating conditions compared to conventional power factor calculations. Unlike point-
based evaluations, PFeng integrates temperature-dependent material properties across the entire temperature 
gradient, providing accurate performance predictions for real-world applications.  
The calculation of PFeng is conducted through the following integral18:  

                                                        𝑃𝐹௘௡௚ = (∫ 𝑆(்)
்೓

೎்
𝑑𝑇)ଶ/ ∫ 𝜌(்)𝑑𝑇

்೓

೎்
                            (4) 

Where:  S(T) represents the temperature-dependent Seebeck coefficient, (μV/K-1) obtained from 
experimental measurements (Fig.-1b), ρ(T) represents the temperature-dependent electrical resistivity 
(Ω·m), calculated as the inverse of electrical conductivity σ(T) from (Fig.-1a), Tc and Th denote the cold-side 
and hot-side temperatures, respectively (with Tc = 300 K as the reference temperature), and ΔT = Th - Tc 
represents the temperature gradient across the thermoelectric device. Based on the experimental data 
presented in Fig.-3, PbTe0.8595Cl0.0005Se0.07S0.07 (black squares) demonstrates significantly superior PFeng 
performance compared to all other doping concentrations, reaching approximately 0.85 W/m-1·K-1 at ΔT = 
500 K.  The data clearly show a non-linear relationship between temperature gradient and PFeng, with 
performance increasing more rapidly at higher ΔT values. The experimental results demonstrate that the 
ultra-low doping strategy (x = 0.0005) achieves approximately 2.9 times higher PFeng values compared to 
excessive doping (x = 0.2) at ΔT = 500 K, highlighting the critical importance of precise doping control in 
optimizing thermoelectric device performance for practical energy conversion applications. 
 

 
 
 
 
 
 

 
 
 
 

Fig.-3: Relationship between PFeng (Engineering Power Factor) and the Temperature Gradient (ΔT) for 
(PbTe0.93₋xSe0.07Clx)0.93PbS0.07 (x = 0.0005, 0.01, 0.1, and 0.2), at Tc = 300 K 

 

The maximum thermoelectric efficiency (ηmax) is shown in Fig.-4. The ηmax is calculated using the following 
equation18: 

                                           𝜂௠௔௫ = 𝜂௖

ටଵା(௓்)೐೙೒ቀ
ෝഀ

ആ೎
ି

భ

మ
ቁିଵ

ఈෝቆටଵା(௓்)೐೙೒ቀ
ෝഀ

ആ೎
ି

భ

మ
ቁାଵቇିఎ೎

            (5) 
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Where: ηc represents the Carnot efficiency, calculated as ηc = (Th - Tc)/Th, (ZT)eng is the engineering figure 
of merit obtained from Fig.-2, and Th and Tc are the hot-side and cold-side temperatures, respectively (with 
Tc = 300 K).  
Based on the experimental data illustrated in Fig.-4, PbTe0.8595Cl0.0005Se0.07S0.07 (black squares) achieves the 
highest ηmax of approximately 11% at ΔT = 500 K, resulting from the optimal combination of high ZTeng 
values (0.69 from Fig.-2) and superior PFeng (0.85 W/m-1·K-1 from Fig.-3) in equation (5). Comparative 
analysis reveals a dramatic performance hierarchy: moderate doping (x = 0.01, blue triangles) achieves 
~6.9% efficiency, demonstrating that the ultra-low doping strategy achieves approximately 6.8 times higher 
efficiency compared to excessive doping due to the simultaneous optimization of ZTeng and minimization 
of thermal conductivity effects.11 The output power density (Pd) represents the maximum electrical power 
that can be extracted per unit area from a thermoelectric device under optimal load conditions. This 
parameter is crucial for evaluating the practical utility of thermoelectric materials in space-constrained 
applications. The calculation of Pd is conducted using the following equation18: 

                                               𝑃ௗ =  
(௉ி)೐೙೒∆்

௅
 

௠೚೛೟

൫ଵା௠೚೛೟൯
మ              (6) 

Where: (PF)eng represents the engineering power factor obtained from Fig.-3 (W/m-1·K-1), ΔT is the 
temperature difference between hot and cold sides (K), mopt is the optimal load resistance ratio for 
maximum power transfer, and L represents the device length (m).  
 
 

 

 

 

 

 

 

 

 

 

 

Fig.-4: Relationship between Efficiency (%) and the Temperature Gradient (ΔT) for (PbTe0.93₋xSe0.07Clx)0.93PbS0.07 (x 
= 0.0005, 0.01, 0.1, and 0.2), Material Compositions at Tc = 300K. 

 
Based on the experimental data illustrated in Fig.-5, PbTe0.8595Cl0.0005Se0.07S0.07 (black squares) records the 
highest Pd of approximately 5.2 W/cm-² at ΔT = 500 K, resulting from superior (PF)eng values (0.85 W/m·K² 
from Fig.-3). demonstrating that the ultra-low doping strategy achieves approximately 3.1 times higher 
power density performance for high-power-density thermoelectric applications.18 

This study highlights the non-linear relationship between ∆T and performance indicators (ZTeng, PFeng, Pd), 
emphasizing the impact of material properties on efficiency.20 Our findings demonstrate that optimized 
doping enhances performance at higher ∆T. PbTe0.8595Cl0.0005Se0.07S0.07 outperforms other compositions due 
to its optimal balance of electrical and thermal properties achieved through precise ultra-low chlorine 
doping control.¹¹ The significance of this work lies in identifying the critical doping threshold (x = 0.0005) 
that maximizes both efficiency (11%) and power density (5.2 W/cm-²) simultaneously, representing a 
breakthrough in thermoelectric material optimization. The electronic contribution (κel) increases with 
increased doping, whereas the lattice contribution (κl) decreases due to phonon scattering. This highlights 
the complexity of thermal transport within thermoelectric materials.9  
Optimal doping concentration enhances electrical conductivity by minimizing scattering effects, while 
maintaining a high Seebeck coefficient. The practical implications of these findings directly support global 
sustainability goals by enabling more efficient utilization of industrial waste heat, contributing to reduced 
energy waste, and supporting the transition to cleaner energy systems as outlined in SDG 7. However, 
excessive doping reduces performance due to increased scattering, which disrupts both electrical and 
thermal transport mechanisms critical for optimal thermoelectric function. 
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Fig.-5: Relationship between Output Power Density (Pd) and the Temperature Gradient (ΔT) for 
(PbTe0.93₋xSe0.07Clx)0.93PbS0.07 (x = 0.0005, 0.01, 0.1, and 0.2) at Tc = 300 K 

 

CONCLUSION 
This research systematically investigated chlorine-doped (PbTe0.93₋xSe0.07Clx)0.93PbS0.07 materials across 
varying doping concentrations (x = 0.0005-0.2) to optimize thermoelectric performance. Ultra-low chlorine 
doping (x = 0.0005) in PbTe0.8595Cl0.0005Se0.07S0.07 achieved exceptional performance through optimal 
electrical-thermal property balance, demonstrating a superior Seebeck coefficient (-237 μV/K-1), power 
factor (21 μW/cm-1·K-2), and minimal thermal conductivity (0.84 W/m-1·K-1). Engineering evaluation 
revealed breakthrough achievements: ZTeng of 0.69, PFeng of 0.85 W/m-1·K-1, 11% energy conversion 
efficiency, and 5.2 W/cm-² power density at ΔT = 500 K. Ultra-low doping strategy achieved 6.8 times 
higher efficiency and 3.1 times higher power density compared to excessive doping, confirming precise 
doping control. These findings directly support SDG 7 (Affordable and Clean Energy) by enabling the 
conversion of industrial waste heat (20-50% of global energy losses) into usable electricity, advancing 
practical waste heat recovery systems. We recommend implementing ultra-low doping strategies (x ≤ 
0.001), optimizing temperature gradients (ΔT ≥ 400 K), and exploring scalability for industrial applications 
to advance sustainable thermoelectric technology deployment. 
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