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Abstract

:

Thermoelectric generators are a reliable and environmentally friendly source of electrical energy. A crucial step for their development is the maximization of their efficiency. The efficiency of a TEG is inversely related to its electrical contact resistance, which it is therefore essential to minimize. In this paper, we investigate the contacting of an Al electrode on Mg2(Si,Sn) thermoelectric material and find that samples can show highly asymmetric electrical contact resistivities on both sides of a leg (e.g., 10 µΩ·cm2 and 200 µΩ·cm2). Differential contacting experiments allow one to identify the oxide layer on the Al foil as well as the dicing of the pellets into legs are identified as the main origins of this behavior. In order to avoid any oxidation of the foil, a thin layer of Zn is sputtered after etching the Al surface; this method proves itself effective in keeping the contact resistivities of both interfaces equally low (<10 µΩ·cm2) after dicing. A slight gradient is observed in the n-type leg’s Seebeck coefficient after the contacting with the Zn-coated electrode and the role of Zn in this change is confirmed by comparing the experimental results to hybrid-density functional calculations of Zn point defects.
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1. Introduction


With their ability to convert waste heat into electricity, thermoelectric generators (TEG) are a promising source of renewable energy. They have no moving parts, making their maintenance easy, and they have the advantage of being lightweight and reliable, which makes them relevant in fields such as the aerospace and the automotive industries [1,2,3].



A TEG is typically composed of n- and p-type thermoelectric (TE) legs, which are connected to metal-bonded ceramic plates electrically in series and thermally in parallel [4]. The legs are usually functionalized: they are contacted with a metallic layer, referred to as electrode, that will be then soldered to the metallic bridges, which interconnects the legs in an electrical circuit. This electrode can have a barrier diffusion function or be combined with another layer that plays this role, and is also applied to facilitate the bonding of the TE elements to the bridges. The establishment of a good electrical contact between metals, which are indeed simpler. Applying solders directly between the bridges and the TE legs could alter the TE properties due to diffusion processes. The design of the legs and the choice of the TE materials in TEGs can vary in order to suit their different applications [5].



To assess the performance of a TEG, its power output P and its conversion efficiency η can be calculated, using the TE material properties and the contact resistances between the TE legs and the electrodes. The equations for a TEG containing N pairs of thermoelectric legs are shown in the following equations [6]:


  P =    S 2  σ  2    N A    (   T h  −  T c   )   2     (  l + n  )     



(1)






  η =  (     T h  −  T c     T h     )     {  2 −  1 2   (     T h  −  T c     T h     )  +  4  z  T h     (    l + n  l   )   }    − 1    
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where S and σ are the Seebeck coefficient and electrical conductivity of a pair of n-type and p-type legs, z its figure of merit calculated as   z =    S 2  σ  κ   , where  κ  is the thermal conductivity. In this equation, equal properties for n- and p-type materials are assumed; in the case of unequal properties and cross-sections, the average of the Seebeck coefficients, of the electrical resistances and of the thermal conductances should be used. N is the number of leg pairs in the module; A is the cross-sectional area of a leg; Th and Tc are, respectively, the temperatures at the hot and cold sides of the TE legs;  l  is the length of a TE leg;   n = 2 σ  ρ c   , where    ρ c    is the electrical specific contact resistance. The equations assume temperature independent properties and also neglect 2D or 3D effects.



These equations show that, for a given temperature range, material optimization and contact quality improvement are crucial to increase the TEG performance. Low electrical contact resistance (≤10% for each TE leg) and TE materials with a high figure of merit (zT ≥ 1) are standard requirements for industrial use of TEG [7].



The TE solid solutions Mg2Si1-xSnx (x ≈ 0.6–0.7) have reproducibly high thermoelectric properties with a figure of merit of up to zT = 0.6 for p-type and 1.4 for n-type at 450 °C [8,9,10,11,12,13,14]. On top of being lightweight, this material has the advantage of being inexpensive and non-toxic. Mg2X has a cubic anti-flourite Fm  3 ¯  m crystal structure [15,16].



A few silicide-based modules combining n-type Mg2Si and p-type HMS (High-Manganese Silicide) legs were already reported [17,18,19,20,21,22,23,24]. However, the development of a fully Mg2(Si,Sn)-based TEG remains at an early stage. Gao reported a first attempt at building such a TEG [25], showing a maximum power output of 117 mW for Th = 440 °C and Tc = 110 °C. Recently, Goyal et al. reported a power density of 0.52 W/cm2 and a computed predicted maximum efficiency of 5% for a fully Mg2(Si,Sn)-based TEG [26].



A first step in the development of a fully Mg2(Si,Sn)-based TEG is the electrode selection. Several attempts were reported with only partially promising results, as the electrodes provided low electrical contact resistance but also led to cracking (Ni, constantan) or altering of the TE material’s Seebeck coefficient (Cu, Ag) [27,28,29]. Most recently, aluminum was reported as the best electrode for this TE material system, showing low electrical contact resistance and good thermal and chemical stability of the interface also through annealing [30]. In that work, one of the reported samples showed asymmetric electrical contact resistances at the two contacting faces before annealing. The difference between the two sides was of several orders of magnitude and, although the highly resistive contact seemed to heal with annealing, the reason for this initial asymmetry could not be given. A similar case can also be found with silver electrodes [29], and we also encountered this issue with Ag and Ni electrodes, as shown in Supplementary Information. No similar phenomenon seems to have been reported in the thermoelectrics or even in the broader electronics field.



A high electrical contact resistance, even if only located on one side of the TE leg, is detrimental to a TEG performance. Even in the case of a reduction of the electrical contact resistance with annealing, which could happen during the lifetime of the TEG, this would create a consequent delay in optimal performance. A high electrical contact resistance could also potentially indicate a poor physical adhesion, which could lead to an early mechanical failure of a working device composed of such kind of legs. Since the technological steps towards TEG have not yet been thoroughly studied nor reported, it is likely that this asymmetry in contact resistances was or will be encountered in other studies.



This paper is focused on the study of this asymmetry phenomenon using aluminum electrodes, as previously reported. Based on the statistics of various samples, the influence of the typically most relevant processing parameters for contacting can be ruled out (e.g., temperature, pressure…). However, it was found that the asymmetry in contact resistances appears during the dicing step, as the high electrical contact resistance is systematically observed on the sample side, which is at the bottom, attached to the sample holder, during dicing. A strategy consisting in etching the Al foil and protecting it with a sputtered Zn layer as oxidation barrier prior to contacting is shown to effectively avoid the asymmetry in electrical contact resistances after dicing. This indicates that the rise in the bottom side electrode’s electrical resistivity during dicing is probably due to the presence of the native oxidation layer on Al foils prior to contacting. The added Zn layer does not trigger any chemical reaction detrimental to the interface adhesion, and does not alter the p-type Seebeck coefficient. A slight gradient in the Seebeck coefficient is observed for the n-type sample, but its magnitude is low enough to preserve future TEG’s performance. In this manuscript, we show an efficient way to overcome a technical challenge for the fabrication of a Mg2(Si,Sn)-based TEG.




2. Materials and Methods


2.1. Experimental


The solid solution Mg2(Si,Sn) pellets were prepared similarly to what was reported in previously published papers [27,30,31,32], with the following nominal stoichiometry: Mg2.06Si0.3Sn0.665Bi0.035 for n-type and Mg1.98Li0.03Si0.3Sn0.7 for p-type. The n-type composition contains Mg with an excess of 3% in order to compensate for the Mg evaporation occurring during the sintering, due to its longer duration compared to p-type samples. The pellets’ preparation prior to contact as well as the contacting parameters are also identical to what was previously published [30]. Unless specified otherwise, the contacting temperature for the samples presented in this paper is 475 °C. After contacting, the pellets are diced into legs using a Disco DAD321 Automatic Dicing Saw). The cutting speed through the sample was 0.3 mm/s with an angular speed of 30,000 blade rotations per minute and each cut was made in two passes, keeping the mechanical stress to the sample by the blade´s displacement as low as possible.



The quality of the joining is estimated by the value of its specific contact resistance rc and the preservation of the Seebeck coefficient of the TE material using a Potential & Seebeck Scanning Microprobe (PSM) [33]; and by its microstructural and chemical composition at the interface using scanning electron microscopy (Zeiss Ultra 55 SEM equipped with an EDX detector). Two    r c    values are obtained for each contact with two different calculation methods, using the TE material´s electrical conductivity to calculate the current density (   r  c , j  (  T E  )     ), or using the current passing through the sample as measured by the PSM (   r  c , j  (  P S M  )     ), as reported in previously published papers [27,30]. The two specific electrical contact resistances are calculated using the following equations:


   r  c , j  (  T E  )    =    (   V  e l e c   −  V  T E    )  ×  l  T E     Δ  V  T E   ×  σ  T E      



(3)






   r  c , j  (  P S M  )    =    (   V  e l e c   −  V  T E    )  × A    I  P S M      



(4)




where    V  e l e c     is the potential on the electrode (metallic) at the interface and    V  T E     is the potential on the TE material at the interface, the position of interface being located using the drop in Seebeck coefficient on the line-scan. The difference    V  e l e c   −  V  T E     corresponds, therefore, to the drop of potential across the electrode-TE interface.    l  T E     is the length of the TE material (between the two electrodes),   Δ  V  T E     is the drop of potential across the TE material and    σ  T E     is the electrical conductivity of the TE material, measured using a 4-probe inline technique,  A  is the sample cross-section and    I  P S M     the current measured in the device.



Multiple line-scans are measured for each sample, each    r c    value presented below is the average value of all the lines, given with the corresponding standard deviation.



The calculation of the electrical contact resistance according to Equation (4) requires the assumption that the current density is homogeneous over the whole sample (along cross-section and length), while Equation (3) only assumes a constant current density along the direction of the line-scan. The more inhomogeneous the interface, the more different are the results given by both equations. The comparison of those two values allows to assess the reliability of the measurement and the quality of the Al/TE interface.



The Zn coating suggested as an oxidation barrier was applied by magnetron sputtering using an AXPLORER 4375 S3E1 PVD machine. An ion etching process was performed on the Al foil surface prior to the Zn coating in order to remove the oxide layer on the Al surface. The coating was deposited at room temperature on a substrate rotating at 10 min−1 with a starting vacuum of 5 × 10–6 mbar. The duration of the coating was 90 min with a growth rate of 1.3 nm/s. The Zn target used for this process was provided by EvoChem (purity 99.99%).




2.2. Computational Method


First-principles calculations were performed to study the defect stability of Zn related point defects in Mg2Si and Mg2Sn using hybrid-density functional calculations [34]. The planewave basis set and the projector-augmented wave pseudopotentials [35] were used, as implemented in the Vienna Ab initio Simulation Package (VASP) code [36]. For the exchange-correlation functional, the Perdew–Burke–Ernzerhof parameterized generalized gradient approximation [37] was used. For hybrid calculations, the HSE06 is used with the exact mixing fraction of 25% and the screening parameter of 0.208 Å−1 [34].



For the defect stability, the charged defect formation energy of defect D with charge state q (Dq), where q is +2, +1, 0, −1, −2, was calculated using the following equation [38]


   E  Form    [   D q   ]  =  E  tot    [   D q   ]  −  E 0  −  Σ i     (     μ i    δ  n i   )  + q  (   E F   )   



(5)




where    E  tot    [   D q   ]    and    E 0    are total energies with and without defects, subscript i indicates the atomic element,    μ i    is the atomic chemical potential,   δ  n i    is the change of number of i-th element in the defective supercell with respect to the pristine one, and    E F    is the Fermi level of the system. Detailed information can be found in our previous work [39,40,41].



The defect density of    D q    in Mg2Si or Mg2Sn can be estimated using the defect formation energy and the Boltzmann factor for a given material synthesis temperature.





3. Results


Figure 1 shows the ratio of the electrical contact resistance of both sides of the functionalized leg. It displays a quite large range of    r  c 1   /  r  c 2     (factor of 1 to 100) extracted from more than 30 Al-contacted samples and various combinations of experimental parameters. It can be seen that a minority of the samples actually have symmetric contact resistances, such as those shown in the study about aluminum contacting [30]. Some experimental factors, such as contacting temperature, pressure and TE pellet length, were suspected as more likely to be the causes for the asymmetry. However, when plotted accordingly, none of them shows a significant correlation with the asymmetry, as can be seen in Figure 1.



Other factors—carrier type, TE pellet geometry (diameter of 15 or 30 mm), presence or absence of a buffer layer during contacting, direct vs. indirect setup—did not show a clear correlation either, see Table S2 in the SI. Indeed, asymmetrically contacted samples could be randomly found for all “configurations” of those factors.



In order to determine if this asymmetry phenomenon is linked to the joining or the dicing step in the leg fabrication process, two differential experiments were designed. In the first one, the side of the sample which is at the top during the contacting step is also on the top during the dicing step, while in the second one, the sides are switched (the top side during contacting goes at the bottom during dicing). The experiments are labelled “X/Y” with X being the position of one side during contacting and Y the position of that same side during dicing. After contacting, the pellets are cut in 9 square-based legs. The results of the top/top experiment are shown in Table 1. while the results of the top/bottom experiment are shown in Table 2. The two contact resistivity values are obtained using the Equations (3) and (4). Exemplary line scans of the potential and the Seebeck coefficient are shown in Figure S4 in SI for each experiment.



The most important observation from both tables is that the side with the higher specific contact resistance is always the side at the bottom during cutting, which indicates that the asymmetry is not linked to the contacting but to the dicing step.



It can also be seen that some legs have a very high standard deviation. This typically indicates non-uniform interfaces in a sample: as the potential drop at the interface is greatly varying line to line due to varying contact quality, the resulting variation in the contact resistivity for one sample is higher. The asymmetry is generally more pronounced (higher    r c    values at the bottom during dicing) for the top/top sample (Table 1) than for the top/bottom sample (Table 2). It is seen for both kinds of samples that the magnitude of the low    r c    does not vary a lot, as it mostly remains below 15 µΩ·cm2, while high    r c    values vary more leg to leg.



In Figure S1 in SI, EDX line scans of the Al/TE interface are presented. It can be seen that for higher    r c   , a peak of oxygen is observed at the junction. This peak is much weaker for interfaces with lower    r c   , indicating a correlation between the initial presence or absence of oxidation on the Al foil and the magnitude of the specific electrical contact resistance.



Aluminum is known to oxidize quickly and to form a very stable oxide, Al2O3. Before joining, the Al foils are polished with SiC paper in order to diminish the thickness of the oxide layer. As this is a manual process, its reproducibility is limited (wear of the paper due to prior grinding of other foils, varying exposure time to air before the start of the joining process). This method also does not completely prevent the presence of an oxide layer, as a new, fresh Al2O3 layer forms within less than seconds under air. It is therefore suspected that the presence of oxide prior to contacting could play a role in the appearance of the high contact resistance during dicing, where the pulling forces would damage those areas with weaker adhesion.



To test this hypothesis, the Al foils were ion-etched under Ar in the PVD, with subsequent sputtering of an 8 µm Zn layer as oxidation protection. SEM pictures of the coating and a picture of a contacted pellet are shown in Figures S2 and S3 in SI. After Al/TE contacting with the coated foils, the functionalized pellets were cut similarly to the previous samples. The specific contact resistances for all legs are reported in Table 3. Zn was chosen due to its known solubility in Al [42,43]. Zn can still oxidize under air, which is why the foils are stored under Ar before contacting. However, a thickness of 8 µm is enough to protect the Al for at least the time necessary until the contacting process. Moreover, Zn has a low melting point which allows it to act as a solder during contacting and to break the oxide layer which might have formed at its surface.



After dicing, most legs have low and symmetric    r c   , which indicates that removing oxidation from the Al foil is an effective strategy to avoid asymmetric electrical contact resistances. A possible explanation for the asymmetry behavior could therefore be that local oxidation spots are present at the interface. During cutting, the interface around those points could be pulled apart more easily due to a concentration of stress, which would increase    r c   .



An SEM picture of the interface, the corresponding EDX points analysis as well as an EDX mapping are respectively reported in Figure 2, Table 4 and Figure 3.



It was previously shown that there was no reaction at the interface between Al and Mg2(Si,Sn) directly after contacting [30]. Here, with the Zn coating, the interconnection zone contains scarce small areas with newly formed phases, of a diameter of 20–40 µm. They are mostly composed of a ternary alloy (Zn; Mg; Al) containing pure Al dots. At the interface between the interconnection zone and the Mg2(Si,Sn) matrix, a very bright Bi-rich phase is formed. From the mapping, it can be seen that, similarly to experiments with uncoated Al foils [30], there is no composition gradient neither in Al electrode, nor in the TE material next to the nuclei.



Contacting an electrode with a Zn layer implies that some Zn could diffuse into the TE material. This can potentially have detrimental effects on the TE properties (and potentially also on the thermal stability of the material) as was already observed with other electrodes such as Ag and Cu [29,32,39]. In order to check for those effects, Seebeck coefficient measurements were performed and reported in Figure 4. The results are from measurements after sintering (in black) and after contacting (in red).



For the p-type sample, the Seebeck coefficient changes by less than 10% between the sintered and the contacted states, which is negligible and could be attributed to the wear of the tip of the PSM. For the n-type sample, a gradient in the Seebeck coefficient appears after contacting. There is a difference of about 20 µV/K from the TE material-electrode interface to the center of the n-type material (−110 µV/K at the interface, −90 µV/K in the middle). The appearance of a gradient after contacting is similar to what was reported on contacting with Ag electrodes, in which case the gradient was explained by charge carrier compensation due to Ag diffusion into the TE material [29,39]. This hypothesis was supported by the relatively low formation energies of electrode-related point defects compared to the intrinsic and dopant-induced point defects.



In order to verify if the same mechanism can explain our experimental results, hybrid-DFT calculations were performed to study the defect stability of Zn-related defects in Mg2Si and Mg2Sn. The possible formation of Zn-related point defects is confirmed by comparing the formation energies of the Zn-related point defects to those of intrinsic and extrinsic (Bi and Li) defects from previous papers [39,40]. As the samples of interest presented in this paper are Sn-rich Mg2(Si,Sn) solid solutions, only the results of Mg2Sn are shown in Figure 5, while the results for Mg2Si are shown in Figure S5 in SI. In these calculations, both Mg-poor and Mg-rich chemical potential environments were considered. In fact, the experimental n-type samples were synthesized with 3 at.% excess Mg, which means an initially Mg rich environment. However, after sintering and joining, Mg loss is very probable due to Mg evaporation and Mg diffusion. Therefore, it makes sense to also investigate the defect formation energies under Mg poor conditions. The case of p-type Li-doped Mg2Sn under Mg-rich conditions will not be discussed. Indeed, Li doping is aimed at Mg sites in the Mg2X material; however, it was found that, although Li on Mg site defects are stable, Li interstitials are even more stable defects [39]. This means that the Li-doped material will always contain a certain proportion of Mg vacancies and Mg-rich conditions will not be obtained. For simplicity, only the most stable defects (with Eform < 1 eV) are presented in the figure below and discussed. Note that if the defect formation energy difference is larger than 1 eV, the defect number density is negligible due to its exponential dependence on the defect formation energy [40].



Figure 5 shows the charged defect formation energy as a function of the Fermi level for various defects in the case of Zn diffusion in Bi- and Li-doped Mg2Sn. Here, we considered the Zn interstitial (Zn_int, or IZn), Zn substitutional at Mg (Zn_Mg or ZnMg), and Zn substitutional at Sn site (Zn_Sn or ZnSn).



Figure 5a,b show the defect formation energies of Zn in p- and n-type, respectively, Mg-poor Mg2Sn. It is seen that in the p-type material, the LiMg (Li_Mg) defect (p-type dopant) is more stable than the most stable defect brought by Zn, meaning that no charge compensation is to be expected. For the n-type, the ZnMg defect is the most stable Zn-defect in Sn-rich Mg2Sn and the corresponding defect formation energy is only 0.25 eV. As Zn and Mg have the same number of valence electrons, the ZnMg is an isovalent defect, which does not donate any hole or electron carrier if the Fermi level is at the middle of the bandgap. However, when the Fermi level is at the CBM, the charge state of ZnMg can be negative, indicating a possible electron trapping by ZnMg. This can be explained by the fact that, although Zn is isovalent to Mg, it can attract electrons as it has higher electronegativity compared to Mg. Similarly, conduction band subgap states acting as electron trap induced by metal cation disorder or anion isovalent doping were reported for oxide semiconductors [44] and GaAs [45].



Under Mg-rich conditions, ZnSn is the most stable Zn-related point defect and its charge state is always negative over the whole EF range inside the band gap, as shown in Figure 5c.



From the above-charged defect formation energies, we elucidate that the Zn-related defects in Mg2Sn can be electron trap centers in n-type Mg2Sn. Ayachi et al., reported that Ag or Mg-related native defects diffuse easily in Mg2Si and Mg2Sn [39]. Similarly, we may expect that the Zn in the surface of Zn-coated Al electrode can diffuse towards Mg2Sn. The ZnSn and ZnMg double electron killers can be generated inside the Mg-rich or Sn-rich n-type Mg2Sn, respectively. As they can easily trap the electrons in the n-type Mg2Sn where EF is near the CBM, a charge compensation would occur.



These predictions of the hybrid-DFT calculations match with the experimental results obtained in Figure 4. Indeed, we see no change in the p-type carrier concentration and a decrease of n-type carrier concentration close to the contacts, indicated by the Seebeck coefficient as S is inversely related to  n . Diffusion of the sputtered Zn is therefore strongly suspected to be the origin of the change in TE properties.




4. Discussion


Although Al was found to be a promising electrode for the Mg2(Si,Sn) material system [30], the phenomena of asymmetry in electrical contact resistances on a functionalized leg was repeatedly observed on multiple Mg2(Si,Sn) samples contact to Al electrodes with various experimental parameters. No correlation could be found between the ratio of electrical contact resistivities and the contacting parameters. Furthermore, the contacting-dicing experiment of this work showed that the high    r c    was systematically found at the bottom side from the dicing step, which indicates that the asymmetry does not originate from the contacting but from the dicing process.



The presence of an oxygen peak on the EDX line scans at the Al/TE interfaces with high electrical contact resistances (SI), as well as the disappearance of the asymmetry when oxidation is avoided on the Al foil, indicates that the native oxide layer of the Al electrode could be the origin of the phenomenon. The oxide can prevent proper adhesion [46], which creates areas where the contact between the TE material and Al is weak and more sensitive to the mechanical stress applied during dicing [47].



Using ion-etching and Zn sputtering as an oxidation barrier is shown to be an efficient method to ensure low and symmetric electrical contact resistivities after dicing. A gradient in the Seebeck coefficient is observed after contacting on the n-type sample, indicating a decrease in carrier concentration in the TE material close to the interfaces. This behavior shows that the diffusion of one or several elements changes the defect concentrations, which alters the local carrier concentration. Given the low magnitude of this gradient, the corresponding change in carrier concentration should be minor and there should not be any significant impact on the performance of the leg in a TEG. Indeed, supposing that the whole leg’s Seebeck coefficient changed from −90 µV/K to −110 µV/K (instead of only the areas close to the contacts), it can be deducted, using the Pisarenko plot in Figure S7 in SI, that the carrier concentration would change from   n =   3.1 × 1026 m−3 to   n =   2.2 × 1026 m−3. It is known that for many material systems, including Mg2(Si,Sn) solid solutions, the zT, and therefore the efficiency, are not so sensitive to such a change in carrier concentration, as its peak extends on a broad  n  range [48].



The formation of small islands with new phases at the interface shows an affinity between Zn, Al, Mg and Bi, as a new (Mg;Al;Zn) phase is formed and Bi is segregated at the edge of this new phase. This might indicate that the change in carrier concentration may not, as discussed above, be due to the creation of Zn-related defects in Mg2(Si,Sn), but rather to the diffusion of Mg or Bi out of Mg2(Si,Sn). With the employed microstructural techniques, no gradient for one of the elements is discernable, we can therefore not differentiate between both options nor exclude a combination of both.



The case of Al diffusion into n-type Mg2(Si,Sn) was already discussed in a previous work, where no gradient was found after contacting with non-coated Al foils [30], similarly to the first results in this work (see line scans in SI). It also appears that Al is a poor dopant for this material system as shown in [49,50,51,52,53]. It is, therefore, unlikely that the diffusion of Al into the n-type TE material is at the origin of the change in carrier concentration.



The effect of Zn is investigated by hybrid-DFT calculations, which predicts no change in carrier concentration of the Li-doped p-type material and a probable change of the Bi-doped n-type material, due to quite stable ZnMg and ZnSn defects which are electron killers. In literature, the effect of Zn on n-type Mg2(Si,Sn) was studied by Andersen et al., who also reported an increase in absolute n-type Seebeck coefficient in Zn-doped Mg2Si0.4Sn0.6 [54]. Although this does not completely dismiss the effect of the other elements suggested above, it suggests the clear and major role of Zn in the gradient observed in the samples with Zn-coated Al electrodes.



It was mentioned above that the gradient in Seebeck coefficient due to Zn diffusion is light and not detrimental to a TEG performance. It would, however, be possible to avoid this gradient altogether by finding a different oxidation barrier that would not create stable defects in the n-type material, using DFT calculations for the barrier selection [39]. Nevertheless, a far more important point to ensure long-term TEG performance is the material stability. It has been already shown that the n-type TE properties are very sensitive to Mg evaporation, which greatly alters the carrier concentration [27,30,55,56,57]. The investigation of suitable coating and annealing conditions should therefore be prioritized for further TEG development, see, e.g., Refs. [58,59,60,61,62,63].




5. Conclusions


We reported a technological difficulty related to the making of functionalized thermoelectric legs: asymmetry in electrical contact resistances. This issue could be commonly encountered in the field of thermoelectric materials in the present and future, as it appears during a widely used preparation process (pellet metallization followed by leg dicing). We investigated its origins and searched for an efficient solution to avoid it. It is found that it is crucial to avoid the presence of oxidation on the foil to be contacted as electrode, as this will tend to cause asymmetric contacts during the dicing step by the mechanical stress applied to the electrode/TE interface. An effective way for this is to ion-etch the metallic foil and coat the oxide-free surface with an oxidation protecting layer. In this work, the method was tested with Zn as oxidation barrier for Al on Mg2(Si,Sn). It successfully suppressed the contact asymmetry, allowing to reach low specific contact resistances on both sides of the samples (<10 µΩ·cm2). A slight gradient in n-type Seebeck coefficient is observed close to the Al/TE interfaces due to the Zn diffusion, which should not be detrimental to the leg performance in a TEG. In this study, an efficient method to ensure low and symmetric electrical contact resistivities between Al and Mg2(Si,Sn) was found. It may also be transferable to other material systems, thus making one more step towards TEG development.
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Author Contributions


Conceptualization, E.M. and J.d.B.; Formal analysis, S.P. (Sungjin Park), B.R. and S.P. (Sudong Park); Investigation, J.C., G.C.-H. and A.F.; Supervision, E.M. and J.d.B.; Writing—original draft, J.C.; Writing—review & editing, J.C., S.A., G.C.-H., B.R., C.S., E.M. and J.d.B. All authors have read and agreed to the published version of the manuscript.




Funding


The authors would like to gratefully acknowledge the endorsement for the DLR executive Board Members for Space Research and Technology, as well as the financial support from the Young Research Group Leader Program. G.C.H would like to thank the financial support of the Mexican Science and Technology Ministry (CONACyT). J.C. would like to thank the DAAD fellowship programs No. 57424731. J.d.B acknowledges support by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation), project number 396709363. A.F. acknowledges support by the DFG via the GRK (Research Training Group) 2204 “Substitute Materials for Sustainable Energy Technologies”. This work was also supported by the KETEP and MOTIE of the Republic of Korea: Grant No. 20188550000290, “Development of Meta-Silicide Thermoelectric Semiconductor and Metrology Standardization Technology of Thermoelectric Power Module”. The authors from the Korea Electrotechnology Research Institute (KERI) were also supported by the KERI Primary Research Program by MSIT/NST of the Republic of Korea: Grant No. 21A01003, “Research on High-Power Low-Mid Temperature Thermoelectric Power Generator via Thermoelectric Data Manifold Exploration and Expedition”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are openly available in FigShare at [10.6084/m9.figshare.16751998].




Acknowledgments


The authors would also like to acknowledge Pawel Ziolkowski and Przemyslaw Blaschkewitz for their help and assistance with the thermoelectric measurements.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Karellas, S.; Leontaritis, A.-D.; Panousis, G.; Bellos, E.; Kakaras, E. Energetic and exergetic analysis of waste heat recovery systems in the cement industry. Energy 2013, 58, 147–156. [Google Scholar] [CrossRef]

	



Yang, J.; Stabler, F.R. Automotive Applications of Thermoelectric Materials. J. Electron. Mater. 2009, 38, 1245–1251. [Google Scholar] [CrossRef]

	



Jaziri, N.; Boughamoura, A.; Müller, J.; Mezghani, B.; Tounsi, F.; Ismail, M. A comprehensive review of Thermoelectric Generators: Technologies and common applications. Energy Rep. 2020, 6, 264–287. [Google Scholar] [CrossRef]

	



Snyder, G.J.; Toberer, E.S. Complex thermoelectric materials. In Materials for Sustainable Energy: A Collection of Peer-Reviewed Research and Review Articles from Nature Publishing Group; World Scientific: Singapore, 2011; pp. 101–110. [Google Scholar]

	



He, R.; Schierning, G.; Nielsch, K. Thermoelectric Devices: A Review of Devices, Architectures, and Contact Optimization. Adv. Mater. Technol. 2018, 3, 1700256. [Google Scholar] [CrossRef]

	



Rowe, D.; Min, G. Design theory of thermoelectric modules for electrical power generation. IEE Proc. Sci. Meas. Technol. 1996, 143, 351–356. [Google Scholar] [CrossRef]

	



Rowe, D. Conversion efficiency and figure-of-merit. In CRC Handbook of Thermoelectrics; CRC Press: Boca Raton, FL, USA, 1995; pp. 31–37. [Google Scholar]

	



de Boor, J.; Dasgupta, T.; Saparamadu, U.; Müller, E.; Ren, Z. Recent progress in p-type thermoelectric magnesium silicide based solid solutions. Mater. Today Energy 2017, 4, 105–121. [Google Scholar] [CrossRef]

	



Bashir, M.B.A.; Said, S.M.; Sabri, M.F.M.; Shnawah, D.A.; Elsheikh, M.H. Recent advances on Mg2Si1−xSnx materials for thermoelectric generation. Renew. Sustain. Energy Rev. 2014, 37, 569–584. [Google Scholar] [CrossRef]

	



de Boor, J.; Saparamadu, U.; Mao, J.; Dahal, K.; Müller, E.; Ren, Z. Thermoelectric performance of Li doped, p-type Mg2 (Ge,Sn) and comparison with Mg2 (Si,Sn). Acta Mater. 2016, 120, 273–280. [Google Scholar] [CrossRef]

	



Zaitsev, V.K.; Fedorov, M.I.; Gurieva, E.A.; Eremin, I.S.; Konstantinov, P.P.; Samunin, A.Y.; Vedernikov, M.V. Highly effective Mg2Si1−xSnx thermoelectrics. Phys. Rev. B 2006, 74, 045207. [Google Scholar] [CrossRef]

	



Fedorov, M.I.; Zaitsev, V.K.; Isachenko, G.N. High effective thermoelectrics based on the Mg2Si-Mg2Sn solid solution. In Solid State Phenomena; Trans Tech Publications Ltd.: Stafa-Zurich, Switzerland, 2011. [Google Scholar]

	



Liu, W.; Tan, X.; Yin, K.; Liu, H.; Tang, X.; Shi, J.; Zhang, Q.; Uher, C. Convergence of conduction bands as a means of enhancing thermoelectric performance of n-type Mg2Si1−xSnx solid solutions. Phys. Rev. Lett. 2012, 108, 166601. [Google Scholar] [CrossRef]

	



Kamila, H.; Sankhla, A.; Yasseri, M.; Hoang, N.; Farahi, N.; Mueller, E.; de Boor, J. Synthesis of p-type Mg2Si1−xSnx with x = 0–1 and optimization of the synthesis parameters. Mater. Today Proc. 2019, 8, 546–555. [Google Scholar] [CrossRef]

	



Liu, X.; Xi, L.; Qiu, W.; Yang, J.; Zhu, T.; Zhao, X.; Zhang, W. Significant Roles of Intrinsic Point Defects in Mg2X(X= Si, Ge, Sn) Thermoelectric Materials. Adv. Electron. Mater. 2016, 2, 1500284. [Google Scholar] [CrossRef]

	



Sankhla, A.; Patil, A.; Kamila, H.; Yasseri, M.; Farahi, N.; Mueller, E.; De Boor, J. Mechanical Alloying of Optimized Mg2(Si,Sn) Solid Solutions: Understanding Phase Evolution and Tuning Synthesis Parameters for Thermoelectric Applications. ACS Appl. Energy Mater. 2018, 1, 531–542. [Google Scholar] [CrossRef]

	



Skomedal, G.; Holmgren, L.; Middleton, H.; Eremin, I.; Isachenko, G.; Jaegle, M.; Tarantik, K.; Vlachos, N.; Manoli, M.; Kyratsi, T.; et al. Design, assembly and characterization of silicide-based thermoelectric modules. Energy Convers. Manag. 2016, 110, 13–21. [Google Scholar] [CrossRef]

	



Shyikira, A.D.P.; Skomedal, G.; Middleton, P.H. Performance Evaluation and Stability of Silicide-Based Thermoelectric Modules; Elsevier: Amsterdam, The Netherlands, 2021; Volume 44, pp. 3467–3474. [Google Scholar]

	



Kaibe, H.; Aoyama, I.; Mukoujima, M.; Kanda, T.; Fujimoto, S.; Kurosawa, T.; Ishimabushi, H.; Ishida, K.; Rauscher, L.; Hata, Y.; et al. Development of thermoelectric generating stacked modules aiming for 15% of conversion efficiency. In Proceedings of the ICT 2005 24th International Conference on Thermoelectrics, Clemson, SC, USA, 19–23 June 2005; Institute of Electrical and Electronics Engineers (IEEE): Piscataway, NJ, USA, 2005; pp. 242–247. [Google Scholar]

	



Tarantik, K.R.; König, J.D.; Jägle, M.; Heuer, J.; Horzella, J.; Mahlke, A.; Vergez, M.; Bartholomé, K. Thermoelectric Modules Based on Silicides-Development and Characterization. Mater. Today Proc. 2015, 2, 588–595. [Google Scholar] [CrossRef]

	



Nakamura, T.; Hatakeyama, K.; Minowa, M.; Mito, Y.; Arai, K.; Iida, T.; Nishio, K. Power-Generation Performance of a π-Structured Thermoelectric Module Containing Mg2Si and MnSi1.73. J. Electron. Mater. 2015, 44, 3592–3597. [Google Scholar] [CrossRef]

	



Kim, H.S.; Kikuchi, K.; Itoh, T.; Iida, T.; Taya, M. Design of segmented thermoelectric generator based on cost-effective and light-weight thermoelectric alloys. Mater. Sci. Eng. B 2014, 185, 45–52. [Google Scholar] [CrossRef]

	



Tohei, T.; Fujiwara, S.; Jinushi, T.; Ishijima, Z. Bondability of Mg2Si element to Ni electrode using Al for thermoelectric modules. In Proceedings of the International Symposium on Interfacial Joining and Surface Technology (IJST2013), Osaka, Japan, 27–29 November 2013; IOP Publishing: Bristol, UK, 2014; Volume 61. [Google Scholar]

	



Graff, J.S.; Schuler, R.; Song, X.; Castillo-Hernandez, G.; Skomedal, G.; Enebakk, E.; Wright, D.N.; Stange, M.; de Boor, J.; Løvvik, O.M.; et al. Fabrication of a Silicide Thermoelectric Module Employing Fractional Factorial Design Principles. J. Electron. Mater. 2021, 50, 4041–4049. [Google Scholar] [CrossRef]

	



Gao, P. Mg2 (Si,Sn)-Based Thermoelectric Materials and Devices; Michigan State University: East Lansing, MI, USA, 2016; p. 128. [Google Scholar]

	



Goyal, G.K.; Dasgupta, T. Fabrication and testing of Mg2Si1−xSnx based thermoelectric generator module. Mater. Sci. Eng. B 2021, 272, 115338. [Google Scholar] [CrossRef]

	



Ayachi, S.; Castillo Hernandez, G.; Pham, N.H.; Farahi, N.; Müller, E.; de Boor, J. Developing Contacting Solutions for Mg2Si1−xSnx-Based Thermoelectric Generators: Cu and Ni45Cu55 as Potential Contacting Electrodes. ACS Appl. Mater. Interfaces 2019, 11, 40769–40780. [Google Scholar] [CrossRef] [PubMed]

	



de Boor, J.; Gloanec, C.; Kolb, H.; Sottong, R.; Ziolkowski, P.; Müller, E. Fabrication and characterization of nickel contacts for magnesium silicide based thermoelectric generators. J. Alloys Compd. 2015, 632, 348–353. [Google Scholar] [CrossRef]

	



Pham, N.H.; Farahi, N.; Kamila, H.; Sankhla, A.; Ayachi, S.; Müller, E.; de Boor, J. Ni and Ag electrodes for magnesium silicide based thermoelectric generators. Mater. Today Energy 2019, 11, 97–105. [Google Scholar] [CrossRef]

	



Camut, J.; Pham, N.; Truong, D.N.; Castillo-Hernandez, G.; Farahi, N.; Yasseri, M.; Mueller, E.; de Boor, J. Aluminum as promising electrode for Mg2(Si,Sn)-based thermoelectric devices. Mater. Today Energy 2021, 21, 100718. [Google Scholar] [CrossRef]

	



Farahi, N.; Stiewe, C.; Truong, D.Y.N.; de Boor, J.; Müller, E. High efficiency Mg2(Si,Sn)-based thermoelectric materials: Scale-up synthesis, functional homogeneity, and thermal stability. RSC Adv. 2019, 9, 23021–23028. [Google Scholar] [CrossRef]

	



Ayachi, S.; Hernandez, G.C.; Müller, E.; de Boor, J. Contacting Cu Electrodes to Mg2Si0.3Sn0.7: Direct vs. Indirect Resistive Heating. Semiconductors 2019, 53, 1825–1830. [Google Scholar] [CrossRef]

	



Platzek, D.; Karpinski, G.; Stiewe, C.; Ziolkowski, P.; Drasar, C.; Muller, E. Potential-Seebeck-microprobe (PSM): Measuring the spatial resolution of the Seebeck coefficient and the electric potential. In Proceedings of the ICT 2005 24th International Conference on Thermoelectrics, Clemson, SC, USA, 19–23 June 2005; IEEE: Piscataway, NJ, USA, 2005; pp. 13–16. [Google Scholar]

	



Krukau, A.V.; Vydrov, O.A.; Izmaylov, A.F.; Scuseria, G.E. Influence of the exchange screening parameter on the performance of screened hybrid functionals. J. Chem. Phys. 2006, 125, 224106. [Google Scholar] [CrossRef] [PubMed]

	



Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758. [Google Scholar] [CrossRef]

	



Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. B 1996, 54, 11169. [Google Scholar] [CrossRef]

	



Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865. [Google Scholar] [CrossRef]

	



Zhang, S.B.; Northrup, J.E. Chemical potential dependence of defect formation energies in GaAs: Application to Ga self-diffusion. Phys. Rev. Lett. 1991, 67, 2339–2342. [Google Scholar] [CrossRef]

	



Ayachi, S.; Deshpande, R.; Ponnusamy, P.; Park, S.; Chung, J.; Park, S.; Ryu, B.; Müller, E.; de Boor, J. On the relevance of point defects for the selection of contacting electrodes: Ag as an example for Mg2(Si,Sn)-based thermoelectric generators. Mater. Today 2021, 16, 100309. [Google Scholar] [CrossRef]

	



Ryu, B.; Choi, E.-A.; Park, S.; Chung, J.; de Boor, J.; Ziolkowski, P.; Müller, E.; Park, S. Native point defects and low p-doping efficiency in Mg2(Si,Sn) solid solutions: A hybrid-density functional study. J. Alloys Compd. 2021, 853, 157145. [Google Scholar] [CrossRef]

	



Ryu, B.; Park, S.; Choi, E.-A.; De Boor, J.; Ziolkowski, P.; Chung, J.; Park, S.D. Hybrid-Functional and Quasi-Particle Calculations of Band Structures of Mg2Si, Mg2Ge, and Mg2Sn. J. Korean Phys. Soc. 2019, 75, 144–152. [Google Scholar] [CrossRef]

	



Murray, J.L.; McAlister, A.J. The Al-Si (Aluminum-Silicon) system. Bull. Alloy. Phase Diagr. 1984, 5, 74–84. [Google Scholar] [CrossRef]

	



Salinas, D.R.; García, S.G.; Bessone, J.B. Influence of alloying elements and microstructure on aluminium sacrificial anode performance: Case of Al–Zn. J. Appl. Electrochem. 1999, 29, 1063–1071. [Google Scholar] [CrossRef]

	



Han, W.H.; Chang, K.J. Subgap States near the Conduction-Band Edge Due to Undercoordinated Cations in Amorphous In-Ga-Zn-O and Zn-Sn-O Semiconductors. Phys. Rev. Appl. 2016, 6, 044011. [Google Scholar] [CrossRef]

	



Shan, W.; Yu, K.M.; Walukiewicz, W.; Wu, J.; Ager, J.; Haller, E.E. Band anticrossing in dilute nitrides. J. Phys. Condens. Matter 2004, 16, S3355–S3372. [Google Scholar] [CrossRef]

	



Shirzadi, A.A.; Assadi, H.; Wallach, E.R. Interface evolution and bond strength when diffusion bonding materials with stable oxide films. Surf. Interface Anal. 2001, 31, 609–618. [Google Scholar] [CrossRef]

	



Gross, D.; Seelig, T. Fracture Mechanics: With an Introduction to Micromechanics; Springer: Berlin/Heidelberg, Germany, 2017. [Google Scholar]

	



Ponnusamy, P.; Kamila, H.; Müller, E.; de Boor, J. Efficiency as a performance metric for material optimization in thermoelectric generators. J. Phys. Energy 2021, 3, 044006. [Google Scholar] [CrossRef]

	



Vivekanandhan, P.; Murugasami, R.; Kumar, S.A.; Kumaran, S. Structural features and thermoelectric properties of spark plasma assisted combustion synthesised Magnesium silicide doped with Aluminium. Mater. Chem. Phys. 2020, 241, 122407. [Google Scholar] [CrossRef]

	



Tani, J.I.; Kido, H. Thermoelectric properties of Al-doped Mg2Si1−xSnx (x ≦ 0.1). J. Alloys Compd. 2008, 466, 335–340. [Google Scholar] [CrossRef]

	



Hu, X.; Barnett, M.R.; Yamamoto, A. Synthesis of Al-doped Mg2Si1−xSnx compound using magnesium alloy for thermoelectric application. J. Alloys Compd. 2015, 649, 1060–1065. [Google Scholar] [CrossRef]

	



Kim, G.; Kim, J.; Lee, H.; Cho, S.; Lyo, I.; Noh, S.; Kim, B.-W.; Kim, S.W.; Lee, K.H.; Lee, W. Co-doping of Al and Bi to control the transport properties for improving thermoelectric performance of Mg2Si. Scr. Mater. 2016, 116, 11–15. [Google Scholar] [CrossRef]

	



Kato, A.; Yagi, T.; Fukusako, N. First-principles studies of intrinsic point defects in magnesium silicide. J. Phys. Condens. Matter 2009, 21, 205801. [Google Scholar] [CrossRef] [PubMed]

	



Andersen, H.L.; Zhang, J.; Yin, H.; Iversen, B.B. Structural stability and thermoelectric properties of cation- and anion-doped Mg2Si0.4Sn0.6. Inorg. Chem. Front. 2017, 4, 456–467. [Google Scholar] [CrossRef]

	



Kato, D.; Iwasaki, K.; Yoshino, M.; Yamada, T.; Nagasaki, T. Control of Mg content and carrier concentration via post annealing under different Mg partial pressures for Sb-doped Mg2Si thermoelectric material. J. Solid State Chem. 2018, 258, 93–98. [Google Scholar] [CrossRef]

	



Sankhla, A.; Kamila, H.; Kelm, K.; Mueller, E.; de Boor, J. Analyzing thermoelectric transport in n-type Mg2Si0.4Sn0.6 and correlation with microstructural effects: An insight on the role of Mg. Acta Mater. 2020, 199, 85–95. [Google Scholar] [CrossRef]

	



Sankhla, A.; Kamila, H.; Naithani, H.; Mueller, E.; de Boor, J. On the role of Mg content in Mg2(Si,Sn): Assessing its impact on electronic transport and estimating the phase width by in situ characterization and modelling. Mater. Today Phys. 2021, 21, 100471. [Google Scholar] [CrossRef]

	



Battiston, S.; Boldrini, S.; Fiameni, S.; Famengo, A.; Fabrizio, M.; Barison, S. Multilayered thin films for oxidation protection of Mg2Si thermoelectric material at middle–high temperatures. Thin Solid Films 2012, 526, 150–154. [Google Scholar] [CrossRef]

	



D’Isanto, F.; Smeacetto, F.; Reece, M.J.; Chen, K.; Salvo, M. Oxidation protective glass coating for magnesium silicide based thermoelectrics. Ceram. Int. 2020, 46, 24312–24317. [Google Scholar] [CrossRef]

	



Gucci, F.; D’Isanto, F.; Zhang, R.; Reece, M.J.; Smeacetto, F.; Salvo, M. Oxidation Protective Hybrid Coating for Thermoelectric Materials. Materials 2019, 12, 573. [Google Scholar] [CrossRef] [PubMed]

	



Nieroda, P.; Mars, K.; Nieroda, J.; Leszczyński, J.; Król, M.; Drożdż, E.; Jeleń, P.; Sitarz, M.; Kolezynski, A. New high temperature amorphous protective coatings for Mg2Si thermoelectric material. Ceram. Int. 2019, 45, 10230–10235. [Google Scholar] [CrossRef]

	



Sadia, Y.; Ben-Ayoun, D.; Gelbstein, Y. PbO–SiO2-based glass doped with B2O3 and Na2O for coating of thermoelectric materials. J. Mater. Res. 2019, 34, 3563–3572. [Google Scholar] [CrossRef]

	



Tani, J.I.; Takahashi, M.; Kido, H. Fabrication of oxidation-resistant β-FeSi2 film on Mg2Si by RF magnetron-sputtering deposition. J. Alloys Compd. 2009, 488, 346–349. [Google Scholar] [CrossRef]








[image: Materials 14 06774 g001 550] 





Figure 1. Ratio of the two electrical contact resistances of the same sample (smaller/larger) depending on various experimental parameters: (a) contacting temperature, (b) contacting pressure, (c) TE length before contacting. The samples are all Mg2(Si,Sn) with Al electrodes. 
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Figure 2. SEM images of different areas of the interface after contacting of a Zn-coated Al foil with a Mg2(Si,Sn) pellet: (a) first side interface, (b) second side interface, (c) zoom-in and point analysis of the reacted area in (b). 
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Figure 3. EDX mapping of a reaction area between Al, Zn and the Mg2(Si,Sn) TE material. 
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Figure 4. Seebeck scans along the (a) p-type, (b) n-type Mg2(Si,Sn) pellet contacted with Zn-coated Al foils after sintering and directly after contacting at 475 °C. 
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Figure 5. Charged defect formation energies for Zn defects in: (a) Li-doped (b) Bi-doped Mg2Sn under Mg-poor conditions (c) Bi-doped Mg2Sn under Mg-rich conditions. For simplicity, the results relevant for the Li-doped samples are represented in the Fermi level region around VBM only. 
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Table 1. Specific electrical contact resistances    r c    on both sides of several legs, diced from a pellet contacted with Al foils. Leg 6 is missing as it broke during preparation, and leg 1 was cracked, which led to a massive potential drop, therefore the corresponding values are not reported.
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Top/Top

	

	
Leg 2

	
Leg 3

	
Leg 4

	
Leg 5

	
Leg 7

	
Leg 8

	
Leg 9

	
Average






	
Side on top during dicing

	
   r  c , j  (  T E  )      (µΩ·cm2)

	
12 ± 8

	
8 ± 5

	
5 ± 2

	
9 ± 5

	
25 ± 13

	
7 ± 4

	
9 ± 4

	
10.7




	
   r  c , j  (  P S M  )      (µΩ·cm2)

	
14 ± 9

	
7 ± 4

	
9 ± 5

	
11 ± 6

	
18 ± 9

	
5 ± 3

	
10 ± 4

	
10.6




	
Side on bottom during dicing (µΩ·cm2)

	
   r  c , j  (  T E  )      (µΩ·cm2)

	
368 ± 246

	
380 ± 57

	
702 ± 90

	
256 ± 100

	
305 ± 19

	
396 ± 80

	
298 ± 50

	
386.4




	
   r  c , j  (  P S M  )      (µΩ·cm2)

	
417 ± 278

	
301 ± 45

	
1435 ± 184

	
306 ± 120

	
218 ± 13

	
313 ± 64

	
350 ± 59

	
477.1











[image: Table] 





Table 2. Specific electrical contact resistances    r c    on both sides of a pellet contacted with Al foils, after dicing into several legs. legs 1, 2 and 3 broke during grinding. Legs 4 and 6 got detached from the sample holder and are therefore not identifiable.
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Top/Bottom

	

	
Leg 5

	
Leg 7

	
Leg 8

	
Leg 9

	
Average






	
Side on top during dicing

	
   r  c , j  (  T E  )      (µΩ·cm2)

	
7 ± 5

	
15 ± 7

	
6 ± 2

	
7 ± 5

	
7.5




	
   r  c , j  (  P S M  )      (µΩ·cm2)

	
8 ± 6

	
12 ± 5

	
7 ± 3

	
9 ± 6

	
8.8




	
Side on bottom during dicing (µΩ·cm2)

	
   r  c , j  (  T E  )      (µΩ·cm2)

	
581 ± 101

	
199 ± 22

	
100 ± 46

	
107 ± 25

	
258.2




	
   r  c , j  (  P S M  )      (µΩ·cm2)

	
699 ± 122

	
156 ± 17

	
115 ± 53

	
144 ± 34

	
317.7
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Table 3. Specific electrical contact resistances    r c    on both sides of legs cut from a pellet contacted with Zn-coated Al foils. No leg from this sample broke.
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Zn-Sputtering

	

	
Leg 1

	
Leg 2

	
Leg 3

	
Leg 4

	
Leg 5

	
Leg 6

	
Leg 7

	
Leg 8

	
Leg 9

	
Average






	
Side on top during dicing

	
   r  c , j  (  T E  )      (µΩ·cm2)

	
3 ± 1

	
5 ± 4

	
3 ± 1

	
3 ± 1

	
7 ± 7

	
3 ± 1

	
2 ± 1

	
3 ± 1

	
4 ± 2

	
3.7




	
   r  c , j  (  P S M  )      (µΩ·cm2)

	
3 ± 1

	
7 ± 6

	
3 ± 2

	
5 ± 1

	
15 ± 14

	
4 ± 1

	
2 ± 1

	
4 ± 1

	
7 ± 5

	
5.6




	
Side on bottom during dicing (µΩ·cm2)

	
   r  c , j  (  T E  )      (µΩ·cm2)

	
10 ± 7

	
12 ± 4

	
3 ± 1

	
3 ± 1

	
9 ± 5

	
3 ± 1

	
4 ± 1

	
46 ± 8

	
3 ± 2

	
10.3




	
   r  c , j  (  P S M  )      (µΩ·cm2)

	
20 ± 12

	
18 ± 7

	
4 ± 2

	
5 ± 2

	
19 ± 9

	
4 ± 1

	
5 ± 1

	
59 ± 10

	
6 ± 3

	
15.6
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Table 4. EDX analysis of the points indicated in Figure 2. The quantities are given in at%.
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	Point
	%Mg
	%Si
	%Sn
	%Bi
	%Zn
	%Al





	1
	64.4
	8.8
	25.6
	1.2
	-
	-



	2
	63.6
	9.0
	21.7
	5.7
	-
	-



	3
	33.2
	-
	-
	-
	41.9
	24.9



	4
	2.3
	-
	-
	-
	3.4
	94.2



	5
	1.5
	-
	-
	-
	3.6
	94.9
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