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Abstract

:

Herein, we report the synthesis, characterization, and electrical properties of lead-free AgSnm[Bi1−xSbx]Se2+m (m = 1, 2) selenides. Powder X-ray diffraction patterns and Rietveld refinement data revealed that these selenides consisted of phases related to NaCl-type crystal structure. The microstructures and morphologies of the selenides were investigated by backscattered scanning electron microscopy, energy-dispersive X-ray spectroscopy, and high-resolution transmission electron microscopy. The studied AgSnm[Bi1−xSbx]Se2+m systems exhibited typical p-type semiconductor behavior with a carrier concentration of approximately ~+1020 cm−3. The electrical conductivity of AgSnm[Bi1−xSbx]Se2+m decreased from ~3.0 to ~10−3 S·cm−1 at room temperature (RT) with an increase in m from 1 to 2, and the Seebeck coefficient increased almost linearly with increasing temperature. Furthermore, the Seebeck coefficient of AgSn[Bi1−xSbx]Se3 increased from ~+36 to +50 μV·K−1 with increasing Sb content (x) at RT, while its average value determined for AgSn2[Bi1−xSbx]Se4 was approximately ~+4.5 μV·K−1.
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1. Introduction


The multicomponent silver chalcogenide family AgM1M2Q3 (M1 = Pb, Sn; M2 = Bi, Sb, and Q = S, Se, Te) contains several thermoelectric phases [1,2,3,4,5,6,7]. Kanatzidis et al. extensively investigated the properties of chalcogenide compounds, which represent promising thermoelectric materials [8,9,10]. In particular, AgPbmSbTe2+m, Ag1.33Pb1.33Sb1.33Te4, and AgPb18SbSe20 were examined in detail. AgPbmSbTe2+m is a class of candidates for thermoelectric materials, which is often abbreviated as LAST (lead, antimony, silver, tellurium)-m. These compounds can be envisioned as an alloy between two cubic chalcogenides, PbTe- and AgSbTe2: (PbTe)m–AgSbTe2. Electrical transport studies have shown that the thermoelectric properties of this system can be fine-tuned via compositional parameter m. Recently, Dutta et al. and Cai et al. reported the thermoelectric properties of n-type AgPbBiSe3 and p-type AgPbmSbSe2+m families [11,12]. These phases possess high Seebeck coefficients S equal to approximately −131 μV·K−1 (AgPbBiSe3) and +130 μV·K−1 (AgPbmSbSe2+m; m = 10). In addition, AgPbBiSe3 exhibits S values of −131 and –204 μV·K−1 at 296 and 770 K, respectively, and electrical conductivity σ of 63 S·cm−1 at room temperature (RT) and 72 S·cm−1 at 818 K. As expected, these values increased with an increase in the halogen doping concentration. Experimental single-crystal X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) studies revealed that the electrical properties of these chalcogenides were related to the presence of nanoscopic inhomogeneities [4,13,14]. Electron diffraction and energy-dispersive X-ray spectroscopy (EDS) analyses demonstrated that Ag-Sb-rich nanostructures were embedded into the PbTe lattice of (PbTe)m–AgSbTe2 systems, whose electronic behaviors were sensitive to their microstructures.



Owing to the strict environmental regulations related to the use of lead-based materials, novel compounds, such as lead-free p-type AgSnSbSe3, n-type BiAgSeS, p-type (SnTe)m–AgSbTe2, p-type AgSnmSbSe2Tem, and (SnTe)m–AgBiTe2 systems, have been prepared recently [15,16,17,18,19,20,21]. (SnTe)m–AgBiTe2 systems could be viewed as alloys of two cubic chalcogenides, SnTe and AgBiTe2. These chalcogenides possess low thermal conductivities and large positive Seebeck coefficients. The influence of chemical substitution on the thermoelectric properties of the listed chalcogenides has been discussed in several studies. For example, the chemical substitution of Se by Te in AgSnSbSe3 (e.g., AgSnSbSe1.5Te1.5) results in the formation of a material with an average power factor S2·σ of ~9.54 μW·cm−1·K−2 (400–778 K) [15]. Herein, we report the synthesis, characterization, and electrical properties of novel lead-free AgSnm[Bi1−xSbx]Se2+m (m = 1 and 2) systems obtained via the isoelectronic substitution of Bi by Sb atoms. AgSnm[Bi1−xSbx]Se2+m compounds could be considered alloys of SnSe and Ag(Bi1−xSbx)Se2, corresponding to (SnSe)m–Ag(Bi1−xSbx)Se2 systems. Tan et al. suggested that bismuth was a better neutralizer of positive holes in the SnTe structure than antimony [18]. In this study, we investigated the electrical and structural characteristics of selenides that were selected because bismuth was a more efficient electron donor than antimony. Powder X-ray diffraction patterns and Rietveld refinement results were consistent with phases related to the cubic NaCl-type lattice. The microstructures and morphologies of these systems were investigated using scanning electron microcopy (SEM) and high-resolution transmission electron microscopy (HRTEM).




2. Materials and Methods


Silver powder (99.99% purity, Sigma-Aldrich, St. Louis, MO, USA), antimony powder (99.99% purity, Sigma-Aldrich, St. Louis, MO, USA), tin powder (99.9% purity, Sigma-Aldrich, St. Louis, MO, USA), selenium powder (99.99% purity, Sigma-Aldrich, St. Louis, MO, USA), bismuth powder (99.99% purity, Merck, Kenilworth, NJ, USA), and sulfur powder (99.99% purity, Merck, Kenilworth, NJ, USA) were used in this study. All experiments were performed under a dry and oxygen-free argon atmosphere. Selenide phases with the nominal compositions were prepared via the solid-state reaction of Ag, Sn, Bi, Sb, and Se powders mixed in the stoichiometric proportions inside evacuated quartz ampoules. The reaction mixture was gradually heated to 1223 K at a rate of +50 K/h, maintained at this temperature for ~12 h, and slowly cooled to RT at 8 K/h. Chemical compositions of the samples were determined by scanning electron microscopy (SEM, JEOL 5400 system, Tokyo, Japan) and energy-dispersive X-ray spectroscopy (EDS, Oxford LinK ISIS microanalyzer, Oxford Instruments, Abingdon, UK). XRD patterns were obtained at RT using a Bruker D8 advanced powder diffractometer (Bruker, Billerica, MA, USA) with CuKα radiation over the 2θ range of 5–80° at a step size of 0.01°. In addition, XRD patterns were also collected at temperatures varying from RT to 77 K using a PANalytical X’Pert PROMPD diffractometer (CuKα1 = 1.544426 Å, CuKα2 = 1.54098 Å) over the 2θ range of 5–80° at a step size of 0.0167° (Malvern Panalytical, Boulder, CO, USA). The diffractometer was equipped with a heating chamber (Anton Paar HTK1200, PANanalytical BV, Boulder, CO, USA). The collected data were analyzed by two Rietveld refinement software programs: Fullprof and MAUD [22,23,24]. A standard LaB6 sample was used to measure instrumental profiles. SEM–EDS and powder XRD analyses revealed that the AgSnm[Bi1−xSbx]Se2+m (m = 1 and 2) samples have been successfully prepared. On the other hand, reaction products with the nominal stoichiometry of AgSnm[Bi1−xSbx]Sem+2 (m = 4, 8, 10, and 12) included 10–30% SnSe impurities. For example, the reaction products with the nominal compositions AgSn8[Bi0.8Sb0.2]Se10 and AgSn4[Bi0.2Sb0.8]Se6 contained AgSnMSe3, SnSe, and some unidentified impurities. Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) of the samples were performed using a Rheometric Scientific STA 1500H/625 thermal analysis system (Rheometric Scientific, Inc., Piscataway, NJ, USA). To record DTA/TGA curves, the samples were heated from RT to 1273 K in an argon atmosphere or to 673 K in air at a rate of 10 K/min. A high-temperature melting method was applied to obtain suitable ingot samples for Seebeck measurements. The obtained reaction samples were crushed into powders and placed into a quartz ampoule, which was evacuated and flame-sealed under an argon atmosphere. This tube was then placed into a furnace at 1073 K for ~2 h and then slowly cooled to RT at 8 K/h. Subsequently, these ingots were cut and polished for measurements of their transport properties. Although various experimental conditions (temperature, cooling rate, melting, and cooling) were utilized, the ingots of some chemical compositions of AgSn2[Bi1−xSbx]Se4 and AgSn[Bi1−xSbx]Se3 were too brittle and broken. In the case of the AgSn2[Bi1−xSbx]Se4 composition, a visible change in the pellet appearance (the presence of small holes on the pellet surface) was observed in some samples during thermal cycling. Electrical conductivities of the samples were measured by a pellet method, in which pellets were uniaxially pressed at 5 × 108 Pa to form cylindrical specimens with diameters of ~7 mm and thicknesses of ~1–2 mm. The pelletized specimens were sintered at 673, 923, and 993 K for 12 and 24 h in an argon atmosphere (Ar 12 or 24 h) and in air at 673 K for 12 h (air 12 h). The low-temperature (20–300 K) Hall effect and Seebeck coefficient measurements were performed using a physical property measurement system (PPMS). High-temperature electrical conductivities were measured using an ECOPIA HMS 2000 system (ECOPIA, Anyang-city, Gyeonggi-do, South Korea) and Keithley 6220 current source/Keithley 2182A nanovoltmeter (Tektronix, Inc., Beaverton, OR, USA) with a four-probe contact geometry. High-temperature Seebeck coefficients were determined by a laboratory-made system. The densities of the ingot and pellet samples were computed from their dimensions and masses; the obtained magnitudes were equal to ~90–92% of the theoretical values.




3. Results and Discussion


3.1. Structures and Compositions of Selenide Samples


The backscattered electron images and EDS analyses of the powder samples, ingots, and pellets for electrical measurements revealed that the chemical compositions of all selenide samples were uniform throughout the scanned region (Figure 1). No secondary intergranular phases were observed in the AgSn[Bi1−xSbx]Se3 samples (x = 0, 0.2, 0.3, 0.8) within the detection limits of this technique. Figure 2 presents the PXRD patterns for the AgSnm[Bi1−xSbx]Se2+m samples with m = 1 and 2. Their sharpness indicates high crystallinity, and the observed interlayer spacing was in good agreement with the calculated interplanar spacing d. The SEM–EDS and XRD analyses suggest that the prepared materials could be regarded as a continuous solid solution between SnSe and AgBiSe2, similarly to the SnTe–NaSbTe2 and SnTe–NaBiTe2 systems [25]. In the case of AgSn2[Bi1−xSbx]Se4 samples (m = 2), the PXRD patterns show an extremely small amount of SnSe impurities.



A structural analysis of the AgPbmSbTe2+m phases carried out by Quarez et al. by HRTEM analyses and single-crystal XRD demonstrated that the structure of these phases could be refined in the space group   P m  3 ¯  m  , as well as in a lower symmetric space group such as P4/mmm [13]. It is extremely complicated to choose the adequate symmetry since all refinements were acceptable due to the coherent X-ray scattering amplitudes, which are extremely similar, and the super-structure reflections in the powder pattern are especially hard to see.



The XRD patterns obtained for these phases were refined in the Pm-3m and P4/mmm space groups. In both space groups, the two sites at the (0,0,1/2) and (1/2,1/2,0) positions were fully occupied by Ag, Sb, Sn, or Bi atoms. The RT Rietveld refinement profiles of AgSnBiSe3 based on the cubic and tetragonal models are shown in Figure 3. The following unit cell parameters were obtained: cubic unit cell ac = 5.86180(6) Å, tetragonal (at = bt ≈ ac√2/2, ct ≈ ac) unit cell at = 4.14365 (16), and ct = 5.8631(4) Å. The tetragonal model contained two cation sites (1b and 1c Wyckoff sites), which were fully occupied by the randomly distributed Ag, Sn, and Bi cations. Selenium atoms adopted close cubic packing at the 1a and 1d Wyckoff sites. Both structural models were consistent with the experimental data as well as with the obtained R factors; therefore, we were unable to identify the best structural model for this material (Tables S1 and S2). Moreover, AgBiSe2 and Ag(Bi,Sb)Se2 phases show interesting structural transitions with both temperature and composition. Thus, at room temperature the Sb-free samples have a hexagonal symmetry within the space group   P m  3 ¯  1  . As the Sb content increases, these phases show a rhombohedral symmetry (  R  3 ¯  m )   [26].



XRD patterns of AgSn[Bi1−xSbx]Se3 and AgSn2[Bi1−xSbx]Se4 were refined using the cubic and tetragonal models (Table S3 and Figure S1—see in Supplementary Materials). As expected, the cell volume increased slightly after replacing Bi atoms (radius: 1.63 Å) by Sb atoms (radius: 1.53 Å), and the resulting solid solutions did not obey Vegard’s law.



In order to analyze the microstructural features of the samples, a study by HRTEM and electron diffraction was also carried out. Small crystals with octahedral AgSnBiSe3 shapes were observed. The mean atomic compositions (determined from the EDS data) of the studied samples were similar to the expected compositions. Figure 4 displays the electron diffraction (ED) patterns obtained along [111]c zone axis for the different selected regions of the selenide samples. It shows that different contrast zones are predominant in the analyzed crystals, as shown in Figure 4.



The Miller indices are calculated considering a cubic symmetry in both models and they are indicated in the image. However, spots of weak intensity that are prohibited in the space group   F m  3 ¯  m   are clearly observed. It is noteworthy that these weak spots indicate the appearance of different symmetries. The new Miller indices can be obtained from the Equations (1) and (2) where the unit cell transformation from cubic to tetragonal or hexagonal were considered.



Equation (1): cubic to tetragonal.


ht = ½ (hc − kc)

Kt = ½ (hc + kc)

lt = lc



(1)







Equation (2): cubic to hexagonal


hh = ½ (−kc + lc)

Kh = ½ (hc − lc)

lh = hc + kc + lc



(2)







Thus, in the micrograph of Figure 4a, these weak spots would not be compatible with a P-type cubic lattice, nor with a tetragonal symmetry, as shown in the diagrams below the ED images. However, they would be compatible with a hexagonal symmetry. On the contrary, only a   P m  3 ¯  m   cubic space group seems to be consistent with the superstructure spots (Figure 4b). These results indicate that the AgSnBiSe3 phase exhibits nanoscopic inhomogeneities, in good agreement with those reported for similar phases [10,13,27]. In addition, nanoregions with different orientations or symmetries were detected (Figure 4c). This is consistent with the results reported previously [13].




3.2. Electrical Properties and Seebeck Coefficients


The melting point of the prepared selenide samples was ~1000 K, and the pellets were sintered at 673, 923, and 993 K (see the experimental details). In addition, TGA was conducted in air from RT to 673 K to produce stable thermal and gravimetric signals. The obtained TGA results were consistent with the SEM–EDS and powder XRD data (Figures S2 and S3). The AgSn[Bi1−xSbx]Se3 pellets exhibited a microstructure with particle sizes of ∼2–14 μm and isolated regions with a grain size of ∼20 μm. The XRD patterns of the selenide samples recorded at various temperatures between RT and 77 K exhibit high structural and thermal stabilities (Figure S4). Their XRD and backscattered SEM–EDX analyses were performed after electrical measurements.



Figure 5a shows the temperature dependence of the electrical conductivity σ of the AgSnBiSe3 sample. For pristine AgSnBiSe3, electrical conductivity increases with increasing temperature, indicating the phase exhibits semiconductor behavior. The σ was thermally activated at low temperatures. In addition, the σ of the samples sintered at 923 K in Ar for 48 h was ~2.1 S·cm−1 at 240 K. This value was approximately two times higher than the σ of the samples sintered at 673 K in Ar or air (~1.1 S·cm−1) at 240 K. The AgSnBiSe3 sample with a cylindrical shape (ϕ~6.00 mm and s~1.0 mm) cut from the ingot of pristine material, exhibited an electrical conductivity of ~4.0 S·cm−1 at RT. The σ magnitudes obtained at 80 K and 140 K were equal to 0.24 and 0.75 S·cm−1, respectively. The electrical conductivity σ of AgSnm[Bi1−xSbx]Se2+m decreased from ~3.0 to 10−3 S·cm−1 at RT with an increase in m from 1 to 2 (Table 1). These values are comparable to those of AgSnmSbSem+2 (~10−3 − 93 S·cm−1 for m = 1–12) [15].



The low-temperature σ(T) of AgSnBiSe3 followed a standard variable range hopping (VRH) model described by the following equation:


  σ =  σ  0       e x p  [  −    (     T 0   T   )    1 / 4    ]   



(3)




where σ0 is the residual conductivity, and To is the characteristic temperature. To validate the VRH model, we fitted the experimental data with Equation (3). The obtained results presented in the inset of Figure 5a indicate that the transport mechanism regime involved the VRH process. The plot of ln σ versus T−1/4 changed its the slope at around ~160 K. The occurrence of the hopping process depends on the energy difference and relationship between the Fermi level and the mobility edge. This behavior was previously observed at low temperatures for other selenides, such as Pb-doped Cu2SnSe3 and CuyFe4Sn12X32 spinels [28,29].



The positive Seebeck coefficient values of the AgSnm[Bi1−xSbx]Se2+m systems (m = 1 and 2) obtained via the isoelectronic substitution of a fraction of Bi atoms with Sb indicates that holes are the dominant conduction carriers (Table 1). The temperature dependences of the Seebeck coefficient of AgSn[Bi1−xSbx]Se3 in the high-temperature and low-temperature ranges are shown in Figure 5b,c, respectively. The Seebeck coefficient of AgSn[Bi1−xSbx]Se3 (m = 1) selenides increased from ~+36 μV·K−1 (x = 0.2) to +50 μV·K−1 (x = 0.8) with increasing Sb content at RT. This value is approximately four times lower than that of AgSnSbSe3 (+179 μV·K−1) and is comparable with the Seebeck coefficient of SnTe at 300 K (+40 μV K−1). Consequently, the power factor (S2·σ) of AgSnBiSe3 was ~0.1 μW·cm−1·K−2. Power factors of 5–12 μW·cm−1·K−2 were obtained for AgSnmSbTem+2 systems at 300 K [21]. The S values of AgSn2[Bi1−xSbx]Se4 selenides increased from ~+3.9 (x = 0.2) to ~+4.9 μV·K−1 (x = 0.8) with an increase in the Sb content at RT (Table 1). The average Seebeck coefficient of the AgSn2[Bi1−xSbx]Se4 samples was ~+4.5 µV·K−1. This value is approximately ten times lower than that determined for AgSn[Bi0.2Sb0.8]Se3 (~+50 μV·K−1). Kanatzidis et al. reported that the Seebeck coefficients of p-type AgSnmSbSe2+m systems decreased from ~+179 to 51 μV·K−1 with an increase in m from 1 to 12 at RT [15]. The AgSn2[Bi1−xSbx]Se4 selenide samples exhibited S values of ~+92 μV·K−1 (x = 0.2) and +114 μV·K−1 (x = 0.8) at 450 K. The temperature dependence of S obtained for AgSn2[Bi1−xSbx]Se4 indicate degenerate semiconductor properties and is consistent with the behavior previously reported for AgSn10SbSe2Te10 [17].



The temperature dependence of the Seebeck coefficient of degenerate semiconductors is expressed by the formula


  S =  [    8  π  2 / 3    k B 2   (  r + 3 / 2  )     3  5 / 3   e  h 2     ]   (     m *     n  2 / 3      )  T  



(4)




where S is the Seebeck coefficient, m* is the effective mass, kB is Boltzmann’s constant, e is the charge of an electron, h is Planck’s constant, and n is the carrier concentration [17]. In this study, the Seebeck coefficient was fitted in the temperature range of 300 K ≤ T ≤ 700 K to determine the density-of-states effective mass (m*). Figure 5b shows the plot of Seebeck coefficient vs. temperature constructed for AgSnBiSe3 in the temperature range from RT to 670 K. The results of Hall measurements revealed that the carrier concentration in the selenide samples was approximately ~+1020 cm−3 at high temperatures. The results of Seebeck measurements conducted for AgSnBiSe3 implied a large m*~7·m0 with an acoustic phonon scattering mechanism (r = −1/2) and m*~3·m0 with an ionized impurity scattering mechanism (r = 3/2). Large density-of-states effective mass, m*~4.7−1.6·m0 and m*~6·m0, were obtained for AgSn10SbSe2Te10 and Ag0.85SnSb1.15Te3, respectively [17,30] In addition, large values of m* are usually obtained by the single parabolic band (SPB) model in degenerate samples. However, measurements of carrier concentration and mobilities at low temperature would be required to support this model.





4. Conclusions


SEM–EDS and powder XRD analyses revealed that the AgSnm[Bi1−xSbx]Se2+m (m = 1 and 2) samples have been successfully prepared at high temperatures via solid-state reactions. The HRTEM and XRD analysis of AgSnBiSe3 indicated the presence of nanoregions with different symmetries, in good agreement with that reported for similar phases. The electrical conductivity of p-type AgSnm[Bi1−xSbx]Se2+m semiconductor decreased with an increase in m from 1 to 2. The linear plot of ln σ vs. T−1/4 obtained for AgSnBiSe3 indicated that the transport mechanism in the low-temperature regime included the VRH process. The positive Seebeck coefficients of the suggested that holes were the dominant conduction carriers. The Seebeck coefficient of AgSn[Bi1−xSbx]Se3 (m = 1) selenides increased from ~+36 (x = 0.2) to ~+50 µV·K−1 (x = 0.8) at RT with an increase in x.
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Figure 1. SEM analysis: representative EDS mapping images (powder sample) and backscattered electron image of AgSn[Bi0.8Sb0.2]Se3 (20 kV, 670×). 
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Figure 2. Representative powder XRD patterns at room temperature of: (a) AgSnBiSe3 showing the corresponding hkl miller indices, (b) AgSn[Bi0.8Sb0.2]Se3, (c) AgSn[Bi0.2Sb0.8]Se3, and (d) AgSn2[Bi0.2Sb0.8]Se4 (the red asterisk indicates a secondary reflection indexed to the SnSe Pnma space group). 
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Figure 3. Rietveld refinement of the XRD data obtained for AgSnBiSe3 (including the profile fit, profile difference, and profile residuals), which was performed with the Fullprof software. (a) Cubic Pm-3m and (b) tetragonal P4/mmm space groups at RT (the insert shows a selected area). Bragg’s R-factors of the cubic space group were Rb = 3.32 and Rwp = 4.44. Bragg’s R-factors of the tetragonal space group were Rb = 5.72 and Rwp = 4.88. 
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Figure 4. High-resolution transmission electron microscopy (HRTEM) study for AgSnBiSe3, showing (a,b) ED patterns along [111]c zone axis and schemes for different symmetries (h and t refer to hexagonal and tetragonal, respectively), and (c) representative HRTEM image showing disorder regions apparent at the nanoscale. 
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Figure 5. Temperature dependences of the electrical conductivity and Seebeck coefficient determined for AgSn[Bi1−xSbx]Se3. (a) Electrical conductivity–temperature plots of AgSnBiSe3 sintered at 673 K in Ar 12 h (open triangles) and AgSnBiSe3 sintered at 923 K in Ar for 48 h (open circles). The inset shows the ln σ vs. T−1/4 curve, and the solid lines denote the linear fit of the experimental data. (b) Plots of Seebeck coefficient vs. temperature (heating–cooling cycle measurements) obtained for AgSnBiSe3. (c) Plots of Seebeck coefficient vs. temperature obtained for AgSn[Bi1−xSbx]Se3 (x = 0.8 and 0.3) in the low-temperature range. 
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Table 1. Electrical conductivity (σ) and Seebeck coefficient of AgSn[Bi1−xSbx]Se3 and AgSn2[Bi1−xSbx]Se4.
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	σ at RT (S·cm−1) £
	Seebeck Coefficient

at RT (μV·K−1) §
	Seebeck Coefficient

at 450 K (μV·K−1) § *





	AgSnBiSe3
	2.46
	+7.39
	+89.6



	AgSnBi0.8Sb0.2Se3
	3.22
	+36.2
	-



	AgSnBi0.2Sb0.8Se3
	2.97
	+49.8
	-



	AgSn2Bi0.8Sb0.2Se4
	1.22 × 10−3
	+3.93
	+92.0



	AgSn2Bi0.2Sb0.8Se4
	2.35 × 10−3
	+4.91
	+114.1







£ pelletized specimens and § ingot samples. * Because of the brittleness and chemical unstable nature of some samples, the Seebeck coefficients at 450 K were not reported in this table (see details in materials and methods section). The densifications magnitudes were equal to ~90–92%.
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