Study of high temperature thermoelectric properties of Mg2Si and Mg2Si–Mg2Sn solid solutions
Mg2Si and its solid solutions with Mg2Sn are promising n-type materials for thermogenerator applications operated at intermediate temperatures (200–500 °C). In this work, a detailed study of the influence of doping and formation of a solid solution on the various electronic and thermal transport properties of the material system has been carried out. Initially, the synthesis method to obtain the desired phases was optimized. This is particularly important due to the high vapor pressure of Mg at reaction temperatures (Details of the synthesis conditions, phase purity and thermal stability have been provided in the periodic report). Using the optimized synthesis conditions, compositions of doped Mg2Si and Mg2(Si,Sn) were prepared as reported below:
(a) Effect of Sb and Bi doping in Mg2Si
· Mg2Si1-xRx (R – Sb, Bi) compositions were synthesized with x = 0.025, 0.05, 0.1 for Sb and x = 0.01, 0.025, 0.05 for Bi. Phase identification by X-ray diffraction (XRD) indicates biphasic nature of Bi-substituted compositions for x  0.025 while solid solubility for all of the different Sb substitution values. The calculated lattice parameter (a) shows a linear change for Sb substitutions as is expected in solid solutions. For Bi substitution, the a value increases for x = 0.010 and x = 0.025 (compared to x = 0.0) and then remains constant up to x = 0.050. This indicates a solid solubility limit between x = 0.010 and 0.025 which is found to be x = 0.013 from an interpolation of the concentration dependence.  
· The temperature dependence of the electrical conductivity () and Seebeck coefficient (S) were measured between 300 K and 773 K. Bi substitution results in an increase in the absolute value of  with increasing Bi content. This is due to the doping effect (below the solubility limit) and the presence of metallic Mg3Bi2 (for compositions above). For the Sb substitution, an increase in  is observed for x = 0.025 compared to x = 0.0 but further addition of Sb results in a weak decrease in  for x = 0.05, 0.1. The variation in the absolute S values corresponds to the trends in  values for the different compositions. The overall trends in the power factor (S2) indicate a systematic decrease/increase with increasing Sb/Bi substitution respectively.
· To understand the trends in the electrical transport behavior with Sb doping, room temperature measurements of carrier concentration (Hall measurements) and chemical composition from Energy Dispersive Analysis of X-ray (EDAX) and Rietveld refinement were performed. Both the EDAX and Rietveld refinements indicate presence of Mg site vacancies in the presence of Sb. This is also reflected in the trend in n, where an initial increase is observed between x = 0 and 0.025 (due to doping) followed by an almost constant n for higher Sb substitution. Thus the Mg site vacancies compensate the doping effect (due to Sb donors) leading to a pinning of the carrier concentration. The trends in the absolute value of  (= n e ) thus depends on the electron mobility () which is observed to decrease with increasing Sb substitution (beyond x = 0.025). 
· The temperature dependence of the overall thermal conductivity () and the lattice component (L) were calculated in the temperature range of 300-773 K. The lattice component was calculated from the difference between the overall and the electronic component of  (el was calculated from the Wiedemann-Franz law with L = 2.45 x 10−8 V2K−2 for the doped compositions, applicable for degenerate semiconductors, while L = 1.48 x 10−8 V2K−2 was used for the undoped composition). A decrease in the absolute L values is observed with increasing temperature in all the compositions with a much pronounced decrease in the presence of Sb. The large decrease in L in the presence of Sb can be both due to the mass disorder from Sb at Si site and Mg vacancies. To quantify the influences separately, analytical calculation of L was performed using the Callaway model. Mass disorder effects on the relaxation time () for both Sb substitution and Mg vacancies were accounted in the model. The calculated L data show an excellent agreement with the experimental data (at room temperature) and indicate the Sb doping to be the predominant scattering term.

· The temperature dependence of ZT for the different Sb, Bi substitutions was calculated from the measured S,  and  data. The maximum ZT values are similar for both the Sb and Bi substitutions with a maximum ZT value of 0.56 observed at 773 K for x = 0.025 of Bi composition and 0.52 at 750 K for x = 0.025 of Sb composition. Thus, though the influence of Bi and Sb doping on the transport properties are different, similar ZT values are achieved due to the opposite effects on S2 and  in the presence of Bi/Sb. Compared to the unsubstituted composition, an order of magnitude increase in ZT could be achieved which is due to both the carrier optimization and reduction in L.


(b) Effect of Sb doping in Mg2(Si0.4Sn0.6)
· Mg2Si0.4-xSn0.6Sbx compositions were synthesized with x = 0.0075, 0.01, 0.025, 0.05. Measurements of carrier concentration (n) indicated systematic increase with increased doping ranging from 2.8 x 1019 cm-3 to 3.5 x 1020 cm-3. The measurements of electrical conductivity () and Seebeck coefficient (S) were carried out between 300 K and 773 K. The trends in the absolute values show an increase/decrease in /S, respectively, with increased doping, as expected. The temperature dependence of  and S shows a metallic behavior indicative of heavily doped semiconductors. 
· The temperature dependence of the overall thermal conductivity () was measured in the temperature range of 300–773 K. The absolute values of  increase with doping due to the dominant el term. The calculated L values show a significant decrease compared to the doped Mg2Si compositions. This is due to the increased alloy disorder scattering of the Si sublattice in the presence of Sn. The temperature dependence of ZT for the different Sb substitutions was calculated from the measured S,  and  data. A maximum ZT value of 1.15 at 673 K was achieved in the composition with n = -1.5 x 1020 cm-3. Thus, a doubling of the thermoelectric figure of merit ZT compared to the doped Mg2Si compositions was achieved. This increase in ZT was both due to the reduction in L and increase in S2. The cause for the enhancement of S2 was further investigated.
· The calculated Hall mobility () and band effective mass (md) for the Sb-doped Mg2Si and Mg2Si0.4Sn0.6 show similar  but much higher md for the Mg2Si0.4Sn0.6 samples. The higher md can be indicative of either multi-bands or band flattening near the band extrema (here: of the conduction band). This results in an enhanced S and corresponding increase of S2. To identify the cause of this increased md, electronic band structure calculations based on Density Functional Theory (DFT) were performed. The calculated electronic band structure of Mg2Si shows two low-positioned sub-bands near the conduction band minima (CBM) separated by ~0.2 eV.  For the Mg2Si0.4Sn0.6 composition, these sub-bands tend to degenerate with the inter-band spacing <0.1 eV. This might be the possible explanation for the observed increase in md and thus in S2 and ZT.

(c) Summary
The effect of doping on the thermoelectric properties in Mg2Si and Mg2(Si0.4Sn0.6) was studied. The influence of Sb and Bi doping in Mg2Si were different with Sb resulting in pinning of carrier concentration and enhanced reduction of L. Bi doping resulted in a prominent increase in S2. These results could be explained based on presence of vacancy formation and secondary metallic phases in Sb/Bi, respectively. The maximum achievable ZT was ~0.56 with both types of dopants. Sb doping in Mg2(Si0.4Sn0.6) resulted in large enhancement of ZT with a maximum value of 1.15 at 673 K. The cause of this high ZT was identified to be increased band degeneracy and reduced L in the Mg2(Si0.4Sn0.6) solid solutions. Overall, the high ZT achieved in the doped Mg2(Si0.4Sn0.6) compositions in the temperature range 500-700 K make them excellent candidates (as n-leg materials) for thermogenerator applications in the automobile industry.  
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