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Abstract

:

In thermoelectric materials, chemical substitutions are widely used to optimize thermoelectric properties. The Zintl phase compound, Yb14MgSb11, has been demonstrated as a promising thermoelectric material at high temperatures. It is iso-structural with Ca14AlSb11 with space group I41/acd. Its iso-structural analog, Ca14MgSb11, was discovered to be a semiconductor and have vacancies on the Sb(3) sites, although in its nominal composition it can be described as consisting of fourteen Ca2+ cations with one [MgSb4]9− tetrahedron, one Sb37− linear anion and four isolated Sb3− anions (Sb(3) site) in one formula unit. When Sn substitutes Sb in Ca14MgSb11, optimized Seebeck coefficient and resistivity were achieved simultaneously although the Sn amount is small (<2%). This is difficult to achieve in thermoelectric materials as the Seebeck coefficient and resistivity are inversely related with respect to carrier concentration. Thermal conductivity of Ca14MgSb11-xSnx remains almost the same as Ca14MgSb11. The calculated zT value of Ca14MgSb10.80Sn0.20 reaches 0.49 at 1075 K, which is 53% higher than that of Ca14MgSb11 at the same temperature. The band structure of Ca14MgSb7Sn4 is calculated to simulate the effect of Sn substitutions. Compared to the band structure of Ca14MgSb11, the band gap of Ca14MgSb7Sn4 is smaller (0.2 eV) and the Fermi-level shifts into the valence band. The absolute values for density of states (DOS) of Ca14MgSb7Sn4 are smaller near the Fermi-level at the top of valence band and 5p-orbitals of Sn contribute most to the valence bands near the Fermi-level.
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1. Introduction


Thermoelectric materials have attracted significant attention as they can improve the efficiency of energy through converting wasted heat into electricity. The efficiency of thermoelectric materials can be evaluated through the figure of merit (zT) by Equation (1).


  z T =      α 2    ρ κ   T  



(1)







In the equation, α is the Seebeck coefficient, ρ is electrical resistivity, T is the absolute temperature and κ is thermal conductivity. Defects or tiny amounts of chemical substitutions are important to the optimizations of thermoelectric properties in some typical thermoelectric materials as defects can tune carrier concentrations effectively and adjust the Seebeck coefficient and electrical resistivity. Cationic defects, tuned carrier concentrations and optimized thermoelectric properties were observed in Zintl phase compounds [1,2,3]. Defects can also scatter phonons, make the systems phonon-glass-like and decrease lattice thermal conductivity. The Zn defects in Zn-Sb compounds and Cu defects in Cu-chalcogenides are essential for decreasing lattice thermal conductivity and tuning of carrier concentrations [4,5,6,7,8,9,10]. In some Type-I clathrates, defects have been found in frameworks and the ordering of vacancies are important for the tuning of the Seebeck coefficient, electrical resistivity and thermal conductivity [11,12,13,14,15]. Defects in clathrates can also change the band structure as the bonding and antibonding orbitals of framework elements contribute to the bands near the Fermi-level [11].



Considering the fact that defects are actually replacing atoms with voids, small amounts of chemical substitutions also have similar effects on thermoelectric properties. 1.25% Zn substitutions of IIIA atoms in p-type thermoelectric materials Eu/Sr5In2Sb6 and BaGa2Sb2 add a hole in the structure and are able to significantly change the carrier concentrations, therefore changing electrical resistivity and Seebeck coefficient [16,17,18]. In IV-VI materials, 1–2% of potassium, sodium or thulium doping can improve the thermoelectric properties significantly [19,20,21,22,23]. The benefit of K or Na doping may reside in two aspects. The first one is the change of DOS near the Fermi-level, which can increase the effective mass and lead to an improved Seebeck coefficient. The other benefit is the formation of a nano-composite, which can effectively decrease lattice thermal conductivity. More recently, a GeTe-based material with Pb and Bi2Te3 doping (3 mol %) was discovered to have a zT value of 1.9 at 773K [24]. 1% doping of rare earth elements in TAGS-85 samples increases Seebeck coefficient and therefore leads to larger zT values [25,26]. In half-Heusler alloys, small amounts of substitutions (1%) can also dramatically (~50%) improve thermoelectric properties [27,28,29,30].



The Zintl phase compounds, Yb14MgSb11 and Ca14MgSb11, were reported in 2014 and their thermoelectric properties studied [31]. Both of them have the Ca14AlSb11-type of structure (Figure 1 and Table 1), and Ca14MgSb11 was found to have vacancies (2.6%) on the isolated Sb(3) sites. These sites are coordinated by Ca2+ cations and are shown as the non-bonded Sb atoms in Figure 1. Yb14MgSb11 has a zT of ~1 at 1075 K while Ca14MgSb11 has a semiconductor-like resistivity and a zT of 0.32 at 1075 K. Their iso-structural analog, Yb14MnSb11, has also been discovered as a good thermoelectric material and many studies have been conducted to optimize its thermoelectric properties [2,32]. Samples synthesized by powder metallurgy have slightly larger (~20 Å3 out of ~6000 Å3) unit cell parameters than crystals synthesized by the Sn-flux method based on the refinement of powder X-ray diffraction patterns. This suggests that crystals of Yb14MnSb11 synthesized by the Sn-flux method may have small amounts of Yb or Mn vacancies. The smaller resistivity and lower Seebeck coefficient of Yb14MnSb11 samples synthesized as crystals are also consistent with the above statements. Further studies show that 1% Te or Ge substitutions on Sb site can significantly alter the thermoelectric properties [33,34].



The synthesis and thermoelectric properties of Ca14MgSb11−xSnx are systematically investigated. Sn is used to compensate for Sb vacancies and thereby improve the overall thermoelectric properties of Ca14MgSb11. Sn has one electron less than Sb, which will tune the carrier concentration and resistivity. Calculations of the electronic band structures show that Sb(3) sites contribute most near the Fermi-level and therefore substitution of this site may dramatically change the thermoelectric properties [31].




2. Experimental Section


Reagents. Elemental Ca pieces (99.5%, Alfa Aesar, Tewksbury, MA, USA), Mg turnings (99.98%, Sigma-Aldrich, St. Louis, MO, USA), Sb (99.999%, Alfa Aesar, Tewksbury, MA, USA) and Sn (99.3%, Alfa Aesar, Tewksbury, MA, USA) were used for the synthesis. Ca was cut into small pieces while Mg and Sn were used as received. All elements were handled using inert atmosphere techniques, including an argon filled glovebox with water levels <0.5 ppm.



Synthesis of Powder. Quantitative yield, high purity samples were synthesized through a powder metallurgy method [2]. Melting Sn and Mg together at 600 °C with the ratio 1:2.2 to produce Mg2Sn as precursor. Samples with the ratio Ca:Mg:Sb:Mg2Sn = 14:1.1 × (1−2x):11−x:x (x is the Sn amount) were loaded into a 50 cm3 tungsten carbide ball mill vial with one large WC ball (diameter = 11 mm) and two small WC balls (diameter = 8 mm). The mixtures of elements were ball milled on a SPEX 8000 M (SPEX SamplePrep, Metuchen, NJ, USA) for one hour and another 30 min after a 30 min break (the 30 min break prevents the reaction mixture from becoming too hot). The fine powder was transferred to a glovebox and then into a niobium tube, which was sealed by arc welding under argon and further jacketed under vacuum in fused silica. Ca14MgSb11−xSnx is annealed at 800 °C for 4 days with a heating rate of 30 °C/h [31].



Powder X-ray Diffraction. Samples were examined using a Bruker zero background holder on a Bruker D8 Advance Diffractometer operated at 40 kV and 40 mA utilizing Cu Kα radiation. Kβ radiation is removed by a Ni filter. WinPLOTR (version Jan 2012, part of the FullProf suite of programs, https://www.ill.eu/sites/fullprof/ University of Rennes 1, Rennes, France) software was used for background subtraction and pattern analysis, and EDPCR 2.00 software (part of the FullProf suite of programs, https://www.ill.eu/sites/fullprof/ University of Rennes 1, Rennes, France) was used to perform Le Bail refinement [35].



Consolidation of Powder. The bulk powder samples were consolidated into dense pellets via a Dr. Sinter Lab Jr. SPS-211Lx or SPS-2050 spark plasma sintering (SPS) system (Sumitomo, Tokyo, Japan) in a 12.7 mm high-density graphite die (POCO) under vacuum (<10 Pa). The temperature was increased from room temperature to 1000–1025 K in 15 min, and remained stable for 5–15 min. When the temperature reached the maximum, the force loaded increased from 3 kN to 5–8 kN. The samples were cooled to room temperature afterwards. The geometrical sample density was larger than 95% of the theoretical density.



Thermal Conductivity. Thermal diffusivity (D) measurement was conducted on the pellet obtained from SPS from 300 K to 1075 K on a Netzsch LFA-457 laser flash unit (Netzsch, Burlington, MA, USA). The pellet surfaces were well polished and coated with graphite. The measurement was conducted under dynamic argon atmosphere with a flow rate of 50 mL/min. Thermal conductivity was calculated using the equation κ = D × ρ × Cp. Room-temperature density was measured from a volume method and the high-temperature density was derived using thermal expansion data from a previous paper on Yb14MnSb11 [36]. The Cp was taken from previous papers, which was measured by differential scanning calorimetry (DSC) [2].



Electrical Transport Properties. A Linseis LSR-3 unit (Linseis, Robinsville, NJ, USA) was employed to measure Seebeck coefficient and electrical resistivity via a four-probe method from 325 K to 1075 K under a helium atmosphere on a bar-shaped sample [37]. The sample which had been previously measured on the LFA instrument was cut into a 2 × 2 × 11 mm bar using a Buehler diamond saw and polished before measurement. The probe distance was 8 mm. For convenience and clarity, Seebeck coefficient, electrical resistivity and thermal conductivity were fit to six-order polynomial functions to calculate zT values. Room-temperature Hall coefficient was measured with a Quantum Design physical property measurement system (PPMS) from 7 T to −7 T by 5-point ac technique. Platinum leads were connected to the pressed pellet through silver paste. Carrier concentration was calculated using equation RH = −1/ne using the average of RH from different magnetic fields.



Quantum-chemical calculations. Density functional band structure calculations for Ca14MgSb11 and Ca14MgSb7Sn4 were performed using the linear-muffin tin orbital method (TB-LMTO, Stuttgart, Germany, version 47.1b) within the tight binding approximation [38,39,40,41,42]. The density of states (DOS) and band structures were calculated after convergence of the total energy on a dense k-mesh with 12 × 12 × 12 points, with 163 irreducible k-points. A basis set containing Ca(4s,3d), Mg(3s,3p), and Sb(5s,5p) orbitals was employed for a self-consistent calculation, with Ca(4p), Mg(3d) and Sb(5d,4f) functions being downfolded.




3. Results and Discussion


Synthesis and Structure. Mg2Sn used in the reaction as a precursor was verified by powder X-ray diffraction. There may be very small peaks indicating the existence of unreacted Mg since extra Mg is used in the precursor synthesis. As mentioned in a previous paper, Ca14MgSb11 synthesized by powder metallurgy may contain a minor amount of impurity Ca11Sb10 and its existence has a limited effect on the thermoelectric properties [31,43]. Ca14MgSb11−xSnx (x = 0.05 and 0.10) also contained minor amounts of impurities Ca11Sb10 while the Le Bail refinement of the powder X-ray diffraction pattern for Ca14MgSb10.80Sn0.20 indicates a phase pure sample (Figure 2). These samples are air-sensitive and oxidized rapidly upon exposure, leading to poor quality of powder X-ray diffraction patterns, not suitable for Rietveld refinement. The refined unit cell parameters are listed in Table 2. Generally, the unit cell parameters show a slight increase with the increasing Sn amounts.



Thermoelectric Properties.Figure 3 shows the results of thermoelectric properties measurement of Ca14MgSb10.95Snx (x = 0.05, 0.1 and 0.2). The Seebeck coefficient and resistivity of these samples change dramatically with the small changes of Sn compositions. The Seebeck coefficient of Ca14MgSb10.95Sn0.05 has a similar trend to that of Ca14MgSb11, but the values are much lower. Ca14MgSb10.90Sn0.10 and Ca14MgSb10.80Sn0.20 have almost the same Seebeck coefficient values, which are slightly higher than the Seebeck coefficient of Ca14MgSb11. The linear increase of Seebeck coefficients of Ca14MgSb10.90Sn0.10 and Ca14MgSb10.80Sn0.20 within the measured temperature region is the most significant change caused by Sn substitutions. The Seebeck coefficient of Ca14MgSb11, which decreases at low temperature and increases at high temperature, is attributed to a combination of increasing temperature and change of carrier concentration based on Equation (2) [19,31].


  α =   8  π 2   k B 2    3 e  h 2     m *  T      (   π  3 n    )     2 3     



(2)







In the equation, kB is the Boltzmann constant, h is the Planck constant, m* is the effective mass of carriers and n is carrier concentration. In Ca14MgSb10.90Sn0.10 and Ca14MgSb10.80Sn0.20, no effect of carrier concentration change is observed in the Seebeck coefficient, which indicates that the substitution of Sn decreases the band gap.



The resistivity of these samples are semiconductor-like, but the details are different. Ca14MgSb10.95Sn0.05 has a larger resistivity than that of Ca14MgSb11 at room temperature and a 33% lower resistivity than Ca14MgSb11 at high temperatures. The resistivity of Ca14MgSb10.90Sn0.10 is higher than the other two samples, especially in the high temperature region. The resistivity of Ca14MgSb10.80Sn0.20 follows the expectation, which is lower than that of Ca14MgSb11 for the entire temperature region. The activation energy (Ea) can be calculated based on Equation (3) and are listed in Table 3 [31].


ln ρ = ln ρ0 + Ea/2kBT



(3)







It can be seen that the activation energy drops from x = 0.05 to x = 0.10. The carrier concentration of Ca14MgSb10.80Sn0.20 is measured to be 3.5 × 1019/cm3 at room temperature, which is slightly higher than that of Ca14MgSb11. Therefore, the carrier concentration has a small change within the three compositions. The Sn substitution of Sb is expected to make Ca14MgSb11 more conductive as Sn has one electron less than Sb and this increases the carrier concentration of p-type semiconductor Ca14MgSb11. However, the carrier concentration change is complex due to the combinations of defects, hole additions caused by Sn doping and the band structure change. The addition of Sn changes the activation energy, which corresponds to the band gap, but this cannot change the intrinsic semiconductor properties of Ca14MgSb11.



The thermal conductivities of Ca14MgSb11−xSnx (x = 0.05, 0.10 and 0.20) are listed in Figure 2c. The sample of x = 0.05 has the largest thermal conductivity and sample of x = 0.20 has almost the same thermal conductivity as Ca14MgSb11. Lorenz numbers of these samples at different temperatures are calculated using Equations (4) and (5) [4,44].
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(4)






  α =      k B   e   [    2  F 1   ( η )     F 0   ( η )    − η  ]   



(5)






   κ  l a t   =   κ −    κ e  =   κ − L σ T    



(6)







In the equations, L is the Lorenz number, η is the reduced Fermi-level, Fn(η) is the Fermi-Dirac integral, κlat is the lattice thermal conductivity and κe is electronic thermal conductivity from electrical conductivity. The lattice thermal conductivity can be calculated by subtracting the electronic thermal conductivity from the total thermal conductivity. The calculated lattice thermal conductivity shows that the lattice term contributes the most to the total thermal conductivity and the electronic term has larger contributions at high temperature regions due to the decrease of resistivity. The calculated zT values show that Ca14MgSb10.80Sn0.20 has the largest maximum zT value of 0.49 at 1075 K, which is 53% higher than that of Ca14MgSb11 due to optimized resistivity. Ca14MgSb10.95Sn0.05 has a maximum zT value of 0.04 at 1075 K due to a lower Seebeck coefficient and Ca14MgSb10.90Sn0.10 has a maximum zT value of 0.12 due to a much larger resistivity.




4. DOS Calculation


The DOS diagram for Ca14MgSb7Sn4 is shown in Figure 4. This composition is assumed for calculating the DOS of Sn-substituted Ca14MgSb11, as the Sb(3) site is assumed to be occupied by Sn. Several reasons support this hypothesis as the Sb(3) site is known to show vacancies and Sb(3) is the isolated Sb3− site with no direct covalent bonding to other atoms, which is the easiest to be substituted. Because of the large unit cell of Ca14MgSb11, Sb(3) is assumed to be fully replaced by Sn although actually at most only 5% of Sb(3) is occupied by Sn. Therefore, the composition used in the calculations is Ca14MgSb7Sn4.



The band structure of Ca14MgSb7Sn4 (Figure 4) has similar features to that of Ca14MgSb11 [31]. The Fermi-level falls into the valence band, to which p-orbitals of Sb and Sn have dominating contributions. Sn makes the largest contribution at the top of the valence band near the Fermi-level. The conduction band is mainly from orbitals of Ca, especially when energy is >1.2 eV, and there is a sharp peak at the bottom of the conduction band, which originates from the anti-bonding orbitals of the linear Sb37− units and orbitals of Ca. The band gap between the top of the valence band (+0.58 eV) and the bottom of the conduction band (+0.78 eV) is 0.20 eV. This value is smaller than the band gap of Ca14MgSb11 (0.6 eV) but is similar to the activation energy calculated from resistivity. It is also noticeable that there is an energy gap of 0.15 eV between the sharp peak and the states at higher energy in the conduction band. Compared to Ca14MgSb11, Ca14MgSb7Sn4 has smaller absolute values for the density of states at the top of valence band near the Fermi-level. Therefore, when Sb is replaced by Sn, two major changes happen to the valence band. The first one is the shift of Fermi-level into the valence band and the other one is the decrease of absolute values of DOS near Fermi-level.



In the experimental samples Ca14MgSb11−xSnx (x = 0.05, 0.10 and 0.20), the Sn amount is much lower than that used in the calculations for the DOS. Comparing the electronic calculations for Ca14MgSb11 and Ca14MgSb7Sn4, a small decrease of band gap is expected. This is supported by the experimental results. The Seebeck coefficient strongly depends on the density of states at the Fermi-level [19,45,46].
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In Equations (7) and (8), μ is the mobility, n is the carrier density, g(E) is density of states and f(E) is Fermi function [19]. In Ca14MgSb11−xSnx (x = 0.05, 0.10 and 0.20), as mentioned above, the Fermi level shifts into valence band and the change of DOS at the Fermi level is difficult to determine. Based on the measured Seebeck coefficient, it can be concluded that Fermi-level of Ca14MgSb10.95Sn0.05 falls into a valley of DOS and leads to a small Seebeck coefficient, while Ca14MgSb10.9Sn0.1 and Ca14MgSb10.8Sn0.2 have Fermi-levels with a large DOS and a large Seebeck coefficient. Mobility is inversely related to resistivity by the equation, 1/ρ = σ = neμ (n is carrier density, e is the charge carrier, u is mobility). Mobility depends on the band structure and affects resistivity significantly as the carrier densities for these samples are approximately the same.




5. Summary


Ca14MgSb11−xSnx (x = 0.05, 0.1 and 0.2) solid solutions were synthesized by powder metallurgy with Mg2Sn as precursor. Although the Sn amount in the samples is small (<2%), optimized Seebeck coefficient and resistivity were achieved simultaneously with similar thermal conductivity. This is very rare, as the Seebeck coefficient and resistivity are inversely related with respected to carrier concentration. The Seebeck coefficient of Ca14MgSb10.95Sn0.05 has a similar temperature dependence compared with Ca14MgSb11, while the Seebeck coefficients of Ca14MgSb10.90Sn0.10 and Ca14MgSb10.80Sn0.20 linearly increase from room temperature to high temperature, different from the trend of Ca14MgSb11. Their resistivity shows semiconductor behavior and the activation energy decreases with Sn amount. The zT value of Ca14MgSb10.80Sn0.20 reaches 0.49 at 1075 K, which is 53% higher than that of Ca14MgSb11 at the same temperature. The band structure of Ca14MgSb7Sn4 is calculated to better understand the effect of Sn substitution. The band gap of Ca14MgSb7Sn4 is 0.2 eV and the Fermi-level shifts into the valence band. 5p-orbitals of Sn contribute most to the valence bands near Fermi-level at the top of valence band and the overall DOS of Ca14MgSb7Sn4 are smaller in the valence band compared to Ca14MgSb11. The substitution of Sn increases the carrier concentration and decreases both the Seebeck coefficient and resistivity as expected.
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Figure 1. Unit cell of Ca14MgSb11 projected along the c-axis. Ca and Sb atoms are represented by blue and red spheres, Sb37− ions are shown with yellow bonds and the green tetrahedra are [MgSb4]9− clusters. 
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Figure 2. Refinement of the powder X-ray diffraction patterns of (a) Ca14MgSb10.95Sn0.05, (b) Ca14MgSb10.90Sn0.10 and (c) Ca14MgSb10.80Sn0.20. 
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Figure 3. (a) Seebeck coefficient, (b) resistivity (insert: ln ρ vs. 1/T plots), (c) thermal conductivity with lattice thermal conductivities shown in dashed lines and (d) zT values of Ca14MgSb10.95Sn0.05, Ca14MgSb10.90Sn0.10 and Ca14MgSb10.80Sn0.20. In all plots, data for Ca14MgSb11 are shown in black curves as references. 
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Figure 4. Density of states (DOS) diagram for Ca14MgSb7Sn4. (a) Total DOS together with partial contributions from Ca and 5p-orbitals of Sn and Sb (b) Partial DOS showing the contributions of only 5p-orbitals of Sn and Sb. 
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Table 1. Wyckoff positions and atomic coordinates [×104] of atoms for Ca14MgSb11.
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	Atom
	Wyckoff Positions
	x
	y
	z





	Ca1
	32g
	9580(2)
	9274(2)
	8281(1)



	Ca2
	32g
	9771(2)
	1264(2)
	79(1)



	Ca3
	16e
	3553(2)
	0
	2500



	Ca4
	32g
	1781(2)
	4030(2)
	8439(1)



	Mg1
	8a
	0
	2500
	8750



	Sb1
	16f
	1364(1)
	3864(1)
	1250



	Sb2
	32g
	37(1)
	1100(1)
	8059(1)



	Sb3 *
	32g
	8705(1)
	9751(1)
	9516(1)



	Sb4
	8b
	0
	2500
	1250







* Sb3 site has 2.6% vacancy.
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Table 2. Unit cell parameters from refinement of powder X-ray diffraction patterns.
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	Sn Amount Used in Synthesis
	a (Å)
	c (Å)
	V (Å3)





	0.00
	16.73(1)
	22.54(1)
	6309(1)



	0.05
	16.72(1)
	22.60(1)
	6318(3)



	0.10
	16.73(1)
	22.59(1)
	6323(3)



	0.20
	16.73(1)
	22.62(1)
	6331(3)
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Table 3. Calculated activation energy of Ca14MgSb11−xSnx.
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	Composition
	Activation Energy (eV)





	x = 0.00
	0.15



	x = 0.05
	0.17



	x = 0.10
	0.08



	x = 0.20
	0.10
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