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p-type SiGe-based composite produced by mechanical alloying and spark plasma sintering †
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We demonstrate a study on bulk SiGe-MnTe composites obtained via spark plasma sintering of mixed powders composed of SiGe that was fabricated by mechanical alloying and MnTe prepared via solid-state reaction. The presence of MnTe in the matrix of SiGe led to an increase in the electrical conductivity by ~50 % and decrease in the lattice thermal conductivity of the samples by ~28 %. Despite this, the Seebeck coefficient reduce from 252 μV K-1 to 197 μV K-1 at 1000 K. As a result, the peak zT of 0.75 was obtained for pristine Si80Ge20B2, and 0.8 for Si80Ge20B2 + 4 wt.% MnTe at 1000 K.
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Introduction
Thermoelectric materials are able to directly convert thermal energy into electricity and, therefore, are considered as promising candidates for waste energy recovery. The efficiency of such a conversion is determined by the so-called thermoelectric figure of merit zT = α2σT/(κe + κl), where α is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, κe and κl are the electronic and lattice thermal conductivity, respectively.1 Here sum of κe + κl is the total thermal conductivity κ. Thus, an efficient thermoelectric material should possess a high Seebeck coefficient and a low thermal conductivity. This allows the material to maintain a temperature gradient and hence generate more voltage. Also, thermoelectric material should possess a high electrical conductivity. This allows the generated voltage to be effectively converted into usable electrical energy. Separate control of the interdependent parameters α, σ and κ makes it possible to change the thermoelectric characteristics of the material in a wide range. Already known approaches such as nanostructuring2–4, doping5,6, modulation doping7,8, texturing9 and chemical bonding engineering10 are used to achieve a higher power factor (PF = α2σ) and figure of merit zT of the material. However, in recent years, there has been special attention paid to an approach that involves creating a composite material based on semiconductor-insulator and semiconductor-semiconductor constituents.11–19 The properties of these composites can be tailored by adjusting the composition, microstructure, and morphology of the constituent materials. For example, the addition of an insulating phase to a semiconductor can reduce the thermal conductivity of the composite, leading to improved thermoelectric properties. Furthermore, the use of multiple semiconductor phases with different energy levels can improve the electrical conductivity and thermoelectric properties of the composite.20 Overall, the creation of composites from different pairs of semiconductor-insulator and semiconductor-semiconductor materials provides an effective means of tailoring the properties of materials to meet specific requirements. This approach has significant potential for improving the performance of various technologies, including thermoelectric devices and electronic devices.
Thermoelectric materials based on SiGe solid solutions are among the most studied and most frequently used high-temperature compounds in practice.21–28 Back in 1965, Si-Ge thermoelectric modules were included in the power system of the SNAP-10A11 satellite and were used in radioisotope thermoelectric generators for NASA missions in deep space. SiGe-based thermoelectrics have high thermal and chemical stability at high temperatures. Therefore, they are suitable for device applications at high temperatures. There have been many research studies to improve thermoelectric characteristics of SiGe-based materials.29–36 Compositing has long been used in the field of thermoelectric and has been successfully implemented in materials based on silicon-germanium.28,33,35,37–43
Among a large family of thermoelectric materials, binary compounds based on lead telluride and bismuth telluride were actively studied as early as the 1960s and 1970s. The toxicity of lead, which is part of thermoelectrics, prompted scientists to look for an alternative to these compounds, despite their high thermoelectric performance and prospects for use in devices. Among the stable binary compounds of manganese, only MnTe exhibits semiconductor properties.44 Currently, there are many publications on the introduction of MnTe as a second phase into the system in order to optimize the thermoelectric properties.45,46 Thus, one can expect an increase in the value of zT for p-type SiGe/MnTe composites due to a decrease in thermal conductivity due to phonon scattering at the interface without loss of power factor. However, to the best of our knowledge, there have been no reports so far on composite thermoelectric materials based on the SiGe semiconductor matrix and MnTe chalcogenide inclusions.
In this paper, we present a thermoelectric composite based on a silicon-germanium matrix, which was obtained by mechanical alloying and spark plasma sintering of a mixture consisting of MnTe and B-doped SiGe powders.
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Figure 1. Powder XRD patterns of Si80Ge20B2 + xMnTe (x = 0, 2, 4, 6 wt.%) samples after SPS and annealing.  Part (b) shows an expanded view of the 2θ range between 33.5° to 36.5° in (a), highlighting the increase in the weighted fraction of MnTe. Bragg’s reflections for the SiGe and MnTe phases are indicated by ticks at the top of the figure.
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Figure 2. Temperature dependence of (a) the electrical conductivity, (b) the Seebeck coefficient, (c) the power factor for the Si80Ge20B2 + xMnTe (x = 0, 2, 4, 6 wt.%) samples.

[bookmark: _Hlk128994198]Synthesis. The Si80Ge20B2 was produced using mechanical alloying via a ball-milling technique. The elemental Si (99.9%, powder), Ge (99.99%, chunks), and B (99.9%, powder) were weighed according to the desired stoichiometry and then ball milled in an argon atmosphere using 250 ml stainless-steel jars with 5 mm stainless-steel balls as the milling media, and the ball-to-powder ratio remained constant at 40:1. The milling was conducted at 700 rpm for 45 minutes. MnTe was prepared by a solid-state reaction. Mn (99.9%, flakes) and Te (99.999%, chunks) were ground in an agate mortar and cold-pressed into pellets, which were sealed in quartz tubes with argon atmosphere. The tubes were then heated to 1173 K at a rate of 5 K min-1 and held for 50 hours before cooling to room temperature. The obtained MnTe was ground in an agate mortar. Finally, the MnTe powder and Si80Ge20B2 powder were mixed in a high-energy SPEX 8000M ball mill (SPEX SamplePrep., USA) in an argon atmosphere for 30 min. In order to obtain bulk samples, the powders of Si80Ge20B2 with varying amounts of MnTe (0%, 2%, 4% and 6 wt.%) were densified by spark plasma sintering using a SPS system (Labox650, Sinter Land, Japan) at 1373 K for 5 min under a pressure of 50 MPa with a 50 K min-1 heating rate and free cooling. The compacted disc samples had a dimension of Ø 12.7 mm and ~2.5 mm height (Fig. S1). To reach the equilibrium state the synthesized samples were annealed for 2h at 1173 K under vacuum and characterized by a variety of experimental techniques.
Characterization. Powder X-ray diffraction (PXRD) data were collected using a DRON-4 diffractometer (IC Bourevestnik, Russia) with CoKα radiation (λ = 1.7902 Å) at room temperature. The morphology and chemical composition of the powders and bulk specimens were analyzed by scanning electron microscopy (SEM; Vega 3 SB, Tescan, Czech Republic) and energy dispersive X-ray spectroscopy (EDX; x-act, Oxford Instruments, UK). Consolidated pellets were cut into disc (Ø 12.7 × 1 mm2) for the thermal diffusivity measurements and bars (12.7 × 3 × 1 mm3) for the electrical transport properties measurements. The electrical conductivity, σ, and the Seebeck coefficient, α, were measured simultaneously by a four-probe and differential methods with in-house-built measuring device (Cryotel Ltd., Russia) in He atmosphere. The total thermal conductivity, κ, was calculated from the measured thermal diffusivity, χ, specific heat, Cp, and density d using the well-known relationship κ = χCpd. The density of the samples was measured by the Archimedes principle. The specific heat Cp was calculated using the rule of mixtures, which is based on the assumption that the composite material behaves as a homogeneous material with properties that are a weighted average of its components. The rule of mixtures calculates the specific heat of a composite material based on the specific heat of the reinforcement (Cp)r and (Cp)m is that of the matrix, that calculated by the Debye model, and mass fraction f of each component Cp = f(Cp)r+(1-f)(Cp)m.47 The thermal diffusivity was measured by the laser flash method using a MicroFlash LFA 457 (Netzsch, Germany) under continuous Ar flow. The combined uncertainly for all measurements involved in the zT calculation is 16 %.48

Results and discussion
The obtained composites were identified with SiGe (PDF# 96-153-7803) and MnTe (PDF# 96-153-8216) phases, and no peaks other than those were observed (Fig. 1). The main peak of the MnTe phase increased as it’s nominal content in the composites increased (Fig. 1b). The relative densities of the samples ranged from 94.9 % to 99.4 %. SEM analysis revealed that all samples containing varying MnTe concentrations (Fig. S2a - d) consist of a SiGe alloy matrix with micron-sized MnTe precipitates. As the MnTe content increased, the size and density of the MnTe precipitates also increased. Additionally, the number of inclusions was observed to increase through EDX-maps (Fig. S3 – S6). The EDX analysis confirms good compatibility between the synthesized samples and their respective nominal elements. Furthermore, the EDX analysis revealed that the actual composition of the matrix is close to Si80Ge20, while that of the MnTe inclusions is 1:1. This is representative for all the samples, including similar morphologies among them. Although, some precipitations of the oxide phases were observed in the EDX mapping (Fig. S3 – S6). The EDX findings identified two distinct areas in composites, namely, dark gray regions and bright regions containing Si-Ge-O. That may be Si-Ge and Si-O precipitates, but any secondary phases not consistent with the XRD results discussed above. The differences in the composition of Si-Ge precipitates can be attributed to the fact that binary Si-Ge systems exhibit complete mutual solubility. It is worth noting that the production of SiGe was quite fast (45 minutes of grinding). Such a fast production of SiGe has a disadvantage in that there is an Fe amount of ground in the samples and also some oxidation processes of the reactants could occur at the same stage. Contamination of the powder with Fe, even in small quantities, can lead to changes in charge carrier concentration as well as affect other properties of the material. Depending on the conditions of Fe introduction into the SiGe matrix, the amphoteric Fe impurity can create deep donor or acceptor levels.
The electrical conductivity of the Si80Ge20B2 + xMnTe (x = 0, 2, 4 and 6 wt.%) samples demonstrated a steady increase until x = 4 wt.%, after which it began to decline, with the decline possibly attributable to the significant level of heterogeneous Si-Ge distribution detected in the sample containing 6 wt.% MnTe (Fig. 2a). Despite this, the electrical conductivity of the samples with 4 and 6 wt.% MnTe was significantly higher than that of pristine SiGe. The electrical conductivity of all the samples displayed metallic behavior throughout the temperature range, which is consistent with what is expected for degenerate semiconductors.[image: Изображение выглядит как диаграмма  Автоматически созданное описание]
[bookmark: _Hlk132718688]Figure 3. Temperature dependence of (a) the total thermal conductivity, (b) the lattice thermal conductivities, and (c) the figure of merit for the Si80Ge20B2 + xMnTe (x = 0, 2, 4, 6 wt.%) samples.

[bookmark: _Hlk129794665]All the samples exhibited a positive Seebeck coefficient, indicating that the majority of the charge carriers were holes (Fig. 2b). As expected for degenerate semiconductors, the Seebeck coefficient increased almost linearly with increasing temperature over the measured temperature range. The trend of the Seebeck coefficient was opposite that of electrical conductivity. Pristine Si80Ge20B2 exhibited the maximum Seebeck coefficient α of 252 μVK-1 at 1000 K while composites had α of 232 – 197 μVK-1. This trend, similar to that of the electrical conductivity, may be attributed to an increase in the concentration of charge carriers.
Unfortunately, due to the trade-off between the electrical conductivity and the Seebeck coefficient, the power factor values for all samples were practically the same within the experimental error (Fig. 2c). The maximum power factor value achieved was ~2.6 mWm-1K-2 at 900 K, which is comparable to the power factor values reported previously by Wongprakarn et al. (2.3 mWm-1K-2 at 1073 K for Si80Ge20B1)28 and Li et al. (3.0 mWm-1K-2 at 860 K for Si79.5Ge20B0.5)26.
[bookmark: _Hlk132062155]The thermal conductivity of composites decreased with increased MnTe content (Fig. 3a). To obtain the lattice thermal conductivity, κlat, the electronic contribution, κel, was subtracted from the total thermal conductivity. The electronic thermal conductivity was estimated by the Wiedemann-Franz law: κel = LTσ, where L is the Lorenz number (Fig. S7). The Lorenz number was evaluated as a function of temperature based on the experimental values of the Seebeck coefficient within the framework of the effective mass model.49 The sample with 4 wt.% MnTe had the lowest lattice thermal conductivity of 2 Wm-1K-1 at 1000 K which is 28 % lower than that for the pristine sample (Fig. 3b). The most possible reason is that the MnTe particles can enhance phonon scattering at grain boundaries of two phases and lead to a reduction in the lattice thermal conductivity. This is similar to other works, indicating composite formation is an effective way to decrease κlat.50 Also, in the sample with 4 wt.% MnTe, another secondary phase was detected, which may be silicon oxide, which can serve as an additional source of phonon scattering.51 The lattice contribution dominated the total thermal conductivity (65-86%) for all the samples in the whole temperature range compared to the electronic part. In spite of the increase of κel due to increased σ, the κlat was reduced for all the samples, showing similar temperature dependence with κtot.
The zT of all the samples increased with increasing temperature (Fig. 3c). The zT value of the 4 wt.% MnTe sample was 7 % greater than pristine Si80Ge20B2 sample, with a maximum zT of 0.8 at 1000 K. This small improvement in zT compared to the pristine sample was mainly due to the reduced lattice thermal conductivity. This obtained zT value and all results correlates well with previously published works (Fig. S8). 
Conclusions
In summary, new composites of Si80Ge20B2 + xMnTe (x = 0, 2, 4, 6 wt.%) were synthesized by mechanical alloying and solid-state reaction followed by spark plasma sintering. Such a fast method of production led to the formation of secondary phases, which could also affect the properties of the material, but the main contribution is the addition of MnTe. Due to the increase MnTe content, the thermal conductivity was effectively reduced by enhanced phonon scattering. The lattice thermal conductivity in the composite was reduced by 28%. Although κtot decreased, the decreased Seebeck coefficient offset the improvement κtot, thus zT not strongly improved. The maximum zT value of 0.8 was achieved at 1000 K in the Si80Ge20B2 + 4 wt.% MnTe composite. The obtained zT value is comparable to those for another SiGe based composites and pristine SiGe samples.
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