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Abstract

:

SnTe is the most widely studied p-type thermoelectric (TE) alternative to PbTe. In this study, we prepared a nanostructured SnTe bulk material via spark plasma sintering from a precursor synthesized by a chemical precipitation process without using organic molecules. The sintered sample comprised tiny grains (100–300 nm) with high-density grain boundaries. Eventually, because the material would contain no impurities acting as scattering nodes of charge carriers, the material exhibited a relatively high electrical conductivity of 7.07 × 105 Sm−1 at 310 K. The material demonstrated low lattice thermal conductivity (0.87 Wm−1K−1 at 764 K), which can be owing to the increasing phonon scattering at grain boundaries. The maximum ZT was 0.31 at 764 K in the measured temperature range. This study provides a method for the design of phase-pure and surfactant-free SnTe thermoelectric materials that exhibit low lattice thermal conductivity and high carrier mobility using a chemical synthetic approach.






Keywords:


thermoelectric material; tin telluride; chemical precipitation; low lattice thermal conductivity












1. Introduction


With the increasing attention to environmental concerns, developing clean energy-supplying technologies is essential. Thermoelectric (TE) power generation, which can directly convert waste heat into electricity, has attracted considerable attention as a suitable technique [1,2,3]. The TE performance of materials is generally determined by the dimensionless figure of merit, ZT = S2σT/(κele + κlat), where S, σ, T, κele, and κlat are the Seebeck coefficient, the electrical conductivity, the absolute temperature, electrical thermal conductivity, and lattice thermal conductivity, respectively [4]. However, the interdependence between S, σ, and κele limits the improvement of ZT [4].



To date, several groups have reported various lead-chalcogenide-based materials with high ZT near the mid-temperature range [5,6,7,8]. Several PbTe-based materials demonstrated excellent ZT above 2.0 [6,7]. However, owing to the high toxicity of lead to the environment, the use of lead-chalcogenide-based compounds in TE power generators is considerably limited [9,10]. Therefore, several researchers have explored new lead-free materials with low toxicity. Recently, SnTe has been proposed as a promising Pb-free alternative material because its crystal and band structures of SnTe and PbTe are similar [10,11,12]. However, because SnTe has a low-energy band gap between the valence and conduction bands (~0.18 eV), it has a high hole concentration (nH) owing to bipolar effects, which leads to low S and high kele. In addition, due to the large energy separation between the valence bands of light and heavy holes (0.3–0.4 eV), the heavy holes in the valence band do not contribute to charge transport, further reducing S [13,14,15]. Furthermore, because the atomic mass of Sn is lighter than that of Pb, SnTe exhibits a higher klat compared to that of PbTe [13]. Therefore, the SnTe ingot exhibits a low ZT (<0.3 near 800 K) [11].



To date, several approaches for improving the ZT for SnTe materials have been reported, including band engineering and defect engineering [12]. Band engineering is a strategy to improve the Seebeck coefficient by modifying the band structure, and SnTe has been doped with various elements, such as I [16], Mn [17,18,19], In [20], Mg [21], Ge [22], Ca [23], and Cu [24], achieving the maximum ZT = ~1.2 at ~900 K [17,18,19,20,21,22,23,24,25]. Further, defect engineering is a strategy to decrease the lattice thermal conductivity based on the phonon scattering effect, which is achieved by miniaturizing the crystallite size of materials, i.e., increasing the density of grain boundaries [12,26,27,28,29,30]. Generally, SnTe materials with tiny grains are prepared via mechanical methods combining melting, boll-milling, and sintering [29,30,31]. However, the size of grains obtained via mechanical methods is more than several tens of micrometers [31] and further densification of the grain boundaries is challenging. In addition, high-energy mechanical alloying processes can cause elemental losses in SnTe, leading to a high carrier concentration and low carrier mobility [29]. Recently, wet chemical synthesis processes such as microwave [32], solvothermal [15,33], and wet-chemical methods [13,34,35] have been reported that directly synthesize SnTe nanocrystals. Organic molecules are commonly used as complexing agents, protectants, and surfactants to prepare small crystals in solution [13,34]. However, the molecules were adsorbed onto the surface of the obtained nanocrystals and incorporated into the resulting bulk materials [26]. In addition, wet chemical synthesis processes are usually performed at a higher temperature for longer reaction times, and the crystal size of materials prepared by these processes is usually ~10 μm [13,14,15,34]. These issues significantly reduce the electrical conductivity and make it difficult to reduce the lattice thermal conductivity [26]. Therefore, developing a synthetic strategy for SnTe materials with high-density grain boundaries and without impurity phases to improve TE performance is essential.



In this study, we prepared a pure SnTe thermoelectric bulk material with nanosized grains by sintering a SnTe nanocrystal precursor that were synthesized via a chemical precipitation process without using organic molecules. Because the obtained material did not contain any organic molecules, it exhibited high carrier mobility, leading to high electrical conductivity. In addition, because the sintered sample comprised dense grain boundaries, phonon scattering can be induced, and the lattice thermal conductivity significantly decreases (0.87 Wm−1K−1 at 764 K). Eventually, a maximum ZT of 0.31 was achieved at 764 K in the measurement temperature range. The present process can be effective and useful for developing SnTe nanostructured bulk materials with high thermoelectric performance.




2. Experimental


2.1. Chemicals


To synthesize a SnTe bulk material, tin (II) chloride dihydrate (SnCl2⋅2H2O, Wako Pure Chemical Industries Ltd., Osaka, Japan, 96.0%) and Te powders (Kojundo Chemical Lab. Co., Ltd., Saitama, Japan, 45 µm pass, 99.999%) were used as raw materials. Acetic acid (C2H4O2, Wako Pure Chemical Industries Ltd., 99.7%) was used to stably dissolve tin (II) sulfate in degassed water. Sodium borohydride (NaBH4, Wako Pure Chemical Industries Ltd., 95%) was used as reducing agent for the Te powder. 1-Decanol (C10H22O, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan, >98%) was selected as the solvent and used for annealing for the as-synthesized powders.




2.2. Synthesis of SnTe Nanocrystal Precursor


Based on the procedure reported in our previous studies [36,37], precursor nanocrystals of the binary thermoelectric material SnTe were chemically synthesized in this study. All fabrication processes for SnTe thermoelectric material generation were performed under an Ar gas. SnCl2 (48.72 mmol) was mixed with 1.95 L of degassed acetic acid aqueous solution (2 M) in Ar with stirring to prepare Sn2+ solution. Meanwhile, 48.72 mmol of Te powder and 194.9 mmol of solid NaBH4 powders were placed in a flask in Ar, and 180 mL of degassed water cooled on ice was added to the flask under Ar gas flow. The solution was stirred for 2 h while cooling with water to reduce the Te powder, resulting in white suspension. Then, 180 mL of degassed water was added into the suspension and stirred for 30 min to obtain transparent solution, forming a solution containing Te2−. Thereafter, the solution was injected into the solution containing Sn2+, resulting in rapid precipitation of black powders. After 5 min, the precipitate was washed repeatedly with a large amount of degassed water and degassed ethanol and dried under Ar flow under ultrasonication. The products were further dried at 60 °C for 12 h under vacuum, obtaining the black powder. The powder was then annealed in 1-decanol to improve its crystallinity. The obtained powder (11.5 g) was placed in a flask, and 800 mL of degassed 1-decanol was added into the flask under Ar. The flask was heated and refluxed at 506 K (the boiling point of the 1-decanol) for 24 h with vigorous stirring. The annealed powder was again washed with degassed water and, finally, degassed ethanol. The annealed powder was then dried by ultrasonication under Ar flow and further dried at 150 °C for 15 h under vacuum, obtaining the SnTe precursor nanocrystals.




2.3. Spark Plasma Sintering


The precursor was sintered to prepare the nanobulk material by spark plasma sintering (SPS, SPS-211Lx, Fuji Electronic Ind. Co., Saitama, Japan) at 723 K under a pressure of 60 MPa in vacuum, and the holding time at 723 K was 2 min. A graphite sheet was used in a 10.5 mm-diameter graphite die as a cover. The precursor (7.5 g) was loaded into a die sealed using graphite sheets (φ10 mm), an Al2O3 disk (φ10 mm), and graphite punches in a glove box.




2.4. Characterization


Transmission electron microscopy (TEM; JEM-1400, JEOL, operation voltage: 120 kV) was performed to observe the morphology of samples. The precursor and sintered samples were characterized using X-ray diffraction (XRD, RINT-2200 Ultima IV, Rigaku), scanning electron microscopy (SEM, JSM-7001FA, JEOL, operated at 15 kV), and energy-dispersive X-ray spectroscopy (SEM-EDX) to observe the crystal structure, morphology, and distribution of Sn and Te atoms. XRD was operated at 40 kV/50 mA using Cu-Ka radiation (l = 1.542 Å) in the range of 2q = 10–90° with a scanning speed of 0.5° min−1. The lattice parameters of the precursor and sintered sample were calculated from the XRD patterns using Cohen’s least-squares method. Additionally, the crystallite size and micro-strain of the sintered sample were derived from the Williamson–Hall plot. X-ray photoelectron spectroscopy (XPS, JPS-9010MC, JEOL, Mg-Kα) analysis was performed to determine the chemical states of the sintered SnTe sample. The chemical composition and metal content of the sintered sample were evaluated from inductively coupled plasma (ICP, SPS7700, Seiko Instruments, Chiba, Japan) analysis. The sintered sample (thickness: ~14 mm, diameter: 10 mm) was cut into a bar (3 × 3 × 12 mm3) and two plates (7 × 7 × 2 and 7 × 7 × 1 mm3). A bar was used to measure the electrical conductivity and Seebeck coefficient. One plate (7 × 7 × 1 mm3) was used to measure the carrier concentration and mobility, and another plate (7 × 7 × 2 mm3) was used to measure the thermal diffusivity. The temperature-dependent Seebeck coefficient (S) and electrical resistivity (s) were measured using a ZEM-3 (ULVAC-RIKO) instrument from 313 to 764 K under He (0.1 bar). Carrier concentration (nH) and carrier mobility (μH) of the sample were measured by the Hall-effect measurement system (ResiTest8400, TOYO Co., Tokyo, Japan) with the DC four-point probe method under applying a 0.5 T magnetic field in vacuum. The thermal conductivity (κ) was calculated from the specific heat capacity (Cp), thermal diffusivity (α), and mass density (D). The α was measured from 310 to 764 K using the laser flash method (TC-1200RH, ULVAC-RIKO) under vacuum, and the D was 6.20 g cm−3 as determined by the Archimedes method. Cp was calculated using the Dulong–Petit law [13]. The figure of merit was calculated using the following equation: ZT = S2σT/κ.





3. Results and Discussion


3.1. Characterization of the SnTe Nanocrystal and the Sintered Sample


SEM and TEM images for the as-synthesized precipitates are shown in Figure 1a,b. Unlike the octahedral-shaped crystals of SnTe synthesized via conventional chemical methods, the precipitates are found to be spherical powders with a diameter of 14.5 ± 1.56 nm. This process is based on the charge compensation reaction between Sn2+ and Te2− in the solution phase, which allows the rapid precipitation of nanocrystals at room temperature, suppressing crystal growth. XRD pattern of the as-synthesized precipitates are shown in Figure S1. Peaks from metallic Te and tin oxide were observed because the tiny precipitates were not stable in air and oxidized rapidly. Therefore, a subsequent annealing step is needed to obtain stable SnTe nanocrystals. The sintered sample prepared from precursors annelaed below 430 K still show the existence of the metallic Te and tin oxide phase (Figure S2). On the other hand, since the sintered sample prepared from precursors annealed at 506 K was found to be a constructed single-phase SnTe (explained later), the subsequent preparation and characterization was performed for precursors aneealed at 506 K.



Figure 2a shows the XRD pattern for the precursor annealed at 230 °C, where all peaks are well-indexed to fcc SnTe (PDF# 65-2945) with a space group of   F m   3  ¯  m   and the lattice parameters of a = b = c = 6.338 (12) Å. These lattice parameters correspond to those of a previously reported SnTe thermoelectric alloy [15,18,38]. These results suggest that the precursor consisted of single-phase SnTe. In addition, according to the SEM image (Figure 2b), the precursor formed aggregates consisting of approximately isotropic nanoparticles with a diameter of 224 ± 52.8 nm, and the precursor (annealed nanocrystals) was grown compared to the precipitates (Figure 1a). Although further experiments are necessary, since the tiny crystals were not observed after annealing, the nanocrystals could grow via Ostwald ripening. The distribution of Sn and Te species in the precursor was examined using SEM-EDS elemental mapping, and the results are shown in Figure S3. The Sn and Te atoms were found to be homogeneously distributed throughout the nanocrystals. From these results, the present processes enable the fabrication of nanometer-scale SnTe nanocrystals without significantly including impurities.



The XRD patterns of the sintered sample are shown in Figure 3a. The XRD peaks of the bulk material remain unchanged compared to the precursor (Figure 2a), and the lattice parameter calculated from them was a = b = c = 6.339 (13) Å. The full width at half-maximum (FWHM) of the X-ray diffraction peaks from the (200) plane of the precursor and sintered sample were 0.141° and 0.147°, respectively, which indicates no distinct grain growth during sintering.



The internal strain rate and the average crystallite size of the sintered sample were calculated via the Williamson–Hall method from XRD data,     β c o s ⁡ ( θ )  /  λ =   4 ε s i n ⁡ ( θ )  /  λ +   1  /  D         [39,40], where β is the integral breadth of XRD peak, θ is the X-ray diffraction angle, λ is the X-ray wavelength (Cu-Ka), ε is the stain rate, and D is the average crystallite size, respectively. The indexed Williamson–Hall plots (plotting     β c o s ⁡ ( θ )  /  λ     versus     2 ε s i n ⁡ ( θ )  /  λ    ) for the sintered sample was shown in Figure S5. The straight line fitted to the plots shows that the crystallite size is 90.9 nm and the internal strain rate is 0.25%. Although it is noted that the integral breadth used for this analysis performed in this study did not take into account the instrumental contributions, including the Lorentzian and Gaussian contributions, the internal strain rate value is higher than the non-dope SnTe bulk material prepared by the melting method [39], which suggests that more defects could be introduced in the sintered sample corresponding to the bulk material [39]. Additionally, in the case of an isotropic material, calculated points should correspond to a straight line having a positive intercept (i.e., a linear function) [39], but the resulting plots did not correspond to a linear function. Therefore, although further experiments are necessary, anisotropic defects such as dislocations, stacking faults, and twinning could be introduced in the sintered sample, which could be due to the growth of crystallites from small precursors during the annealing process. These defective microstructures in the sintered sample can cause the scattering of phonons, and, therefore, a lower lattice thermal conductivity can be expected.



The SEM image of the fractured surface of the sintered sample showed a few notable defects and cracks (Figure 3b). In addition, the grains retained the original sizes and morphologies of the precursor in the sintered sample; that is, crystal growth did not occur during sintering, and the grain size remained small (100–300 nm), which can be due to the short time and high-pressure sintering. The SEM-EDS elemental mapping analysis of the sintered sample revealed a uniform distribution of Sn and Te (Figure 3c), indicating no impurity phases for the sintered sample.



The XPS spectra of the Te 3d, Sn 3d, Na 1s, B 1s, and Cl 2p regions of the sintered SnTe sample are shown in Figure S4 and were used to investigate the binding energies and chemical binding states. The spectra demonstrate no indication of elemental (metallic) tin and tellurium. The Te 3d3/2 and Te 3d5/2 peaks are observed at binding energies of 582.6 and 572.2 eV, which show the oxidation state of −2. Further, the Sn 3d3/2 and Sn 3d5/2 peaks are observed at binding energies of 493.6 and 485.2 eV, which show the oxidation state of +2. The binding energies of Sn and Te agree with the reported values for Sn and Te in SnTe [41,42]. Additionally, the sintered sample include no impurity phases such as sodium, chlorine, and boron, which is consistent with the XRD results.



We have performed ICP measurements to investigate the composition and metal content of the sintered sample. The chemical composition of the sintered sample was found to be Sn0.988Te1.000. Since the XPS measurement showed no indication of impurity phases, the maximum concentration of Sn vacancies was estimated to be approximately 1.2%, the value of which is comparable with those of SnTe materials prepared by other methods [10]. Although further experiments are necessary, since the precipitation reaction is performed under acidic conditions, protons may be incorporated to nanocrystals instead of Sn2+ during the charge compensation reaction (for example, as H2Te), which could cause the formation of a Sn vacancy through the annealing or sintering process. In addition, the metal content was calculated to be 99.9%, indicating no organic impurity phases.




3.2. Electrical Transport Properties


The electrical conductivity (σ) of the sintered sample as a function of temperature is shown in Figure 4a. σ decreased with increasing temperature from 7.07 × 105 Sm−1 at 310 K to 1.58 × 105 Sm−1 at 764 K. σ of the sintered sample was lower than that of the SnTe material prepared using melt alloying and sintering [16,43,44]. Figure 4b shows the Seebeck coefficient (S) of the sintered sample as a function of temperature; the positive S values in the measured temperature range indicate that holes are the majority carriers. The S of the sintered sample increases with increasing temperature from 41.5 µVK−1 at 310 K to 91.1 µVK−1 at 764 K. The decrease in σ and increase in S with increasing temperature for the sintered sample are typical behaviors of degenerate semiconductors [16,45]. To evaluate detailed electrical transport properties, the temperature dependence of the carrier concentrations (nH) and mobility (μH) of the sintered sample were measured, and the results are shown in Figure 4c,d. The nH of the sintered sample was 4.88×1020 cm−3 at 293 K, the value of which is comparable with the carrier concentration of non-dope SnTe material with a Sn vacancy concentration of 1.56% (4.8 ×1020 cm−3, calculated by DFT) [10]. Furthermore, the sintered sample exhibited a μH of 104 cm2V−1s−1 at 293 K; the value was significantly lower compared to those of the bulk SnTe materials [16,43]. The relationship between μH and T is generally given as follows: μH∝T(–1.5+r) [43,46]. When r = 0, the charge-carrier scattering mechanism by acoustic phonons is dominant; when r = 1, the scattering mechanism by the interaction between acoustic and optical phonon scattering is dominant. As shown in Figure 4d, the μH for the sintered sample decreases with increasing temperature in a similar relationship to μH∝T(–0.5) (i.e., r = 1), suggesting that the carrier could be scattered by grain boundaries, leading to the lower μH and σ of the sintered sample. Theoretical studies have shown that low-energy carriers with shorter relaxation times are more easily filtered out by grain boundaries than high-energy carriers with longer relaxation times, leading to relatively high Seebeck coefficients, which is known as the low-energy carrier filtering effect [47,48]. The S of the sintered sample was slightly higher than that of bulk SnTe materials with similar carrier concentrations prepared via the SHS-HG method [49], which could have been caused by the low-energy carrier filtering effect through the increased grain boundary density. Compared to the electrical transport properties of nanobulk SnTe materials prepared from nanocrystals prepared via other wet-chemical processes, such as solvothermal [15,33] and microwave methods [32], the current sintered sample exhibited a higher S and a similar or lower σ. In addition, the μH and nH values of the sintered sample were higher and similar, respectively, compared to those of the nanobulk SnTe material synthesized via solvothermal [33] and microwave methods [32]. Because the present precursor was synthesized using no organic molecules, the sintered sample could not contain organic impurities, which would serve as carrier scattering points, thereby achieving higher carrier mobility.




3.3. Thermal Transport Properties


Figure 5 plots the total and lattice thermal conductivity (κ and κlat) of the sintered sample as a function of the temperature from 310 to 765 K. The κ was calculated using the equation κ = αDCp. The density of the sintered sample was ~6.20 g/cm3, measured using the Archimedes method, and the relative densities of the sintered sample based on the theoretical density (6.50 g/cm3) [50] was 95.3%. The temperature-dependent k shows a monotonically decreasing tendency with increasing temperature from 6.77 Wm−1K−1 at 310 K to 3.24 Wm−1K−1 at 764 K. The κlat was estimated by subtracting electronic thermal conductivity (κele) from κ, κlat = κ − κele [17]. The κele for the sintered sample was calculated using the Wiedemann−Franz law (κele = LσT) [14], where L represents the Lorenz number determined by L = 1.5 + exp(−|S|/116) [51]. The weak temperature dependence of the calculated κlat for the sintered sample demonstrates that the temperature-independent phonon scattering processes at the grain boundaries is dominant (particularly, the lattice thermal conductivity of the sintered sample from 313 to 571 K was mostly temperature-independent.) [52]. The minimum κlat of 0.87 Wm−1K−1 was achieved at 764 K in the measured temperature range, the value of which was 50–80% of the values for bulk SnTe materials prepared using the melt alloying and sintering technique [16,43,44] and slightly lower for nanobulk materials synthesized via the solvothermal [15,33] and microwave methods [32]. The lower lattice thermal conductivity of the sintered sample is achieved probably because of the following three reasons: First, the sintered sample is formed from polydisperse SnTe grains (100–300 nm), which induce the scattering of mid- to long-wavelength phonons. Second, by decreasing the sizes of the SnTe grains, the low- and mid-frequency phonon scattering was strengthened by the densification of the grain boundary, which can be the main reason for the reduced thermal conductivity. Third, because the SnTe precursor was synthesized via a chemical reaction, vacancies were formed in the sintered sample, which enhanced the phonon scattering to high-frequency phonons with short wavelengths [53]. Combining these effects achieved the full-spectrum scattering of phonons, leading to the low lattice thermal conductivities of the sintered sample.




3.4. Figure of Merit


Figure 6 shows the variation of the ZT of the sintered sample as a function of temperature. A maximum ZT of 0.31 at 764 K was achieved. The maximum ZT of the sintered sample was comparable to those of the bulk SnTe materials prepared using the melt alloying [16,43,44], and nanobulk SnTe materials synthesized via the solvothermal [15,33] and microwave methods [32].



Owing to the charge compensation reaction in the solution phase, this chemical approach allows SnTe to be doped with other elements and controls its chemical composition by changing the concentration of each metal ion. Because the power factor (PF = σS2) for SnTe materials can be further increased without increasing the thermal conductivity by adjusting the band structure by doping with elements (e.g., Cd [19] or Mn [25], which leads to strong band convergence effects, and In [20], which introduces resonance levels in the valence band), further improvement in the thermoelectric properties of our sintered sample can be expected.





4. Conclusions


SnTe nanocrystals were successfully synthesized via chemical precipitation. The precursor was obtained by annealing the nanocrystals, and a nanostructured bulk SnTe material composed of tiny grains (100–300 nm) without impurities was prepared by sintering the precursor. The reduction in the carrier mobility of the sintered sample was relatively suppressed, which could be owing to the absence of impurities acting as carrier scattering points, and the sintered sample exhibited high electrical conductivity (7.07 × 105 Sm−1 at 313 K). In addition, the lattice thermal conductivity of the sintered sample can be significantly reduced through the enhancement of the phonon scattering effect, presumably owing to the miniaturization of grains, achieving a low lattice thermal conductivity of 0.87 Wm−1K−1 at 764 K, thereby exhibiting a ZT of 0.31 at 764 K. In this study, we have applied chemical precipitation based on the charge compensation process to synthesize nanoscale crystals that can be further used as precursors for thermoelectric materials. This method allows for low-temperature synthesis, the rapid deposition of nanocrystals, and the control of precursor size and chemical composition through doping other impurity ions in the solution phase. Therefore, this approach demonstrates the potential to improve the thermoelectric performance of SnTe via the densification of grain boundaries, and the strategy of sintering a nanometer-scale precursor synthesized via chemical precipitation without using organic molecules could be extended to the synthesis of other multielement compounds and/or composites.
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Figure 1. (a) SEM image of precipitates. The scale bar is 1 mm. (b) TEM image of precipitates and histogram of particle sizes from a survey of 158 particles. The scale bar is 50 nm. 
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Figure 2. (a) Powder XRD pattern of the SnTe precursor. The vertical tags at the bottom are the standard diffraction patterns of octahedral SnTe (PDF# 65-2945). (b) Morphologies of the precursor detected by SEM and a histogram of particle sizes from a survey of 159 particles. The scale bar is 1 µm. 






Figure 2. (a) Powder XRD pattern of the SnTe precursor. The vertical tags at the bottom are the standard diffraction patterns of octahedral SnTe (PDF# 65-2945). (b) Morphologies of the precursor detected by SEM and a histogram of particle sizes from a survey of 159 particles. The scale bar is 1 µm.



[image: Energies 17 00190 g002]







[image: Energies 17 00190 g003] 





Figure 3. (a) XRD pattern of sintered SnTe sample. The vertical tags at the bottom are the standard diffraction patterns of octahedral SnTe (PDF# 65-2945). (b) Morphologies of the fractured surfaces of the sintered sample detected by SEM. The scale bar is 1 µm. (c) SEM image and EDS mapping of the sintered sample. The scale bar is 10 µm. 
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Figure 4. (a) Electrical conductivity, (b) Seebeck coefficient, (c) carrier concentration, and (d) carrier mobility as functions of sintering temperature of the SnTe sample. 
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Figure 5. Temperature dependence of the total (blue) and lattice (red) thermal conductivities of the sintered SnTe material. 
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Figure 6. Temperature-dependent ZT of sintered SnTe material. 
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