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Abstract:



Melt-spinning (MS) has been reported as a promising tool to tailor the microstructure of bulk thermoelectric materials leading to enhanced thermoelectric performances. Here, we report on a detailed characterization of p-type Bi0.48Sb1.52Te3 ribbons produced by melt-spinning. The microstructure of the melt-spun ribbons has been studied by means of X-ray diffraction, scanning and transmission electron microscopy (TEM). The analyses indicate that the ribbons are highly-textured with a very good chemical homogeneity. TEM reveals clear differences in the microstructure at large and short-range scales between the surface that was in contact with the copper wheel and the free surface. These analyses further evidence the absence of amorphous regions in the melt-spun ribbons and the precipitation of elemental Te at the grain boundaries. Low-temperature electrical resistivity and thermopower measurements (20–300 K) carried out on several randomly-selected ribbons confirm the excellent reproducibility of the MS process. However, the comparison of the transport properties of the ribbons with those of bulk polycrystalline samples of the same initial composition shows that MS leads to a more pronounced metallic character. This difference is likely tied to changes in deviations from stoichiometry due to the out-of-equilibrium conditions imposed by MS.
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1. Introduction


Thermoelectric materials provide a versatile, environmentally-friendly way for generating electric power from waste heat or for Peltier cooling [1,2]. Despite the fact that this technology has been successfully used for decades to power deep-space probes and rovers, its applications remain limited to niche technologies for which the robustness of thermoelectric modules outweighs their low conversion efficiency [1,2]. A more widespread use of thermoelectric materials is therefore tied to the identification of novel families of materials exhibiting a high dimensionless thermoelectric figure of merit:


ZT = α2T/ρκ



(1)




where [image: there is no content] is the thermopower, [image: there is no content] is the electrical resistivity, [image: there is no content] is total the thermal conductivity and T is the absolute temperature; or to the optimization of the thermoelectric properties of state-of-the-art materials [1,2,3].



Most of the recently-discovered families of thermoelectric materials reach their maximum ZT values at high temperatures, typically between 700 and 1200 K [4,5,6,7,8,9,10,11,12]. For thermoelectric applications near room temperature, solid solutions of bismuth telluride Bi2Te3 with the isomorphous compounds Sb2Te3 and Bi2Se3 are still nowadays the best materials with ZT values around unity in both p- and n-type compounds [2]. The AV2BVI3 (A = Bi or Sb and B = Te or Se) compounds and their solid solutions crystallize in the [image: there is no content] space group and are narrow-band-gap semiconductors with topologically-protected gapless surface states [2,13,14,15,16]. Their crystal structure is composed of repeated planes of five-atomic layer lamellas perpendicular to the trigonal axis separated by a van der Waals gap. This layered structure inevitably results in anisotropic transport properties in both single-crystalline and polycrystalline specimens [2].



Several synthesis techniques were used in the past to prepare these compounds either in single or bulk polycrystalline form [17,18,19,20,21,22,23,24,25]. Polycrystals are traditionally fabricated using the zone melting method, powder metallurgy techniques or mechanical alloying, followed by a consolidation step [26,27,28,29,30,31]. The melt-spinning (MS) method, based on rapid solidification of the melt that allows attaining cooling rates as high as 104–107 K s−1, has been used to produce these materials by Soviet Union and Russian research groups [32,33,34,35]. Starting from raw materials, MS produces ribbons, flakes or foils, which are in an out-of-equilibrium state due to the high quenching rate leading to particular microstructures and physical properties. This technique has also been the subject of studies from a mathematical point of view [36]. Recently, this technique combined with subsequent hot pressing was employed successfully by several groups to achieve high thermoelectric performance with peak ZT values of ~1.5 around 300 K in p-type BixSb2−xTe3 for 0.48 ≤ x ≤ 0.52 [37,38,39,40,41,42,43]. Because melt-spun ribbons are subsequently consolidated to obtain bulk dense specimens, a detailed investigation of their microstructure-properties relationships is essential to better understand the influence of the MS process on the thermoelectric properties of Bi2Te3-based materials. In this context, Koukharenko et al. investigated the microstructure and transport properties of ribbons obtained from Bi2Te3 and from the Bi2−xSbxTe and Bi2−xSbxTe2 systems [44,45,46,47,48,49]. However, melt-spun ribbons in the ternary p-type BixSb2−xTe3 solid solution (0.48 ≤ x ≤ 0.52) have received much less attention even though the best thermoelectric performances are achieved for these particular compositions [2].



Here, we report on a detailed investigation of the microstructure and chemical homogeneity of Bi0.48Sb1.52Te3 ribbons produced by melt-spinning along with low-temperature electrical resistivity and thermopower measurements (20–300 K) performed on several randomly-selected ribbons. We find that the Bi0.48Sb1.52Te3 melt-spun ribbons exhibit a complex, highly-textured microstructure with a very good chemical homogeneity. The transport properties of different ribbons do not show any significant deviation to within experimental uncertainty, confirming the high reproducibility achieved with the MS technique. Yet, our results evidence that the melt-spun ribbons show a more pronounced metallic character with respect to bulk polycrystalline samples of the same initial composition, which highlights the extreme sensitivity of the BixSb2−xTe3 compounds to the synthetic process used. We attribute this difference to modifications in the deviations from stoichiometry as a result of the strong out-of-equilibrium conditions achieved in the MS process.




2. Experimental Details


2.1. Synthesis


The production of ribbons by the melt-spinning technique was realized by a two-step process. As a first step, an ingot of composition Bi0.48Sb1.52Te3 was prepared from stoichiometric amounts of high-purity elements in the form of granules (Bi, Sb and Te, 5N+, 99.999%). They were loaded in quartz tubes (previously cleaned in acids and evacuated) and maintained under secondary vacuum for 3 h. The ampoule was then sealed under a reducing atmosphere composed of a mixture of H2 and He (5/95%). The tube was kept at 983 K during 5 h in a vertical oscillating furnace followed by a quenching in a room-temperature water bath. A part of the resulting ingot was crushed into fine powders using an agate mortar. The powder was consolidated by spark plasma sintering (SPS) at 773 K under 30 MPa for 5 min in graphite dies. The relative density of the samples, determined from weight and sample dimensions, was above 95% of the theoretical density.




2.2. Melt-Spinning Process


The second part of the ingot was used for the MS process carried out with a melt-spinner (Edmond Bühler) equipped with a copper wheel of ~20 cm in diameter. Approximately 10 g of the solid ingot were placed in quartz tubes with a V-shaped end and a nozzle diameter of 1 mm. The ingot was heated up to 893 K under argon atmosphere (around 0.6 bar), the temperature inside the tube being continuously checked by a MAURER digital infrared pyrometer. The melt was ejected on the copper wheel rotating at U = 35 m s−1 (linear speed) using an overpressure of 0.8 bar of argon. The melt was instantaneously cooled on the water-cooled wheel forming “ribbons”, “foils” or “flakes” with typical dimensions 3–5 mm in length, 0.5–3 mm in width and 8 ± 1 µm in thickness [50]. This last value was obtained from cross-section observations with scanning electron microscopy (SEM) of more than 20 ribbons that were randomly selected.



The MS process has been visualized using an ultra-high-speed video system (Photron SA5) with a frame rate of 12,000 fps. This system enables estimating the average residence time:


τ = L/U



(2)







Defined as the time it takes for a point on the wheel surface to rotate through the length L of the puddle, estimated to be ~1 mm in our case. This yields an average residence time of roughly 30 μs. As shown by Huang et al. [51], τ is correlated to the ribbon thickness R, such that R ≈ τ1/2×10−3 m s−1/2. Taking into account the above-mentioned value of τ, the thickness of the ribbons should be ~5 µm, that is close to the experimental values obtained by SEM.



The cooling rate K achieved in our experiments was estimated following the relation used by Fedotov et al. [52] for experiments performed under static conditions:


K = aθ/CpdR



(3)




where a is the heat convection coefficient, θ is the excessive temperature of the melt, Cp is the specific heat of the melt (~0.19 J g−1 K−1) and d is the density of Bi0.48Sb1.52Te3 (6.88 g cm−3). The heat convection coefficient for a polished copper surface is estimated to be in the range of 1–2 × 105 W m−2 K−1 [53]. In the literature, the excessive temperature of the melt is defined as the difference between the temperature of the melt and the temperature of the wheel considered to be equal to room temperature [46]. For ribbons with a thicknesses close to 8 µm, the cooling rate is then estimated to be of the order of 106 K s−1.




2.3. Structural and Chemical Characterizations


X-ray diffraction (XRD) analyses of the ribbons were carried out with a Bruker D8 Advance diffractometer in Bragg–Brentano geometry using Cu Kα1 radiation (λ = 1.54056 Å). Besides analyzes on ground ribbons, the two surfaces of the ribbons, i.e., the surface in contact with the wheel and the free surface, were checked in order to unveil possible different textures. We note that the X-ray penetration depth is small enough in these materials so that only a part of the ribbon’s volume underneath the surface is probed. This hypothesis is confirmed by the estimation of the penetration depth δ for normal incidence that specifies the path length for which the intensity drops to 1/e of its initial value:


δ1/e = (dΣi(μm)igi/G)−1



(4)




where gi is the atomic mass of the element in the compound, G is the mass of the molecular unit and μm is the mass absorption coefficient of the element [54]. For Cu Kα radiation, the μm values are 25.9, 26.7 and 24.4 m2 kg−1 for Sb, Te and Bi, respectively [55]. For the composition Bi0.48Sb1.52Te3, this relation yields an estimated penetration depth δ of 5.6 µm, that is less than the average ribbon thickness.



The microstructure of the ribbons was checked by using two different field emission gun (FEG) scanning electron microscopes (SEM-FEG XL30 and Quanta 650 FEG both from FEI). The ribbons were observed on both faces and cross-sections. The thickness and width of all ribbons used for electrical measurements were estimated by cross-section and top views. The composition and chemical homogeneity at the micrometric scale were determined by energy dispersive X-ray spectrometry (EDS, Bruker, Wissembourg, France) mounted on the Quanta microscope.



To perform transmission electron microscopy (TEM) studies, thin slices of the melt-spun ribbons (surfaces and cross-sections) were prepared by FEI company by the dual focused ion beam (FIB)-scanning electron microscope (SEM) system using the “in situ” lift-out technique. Transmission electron microscopy (TEM) investigations were performed on a Philips CM-200 microscope (Eindhoven, The Netherlands) operating at 200 kV to check the quality of the thin slices. TEM, high-resolution TEM (HRTEM) and scanning TEM (STEM) associated with high-angle annular dark-field (HAADF) were also performed on a JEOL ARM 200F-Cold FEG TEM/STEM microscope (Tokyo, Japan) running at 200 keV and equipped with a GIF Quantum ER.




2.4. Transport Measurements


The dense SPS Bi0.48Sb1.52Te3 pellet, used as a reference, was cut both parallel and perpendicular to the pressing direction with a diamond wire-saw into bar-shaped samples of typical dimensions 2.5 × 3.0 × 8.0 mm3. Electrical resistivity and thermopower were simultaneously measured between 5 and 300 K in the continuous mode with the thermal transport option (TTO) of a physical property measurement system (PPMS, Quantum Design, San Diego, CA, USA). The electrical and thermal contacts were made by brazing four copper bars with a low melting point braze. The experimental uncertainty on resistivity and thermopower is estimated to be 5%.



Electrical resistivity and thermopower measurements were carried out in the ~20–300 K temperature range on several melt-spun ribbons (with a plate-like shape of typical dimensions ~400 μm in length and with a section of 350 × 8 μm2; see below) randomly chosen using a dedicated cell attached to the cold stage of a closed-cycle refrigerator, the details of which are provided elsewhere [56]. Both current and thermal gradient were applied along the length of the ribbons. The electrical resistivity was measured by a four-probe AC method, using an SRS Model SR83 Lock-in Amplifier with a low-frequency current of 5 mA (77 Hz) applied to the sample. The thermopower was measured by a slow AC technique (ca. 10−2 Hz), the voltage across the sample and gold leads being measured with a Keythley 181 nanovoltmeter. The oscillating thermal gradient was kept below 1 K and was measured by a Au-0.005 at % Fe versus chromel thermocouple. The absolute thermopower of the sample was obtained after correction for the absolute thermopower of the gold leads (99.99% pure gold) by using the data of Huebener [57]. The experimental uncertainties on the electrical resistivity and thermopower are estimated to be 7% and 5%, respectively.



The Hall resistivity ρH was determined on bulk SPS samples and ribbons from measurements of the transverse electrical resistivity ρxy under magnetic fields µ0H ranging between −1 and +1 T using the AC transport option of the PPMS at room temperature. The data were corrected for slight misalignment of the contacts by applying the formula:


ρH = [ρxy(µ0H) − ρxy(−µ0H)]/2



(5)







The Hall coefficient RH was determined from the slope of the ρH(µ0H) data in the limit µ0H → 0. The Hall carrier concentration p and mobility µH were estimated within a single-band model with a Hall factor rH equal to 1 that yields the relations:


p = rH/RHe = 1/RHe



(6)




and:


µH = RH/ρ



(7)









3. Results and Discussion


3.1. X-ray Diffraction and Scanning Electron Microscopy


Figure 1 shows the XRD patterns collected on ground ribbons, as well as on the surface in contact with the copper wheel and the free surface. The patterns show that the ribbons are well crystallized regardless of the sample considered. No significant peak broadening is observed suggesting that the grain size is above the nanoscale range. All of the reflections for the ground ribbons and free surface can be indexed with the standard polycrystalline pattern of Bi0.48Sb1.52Te3 indicating the absence of impurity phases. If the patterns of those samples are quite similar, that of the contact surface clearly exhibits a significant degree of texturing along the (110), (015) and (125) planes, indicating an orientation effect during the material’s solidification. The trigonal axis of the crystallites orientated along these three directions forms an angle of 90°, 58°45′ and 77°4′ respectively, with the normal of the free surface as shown in Figure 2. As the XRD pattern of the free surface is similar to that of ground ribbons, the level of texturing should be limited to a region close to the contact surface. Our results are however quite different from those obtained by Koukarenko et al. [46], who studied in detail the texture formation in Bi2Te3 ribbons. Their investigation revealed a well-defined (025) texture independent of the quenching temperature, the ribbon thickness and the heat treatment. This (025) texture was proposed to be correlated to the nature of the Bi-Te covalent bond in this plane. Further investigations on the Bi2−xSbxTe3 (0 ≤ x ≤ 1) system by the same authors showed that substituting Sb for Bi tends to lessen the (025) texture and favors the appearance of the (110) texture [48]. The difference between the textures observed in [46] and in our case could be linked to different cooling rates since the thickness of the ribbons obtained in their studies was significantly higher (between 20 and 35 µm).


Figure 1. XRD patterns of the free surface (a), contact surface (b) and ground ribbons (c) of melt-spun Bi0.48Sb1.52Te3.



[image: Crystals 07 00172 g001]





Figure 2. Scheme of the most pronounced orientations depending on the surface of the melt-spun ribbons probed: (a) free surface (015) planes; (b) wheel contact surface (110) planes; (c) wheel contact surface (125) planes. The Bi, Sb, Te1 and Te2 atoms are shown in red, green, dark blue and light blue, respectively. The two-colored atoms correspond to the mixed occupation of Bi and Sb with the ratios of 24% and 76%, respectively.
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The obtained microstructures observed by SEM are similar to those observed in prior studies on similar or close compositions (Figure 3) [37,38,39,43,58]. Typically, top views of the contact surface do not demonstrate any specific microstructural details except those related to the wheel roughness (Figure 3a), while top views of the free surface exhibit what Xie et al. [37,38,39,43] called a dendritic-like microstructure (or a needle network microstructure, as termed by Koukarenko et al. [46,48]) of 0.1–0.5 µm in width (Figure 3b). Cross-section views of the ribbons, shown in Figure 3c, indicate a close-packed microstructure of about some hundreds of nanometers in thickness in the region close to the contact surface, which is composed of a mixture of small-sized particles up to one micrometer in size and possibly of nanosized particles as expected from the MS process. This structure is followed by a columnar growth of the basal planes giving rise to a dendritic or a needle-like appearance of the free surface. According to the XRD results, preferential growth occurs in the thin close-packed microstructure, while an erratic growth takes place in the columnar structure.


Figure 3. SEM images of a top view of the contact surface (a), of a top view of the free surface (b) and a cross-section (c) of part of the ribbon highlighting the close-packed microstructure at the contact surface of a Bi0.48Sb1.52Te3 ribbon.
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The spatial distribution of the elements has been assessed by elemental X-ray mapping on the free and contact surfaces, as well as on a cross-section of the ribbons (Figure 4). At the scale probed by these experiments, all of the elements appear homogeneously distributed within the ribbon. The atomic composition determined by EDXS Bi0.4Sb1.6Te3.0 is very close to the expected composition, given the experimental uncertainty that stems from the strong overlap of the La lines of Te and Sb.


Figure 4. Backscattered electron (BSE) images and corresponding X-ray elemental mappings of: (top line) the free surface; (middle line) the contact surface; and (bottom line) the cross-section of a Bi0.48Sb1.52Te3 ribbon.
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3.2. Transmission Electron Microscopy


TEM and HRTEM studies have been carried out to gain relevant insights into the nanostructure of the ribbons. We address in particular the issues concerning the formation of amorphous zones during the MS process, the presence of which has not been systematically observed in prior studies, and the possible precipitation of elemental Te as observed in single-crystals grown in out-of-equilibrium conditions. A top view obtained by TEM of one of the thin cross-section slices produced by FIB is shown in Figure 5a. Similar features to SEM observations can be seen, that is a close-packed microstructure close to the contact surface of less than 1 μm in thickness followed by a columnar growth. The thickness of the columnar grains is less than 1 μm. The surface close to the wheel is composed of grains of about 100 nm (Figure 5b). In this analyzed section, neither an amorphous, nor a nano-sized zone could be observed. This observation contrasts with the results obtained by Xie et al. [39,42], who found the presence of an amorphous layer of about 500 nm in thickness for an overall thickness of about 3 mm (assuming that the authors showed the entire cross-section). The presence of nanoparticles embedded in an amorphous matrix (thickness of about 1 mm as shown in [39]) could not be observed either. The reasons for these discrepancies remain so far unknown.


Figure 5. TEM images of (a) a thin slice of a cross-section of a Bi0.48Sb1.52Te3 ribbon (overall thickness = 8.1 mm). The top is covered with an amorphous carbon layer and the bottom with a copper layer, due to the preparation process of the thin slice. (b) Contact surface made of grains of about 100 nm. The top black layer is amorphous carbon.
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Figure 6 displays two HRTEM images collected in the middle zone of a ribbon. The first image was taken at the interface between two grains, while the second image was taken in the center of a grain. Based on the fast Fourier transform (FFT), the grains are well crystallized, and the average inter-fringe distances d taken along the lines in the main and perpendicular directions (0.319 and 0.213 nm, respectively) are in good agreement with the inter-planar distances of the (015) (0.317 nm) and (110) (0.215 nm) planes [59]. These measurements further confirm the orientations found in our XRD analyses. Interestingly, some nano-sized particles of elemental Te could be also observed at grain boundaries as illustrated in Figure 7.


Figure 6. HRTEM images of an interface between two grains (left) and of a well-crystallized grain (right) taken in the center of a Bi0.48Sb1.52Te3 melt-spun ribbon. Inter-planar fringe distances have been evaluated through the line profiles taken on the rows highlighted in the right image. The distances 10d (line profiles) are given in nm.



[image: Crystals 07 00172 g006]





Figure 7. TEM image emphasizing the presence of nano-sized Te precipitates in the ribbons.



[image: Crystals 07 00172 g007]






Figure 8 shows a grain boundary between four adjacent grains in the dendritic-like zone obtained from an SEM-FIB thin slice cut parallel to the free surface. The triangular-shaped feature of about 70 nm on the side and located in between larger grains is typical of growth with the trigonal axis perpendicular to the surface evidenced by the hexagonal disposition of the spots obtained on the FFT of this zone. Some of these triangular-shaped structures that exhibit clean surfaces with the surrounding crystals can be observed all over the thin slice. The tops of the two columnar grains surrounding the triangular crystal are single crystalline. Both grains display an interplanar distance of 0.117 nm that corresponds to the (205) planes. Such sub-micron-sized crystalline domains were systematically observed in prior investigations on MS ribbons of BixSb2−xTe3 [37,38,39,42,60].


Figure 8. TEM images of a grain boundary between four adjacent grains (a) and magnification of the highlighted square (b) taken in the dendritic zone of a Bi0.48Sb1.52Te3 ribbon.
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TEM images also reveal lattice stripes with a larger estimated width of about 10 Å (Figure 9). A magnification of this zone shows that these stripes are formed by a series of five bright-doted rows separated by a more dark-spotted row. This result is consistent with the five-layer lamellae structure of the ideal crystal structure of Sb-Bi tellurides. The above-mentioned width is also in very good agreement with the height of the -Te-Bi-Te-Bi-Te- quintet (12 Å according to [61]). These features are not inherent to the MS process we employed and have also been reported by Lan et al. [62] and Li et al. [63] in p-type BixSb2−xTe3 samples prepared by two synthetic routes consisting of mechanical alloying-SPS and mechanical alloying-hot pressing, respectively. In these two studies, however, the appearance of these stripes was slightly different and was described as a series of two rows of extra-bright dots separated by four weaker bright-dot rows forming the five-layer lamellae.


Figure 9. HRTEM images showing lattice stripes of about 1 nm in width (a) and magnification of the highlighted square (b). The arrows show the quintet organization of a Bi0.48Sb1.52Te3 grain.
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In addition, we observed a needle-like structure containing nano-grains of about 5–10 nm in size in another thin slice (Figure 10). In contrast to the larger grains, these small grains do not seem to be closely packed. The needle was located in the middle of the cross-section of a ribbon. It is however difficult to determine in this case whether the diffuse halo rings observed in the FFT are due to the MS process or to the small amount of amorphized material produced by the impact of high-energy Ga ions during the FIB sample thinning. We note that we did not observe nanostructures appearing as dense striations with spacing of the order of 10 nm reported in Bi2Te3 by Jacquot et al. [60] and Lan et al. [62] and described in the prior study of Peranio and Eibl [64]. Although these structures could be present as well in our samples, these features may also arise from the preparation of the thin slices by ion-milling with Ar+ ions as underlined by Homer and Medlin [65].


Figure 10. TEM (left) and HRTEM (right) images of a needle-like structure containing nano-grains of about 5–10 nm in size.
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The chemical composition of the ribbons was further analyzed by EDXS using the STEM mode along five profiles on two ribbons as depicted in Figure 11. The compositions seem independent of the region probed, the data taken along a columnar grain (green and sky blue lines) and in the dendritic zone (dark blue and red lines) being roughly similar. X-ray elemental mappings were performed in several zones of one ribbon, that is in the dendritic zone, at the interface of the amorphous-crystallized grains and within a hexagonal grain (Figure 12). The elemental distribution shows that the elements are evenly distributed in the dendrites, the columnar structures and the amorphous layer, without any particular compositional segregation.


Figure 11. EDXS results for as-grown Sb1.52Bi0.48Te3 ribbons measured along the colored profiles. The x-axis corresponds to the number of the points analyzed. The results are shown in the graph using the same color code for two different samples analyzed.
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Figure 12. EDXS elemental mapping images of an as-grown Bi0.48Sb1.52Te3 ribbon taken at three different places. HAADF-STEM image along with the corresponding Bi (blue), Sb (red) and Te (green) elemental maps.
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3.3. Transport Properties


Figure 13a shows the temperature dependence of the electrical resistivity ρ of three randomly-selected ribbons along with the data collected on the reference Bi0.48Sb1.52Te3 bulk polycrystalline sample measured parallel and perpendicular to the pressing direction. The ρ values of the bulk sample are constant below 20 K and increase above this temperature with increasing temperature. Above 200 K, ρ roughly follows a T1.5 law. Taking into account the magnitude of ρ (from 1 up to 12 µΩ m), this behavior is typical of heavily-doped semiconductors as expected for the Bi0.48Sb1.52Te3 composition. Consistent with the results obtained on single crystals [23,24], these measurements show a significant difference in the data measured perpendicular and parallel to the pressing direction, the latter of which is higher. Further, the anisotropy ratio defined as:


γ = ρpar/ρperp



(8)




is not constant over the whole temperature range, but increases with temperature to reach 1.8 at 300 K. This result indicates that the SPS process induces a preferred orientation, which is parallel to the trigonal axis, along the SPS pressing direction. The ρ(T) data measured on the ribbons show the same general trend with respect to the reference sample. The ρ values fall in between those of the bulk samples with room-temperature values approaching 10 mΩ m. These measurements tend to indicate that the typical microstructure of the ribbons does not significantly affect the electrical transport. Of note is the fact that the three randomly-selected ribbons show similar values to within experimental uncertainty, which evidences that MS is a robust process for producing chemically-homogeneous ribbons with nearly-identical electrical properties.


Figure 13. Temperature dependence of the electrical resistivity ρ (a) and thermopower α (b) for the bulk sample consolidated by spark plasma sintering (SPS) probed along and perpendicular to the pressing direction and for three randomly-selected ribbons.
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The thermopower α of the Bi0.48Sb1.52Te3 bulk sample and ribbons is shown in Figure 13b as a function of temperature. All samples exhibit positive α values, which vary linearly below 40 K and logarithmically above 200 K. In agreement with the ρ data, this behavior is consistent with those of heavily-doped semiconductors. Our results obtained on the SPS sample are in line with the well-known fact that α does not depend on the orientation in the extrinsic or one-carrier regime in (Sb2Te3)-(Bi2Te3) solid solutions [2]. No differences in the α values for the three ribbons are visible, confirming their very similar physical properties. Yet, the α values of the ribbons are lower than those of the bulk specimen in the whole temperature range. This behavior is likely related to a change of either the carrier concentration and/or the scattering parameter due to the MS process. Measurement of the Hall coefficient RH reveals that the apparent Hall concentration pH differs significantly at 300 K for the bulk sample and the ribbons (Table 1). The hole concentration measured in the ribbons is almost two-times higher than in the bulk, indicative of the more pronounced metallic character of the ribbons. Thus, the very good agreement between the electrical resistivity observed in the SPS samples and in the ribbons is only fortuitous and is a direct consequence of the increased hole concentration that compensates the decrease in the Hall mobility µH (Table 1). The degradation of µH is likely linked to the numerous interfaces at the microscale length present along the current direction, as evidenced by microscopic analyses, which efficiently scatter holes. Note that a more metallic state has also been observed at 300 K in BixSb2−xTe3 ribbons for x = 0.40 [48]. In these prior investigations, the melt-spinning technique was shown to produce homogeneous ribbons with identical electrical properties although the intrinsic properties of the carriers (concentration and mobility) are different from those of the bulk SPS samples. The excellent reproducibility of the transport properties in Bi0.48Sb1.52Te3 ribbons observed herein thus confirms the conclusions drawn for analogous compounds [43,44,45,46,47,48,49,60].



Table 1. Room-temperature values of the Hall coefficient RH, electrical resistivity ρ, Hall concentration pH and Hall mobility µH of the SPS bulk sample (perpendicular to the pressing direction) and measured on one ribbon.







	

	
RH (cm3 C−1)

	
ρ (μΩ m)

	
pH (1019 cm−3)

	
μH (cm2 V−1 s−1)






	
SPS

	
0.17

	
6.4

	
3.7

	
266




	
Ribbon

	
0.07

	
10

	
9.1

	
70










Finally, it should be kept in mind that the electronic properties of mixed crystals based on Sb2Te3-Bi2Te3 are governed by native defects, the influence of which outweighs the role of differences in the microstructure of the samples. In Sb-rich Sb2Te3-Bi2Te3 compositions, antistructure defects are the main type of defects with Sb (and partially Bi) atoms replacing Te atoms, which are usually denoted SbTe (or BiTe). The SbTe defects are electrically active and behave as single acceptors giving rise to p-type electrical conduction [66,67]. The presence of native defects prevents the solid solution from being stoichiometric, that is the higher the defect concentration, the higher the deviation from stoichiometry. Controlling these deviations, and hence the electrical properties, is the main challenge to overcome for optimizing the thermoelectric properties of these compounds. In this context, the precise knowledge of the phase diagram can be a powerful tool to properly control the carrier concentration. The solidus line, characterizing the maximum deviation from stoichiometry, was investigated in the past in the Te and Sb rich-side of the Sb2−xBixTe3 (x = 0.0, 0.4 and 0.5) solid solution at the thermodynamic equilibrium [2,23]. However, for non-equilibrium processes, the phase diagram can be severely affected as demonstrated in prior studies [17,68]. These works showed that in fast-cooling processes, Te exhibits a retrograde solubility and thus tends to precipitate out of the main phase, in agreement with our TEM observations. Since a lower Te content in the matrix contributes to further enhancing the deviations from stoichiometry, it results in an increased hole concentration due to the triple-acceptor nature of Te vacancies [67]. The slight Te precipitation is thus likely at the origin of the increased hole concentration we observe in melt-spun ribbons.





4. Conclusions


p-type Bi0.48Sb1.52Te3 ribbons have been synthesized successfully via melt-spinning. Our detailed structural and chemical characterizations have confirmed that this technique enables achieving excellent chemical homogeneity and reproducibility. TEM studies carried out on ribbons revealed the very different microstructure exhibited by the free surface and the surface in direct contact with the copper wheel. The very high cooling rates achieved with this technique have a sizeable influence on the transport properties of the ribbons that exhibit a more metallic nature compared to bulk samples of the same initial composition prepared from a conventional synthesis route. Variations in deviations from stoichiometry, which are known to play a prominent role in this family of compounds, likely explain this difference. These results provide a good basis to better understand the variations in the transport properties of p-type BixSb2−xTe3 compounds at various steps of the synthetic process used to produce bulk samples from melt-spun ribbons. Extending these investigations to other compositions would be of interest to determine whether melt-spinning leads to enhanced thermoelectric performances in Bi2Te3-based solid solutions.
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