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The Maximums of the Power Factor of Thermoelectrics:  
Mathematical Approach and Practice 

The goal of this article is to assess of the maximum values of the important thermoelectric 
parameter of materials – the power factor. Based on the formulas known from the literature 
that interconnect the thermoelectric parameters (effective mass and mobility of charge 
carriers, the Seebeck coefficient, temperature), the function of the specified coefficient is 
obtained. Its processing allows the obtained data to be used for the analysis of experimental 
data of those works in which, for certain reasons, the extrema of the specified 
thermoelectric parameters are not given. 
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Introduction 

An important characteristic of thermoelectric material, power factor (PF≡σS2,  

σ – specific electrical conductivity, S – Seebeck coefficient) often has extreme values depending 
on the temperature (T), composition, concentration of charge carriers (n), Fermi energy etc.  
[1–7]. In this paper, PF – T dependence is considered. In some cases, it has a minimum, in 
others – a maximum, and in some cases – both. This is demonstrated in Figs (1, 2) based on 
literary and our data. For practical purposes, it is of interest to determine the maxima of this 
thermoelectric characteristic, which is included in the expression of the figure of merit 

ZT ≡  σS2T/k (k – thermal conductivity). 

Below, a mathematical approach to the issue will be made. In particular, it turned out that 
despite the presence of several variable quantities in the formulas used, no need to use the 
Lagrange multiplier method – the usual calculation can be applied. 

And then, the obtained calculated data will be compared with the experimental data. 

 
1Citation: I. Nakhutsrishvili (2025). The Maximums of the Power Factor of Thermoelectrics: 
Mathematical Approach and Practice. Journal of Thermoelectricity, (4), 5–11. 
https://doi.org/10.63527/1607-8829-2025-4-5-11 
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Fig. 1. Temperature dependences of PF for:  
(1) Fe2V0.95Ta0.05Al0.9Si0.1 and (2) 

Fe2V0.95Ta0.05Al0.8Si0.2 [1] 

Fig. 2. Temperature dependences of PF for (o) 
Si0.72Ge0.28 and (∆) Si0.83Ge0.17 of N-type 

conductivity, □ – point by Eq. 3 (see below) 

Discussion 

To compile an expression for Seebeck coefficient (S), formulas known from the literature 
[8] relating the absolute temperature (T), effective mass (m*), and concentration of charge 
carriers(*) the following expression can be obtained: 

 f(S)~ ቊ
ൣୣሺೄೝషమሻି଴.ଵ଻൧

మ/య

ௌೝሾଵାୣషఱሺೄೝషೄೝ
షభሻሿ

൅ ଵ

ଵାୣఱሺೄೝషೄೝ
షభሻ
ቋ. (1) 

After of all this, we will consider the issue of maximization of the power factor 

σS2 = nqeμS2. Using the equations from [8,9] we get: μ≅ ቀ௠
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and weighted mobilities, m0 – electron rest mass, Sr = 
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௞ಳ

|S|≅11604|S| – reduced Seebeck 

coefficient, qe – elementary charge, kB – Boltzmann's constant). Using these expressions and 
Eq. (1) we will get: 

 PF ~ AT3/2, (2) 

where  

A=ቊ
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(here and below all quantites are in SI system). At S ൒ 2∙10-4 V/K, A ≅ [e(Sr-2)–0.17]2e(Sr-2) 

with high accuracy. 
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To determine (PF)max, the Lagrange multiplier method should have been used and the 
function f(T, m*, μW) = f(T, Sr) = f(T, S) should have been considered. But when making the 
additional condition(**), the T's are truncated and (PF)max is calculated more easily.  

The empirical result (for our samples) is: 

 (PF)max ≅  1.42∙10-8AmaxT3/2, (3) 

(T corresponds to Smax) which can be considered acceptable (see Fig. 2). In this case, Sr ≅ 3.25 

(i.e. S ≅ 2.8∙10-4 V/K), which is also in satisfactory agreement with experiment. 

Note that (PF)max can be determined with other ways: from σmin [11]: (σS2)max = (a/σmin) – b, 

(σS2)max = c/(σmin)d (a, b, c and d are constants) or lg(σS2)max≅0.583(lgσmin)2 – 3.332lgσmin; as 

well as from (BS)min
 [12] (BS = ቈ
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቉ is the scaled power factor). You can also 

use the formulas [13, 14] S = (3kB/2qe)lnT + C, where C = (kB/qe){C0+ln[2(2πm∗kB)3/2/(2πh3)3n]} 

(the constant C0 depends on the scattering mechanism and takes values from 2 to 4, i.e. C is also 
constant) and [13]  S = k1/2σ+[(k1/2σ)2+k2/σ]1/2 (k1, k2 – constants) – see Figs (3, 4). 

 
Fig. 3. Dependences σS2 – σ: (∆) – Si0.7Ge0.3, (o) – Tl8Sn2Te6 [15]; lines without points – schematic 

graphs of functions y = x-1/3 (1) and y = ax-b, b്-1/3 (2). [𝜎] = Sim/m, [𝜎S2] = W/K2m 

 
Fig. 4. Dependence lg(σS2)max – lg(BS)min in SixGe1-x: x = 0.7 (o),  

0.72 (∆), 0.76 (□), 0.8 (◊) and 0.83 (𝛻) 
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In conclusion, it should be pointed out that a thermogenerator module has been designed 
based on SiGe alloy (Figs 5, 6). Its power is 4.5 W. This material has been used in spacecraft 
generators and in many other areas of science and technology [16–18]. 

 
 

Fig. 5. Photo (1) of briquette compacted from 

ultradispersed Si0.7Ge0.3+P0.5 (wt.%)  
alloy powder at 1300 oC 

Fig. 6. Photos of modules from  

16 (2.0  2.0  2.3 cm) and  

24 (2.2  2.2  2.3 cm) branches 

The SiGe used in spacecraft is based on alloys with x = 0.32 and 0.2. The author, together 
with researchers from the Sukhumi Institute of Physics and Technology, further reduced the Ge 
content. An alloy with the composition Si0.9Ge0.1 was prepared, which will be reported in a 
future publication. 

Conclusions 

The maximum values of thermoelectric parameter of materials - power factor is estimated. 
Based on the formulas known from the literature, which interconnect the thermoelectric 
parameters, the function of the mentioned factor is obtained and its maximum was estimated. 
The obtained data can be used to analyze the experimental data of those works in which, for 
some reason, the maxima of the specified thermoelectric parameter is not given. A 
thermogenerator module based on SiGe alloy has been developed for use in spacecraft. Its 
power is 4.5 W. 

Footnotes: 
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Appendix 

Technologies for manufacturing of SiGe samples and thermoelectric modules 
based on them 

To create a thermoelectric module, Si0.7Ge0.3 alloys of n- and p-type conductivity with a 
charge carrier concentration of 3.2∙1026 m-3 were produced by vacuum hot pressing. Bulk Si 
and Ge wastes were crushed with a steel rod and sifted through a sieve with a cell size of 
0.2 mm. Then they were loaded into the chamber of the PM-100-SM mill and crushed for  
20–25 hours. The grain size of the powder was estimated using an optical microscope (Nicon) 
and an X-ray diffractometer (DRON-3M). The dispersed powder obtained according to the 
specified mode consisted mainly of Si and Ge grains with a size of (60–80) nm. The resulting 
powder was pressed in a high-temperature vacuum induction chamber at a temperature of 

(1200–1320) °C and a pressure of 480 kg⋅cm2 for 20–30 minutes. The matrix and punches were 

made of high-strength graphite. Profiled samples were cut out of the resulting briquettes on a 
diamond-disc machine. Graphite commutation plates were attached to the ends of the alloy 
branches. The commutated sample was placed in the vacuum chamber of the induction furnace, 
and sensors for measuring the temperature and electrical force were placed in its commutation 
plates. One side of the module was heated by a flame generated by gas combustion, which fell 
directly on the surface of the module. On the other side, the module was cooled with running 
water. Chromel-alumel thermocouples were placed on the hot and cold ends of the module. The 
electrical insulation unit of the cold side of the monolithic thermoelectric module was made 
using AlN and graphite plates (вoth of them are thermomechanically compatible with SiGe 
alloys in a wide temperature range). To manufacture a mini-monolithic thermoelectric module 
containing 16 branches, 4 plates of n- and p-type alloy (2 n-type and 2 p-type) were taken. They 
were arranged in the order n-p-n-p. A mini-monolithic thermoelectric module containing 24 
branches was manufactured using a similar technology. 

Authors’ information 

I. Nakhutsrishvili – Ph. D., Senior Scientist. 

References 

1. Hinterleitner B., Knapp I., Poneder M., Shi Y., Müller H., Eguchi G., Eisenmenger-Sittner 
C., Stöger-Pollach M., Kakefuda Y., Kawamoto N., Guo Q., Baba T., Mori T., Ullah S., 
Chen X.-Q., Bauer E. (2019). Thermoelectric performance of a metastable thin-film 
Heusler alloy. Nat. 576 (7785), 85–90. (DOI: https://doi.org/10.1038/s41586-019-1751-9) 

2. Dehkordi M., Zebarjadi M., He J., T. M. Tritt T.M. (2015). Thermoelectric power factor: 
Enhancement mechanisms and strategies for higher performance thermoelectric materials. 
Materials Sci. and Engin.: Rep., 97, 1–22. 
(DOI: https://doi.org/10.1016/j.mser.2015.08.001) 

3. Samrand Shafeie S., Guo S., Hu Q., Fahlquist H., Erhart P., Palmqvist (2015). High-
entropy alloys as high-temperature thermoelectric materials. Appl. Phys., 118 (18), 184905. 



I. Nakhutsrishvili 
The Maximums of the Power Factor of Thermoelectrics: Mathematical Approach and Practice 

 Journal of Thermoelectricity №4, 2025 ISSN 1607-8829 10

(DOI: https://doi.org/10.1063/1.493548) 
4. Li P., Qiu P., Xu Q. (2022). Colossal Nernst power factor in topological semimetal NbSb2. 

Nat. Commun. 13 (1), 7612. (DOI:10.1038/s41467-022-35289-z) 
5. Wickramaratne D., Zahid F., Lake R. K. (2014). Electronic and thermoelectric properties 

of few-layer transition metal dichalcogenides. Chem. Phys., 140, 124710. 
6. Ge Y., Wan W., Ren Y., Liu Y. (2020). Large thermoelectric power factor of high-

mobility transition-metal dichalcogenides with 1Thase. Phys. Rev. Res., 2, 013134. (DOI: 
https://doi.org/10.1103/PhysRevResearch.2.013134) 

7. Zhou C., Lee Y. K., Yu Y., Byun S., Luo Z.-Z., Lee H., Ge B., Lee Y.-L., Chen X., Lee J. 
Y., Oana Cojocaru-Mirédin O., Chang H., Im J., Cho S.-P., Wuttig M., Dravid V. 
P., Mercouri G. Kanatzidis M. G., Chung I. (2021). Polycrystalline SnSe with a 
thermoelectric figure of merit greater than the single crystal. Nat. Mater. 20, 1378–1384. 
(DOI: https://doi.org/10.1038/s41563-021-01064-6) 

8. Snyder G. J., Pereyra A., Gurunathan R. (2022). Effective mass from Seebeck coefficient. 
Adv. Funct. Materials, 32 (20), 2112772. (DOI: https://doi.org/10.1002/adfm.202112772) 

9. Snyder G. J., Snyder A. H., Wood M., Gurunathan R., Snyder B. H., Niu Ch. (2020). 
Weighted mobility Adv. Mater., 32 (25), e2001537.  
(DOI: https://doi.org/10.1002/adma.202001537) 

10. Nakhutsrishvili I. (2025). Mutual connection between concentration of charge carriers and 
Seebeck coefficient in Si0.96Ge0.04 thermoelectric by annealing in the range (523–673) K. 
Johns. Matth. Technol. Rev., 69 (3), 1–5. 
(DOI: https://doi.org/10.1595/205651325X17302083510551) 

11. Nakhutsrishvili I., Adamia Z. (2024). Optimizing power factor in SixGe1-x alloys and some 
other thermoelectric materials: Insights and empirical relationships. Materials Sci. Res. and 
Rev. 7, (2), 204–209. 

12. Nakhutsrishvili I. (2024). Method for determining the maximum of power factor of some 
thermoelectric. GESJ Phys., 1, 36–39. 

13. Kush L., Srivastava S., Jaiswal Y., Srivastava Y. (2020). Thermoelectric behaviour with 
high lattice thermal conductivity of nickel base Ni2CuCrFeAlx (x = 0.5, 1.0, 1.5 and 2.5) 
high entropy alloys. Materials Res. Expr., 7 (3), 035704. (DOI: 
https://doi.org/10.1088/2053-1591/ab7d5a 

14. Tewari G. C., Tripathi T. S., Yamauchi H., Karppinen M. (2014). Thermoelectric properties 
of layered antiferromagnetic CuCrSe2.  Materials Chem. Phys., 145 (1/2), 156-161. (DOI: 
https://doi.org/10.1016/j.matchemphys.2014.01.053) 

15. Khan, W. H. Shah, N. Khan, Tufail M., Khan S., Syed W.A. (2021). Effects on the Seebeck 
coefficient and electrical properties of Tl10-x AxTe6 (A = Pb & Sn) in chalcogenide system. 
Ovonic Res., 17 (2), 201–208. 

16. Cook B. (2022). Silicon–Germanium: The legacy lives on. Energ. 15 (8), 2957. (DOI: 
https://doi.org/10.3390/en15082957) 

17. Barbakadze K., Bokuchava G., Isakadze Z. (2022). High temperature thermoelectric 
genrator based on SiGe alloy LELP-Nat. Defence Acad. Geo. 47, 45–52. 



I. Nakhutsrishvili 
The Maximums of the Power Factor of Thermoelectrics: Mathematical Approach and Practice 

ISSN 1607-8829 Journal of Thermoelectricity №4, 2025     11

18. Li Y., Wang G., Mehdi A.-S., Procek Marcin, Radamson H. H. (2021). Si and SiGe 
nanowire for micro-thermoelectric generator: A review of the current state of the art. Front. 
in Mater., 8, 611078. (DOI: https://doi.org/10.3389/fmats.2021.611078) 

19. Schwinge C., Kühnel K., Emara J., Roy L., Biedermann K., Weinreich W., Kolodinski S., 
Wiatr M., Gerlach G., Wagner-Reetz M. (2022). Optimization of LPCVD phosphorous-
doped Si Ge thin films for CMOS-compatible thermoelectric applications. Appl. Phys. Lett., 
120, 031903. (DOI: https://doi.org/10.1063/5.0076945) 

20. Chiang P. T., Hu Sh., Yen W. T., Wu H.-J., Hsu H.-P., Lan Ch.-W. (2023). A study of iron-
doped SiGe growth for thermoelectric applications. Alloys and Comp., 967, 171700. (DOI: 
https://doi.org/10.1016/j.jallcom.2023.171700) 

21. Murata H., Nozawa K., Suzuki T., Kado Y., Suemasu T., Toko K. (2022). Si1-xGex anode 
synthesis on plastic films for flexible rechargeable batteries. Sci. Rep., 12, 13779. (DOI: 
https://doi.org/10.1038/s41598-022-18072-4) 

Submitted: 20.10.25 

Нахуцрішвілі І. (https://orcid.org/0000-0002-7961-3437) 

Інститут кібернетики Грузинського технічного університету,  
вул. З. Анджапарідзе 6, 0186 Тбілісі 

Максимуми коефіцієнта потужності термоелектриків:  
математичний підхід та практика 

Метою цієї статті є оцінка максимальних значень важливого термоелектричного 
параметра матеріалів – фактора потужності. На основі відомих з літератури 
формул, що зв'язують між собою термоелектричні параметри (ефективну масу та 
рухливість носіїв заряду, коефіцієнт Зеєбека, температуру), отримано функцію 
зазначеного фактора. Її обробка дозволяє використовувати отримані дані для 
аналізу експериментальних даних тих робіт, у яких з певних причин не наводяться 
екстремуми зазначеного термоелектричного параметра. 

Ключові слова максимальний коефіцієнт потужності, термоелектричний модуль. 
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