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Abstract  

The solid solutions of magnesium silicide and magnesium stannide Mg2(Si,Sn) are high 

performance thermoelectric (TE) materials with the advantage of being composed of light, 

cheap and abundant elements. Therefore, they are especially attractive for the conversion of 

remnant heat into electricity in fields like the automotive sector or the aerospace industry. The 

optimization of Mg2(Si,Sn)-based thermoelectric generators requires establishing a suitable 

electrode to ensure unhindered conduction of the electrical current through the module. We 

have tested aluminum for such application and developed a technological process for joining. 

The obtained functionalized TE legs showed electrical contact resistances below 10 µΩcm² 

for both p- and n-type materials and the values are preserved or even lowered with annealing. 

The p-type material is found to be stable and in the n-type, there is no indication for a charge 

carrier compensation due to the electrode, as was previously reported e.g. for Cu and Ag. 

Comparison with other reported electrodes shows that aluminum is so far the most suitable 

electrode for a Mg2(Si,Sn)-based module. 

Introduction 

As the need for green energy sources is increasing, thermoelectric generators (TEG) are 

of significant interest in the field of renewable energy due to their ability to convert waste heat 

into usable electricity. In many industries , such as aerospace and automotive , a large 

proportion of the energy is wasted as heat, as it cannot be directly reused in a closed loop [1, 

2].  

A TEG consists of p- and n-type thermoelectric (TE) elements, referred to as legs, which 

are arranged electrically in series and thermally in parallel using metal-bonded ceramic plates. 

[3]. Between the TE material and the metal on the ceramic plate (bridge), a metallic layer is 
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usually inserted, referred to as electrode. Multiple designs and arrays of TEGs exist, optimized 

for different applications [4]. 

The performance of a TEG is assessed by its power output P and its conversion efficiency 

Φ, which directly depends on the TE material properties and the contact resistances between 

the TE legs and the electrodes, as shown in the following equations [5]: 
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Where,  𝑆 and  𝜎 are the Seebeck coefficient and electrical conductivity of a thermoelement 

(a n- or p-type leg),  𝑧 its figure of merit calculated as 𝑧 =
𝑆²𝜎

𝜅
, where 𝜅 is the thermal 

conductivity. 𝑁 is the number of thermoelement pairs in the module; 𝐴 is the cross-sectional 

area of a thermoelement; 𝑇h and 𝑇c are the temperatures at the hot and cold sides, 

respectively, of the module; 𝑙 is the length of a thermoelement; 𝑛 = 2𝜎𝜌𝑐, where 𝜌𝑐 is the 

electrical specific contact resistance in Ωcm². This equation assumes equal properties for n- 

and p-type materials; in case of TEG with more than one leg and unequal properties between 

n- and p-type materials, the average of the electrical and thermal resistivities should be used. 

The equations are based on the assumption of constant, i.e. temperature independent 

properties and neglect the effect of the ceramic plates and the thermal contact resistance. 

They show that material optimization and contact quality improvement are key parameters to 

increase the TEG performance for a given temperature range. Standard requirements for 

industrial use of TEG suggest the use of TE materials with a high figure of merit (zT ≥ 1) and 

low electrical contact resistance (≤10% of the TE material resistance) [6].  

The TE solid solutions Mg2Si1-xSnx (x ≈ 0.7) have reproducibly high thermoelectric 

performance with a figure of merit of up to zT = 1.4 for n-type and 0.6 for p-type at 450°C [7-

12]. This makes the n-type material one of the best in terms of zT in the mid- to high 

temperature range, with similar performance to other materials in other temperature ranges, 

such as CoSb3 (zT=1.4 at 500°C [13]) and SiGe (zT=1 at 900°C) [3]. The p-type material 

remains to be improved but lies in the zT range of other known materials used at similar 

temperatures, such as HMS (zT=0.8 at 500°C [14]), ZnSb (zT=1.2 at 370°C [15])and 

CeFe4Sb12 (zT=0.8 at 550°C [17]), although the best p-type materials remain PbTe (zT=1.8 

at 600°C [16]) and TAGS (zT=1.8 at 750°C [18]). Silicide-based materials also have the 

advantages of being lightweight and inexpensive, which makes them especially suitable for 

applications where weight plays a decisive role, like the automobile and aerospace industries. 

Mg2(Si,Sn) is less costly yet providing the equivalent performance compared with half-Heusler 
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and Skutterudites alloys, which are more prominently used in  waste heat recovery industry 

[3, 19]. 

Some silicide-based modules have already been reported [20-26], showing a performance 

of 0.9 to 4 % of efficiency and a maximal power density between 0.3 and 1 W/cm², often 

combining n-type Mg2Si and p-type HMS legs. The development of a fully Mg2(Si,Sn)-based 

TEG is still at an early stage. Gao reported a first attempt at building such a TEG [27], showing 

a maximum power output of 117 mW for Th = 440 °C and Tc = 110 °C, however the 

experimental technique used to build the module is tricky and unoptimized. Furthermore, a 

suitable electrode for the TE material still remains to be found. In order for the performance to 

be maintained, the contact of the TE material and the electrode must be physically and 

chemically stable with time: its contact resistance should remain low and the microstructure 

should not deteriorate during the TEG lifetime. Of the same importance is the preservation of 

TE material properties during the joining process, which usually limits the temperature and 

pressure range that can be used [28], while higher temperatures and pressure are usually 

more favorable to the establishment of a good contact [29]. Those limitations help define some 

criteria for potential electrode selection: the electrode and TE material should have similar 

coefficients of thermal expansion (CTE) to ensure mechanical stability across the application 

temperature range [30] and the electrode should have a melting point such as the maximum 

joining temperature should be between 50 and 80% of the electrode melting temperature [29, 

31]. Obviously, other fundamental requirements are high electrical and thermal conductivity; 

however since the electrode materials are usually metallic, these criteria are the most easily 

fulfilled. 

Finding a suitable electrode for the Mg2(Si,Sn) solids solution was attempted in a couple of 

studies with electrode materials such as Ni, Ag, Cu and constantan (Ni45Cu55) [32, 33]. All 

show rather low electrical contact resistances but are unsatisfactory due to several issues. Ni 

was first tested since it was previously identified as good matching electrode for binary Mg2Si 

[34-36]. However, a systematic formation of cracks is reported; which is attributed to the 

mismatch in CTE (13 for Ni; 16.5-18.5·10-6 K-1 for Mg2(Si,Sn)), making this material 

incompatible as an electrode [32]. A similar issue is reported for constantan electrodes 

(Ni45Cu55) [33].  Ag and Cu are the electrodes showing the lowest contact resistances (about 

or below 10 µΩcm²), however they both show an altering of the n-type Seebeck coefficient of 

the TE material after contacting [32, 33].  Ayachi et al. recently established that this was due 

to the formation of Ag defects in the solid solution lattice during the diffusion process, as the 

formation energy of those defects is lower than the formation energy of the defects responsible 

for the n-type conduction [37]. A similar behavior is suspected for the Cu electrodes, which 
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also massively reacts with the TE material, occasionally causing local delamination of the 

electrode.  

In this study, aluminum was selected as candidate for an electrode for the Mg2(Si,Sn) 

material, since it is apparently a poor dopant, unlike Ag and Cu [39, 40]. This metal has the 

advantages of being abundant and low-priced. Its CTE is larger than the TE material’s (26·10-

6 K-1 for Al [41], 16.5-17.5·10-6 K-1 (x = 0.6) and 17.5-18.5·10-6 K-1 (x = 0.7) for the TE material 

[32, 42]), however aluminum is malleable so it is believed that this behavior will help 

accommodate the mechanical stresses due to the CTE difference, unlike for Ni which is much 

harder. Aluminum has a melting point of 660°C, which is low enough to allow for direct bonding 

to the TE material, while being high enough to guarantee the electrode’s stability across the 

application temperature range (<500°C). Concerning the possible reactions which could occur 

at the interface, the phase diagrams of Al with Si and Sn suggest little formation of complicating 

intermetallic compounds (IMC) that might degrade the overall performance [43, 44]. It is 

reported that transient liquid phase bonding of Al to Mg using Sn interlayers leads to the 

formation of the phase Mg2Sn, which shows that Mg and Sn preferentially react with each 

other rather than with Al [45]. The association of aluminum and silicides is reported in one 

study from Tohei et al. [26], where Al is used as a solder to join Mg2Si legs to Ni electrodes. 

The contact is established and mechanically strong. No secondary phase is reported to form 

at the interface. No annealing experiment is reported, nor is the evolution of the transport 

properties after joining. Aluminum has also been used with other silicides, such as NiSi [46] 

and CrSi2 [47], where it did not show any reaction with Si while successful bonding was 

obtained.  

In this paper, we show that aluminum can be successfully bonded to p-type and n-type 

Mg2(Si,Sn), giving low electrical contact resistances with a clean interface, free of detrimental 

secondary phases. Annealing experiments confirm that the contact on the p-type material is 

stable, while the transport properties of the n-type material are altered with annealing time, 

increasing the value of the absolute Seebeck coefficient.  

A comparative annealing experiment is made with a non-contacted sample, in which an 

increase in absolute Seebeck coefficient is also observed. This shows that the main cause for 

the change in the n-type TE properties is probably magnesium evaporation. It is also found 

that the electrical contact resistances remain low, or get even lower with annealing. In this 

manuscript, we show that a step forward is made towards a future TEG, as aluminum is found 

to be a reliable electrode for Mg2(Si,Sn) TE materials.  

 

Materials and methods 
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The solid solutions Mg2(Si,Sn) pellets were prepared with the following stoichiometry: 

Mg2.06Si0.3Sn0.665Bi0.035 for n-type and either Mg1.98Li0.02Si0.4Sn0.6 or Mg1.98Li0.03Si0.3Sn0.7 for p-

type following the melting route reported in [33, 38, 48]. 3% excess of Mg was introduced in 

the n-type samples to compensate for the Mg evaporation occurring during the sintering, which 

lasts double the time needed for p-type samples. The p-type samples presented in this study 

have different compositions as the one with x=0.4 was first selected due to its higher zT; but 

meanwhile the studies from Pham et al. and Ayachi et al. showed that there could be a different 

behavior between the n-type and the p-type samples after contacting; the work was therefore 

pursued with the x=0.3 composition for both n- and p-type to make the comparison easier. 

The n-type pellets were sintered at 700°C for 20 min at 66 MPa and the p-type pellets at 650°C 

for 10 min at 66 MPa under vacuum.  

The pellets were then manually grinded to a constant thickness with a precision of ±10 µm. 

The joining step was made either at 450 °C or 500 °C through indirect heating, for 10 minutes 

with a pressure of 30 MPa under vacuum, at a 1K/s heating rate. A buffer layer of Al2O3 powder 

was introduced under and on top of the pellet and foils, in order to avoid cracking of the TE 

pellet due to the pressure while joining. For the p-type samples, the joining at 450°C was made 

with a composition of x=0.3 while the joining at 500 °C was made for x=0.4. The aluminum foil 

(99.5%; chemPUR) was grinded with a 4000 SiC paper before the joining process, in order to 

remove the native oxide layer on its surface. A combined material compaction and electrode 

sintering is not feasible for the chosen material combination, because the melting point of 

aluminum is too low compared to the temperature necessary to the good compaction and 

optimization of the properties of the TE material [49, 50]. The joining temperatures of 450 °C 

and 500°C were selected as they respect the criteria of being between 50 and 80% of the 

melting point of aluminum while preserving the TE material properties, which can be altered 

with an excessively high temperature exposure [49]. 

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) [51]; and by its microstructural and chemical composition at the 

interface using scanning electron microscopy (Zeiss Ultra 55 SEM equipped with an EDX 

detector). After characterization, the contacted samples are annealed at 450 °C under argon 

atmosphere for 1 and 2 weeks (total time) with BN coating in order to investigate the contacts 

stability over time. 

An experimental flowchart summing up the sintering, contacting, annealing and analysis of 

the samples is shown in Figure 1. 
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Figure 1 - Experimental flowchart from powder to the analysis of the contacted pelletAfter 

measuring the Seebeck coefficient, it is possible to estimate the carrier concentration and the 

carrier mobility after annealing using a single parabolic band model (SPB) [52]. In this model, 

the transport properties are obtained following the equations given by: 

|𝑆| =
𝑘B

𝑒
∗ (

2𝐹1(𝜂)

𝐹0(𝜂)
− 𝜂) (3) 

𝑛 = 4𝜋 (
2𝑚d

∗ 𝑘B𝑇
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Where 𝜂 =
𝐸F

𝑘B𝑇
 is the reduced chemical potential, 𝑚d

∗  the density of states effective mass 

and n the carrier concentration, 𝑘B is the Boltzmann’s constant, 𝐹𝑖(𝜂) is the Fermi integral of 

order i.  

Using the Pisarenko plot linking 𝑆 and n with an effective mass of 2.5 𝑚0 for n-type [53] and 

1.5 𝑚0 for p-type [52], we deduce the carrier concentration of the samples from our measured 

𝑆 data. The plots are shown in Supplementary Information. The electrical conductivity σ is 

measured with an in-house built system, which allows to measure the electrical conductivity 

of a sample using a four-point-probe in in-line setup [54], with 1 mm probe distance. The 

probes are spring-loaded tungsten carbide needles. The voltage measurement for the voltage 

drop across the sample and the voltage drop across a 1-Ohm reference resistance are done 

by lock-in-amplifiers for accuracy. The voltage at the reference resistance is needed to 

calculate the electrical current and thus the sample´s resistance, from which the specific 

resistance or conductivity is calculated; the sample´s geometry is taken into account by a 

calculated correction factor. This device has the advantage of allowing to measure samples 

with smaller geometries, although if the geometry is too close or smaller than the length of the 

4-points distance the results are less accurate. The mobility 𝜇 is then calculated using the 
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electrical conductivity and the Seebeck coefficient estimated carrier concentration, using the 

following equation: 

𝜎 = 𝑛𝑒µ (5) 

Results 

In general, joining the TE material with Al provides visibly good joints, as can be seen in 

Figure 2. Sound contact is produced without any visible cracks or delamination either in the 

material or the electrode foil. The visible black dots in the TE material are a Si-rich phase due 

to incomplete reaction; those impurities are often seen in the material [49]. The evolution of 

the microstructure at the interface with joining temperature and annealing is reported in Figure 

3. It is seen for all the samples that the interface directly after joining is very flat and smooth 

and there is no visible indication for a chemical reaction between the aluminum electrode and 

the TE material. After 1 week of annealing a few black spots at or close to the interface and a 

brighter layer close to the interface are visible. From EDX line scans (Figure 4) these can be 

identified as aluminum grains and a Sn-rich Mg2(Si,Sn) phase at the interface. There is no 

drastic evolution between the first and the second week of annealing, as the secondary phases 

do not noticeably grow further. Note that a different piece (cut from a pellet sintered under 

identical conditions) was employed for each annealing experiment in order to preserve 

samples at different annealing stages. 

 

Figure 2 – a) Photo and b) SEM image of a sample after joining 
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Figure 3 - SEM images of the contacted samples for difference joining temperatures: directly after 
joining, after 1 and 2 weeks of annealing at 450°C under Ar atmosphere. 

From the EDX line scan in Figure 4 the atomic % can be read, corresponding to a 

composition of approximately Mg2Si0.15Sn0.85 for that newly formed phase.  This phase extends 

on a scale from 5 to 15 µm. The size of this secondary phase differs between the samples. 

The two samples contacted at 450°C show scarce nuclei along the interface (diameter ≈ 5-10 

µm), while the samples contacted at 500°C show more or less continuous reaction layers 

(thickness ≈ 10-15 µm). This difference could be due to the difference in joining temperature, 

although there is no noticeable difference directly after joining. It is possible that Al has diffused 

more into the TE material with a higher joining temperature, allowing the reaction during 

annealing to progress faster. This could also simply be due to sample-to-sample variation. The 
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small Al “particles” found close to the interface might be due to diffusion and precipitation 

during the cooling process, but the exact mechanism remains unclear. 

 

Figure 4 - EDX line-scan of the secondary phases forming at the interface. The samples are a) n-
type Mg2Si0.3Sn0.7 and b) p-type Mg2Si0.4Sn0.6 both contacted at 500°C 

Figure 5 and Figure 6 show the Seebeck coefficient and potential line-scan for all the 

samples, p-type and n-type respectively. It can be observed that the absolute potential values 



10 
 

differ quite dramatically for the different samples. This is due to the quality of the interface 

between the sample and the sample holder, which has a direct impact on the magnitude of 

the flowing current, roughly proportional to the potential values. This however does not 

influence the rc measurement results.  

It is seen that the p-type Seebeck coefficient is not changing with annealing, although the 

measurement of the sample contacted at 450°C and annealed for 1 week shows large 

scattering. This can be attributed to some problem during the measurement (poorer contact 

to the sample holder, surface quality or wear of the tip). This explanation is also supported by 

the fact that no other p-type sample shows this much scattering, which leads to believe that 

this is rather due to a punctual preparation issue than to the aluminum joining. Overall, the 

average p-type Seebeck coefficient lies around 90 µV/K, corresponding to a carrier 

concentration of about 1.9x1020 cm-3, which is in the usual range reported in literature for 

optimal properties [7]. However, it is seen that the n-type Seebeck coefficient is altered through 

annealing. The sample contacted at 450°C shows a Seebeck coefficient evolution from -100 

to -130 and -145 µV/K after respectively 1 and 2 weeks of annealing. The sample contacted 

at 500°C changes from -120 to -180 and -170 µV/K after respectively 1 and 2 weeks of 

annealing. The change between the first and second week of annealing in both samples can 

be explained by the PSM accuracy of about 10-15 % [55]. 

It should be noted that the power factors and figure of merit for the n- and p-type samples 

at room temperature before annealing are in the range of previously reported high 

performance samples [48, 52]. The n-type sample shows power factors of about 25∙10-4 

W/mK² at room temperature and 38∙10-4 W/mK² at 700K and a figure of merit zT=1.3 at 650 

K, while the p-type sample shows power factors of about 6∙10-4 W/mK² at room temperature 

and 12∙10-4 W/mK² at 700K and a figure of merit zT=0.4 at 650 K. This confirms the good TE 

properties of the employed material with tested electrodes for future devices.  
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Figure 5 - Exemplary line-scans of the Seebeck coefficient and the electrical potential for p-type 
Mg2(Si,Sn) samples for different joining temperatures: directly after joining, after 1, and after 2 

weeks of annealing at 450°C under Ar atmosphere. 
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Figure 6 - Exemplary line-scans of the Seebeck coefficient and the electrical potential for the n-
type Mg2(Si,Sn) samples for different joining temperatures: directly after joining, after 1, and after 2 

weeks of annealing at 450°C under Ar atmosphere. 

The specific electrical contact resistance rc is calculated as previously reported [33], using 

the following equation: 

𝑟𝑐 =
(𝑉𝑒𝑙𝑒𝑐 − 𝑉𝑇𝐸) ∗ 𝑙𝑇𝐸

𝛥𝑉𝑇𝐸 ∗ 𝜎𝑇𝐸
        (6) 

Where Velec is the potential on the electrode at the interface and VTE 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. lTE is the length of the TE material (between the two electrodes), 

ΔVTE is the drop in potential across the TE material and σTE is the electrical conductivity of the 

TE material, measured using a 4-probe inline technique. For the samples which were too small 
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to be measured, a constant charge carrier mobility compared to a similar sample is assumed, 

and the σTE is obtained using Eq. 5 by estimating the charge carrier concentration using the 

Pisarenko plot and the measured Seebeck coefficient. The variation in carrier concentration 

is then proportional to the variation in electrical conductivity. 

The obtained rc values are compared to contact resistance values obtained using the 

current density directly measured by the PSM, contrarily to Eq. 6 where the current density is 

calculated using the TE material properties: 

𝑟𝑐_𝑃𝑆𝑀 =
(𝑉𝑒𝑙𝑒𝑐 − 𝑉𝑇𝐸) ∗ 𝐴

𝐼𝑃𝑆𝑀
        (7) 

Where A is the sample cross-section and I the current measured in the device. Multiple 

line-scans are measured for each sample, the rc 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 Eq. 7 requires the 

assumption that the current density is homogeneous over the whole sample (along cross-

section and length), while Eq. 6 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 rc value of each sample is reported in Table 1. All samples show a low contact 

resistance directly after contacting except the n-type sample contacted at 450°C. This sample 

shows asymmetric rc contact resistance, the “left/right” designate the left and right interfaces 

on the PSM scan shown in Figure 6. One of the rc value is satisfyingly low but the other one 

is dramatically high (>1000 µΩcm²). Moreover, there is a large difference between the results 

from Eq. 6 and Eq. 7, meaning that the interface of the sample is highly inhomogeneous. The 

very same piece of sample is used for the first week of annealing and it is seen that annealing 

seems to “heal” the high contact resistance, as after 1 week of annealing the sample shows 

symmetric and low rc and rc_PSM values. Similarly, for the p-type sample contacted at 450°C, 

the initial rc value after joining is 17 ± 8 µΩcm², and is progressively decreased with annealing, 

until reaching a value below 10 µΩcm² after 2 weeks. Both samples contacted at 500°C had 

an initial value <10 µΩcm² directly after joining, which is not altered with annealing. Overall, 

most rc values are around or below 10 µΩcm², while most rc_PSM values remain below 20 

µΩcm², which shows acceptable homogeneity and reliability of the measurement. 
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Table 1 - Specific electrical contact resistances of the Mg2(Si,Sn) samples for difference joining 
temperatures: directly after joining, after 1, and after 2 weeks of annealing at 450°C under Ar 

atmosphere. rc values were calculated using Eq. 6, rc_psm using Eq. 7 

 Contacted at 450°C Contacted at 500°C 

p-type r
c
 (µΩcm²) r

c_PSM 
(µΩcm²) r

c
 (µΩcm²) r

c_PSM 
(µΩcm²) 

After joining 17 ± 8 19 ± 6 9 ± 5 3 ± 2 

1 week annealing 11 ± 7 13 ± 9 4 ± 2 4 ± 2 

2 weeks annealing 7 ± 3 5 ± 3 9 ± 9 18 ± 18 

n-type r
c
 (µΩcm²) r

c_PSM 
(µΩcm²) r

c
 (µΩcm²) r

c_PSM 
(µΩcm²) 

After joining 
(left/right side) 

1327 ± 195 /  
10 ± 4 

9487 ± 1396 /  
69 ± 28 

3 ± 2 1 ± 1 

1 week annealing 5 ± 2 8 ± 4 5 ± 6 14 ± 16 

2 weeks annealing 6 ± 3 15 ± 9 5 ± 3 11 ± 8 

  

The change in Seebeck coefficient of the n-type sample could originate from two factors: 

the diffusion of Al creating stable defects and changing the carrier concentration in the TE 

material or the evaporation of Mg due to annealing, previously reported in literature [56]. In 

order to understand the origin of the change in the n-type Seebeck coefficient with annealing, 

the results of comparative annealing experiments are reported in Figure 7. Several samples 

are compared: an electrode-free control sample and the samples contacted at 450°C and 

500°C already presented above. All samples are coated with a BN slurry and annealed for 1 

and 2 weeks at 450°C under Ar. 

The control sample is a pellet which was previously contacted with Al at 450°C and showed 

very high contact resistance on both sides, indicating that the Al diffusion length into the TE 

material is very probably negligible. The Al was peeled off and the faces of the TE pellet were 

thoroughly grinded (>0.1 mm). As a consequence, the sample has a similar thermal history 

than the other samples while being Al-free.  

It is seen that in the control experiment, the Seebeck coefficient gradually changes with 

annealing, increasing from -90 µV/K to -110 µV/K and -120 µV/K after respectively 1 and 2 

weeks of annealing, which demonstrates the effect of Mg loss alone. With similar coating 

conditions, the sample contacted at 450°C shows a Seebeck coefficient evolution from -100 

µV/K to -130 µV/K and -145 µV/K: the change after each annealing step is larger than for the 

control experiment, presumably indicating that some of this evolution is due to the aluminum 
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electrode. However, those changes remain within the range of error of the PSM and must 

therefore be considered cautiously. For the experiment with the contacting at 500°C, the 

Seebeck coefficient goes from -120 µV/K to -180 µV/K after one week and to -170 µV/K after 

2 weeks. The decrease in |S| after the first week is within the measurement accuracy of the 

PSM and most likely not a physical change; we assume that the Seebeck coefficient is 

reaching a plateau after the first week of annealing.  

 

Figure 7 - Evolution of the n-type Seebeck coefficient with annealing for a) the control experiment 
(sample without electrode), b) the sample contacted at 450°C, c) the sample contacted at 500°C 

Using the set of equations 3-5, the mobility of the charge carriers in the control experiment 

and the sample contacted at 450°C with different annealing times is calculated and reported 

in Table 2. For both samples, annealing implies a drastic decrease of the electrical 

conductivity, generally by a factor of 3-4. It can be seen that for the sample contacted at 450°C, 

the mobility after the first week of annealing is reduced by a factor of 2, and does not change 

much further after the second week of annealing. The mobility of the control experiment after 

two weeks of annealing is also reduced by a factor of 2. The sample contacted at 500°C and 

the corresponding annealed samples were too small to be reliably measured, their charge 

carrier mobility was therefore not assessed. For the same reason, the electrical conductivity 

after the first week of annealing for the control experiment could also not be measured. 

Table 2 – Measured and estimated electrical properties of the n-type TE material after joining and 
after 1 and 2 weeks of annealing  

Control experiment 0 week 1 week 2 weeks 

Av. Seebeck coefficient (µV/K) -90 -105 -120 

Carrier concentration (1020 cm-3) 4.1 3.2 2.5 

Electrical conductivity  (S/cm) 3130 - 1190 

Mobility (cm²/Vs) 48 - 30 

Contacted at 450°C  0 week 1 week 2 weeks 
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Av. Seebeck coefficient (µV/K) -95 -130 -145 

n (1020 cm-3) 3.8 2.1 1.7 

Electrical conductivity  (S/cm) 3450 1150 840 

Mobility (cm²/Vs) 57 34 31 

 

Discussion 

Firstly, there is no sign for a harmful CTE mismatch impact on the pellet as no formation of 

cracks is observed after joining the electrode. The formation of the Sn-rich phase at the 

interface with annealing is also interesting in this regard, as Mg2Sn has a CTE of 17-19·10-6 

K-1 [57, 58], so it could act as a mechanical buffer layer between the electrode and Mg2(Si,Sn) 

and enhance the mechanical stability of the joint. Moreover, the microstructure evolves slowly 

after the first week of annealing, as not much further growth is noticed after the second week, 

therefore the interface seems also chemically sufficiently stable. 

The decrease in rc with annealing is systematic, even for samples starting with higher values, 

while the development of the microstructure is not uniform in all the samples. No trend can be 

observed between the rc value, its standard deviation and the regularity of the microstructure, 

meaning that the growth of the reaction layer is not correlated with the electrical contact 

resistance. Possible explanations for the decrease of rc with annealing are the reconsolidation 

of nano-cracks [59, 60] or a dissolution of oxides at the interface which would allow a better 

current transmission. 

The influence of the joining temperature on the quality of the contact is not large in the 

investigated range. It seems that a higher joining temperature induces a thicker reaction layer 

at the interface with annealing, which could potentially guarantee a higher mechanical stability. 

The n-type pellet contacted at 450°C is the only one showing a tremendously high electrical 

contact resistance (on one side only), but it is believed to be rather due to a punctual lack of 

process control than to the joining temperature itself, as this is not observed for the p-type 

equivalent experiment. Nevertheless, contacting at 500°C instead of 450°C provided lower rc 

values directly after joining and is therefore found to be advantageous. 

The aluminum electrode does not have any detrimental impact on the p-type Seebeck 

coefficient, even after 2 weeks of annealing. A significant increase is however observed in the 

n-type absolute Seebeck coefficient, indicating that the carrier concentration decreases with 

annealing. At least two factors can plausibly be at play in this change: Al diffusing into the TE 

material and altering its transport properties through the formation of stable compensating 

defects and Mg evaporation during annealing. 
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Liu et al. showed that in n-type Mg2Sn and Mg2Si, the most stable defects are Mg vacancies 

(-2), independently of Mg chemical potential [61]. If there is some Mg evaporation during 

annealing, this means that the amount of Mg vacancies increases. This should decrease the 

electron carrier concentration and thus increase |S|.  A decrease in carrier concentration under 

Mg loss has already been observed experimentally for n-type material [49, 56], which supports 

this hypothesis. One could wonder why such a behavior is not observed on the p-type 

samples. In this regard it is interesting to note that the n-type material is synthesized containing 

excess Mg, while the p-type is not [48]. This means that during annealing, the n-type can shift 

from Mg-rich to Mg-poor condition, while the p-type material remains under Mg-poor conditions 

all along the annealing experiments. This could explain the fact that the n-type Seebeck 

coefficient is changing while the p-type is not. 

In Figure 7, the control experiment, without the Al electrode, shows an ongoing increase of |S| 

with annealing duration, well in line with the hypothesis that Mg loss is mainly responsible for 

the observed changes. For the sample contacted at 450°C the change of |S| after one week 

is higher than for the control experiment, possibly indicating that an Al-TE interaction also 

plays a role in the decrease of carrier concentration. The further evolution is comparable to 

that of the control sample and therefore most likely an indication of ongoing Mg loss. The 

sample contacted at 500°C shows a significantly larger change than the other two. This could 

again be due to Mg loss, with the higher change being linked to the higher joining temperature, 

and/or and to the interaction of the Al electrode with the TE material. 

A generally possible interaction mechanism (diffusion of the electrode into the TE material) 

was discussed by Ayachi et al. for Ag and n-type Mg2(Si,Sn) [37]. However, it is unlikely that 

the mechanism at play in our case is similar. For Ag, a local gradient in the Seebeck coefficient 

was observed from the interfaces to the center of the TE material. If Al was a faster or a similar 

diffuser in Mg2(Si,Sn) compared to Ag, a change in the Seebeck coefficient would be observed 

directly after joining, which is not the case. If Al was a slower diffuser the formation of a 

gradient would be expected upon annealing time, which is in contrast to the observed constant 

change along the TE material.  

Moreover, Ag is well-known as a p-type dopant for Mg2(Si,Sn), it is therefore plausible that its 

diffusion into the n-type material decreases its carrier concentration. On the other hand Al was 

predicted and shown to be a rather poor dopant in Mg2(Si,Sn) [62-66], with the data focusing 

on the Si-rich side of the spectrum. In our case of hypothetical uncontrolled Al-doping, the 

effect on carrier concentration would therefore be expected to be rather weak. DFT 

calculations similar to those made for Ag [37] should be considered for Al in order to 
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understand which defects it creates in the TE material and how this could affect the carrier 

concentration on the Sn-rich end of the composition range. 

Finally, the mobility calculations in Table 2 show that the mobility is decreasing at the same 

time as the carrier concentration, resulting in a larger decrease of the electrical conductivity. 

The loss of mobility is similar for all samples. It has already been shown that one consequence  

of Mg loss is the decrease in charge carriers mobility [49, 56], while from a simple carrier 

concentration reduction (by counter-doping) no loss in mobility would be expected.  

All this suggests that the observed changes in the material properties are due to Mg loss rather 

than Al diffusion leading to a charge carrier compensation. We also note that the difference in 

S variation could also be indicating a lack of reproducibility in the BN-coating quality and thus 

extend of Mg evaporation. For a further confirmation of the drawn conclusions further 

investigations and annealing experiments should be performed with better coating, see e.g. 

[67-72].  

A summary of the results obtained for aluminum and the electrodes previously reported in 

literature can be found in Table 3. It shows that aluminum is the best electrode so far for 

contacting p-type and n-type Mg2(Si,Sn) with optimal TE properties.  

Table 3 - Summary of the contact resistance and limitations of potential electrodes for Mg2Si1-xSnx with x=0.3 – 0.4 

Electrode  rc 

(µΩcm²) 

Evaluation after joining Evaluation after 

annealing 

Reference 

Ni 25-50 Cracks due to CTE mismatch No annealing 

experiment 

[32] 

Ag 9-15 Electrode-induced decrease in 

n-type carrier concentration 

No annealing 

experiment 

[32, 37] 

Cu <10 Electrode-induced decrease in 

n-type carrier concentration; 

thick reaction layer which can 

cause delamination 

Further decrease in n-

type carrier 

concentration, 

probably both due to 

electrode and Mg loss  

[38] 

CuNi <50 Electrode-induced decrease in 

n-type carrier concentration; 

cracks due to CTE mismatch 

No annealing 

experiment 

[38] 

Al ≤10 Fine Decrease in n-type 

carrier concentration, 

This work 
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presumably due to Mg 

loss 

 

 

Conclusion 

We found a suitable material and joining conditions to make stable and high quality contact 

for a Mg2(Si,Sn) material system. Obtained joints are mechanically and chemically stable after 

2 weeks of annealing. Contacting at 500°C leads to low electrical contact resistances, around 

10 µΩcm2 for both n- and p-type materials and no deterioration of those values is observed 

after annealing. The p-type properties are found to be stable, while a variable change in the 

n-type Seebeck coefficient is observed after annealing. It is attributed to magnesium 

evaporation from the TE material and presumably not due to the interaction between the 

electrode and the TE material, unlike previous electrodes like Ag and Cu which showed 

counter-doping effects [33, 37]. Although it is still suggested to add a protection layer on the 

TE material for enhanced material stability and preserved maximum efficiency, aluminum is 

shown to be a very promising electrode for a future Mg2(Si,Sn)-based thermoelectric 

generator. 
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